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Venturi Scrubber

The liquid film affects significantly the Venturi scrubber efficiency. Film fraction was
measured in a vertically mounted laboratory scale Venturi scrubber with a 0.020 m throat
diameter. The liquid was injected at the throat by one to six 0.001 m holes. The throat gas
velocity varied from 50 to 90 m/s and the relative jet penetration varied between 0.05 and

0.85. A special test section with a slot was used to extract the film. The test section could
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be placed at different axial positions, allowing measurements at 0.0075, 0.0275 and

0.0675 m after the injection point. Results showed that film fraction varies as a function of
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the relative jet penetration and with distance from the injection point. There exists an
optimal relative jet penetration (between 0.25 and 0.40) which minimizes film fraction.
Film fraction increased with axial distance in the range studied, up to 3.375 throat
diameters after the injection point.
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Introduction

Air pollution can cause human health problems ranging from
small allergies to severe respiratory diseases. Particulate matter
below 5 pm in size are the most dangerous, as they can penetrate
inside the lungs. This motivates government and industries to work
together to find solutions to mitigate emissions of particulate matter
to the atmosphere.

A Venturi scrubber, shown schematically in Fig. 1, is a highly
efficient device capable of removing dust from industrial gaseous
emissions. In a Venturi scrubber, the aerosol reaches high velocities
in the throat of a Venturi type tube. Liquid is most commonly
introduced as jets by orifices in the throat. The jets are atomized by
the high velocity gas. The droplets are responsible for the collection
of the particulate matter. A fraction of the injected liquid, however,
deposit on the equipment walls, where it flows as a liquid film. This
film contributes little to the scrubber’s particulate matter collection
efficiency, as the surface area per unit volume of the liquid film is
much smaller than that of the liquid droplets. Film fraction is
defined as the fraction of the total injected liquid which flow as film
attached to the equipment walls.
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Figure 1. Scheme of a typical Venturi scrubber with liquid injected as jets.
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The maximum jet centerline penetration (lya) was defined by
Viswanathan et al. (1983) as the transversal distance travelled by the
jet until it becomes parallel to the gas main flux. This distance can
be made dimensionless if divided by the distance between the wall
which contains the jet injection orifice and its opposing wall.
Viswanathan et al. (1983) correlated the jet penetration thus defined
with the operational conditions of their experiments:
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Gongalves et al. (2004) and Daher (2008) have shown that the jet
penetration defined by Eq. (1) is one of the most important parameters
affecting film fraction in Venturi scrubbers. Both small and excessive
jet penetrations (Fig. 2) produce droplets near the equipment walls,
making droplet deposition easier and, therefore, leading to high film
fraction. Those authors presented evidence that there is an optimum
jet penetration which minimizes film fraction. Daher (2008), however,
studied only rectangular cross sections Venturi scrubbers mounted
horizontally. In that setup, the author found that the influence of
gravity could not be disregarded in the film formation and, therefore,
suggested further studies with a vertically mounted scrubber.
Viswanathan et al. (1997) also found that the jet penetration (in the
form of the L/G parameter) was important to describe film fraction.
However, as they have not worked with excessive jet penetration, the
authors found a continuous decrease of film fraction with the increase
of jet penetration.

Film fraction is most usually measured by extracting all the liquid
flowing as a film during some amount of time, and then dividing the
extracted liquid by the total liquid injected in the scrubber during the
same amount of time. The film can be extracted by making the film
flow out of the equipment through either a porous wall (Viswanathan
et al., 1985; Azzopardi, 1993; Viswanathan et al., 1997) or a slot
(Goncalves et al., 2004). In any case it is necessary to ensure that all
the film (and only the film) was extracted.
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Figure 2. Photographical images of transversal jets in a Venturi scrubber.
(a) Vg = 64 m/s and Vj =5.3m/s; (b) Vg =64 m/s and Vj = 14.8 m/s.

The variation of film fraction with axial distance from the
injection point was measured by Viswanathan et al. (1985, 1997), in
a Venturi with a rectangular cross section and liquid injected as jets,
and by Azzopardi (1993), in a circular Venturi with liquid injected
as a film upstream the convergence (this injection arrangement is
called “wetted approach”). These authors used a porous wall to
remove the film (by an applied pressure difference). As the porous
wall needed to be several centimeters long in order to be able to
remove all the film, it was impossible to measure the film fraction
near the injection point (in the case of Wiswanathan et al., 1985) or
near the beginning of the throat (in the case of Azzopardi, 1993).
Both these studies found that the variation of film fraction with axial
distance was not very significant. Gongalves et al. (2004), however,
using a slot technique which allows film removal much closer to the
injection point, found that the film fraction increases rapidly with
axial distance from the injection point up to three throat diameters,
remaining approximately constant thereafter.

The purpose of this study is to present film fraction data on a
vertically mounted laboratory scale Venturi scrubber with a circular
cross section as a function of the throat gas velocity, liquid-to-gas
ratio, jet penetration and axial distance along the scrubber.

Nomenclature

A, = throat area, m?

D, =injection orifice diameter, m

lnax = Maximum penetration of the jet’s centerline, m
L/G = ratio of volumetric liquid to gas flow rates, I/m®
No = number of liquid injection orifice, dimensionless
Vg = gas velocity, m/s

2R, = distance between the wall containing the injection
orifice and the opposite wall, m

Z = axial distance between film fraction measurement point
and injection point, m

Greek Symbols

pg = gas density, kg/m*

p = liquid density, kg/m®
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Experimental Details

Film fraction measurements were made in a Venturi scrubber
with circular cross section which was mounted vertically. The
geometrical details about the scrubber are presented in Table 1. The
fluids used were air and water. Injection occurred through one to six
0.001 m orifices located at the beginning of the throat. By varying
the gas and liquid flow-rates, it was possible to achieve
dimensionless jet penetrations (as defined by Viswanathan et al.
(1983) from 0.05 to 0.85. Gas velocity in the throat was 50, 70 and
90 m/s. The axial distances used for film fraction measurements
were 0.0075, 0.0275 and 0.0675 m after the injection point.

Film fraction was measured using the slot method. This
methodology was used successfully by Gongalves et al. (2004) and
was inspired in the work of Hay et al. (1996). This method is
presented schematically in Fig. 3. The film is directed towards a slot
and a small reservoir, removed from the device by an applied
pressure difference, and collected in a recipient. In these
experiments, the pressure inside the throat was approximately 8%
higher than the outside atmospheric pressure, which was enough to
push the liquid out of the device.

Table 1. Dimensions of the Venturi scrubber used in this study.

Quantity Value
Inlet and outlet diameter 0.035m
Throat diameter 0.020 m
Convergence length 0.011m
Divergence length 0.086 m
Convergence half angle 34,00
Divergence half angle 5,0°

In order to control the flow coming out of the test section
through the slot and allow the removal of all the liquid with a
minimum of air, adjustable flow restrainers were used.
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Figure 3. Film extraction by the slot method.

ABCM



Film Fraction in a Vertical Circular Venturi Scrubber

Results and Discussion

Jet penetration is an important parameter affecting liquid
distribution in a Venturi scrubber, including film fraction.
Depending on the penetration, the droplets resulting from the jet
atomization can be created near or far from the walls. The influence
of jet penetration on film fraction can be seen in Figs. 4 and 5,
which present film fraction as a function of the dimensionless jet
penetration (lyax/2Ro).
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Figure 4. Film fraction as a function of Ina/2Ro. Vg = 50 m/s; Z =0.0675 m.

It can be observed in Fig. 4 that, regardless of the number of
injection orifices utilized, film fraction presents the same behavior
with a change in jet penetration. The curves exhibit a minimum
between the penetrations of 0.25 and 0.4. When the jet penetration
increases from 0 to 0.25, film fraction decreases. With increasing
penetration, the jet moves away from the wall that contains the
injection orifices, which means that the droplets are formed nearer
to the center of the duct and away from the walls. After the point of
minimum, film fraction starts to increase with increasing jet
penetration. In this case the penetration is excessive, and the
droplets are formed nearer the walls opposite to the injection orifice.
Moreover, the droplets just formed inherit the momentum from the
jet, and tend to move in the direction of the opposite walls.

The number of injection orifices also influenced the film
fraction, as it can be seen in Fig. 4. For a same jet penetration
(according to Viswanathan et al. (1983) definition, see Eq. (1)), a
higher number of injection orifices mean that there is more liquid in
the throat of the Venturi. This means that the liquid holdup is
greater. The gas needs to increase its velocity to adjust to the
increased liquid holdup. By doing so, the jet is actually more
flattened than it would be if the liquid holdup was smaller. For
smaller jet penetrations, this increased flattening places the jet even
closer to the walls, meaning a higher film fraction for the same jet
penetration. For excessive jet penetrations, the flattening places the
jet closer to the center, and a lower film fraction can be expected.
This is exactly what is observed in Fig. 4, and it suggests the need
for a correction in Eq. (1).

A comparison between Figs. 4 and 5, which differ on account of
the nominal throat gas velocity, reveals that, for small penetrations
(between 0 and 0.2), film fraction is smaller for the higher gas
velocity, while for intermediate jet penetrations (between 0.2 and
0.5), film fraction is higher for the higher gas velocity. The higher
gas velocity is able to produce smaller droplets (Guerra et al., 2009).
These droplets spread better than the larger droplets due to
turbulence diffusion. When the droplets formed near the wall are
smaller, a larger fraction of them tend to diffuse away from the
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walls. On the other hand, when the droplets formed near the center
are smaller, a larger fraction of them tend to reach the walls.
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Figure 5. Film fraction as a function of Ina/2Ro. Vg =90 m/s; Z = 0.0675 m.

Figure 6, with data for the injection through three orifices,
exhibits a similar behavior. For both the smaller and higher jet
penetrations, film fraction decreased with increasing gas velocity.
For the intermediate jet penetration, film fraction increased with
increasing gas velocity.
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Figure 6. Film fraction as a function of gas velocity for different jet
penetrations. Injection through three orifices. Z = 0.0675 m.

The variation of film fraction with distance from injection point
is presented in Figs. 7, 8 and 9. Near the injection point (0.007.5 m
downstream) film fraction is lower, as expected, because the liquid
is injected in a jet going towards the center of the duct. Film fraction
then increases with increasing distance from the injection point,
indicating that, in the range of distances studied (0.0075, 0.0275 and
0.0675 m after injection), droplet deposition still dominates over
entrainment.

For the intermediate dimensionless penetration of 0.28, overall
film fraction is near the minimum, indicating that the droplets are
concentrated in the center. In this situation, as seen in Fig. 7, film
fraction is higher when the gas velocity is also higher. This can be
explained by the fact that higher gas velocities produce both smaller
droplets and more intense turbulence, and both these factors
facilitate the deposition of the smaller droplets.
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Figure 7. Film fraction as a function of the dimensionless axial distance
from injection point Z/2R,. Dimensionless jet penetration of 0.28 and
injection through three orifices.
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Figure 8. Film fraction as a function of the dimensionless axial distance
from injection point Z/2R,. Dimensionless jet penetration of 0.53 and
injection through three orifices.
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Figure 9. Film fraction as a function of the dimensionless axial distance
from injection point Z/2R,. Dimensionless jet penetration of 0.72 and
injection through three orifices.

A penetration close to the intermediate/excessive border is
presented in Fig. 8. Film fraction is still low (expect for the point
where it is over 0.6), but the effect of the jet being thrown towards
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the opposite wall begins to be felt. When the droplets are formed,
they tend to inherit the momentum of the jet, which exhibits a
velocity in the direction of the opposite wall. The high velocity of
the gas drags the droplets in such a way that their trajectory tends to
align with the main gas flow, overshadowing their initial momentum
in a different direction. However, if the jet penetrates high enough
that the droplets are already formed near the opposite walls, there
may be not enough time for them to bend their trajectories and align
with the main flow before they hit the opposite wall. This is
particularly felt for low gas velocities, as the drag is lower, as can be
clearly seen in Fig. 8, where, for a gas velocity of 50 m/s and after
0.0675 m from injection, most of the droplets had deposited on the
(opposite) walls. The same trend is present in Fig. 9, which
represents a case of excessive jet penetration. In this case, overall
film fractions are even higher.

Conclusions

From the results of this study it can be concluded that:

. Film fraction is strongly dependent on jet penetration. It is
higher for both small and excessive jet penetrations, and reaches a
minimum for intermediate jet penetrations.

. Film fraction is dependent on gas velocity, but it is not a
straightforward relationship and depends on jet penetration and on
the axial measurement position.

. Film fraction depends on the axial position. For injection
in the form of jets and the dimensionless axial positions studied in
this work (0.375, 1.375 and 3.375), film fraction increases steadily
with axial distance.

. For an equal jet penetration, the increase in the number of
jets (injection orifices) increases the liquid holdup, thereby
decreasing the gas holdup, modifying the behavior of the jets and
the film fraction in a similar way as if a higher superficial gas
velocity were being used.
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