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Abstract

This study deals with behaviour and washing efficiency of a venturi scrubber in self-priming operation. Usually the washing
liquid is injected into the throat by means of a pump, in such a way that the amount of liquid added per cubic metre of gas is
adqutable independent from the gas flow rate. In contrast to this kind of design, the venturi scrubber used works via a
self-priming operation, i.e. the washing liquid is injected by means of a pressure difference between the inside and outside of the
venturi throat as a result of the hydrostatic pressure of the liquid and the static pressure of the flowing gas.

As is well known from the literature, the cleaning efficiency of a venturi scrubber improves with the amount of liquid added
per volume of gas and with increasing gas velocity in the throat. However, high gas velocities and high charges of washing liquid
cause a large pressure drop. Hence, the separation efficiency and energy consumption of the scrubber have to be optimized. It is
shown that the separation efficiency could be improved by a multistage injection of the washing liquid. Due to the self-priming
operation, the separation efficiency remains at a high level even if the gas velocity decreases, and thus requires no regulation from
the outside.

Liquid separation after the venturi scrubber is realized by an immersion tube in combination with swirl promotors in the
diffuser section of the scrubber which increase the rotation of the gas—liquid flow. Thereby, droplets are pushed aside to the
diffuser walls and are deposited.

Keywords: Aerosol deposition; Venturi scrubber; Self-priming operation; Washing efficiency

Synopsis

Es wird das Betriebsverhalten und die Feinstaubab-
scheidung eines Venturiwidschers untersucht, der im
Selbstansaugbetrieb arbeitet. Die Waschfliissigkeit wird
in den Kehlenbereich des Venturiwidschers nicht wie
iiblich tOber eine Pumpe zwangsbeladen, sondern der
Waiischer saugt aufgrund einer Druckdifferenz zwischen
Kehleninnen- und -auBlenseite das umgebende
Waschwasser ein. Den prinzipiellen Aufbau eines Ven-
turiwdschers zeigt Abb. 1.

In Abb. 2 ist der verwendete Versuchsaufbau
dargestellt. Aus einem hoherliegenden Behilter liuft die
Waschfliissigkeit in das die Kehle umgebende Wasser-
reservoir. Durch verschiedene Ho6hendifferenzen H
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kann ein unterschiedlicher geoditischer Fliissigkeits-
druck eingestellt werden. Die Fliissigkeitsabscheidung
nach dem Venturiwéscher wird tiber Drallbleche, die im
Diffusorteil das Wischers lokalisiert sind, und iiber ein
Tauchrohr vorgenommen. Die in ihrem Querschnitt
rechteckige Kehle wird iiber gerade, scharfkantige und
senkrecht zur Gasstrémmung stehende Bohrungen mit
Waschfliissigkeit bespeist. Dabei kommen Geometrien
mit einer, drei und fiinf im Abstand weniger Millimeter
ibereinanderliegenden Bohrungsreihen zum Einsatz.
Als Testaerosol wird Titandioxid verwendet, das sehr
fein fraktioniert ist (90% der Masse wird von Partikeln
mit Durchmesser kleiner 1 um eingenommen).

Der Waschfliissigkeitsvolumenstrom ist im Selbst-
ansaugbetrieb nicht unabhingig vom Gasdurchsatz ein-
stellbar, sondern nimmt mit steigendem Durchsatz ab
(Abb. 3). MaBgebend fur die einbringbare Fliissigkeits-
menge ist die treibende Druckdifferenz zwischen
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Kehleninnen- und -auBlenseite, die aufgrund des anstei
genden statischen Druckes in der Kehle mit groBerer
Kehlengeschwindigkeit abnimmt. Durch hohere Fiill-
héhen H kann der Flussigkeitsdurchsatz vergroBert
werden (Abb. 4).

Wichtig zur Beurteilung der Wéschergiite ist der
Druckverlust. Dabei bewirkt eine Verdoppelung der
Gasgeschwindigkeit einen Anstieg des Druckverlustes
um mehr als das Doppelte (Abb. 5), wogegen eine
Verdoppelung der Fliissigkeitsbeladung lediglich einen
Anstieg um etwa 15% nach sich zieht (Abb. 6). Aus
beiden Abbildungen ist ablesbar, dafl unter sonst
gleichen Bedingungen der Druckverlust im 5-Ebenen-
Betrieb etwa um 10% geringer ist als im 3-Ebenen-
Betrieb, was im wesentlichen auf eine giinstigere
Verteilung der Fliissigkeitsmenge iiber den Kehlenraum
zuriickzufiihren ist.

Die Abscheideleistung des Wischers kann durch eine
Erhohung der Waschflissigkeitsbeladung deutlich
verbessert werden (Abb. 7). Der kleinste gemessene
Grenzkorndurchmesser liegt bei 0,1 um. Aus Abb. 8
geht hervor, daB die beste Abscheideleistung mit der
hochsten Geschwindigkeit in der Kehle erreicht wird.
Aufgrund der Betriebsweise Selbstansaugung nimmt die
Flissigkeitsbeladung mit abnehmender Kehlenge-
schwindigkeit stark zu. Dies bewirkt eine Verbesserung
der Abscheideleistung im niederen Geschwindigkeits-
bereich. Dieses Phinomen verdeutlicht Abb. 9, in der
der erreichbare Grenzkorndurchmesser iiber der Keh-
lengeschwindigkeit aufgetragen ist. Kleine Grenzkorn-
durchmesser und damit gute Abscheideergebnisse
werden bei hohen und niedrigen Gasgeschwindigkeiten
in der Kehle erreicht, so daB iiber einem weiten
Geschwindigkeitsbereich die Abscheideleistung auf
einem hohen Niveau bleibt. Entscheidender Vorteil des
Venturiwdchers im Selbstansaugbetrieb ist, daB diese
Effekte ohne einen Regeleingriff’ von auBen wirken, der
Venturiwidscher also selbstregulierend arbeitet.

Die Abscheideleistung des Wischers kann durch eine
Erhéhung der Zahl der Eindiisungsebenen erheblich
verbessert werden (Abb. 10). Dafiir ist das Zusammen-
wirken mehrerer Umsténde verantwortlich. Mayinger et
al. [2] konnten nachweisen, da die Waschfliissigkeit
unmittelbar nach der Eindiisung zunichst nicht in
Tropfen, sondern in sehr oberflichenintensive Mem-
bran- und Lamellenstrukturen zerfdllt, die sich erst
spater zu Tropfen agglomerieren. Durch mehrstufiges
Eindiisen werden solche oberflichenintensiven Struk-
turen immer wieder neu erzeugt. Zudem wirkt sich eine
hohere Relativgeschwindigkeit zwischen Gas und Trop-
fen positiv auf die Abscheideleistung aus, durch
Aufteilen der Fliissigkeitsmenge auf mehrere Ebenen
werden immer neu hohe Geschwindigkeitsdifferenzen
erzeugt. SchlieBich bewirkt eine versetzte Anordnung
der Diisenbohrungen eine gute Uberdeckung des Keh-
lenquerschnittes mit der Waschfliissigkeit.

Aus Abb. 11 geht hervor, daBl der Einsatz von
Drallseparatoren die Tropfenabscheidung nach dem
Venturiwdscher nur geringfiigig verbessert. Ein groBer
Teil der eingediisten Waschfliissigkeit legt sich schon
bald an die Diffusorwinde an und kann auf diese Weise
in den Sammelbehélter zuriicklaufen.

1. Introduction

Wet scrubbers are frequently used for removing fine
dust particles and aerosols from exhaust gases. Since
the separation process becoming more difficult with
decreasing particle size, particles with mean diameters
dp between 0.1-1 pm can be deposited in venturi scrub-
bers. The design and working principle of a venturi
scrubber is shown in Fig. 1. The exhaust gas carrying
the dust is accelerated in the converging part of the
nozzle to velocities up to 120 m s ~!, and in this investi-
gation up to 70 ms~'. After such acceleration, water
or another washing liquid is injected perpendicularly
to the flow direction of the gas in the so-called
throat, where the cleaning process takes place. After
emerging from the throat, the gas—liquid mixture is
decelerated in a diffuser. The energy necessary for
cleaning the exhaust gas, i.e. the pressure loss of the
venturi scrubber, has to be compensated by a blower or
COmpressor.,

In the literature one often encounters the opinion
that the washing liquid is dispersed into droplets in
the throat [1]. However, Mayinger and Neumann [2]
showed that the liquid is at first fragmented into tiny
lamellar-like sheets due to the high shear stress. Sub-
sequently, at the end of the throat, droplets begin
to develop. The lamellar structure of the liquid—
gas mixture guarantees a high separation efficiency
[3,4].

2. Experimental set-up
A scheme of the test facility is shown in Fig. 2. The
fan sucks air from the environment and blows it

through the experimental set-up. The gas flow rate Vg
is measured by an orifice plate. Charging the gas with

injection of washing liquid

(11—

converging part diffuser

Fig. 1. Principle of a venturi scrubber.
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sampling device

impactor
overhead i
tank
immersion tube .
swirl promotors settling
N\ chamber
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fan

‘_D—©-< particle feed
Q particle generator

Fig. 2. Scheme of test facility.

tiny particles was accomplished by injecting titanium
dioxide (TiO,) into the loop. This substance was used as
a test aerosol due to its very small particle diameters of
0.1-1.4 pm. The mean particle diameter was 0.8 pum,

The liquid is injected in several planes through cylin-
drical nozzles in the throat of the venturi which are
located perpendicular to the gas stream. The throat of
the venturi was rectangular in order to achieve a uni-
form distribution of the washing liquid over all the
cross-section. Contrary to the usual design where the
washing liquid is injected by a pump, the venturi scrub-
ber in Fig. 2 worked in a self-priming mode. The
washing liquid was injected due to a pressure difference
Ap between the outside and inside of the venturi throat
arising from the hydrostatic pressure of the liquid and
the static pressure of the gas flow. The water was
supplied from an overhead tank; the hydrostatic pres-
sure would be varied by using different filling levels, H.
The water flow rate V', was measured by means of a
magnetic flow meter.

The liquid droplets formed at the end of the throat
were removed by means of an immersion tube in combi-
nation with swirl promotors in the diffuser section of the
scrubber [5]. The swirl promoters increased the rotation
of the gas—liquid flow, the droplets being thus pushed
aside to the walls where they were dragged along to the
end of the diffuser. They then deposited in the settling
chamber. The gas which still contained a finite particle
concentration escaped through the immersion tube.

For measuring the particle distribution and evaluat-
ing the fractional separation efficiency ne{dp), a low-
pressure impactor was used in which an isokinetic
partial flow was sucked-off by means of a sampling
device [6].

3. Results and discussion
3.1. Behavioir in self-priming operation

As is well known from the literature, the cleaning
efficiency of a venture scrubber improves with the
amount of liquid added per volume of gas and with
increasing gas velocity in the throat {3.7,8]. However,
high gas velocities and high charges of washing liquid
causc large pressure drops. Hence the separation
efficiency and energy consumption of the scrubber must
be optimized. Consequently, it is of particular interest
to understand the operating behaviour of the scrubber.

As described in Section 2 above, the scrubber worked
in a self-priming mode whereby the liquid flow rate was
not adjustable independently from the gas flow rate.
This flow rate was rather a function of the gas velocity
in the throat and the filling level H of the liquid in the
overhead tank, as shown in Fig. 3. This figure shows
that the liquid flow rate decreased with higher gas
velocities in the venturi throat and could be enhanced
significantly if higher filling levels were provided in the
tank. This was due to an increased driving pressure
difference between the outside and inside of the throat
at higher filling levels. On the other hand, the static
pressure of the gas rose with increasing gas velocity in
the throat (Fig. 4). Hence, high filling levels and low
gas velocities were favourable for achieving high liquid
charges.

The pressure drop is the most important criterion
from the economic viewpoint. Tt is well known that the
pressure drop increases with higher liquid charges of
the gas and with increasing gas velocities in the throat.
Nevertheless, it was of interest to investigate which

liquid flow rate V, {I/h]

gas velocity v, [m/s]

Fig. 3. Liquid flow rate V', as a function of the gas velocity in the
throat at different filling levels H.
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120

100 [filling level H |

e H=134¢cm
= H=80cm
+ H=30cm

20 |

driving pressure diff. [mbar]

30 35 40 45 50 55 60 65
gas velocity v, [m/s]
Fig. 4. Driving pressure difference between the outside and inside of

the venturi throat as a function of the gas velocity and the liquid
filling level.

operating conditions had a significant impact on the
pressure drop.

Variation of the gas velocity in the throat signifi-
cantly influences the pressure drop. Figure 5 reveals
that an increase in the gas velocity from 40-60 ms ™'
more than doubled the pressure drop. The figure also
demonstrates that the pressure drop was about 10%
lower using five-plane- instead of three-plane injection.
This phenomenon was caused by a better liquid—gas
ratio in each cross-section, because the same amount of
liquid was divided up between five injection levels in-
stead of three.

Increasing the liquid charge also increased the pres-
sure drop as expected (Fig. 6). However, doubling the
amount of liquid caused only a 15% increase in the
pressure drop. Again one recognizes the same effect as
can be seen in Fig. 5: the energy consumption was
lower with five-plane injection relative to three-plane
injection.

To sum up, one may conclude that as far as the
pressure drop is concerned, an increase in the liquid
charge is preferable to an increase in the gas velocity
from an energy-saving point of view.

110
[ | i '

g 100 : \ z//
= S
g o *3 injection levels /:/
& =5 injection levels %8
& e
& < / ]
5 g
g -
] o (]
T

30 35 40 45 50 55 60 65

gas velocity v, [m/s]

Fig. 5. Pressure drop as a function of gas velocity for a constant
liquid charge L of 11m 3.

65T | | |

60 \

55 ’ ‘

pressure drop Ap, [mbar]

50 == x —
1 | |*3 injection levels |
45 = _i|=5 injection levels |
« |
0 05 1 15 2 25
liquid charge L [1/h]

Fig. 6. Pressure drop as a function of liquid charge for a constant gas

velocity vg of 44ms~'.

3.2. Aerosol deposition in the venturi scrubber

Figure 7 shows the different operating conditions
achieved for variable liquid charges resulting from
different filling levels (see Fig. 3), but maintaining the
gas velocity and injection geometry constant. Evidently,
the fractional separation efficiency was significantly im-
proved when higher liquid charges were imposed. This
was due to the increase in the interfacial area for mass
transfer at higher liquid charges. For five-plane injec-
tion, a near-mesh diameter ds, of 0.087 pm was accom-
plished.

The effect of variable gas velocity in the throat for a
filling level of 145 cm and five injection planes is shown
in Fig. 8. Optimum separation was achieved for the
highest gas velocity. High gas velocities caused large
relative velocities between the gas and the washing
liquid immediately after injection, thus improving the
separation efficiency. Good separation results were ob-
tained even with the lowest imposed gas velocity as a
result of the large liquid loading of 5.6 1 m ~? due to the
small static pressure in the throat (see Fig. 4). As
mentioned above, the improvement in washing
efficiency at high liquid charges may be attributed to
the increased interfacial area for particle deposition.

In this context, it is important to point out that the
separation efficiency was improved in the range of
lower gas velocities without any control of the washing
process from the outside, with high liquid loadings

=y

w v
— 0 )f-f 2 i
§ 80 ’/ /‘, : B
s 7 [/ |
s o / > e
% 50 /L e v, =47m/s;L=15Um’, ',,,1*,,4
§l 40 i H=70cm [ S

© !
g ol [ e v, =47 m/s; L=3.0m’; |
& L/ H=145cm

W i : i
0
0 05 1 1,5 2 25 3

particle diameter d, [um]

Fig. 7. Influence of different liquid charges on the fractional separa-
tion efficiency (five-plane injection).
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Fig. 8. Change in the fractional separation efficiency with decreasing
gas velocity in the throat (five-plane injection).
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Fig. 9. Plot of near-mesh diameter versus gas velocity.

resulting automatically. Hence, a venturi scrubber oper-
ating in a self-priming mode works in a self-regulating
fashion. Figure 9, in which the near-mesh diameter ds,
is plotted against the gas velocity v in the throat, also
illustrates this effect. The near-mesh diameter is equiva-
lent to the diameter of those particles of which
50 mass% are separated. Initially the near-mesh diame-
ter increased with decreasing velocity, i.e. the separa-
tion process was impaired. However, with a further
decrease in the velocity, the washing efficiency im-
proved once more as a result of higher liquid charges.
This self-regulating behaviour is the main advantage of
the venturi scrubber operating in self-priming mode,
especially under transient working conditions [9].

From the operating behaviour, it may be concluded
that five-plane injection is preferable to three-plane
injection from an energy point of view. With regard to
the separation efficiency, a significant improvement can
be noticed with five-plane injection (Fig. 10). This
results from the interaction of several factors:

1. As mentioned in Section 1, the liquid did not disinte-
grate directly into droplets but into a large number
of sheet-like structures. Only towards the end of the
throat were droplets formed. The greater interfacial
areas of these lamellar-shaped sheets caused by re-
newed formation after each injection improved the
separation efficiency.

100
— 90 [ bl - ] —‘
Sl Y
Enl / pd
S 80 J / g
5 sl . vo=47m/s; L = 3.0 i’
@ g 7L 7 5 injection levels ‘
g / oV, =48m/s;L =3.0 /m’
& fg / 3 injection levels

o Led ‘ I i —

0 05 1 15 2 25 3

particle diameter d, [um]

Fig. 10. Separation efficiency for three- and five-plane injection.

2. The high relative velocities between the injected lig-
uid and the flowing gas enhanced the washing effect
of the scrubber. By injecting the washing liquid in
several planes, high relative velocities could be
achieved continuously.

3. By staggering the nozzles between each injection
level, a uniform distribution of the washing liquid
was attained over all the cross-section of the throat,
and liquid-free areas in the throat were reduced.

Hence, multistage injection provides an efficiency im-
provement in the design of venturi scrubbers.

4. Separation of the washing liquid

After the washing process, it is necessary to divide off
the liquid droplets carrying the collected dust particles.
For this purpose cyclone separators are usually em-
ployed. As described in Section 2, this investigation was
carried out with an immersion tube in combination
with swirl promotors in the diffuser section of the
scrubber to increase the rotation of the gas—liquid flow.
Due to their higher inertia, the droplets were pushed
aside to the diffuser wall. Augmented from the parallel
gas flow, the liquid film was carried along the wall to
the end of the diffuser and deposited into the settling
chamber. As reported by Azzopardi et al. [10], who
observed the gas—liquid flow in the throat and diffuser
section of a venturi scrubber optically, the liquid ini-
tially showed up in the form of droplets, which subse-
quently attached to the wall and formed a film there.
The situation in the diffuser was similar to that ob-
served during annular gas—liquid flow in vertical tubes.

In Fig. 11, the droplet separation efficiency, i.e. the
separated liquid volume divided by the overall liquid
volume injected into the gas flow, is plotted against the
gas velocity in the throat. From the graph, which
depicts measurements without swirl promotors, it can
be seen that the separation efficiency improved with
higher gas velocities. For velocities higher than
45ms~', more than 90% of the injected liquid was
separated. These observations confirm the assumption
that the vast majority of the liquid flows as a film at the
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Fig. 11. Droplet separation efficiency versus gas velocity in the
throat.

wall of the diffuser. Only a slight improvement in the
droplet separation could be achieved if swirl promotors
were located in the diffuser, and this was at the expense
of an increase of 20% in the pressure drop.

5. Conclusions

From the above results, the following conclusions
may be drawn:

1. Venturi scrubbers operating in self-priming mode are
ideal for the separation of fine dust particles. Near-
mesh diameters below 0.1 pm and pressure drops
mainly below 100 mbar can be achieved.

2. The separation efficiency improves with high liquid
loadings which can be realized via large driving
pressure differences, i.e. high filling levels.

3. Multistage injection of the washing liquid is superior
to single-stage injection from an energy-saving point
of view as well as that of separation efficiency. A
further increase in the number of injection levels is
only advantageous where there is sufficient liquid
supply per level, since the separation efficiency is
most sensitive to the liquid loading.

4. It has been shown that under self-priming operation
the liquid loading increases with decreasing gas ve-
locity, i.e. a venturi scrubber operating in self-prim-
ing mode works in a self-regulating manner.
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5. The injected liquid forms a film at the diffuser wall.
About 90% of the liquid can be separated from the
gas flow if an immersion tube is used.

Nomenclature

ds,  near mesh diameter, pm

dp  particle diameter, um

H  filling level of the overhead tank, cm

L liquid charge (=V, /Vg), Im~?

Ap  pressure difference between outside and inside of
the venturi throat, hPa

Apy pressure drop over the scrubber, hPa

v gas velocity in the throat, ms~'

Ve, gas flow rate, m*h~!

V. liquid flow rate, [h !

ne  fractional separation efficiency, %
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