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(57) Abregée/Abstract:
A venturi scrubbing system (50) optimized for removing the most optically active sized particles from a gaseous effluent stream

IS disclosed. Before entering the venturi the effluent stream is subcooled (20) to cause condensation of water vapor and other
condensibles, thereby greatly reducing the volume of the effluent stream. In the venturi stage a scrubbing liguid Is added In the
form of droplets having a median diameter which optimized to remove the optically active particles. Preferably, the median
diameter of the scrubbing liguid droplets is between 10 and 200 microns. A two-fluid nozzle (80) may be used to efficiently form
the droplets. After passing through the scrubbing stage, which may also comprise one or more impingement plates (90), the
cleansed effluent may be passed through an afterburner (100) to remove combustible materials such as organic vapors.
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(57) Abstract

A venturi scrubbing system (50) optimized for removing the most optically active sized particles from a gaseous effluent
stream 1s disclosed. Before entering the venturi the effluent stream is subcooled (20) to cause condensation of water vapor and
other condensibles, thereby greatly reducing the volume of the effluent stream. In the venturi stage a scrubbing liquid 1s added in
the form of droplets having a median diameter which optimized to remove the optically active particles. Preferably, the median
diameter of the scrubbing liquid droplets is between 10 and 200 microns. A two-fluid nozzle (80) may be used to efficiently form
the droplets. After passing through the scrubbing stage, which may also comprise one or more impingement plates (90), the
cleansed effluent may be passed through an afterburner (100) to remove combustible matenals such as organic vapors.
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lmpr_qved Venturi Scrubber and Method

FIELD OF THE INVENTION

This invention relates to the field of air pollution control, and is
particularly directed to an improved venturi wet scrubbing system for removing
contaminants from a gaseous effluent stream, such as the output of an incinerator.

BACKGROUND OF THE INVENTION

Over the past several decades the control of air pollution has become
a priority concern of society. The United States, and other countries, have developed
highly elaborate regulatory programs aimed at rcquiﬁng factories, and other major
sources of air pollution, to install the best available control technology (BACT) for
removing contamninants from gaseous effluent streams released into the atmosphere.
The standards for air pollution control are becoming increasingly stringent, so that
there is a constant demand for ever more effective pollution control technologies. In
addition, the operating costs of running pollution control equipment can be substantial.
and so there is also a constant demand for more efficient technologies.

Concerns about pollution control are directed to more than air pollution,
and removing contaminants from one medium frequently results in their introduction
Into another. For example, the treatment of municipal wastewater under the Clean
Water Act has resulted in an enormous increase in the amount of sewage sludge that
must be disposed of. Many communities lack adequate disposal sites to discard sludge
that 1s generated by their municipal wastewater treatment plants in landfills, and are
turning to incineration as an alternative method of disposal. Incineration of sludge,
or other waste products, while greatly reducing the volume of material that must be
disposed of on land, may result in the release of contaminants in the sludge into the
atmosphere. In this regard, it is noted that the sludge generated by many
municipalities 1s contaminated by highly toxic heavy metals and organic compounds,
as well as acidic compounds such as chlorides and sulfates. The release of such
compounds into the atmosphere is highly regulated, and sludge incineration systems
are required to use BACT for controlling the release of contaminants into the
atmosphere.

One well known type of device for removing contaminants from a

- gaseous effluent stream 1s a venturi scrubber. Venturi scrubbers are generally
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recognized as having the highest fine particle collection efficiency of available
scrubbing devices. As the name implies, in a venturi scrubber the effluent gas is
forced or drawn through a venturi tube having a narrow "throat" portion. As the gas
moves through the throat it is accelerated to a high velocity. A scrubbing liquid in
the form of droplets, typically of water, is added to the venturi, usually at the throat,
and enters the gas flow. The water droplets used are generally many orders of
magnitude larger than the contaminant particles to be collected and, as a consequence,
accelerate at a different rate through the venturi. The differential acceleration causes
Interactions between the water droplets and the contaminant particles, such that the
contaminant particles are collected by the water droplets. The collection mechanisms
Involve, primarily, collisions between the particles and the droplets and diffusion of
particles to the surface of the droplets. In either case, the particles are captured by the
droplets. Depending on the size of the contaminant particles, one or the other of these
mechanisms may predominate, with diffusion being the predominant collection
mechanism for very small particles, and collision or interception being the
predominant mechanism for larger particles. A venturi scrubber can also be efficient
at collecting highly soluble gaseous compounds by diffusion. A detailed description
of these scrubbing mechanisms is discussed in Chapter 9 of Air Pollution Control
Theory, M. Crawford, McGraw-Hill 1976).

Atter the particulate contaminants are collected by the water droplets,
the water droplets are then removed from the effluent stream which is thereby
cleansed. Removal of the water droplets may be accomplished by a number of known
means. The various removal methods rely on the fact that the water droplets are
relatively large and, due to inertia, cannot change direction rapidly. For example, the
gas flow may be directed toward a surface such as an impingement plate. While the
gas moves around the surface, the inertia of the relatively large water droplets causes
them to strike the surface where they are captured. Likewise, if the droplets are
subjected to a circular flow, as in a cyclonic separator, the large dropiets will collide
with the wall of the separator due to centripetal force.

Most venturi scrubbers in use today are "self-atomizing", i.e., the
droplets are formed by allowing a liquid to flow into the throat of the venturiqwhere

it 1s atomized by the gas flow. While very simple to implement, this method is not
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3.
able to produce droplets of very small median diameter. Althou gh not much utilized
In commercial embodiments, it has previously been taught that the collection
efficiency of a venturi scrubber is related to the size of the water droplets used in the
scrubber. In particular, it has been taught that the collection efficiency increases as
the surface area of the water droplets used in the scrubber, and it is well known that
the surface area of a given quantity of liquid increases with decreasing droplet size.
Thus, given this teaching, it would seem that the droplet size of the scrubbing liquid
should be reduced to the minimum.

However, as recognized by the inventor hereof and as taught herein,
there 1s a point at which a further decrease in the size of the droplets of the scrubbing
liquid begins to become detrimental. As a practical matter. prior art venturi scrubbing
devices, even those which claimed to utilize very fine droplets, actually utilize droplets
which are much larger than is optimal according to the teachings hereof.

The primary methods heretofore utilized in improving the collection
efficiency of a venturi scrubber has been to decrease the size of the throat or to
Increase the overall rate at which gas flows through the system. Both of these
methods increase the differential velocities between the contaminant particles and
hquid droplets as they pass through the throat of the venturi. This causes more
interactions between particles and droplets to occur, thereby improving contaminant
removal. However, increasing the collection efficiency in this manner comes at a cost
of significantly higher energy input into the system, thereby resulting in higher
operating costs. The extra energy is expended due either to the increased overall flow
résistance attributable to the reduced throat diameter, or to the increased overall flow
rate through the venturi. In either case, the pressure drop across the venturi is
Increased and greater pumping capacity is required. Accordingly, heretofore, efforts
to Increase the fine particle collection efficiency of a venturi scrubber have involved
substantial increased energy input into the system.

Of particular concern to those in the field of air pollution control is the
collection of "optically active" particles. As used herein, the term "optically active
particles” should be understood to mean particies having a diameter in the range of
approximately 0.1 to 1.0 microns. These particles are difficult to collect in

conventional venturi scrubbers due to their small size. Nonetheless. particles in this
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size range often comprise toxic material the release of which is not permitted. Due
to the relatively large surface area of optically active particles, they absorb a
disproportionate amount of heavy metal contamination. As their name implies,
optically active particles interact with hght. Even if they do not contain toxic
components, the emission of optically active particles 1s highly visible and undesirable
from an aesthetic point of view. Particles which are larger in diameter than about 1.0
micron are also sometimes considered optically active. However, the present
invention is not directly concerned with the collection of these larger particles and
they have, therefore, not been included in the definition of the term optically active
as used herein. It 1s considered that particles larger than 1.0 mucron in diameter are
relatively much easier to collect.

As noted above, municipal sewage sludge often contains significant
amounts of toxic heavy metal and organic matenals. Heretofore, scrubbers have not
been efficient 1in removing these materials from the gaseous effluent of incinerated
sludge. Municipal sewage sludge incineration typically requires the use of high
temperatures (i.e., between 800 - 1200° F). At these elevated temperatures, the
organic materials are vaporized and are, thus, not susceptible to efficient scrubbing.
One approach to this problem has been to use an afterburner on the effluent stream,
whereby the organic vapors are combusted and, thereby, transformed into non-toxic
compounds, primarily water vapor and carbon dioxide. However, incomplete
combustion of the organics can result in the production of carbon monoxide, soot,
and/or gaseous hydrocarbons. If soot (i.e., fine particles of carbon) is produced, other
compounds, such as those containing heavy metals, can be adsorbed on the surface of
the carbon particles. Any particles that are formed in this way are likely to be
difficuit to collect due to their small diameter. And, as noted above, very small
particles are efficient collectors of volatile heavy metals.

One approach to solving the problem of incomplete combustion in an
afterburner involves placing the afterburner downstream of the scrubbing stage(s)
rather than upstream as 1s traditional. This allows removal of particles prior to
afterburning, and allows for more efficient afterburning. This prior art method also
involves cooling the gaseous effluent between the venturi stage and the afterburner

stage. Cooling causes the condensation of certain materials which are then removed
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In a second scrubber. While this approach is believed to be an Improvement, it
requires two scrubbing stages to collect the particulates in the effluent stream.

Accordingly, it is an object of the present invention to provide an
improved venturi scrubber that is capable of increased particle collection without the
need to increase the rate of gas flow through the system or to decrease the size of the
venturi throat.

Another object of the present invention is to provide an improved
ventun scrubber wherein the size of the droplets used to collect contaminant particles
1S optimized.

Another object of the present invention is to provide a venturi scrubber
having a high collection efficiency without the need for a commensurate increase in
the energy input to the system, as compared to the prior art.

Yet another object of the present invention is to provide a nozzle for
use in a venturi scrubber which has the characteristics needed to efficiently generate
droplets having an optimal size for collecting optically active contaminant particles.

A fturther object of the present invention is provide a contaminant
removal system for use with a municipal sewage sludge incinerator that is efficient in
removing toxic heavy metal and organic contaminants.

SUMMARY OF THE INVENTION

The foregoing objects of the present invention, and others that will be
apparent to those skilled in the art after reading this specification in conjunction with
the accompanying drawings and the appended claims, is realized by a novel air
pollution control system. In its basic form, the present invention comprises a venturi
scrubber having means for introducing droplets of a scrubbing liquid having a
predetermined optimal median diameter. In the preferred embodiment, the optimal
median diameter of the scrubbing liquid droplets is between 10 and 200 microns. This
corresponds to being between about two and three orders of magnitude greater than
the median diameter of the optically active particles in the effluent, or. more
specifically, between about 100 to 500 times the diameter of such particles. A spray
nozzle designed to form droplets of the desired diameter comprises means for flowin g
a mixture of the scrubbing liquid and a gas under pressure through an orifice. By

controlling the respective pressures at which the liquid and the gas are delivered to the
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nozzle, both the rate and the size of droplet production can be adjusted. In another
aspect of the present invention, the effluent entering the venturi scrubber is precooled,
preterably to a temperature below 120° F, to cause formation of collectable particles
of condensible materials in the effluent flow. Optionally, an afterburner may be added
downstream of the venturi to cause combustion of any organic vapors remaining in
the effluent flow after scrubbing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a partially schematic cross-sectional view of a air pollution
control system according to the present invention.

FIG. 2 1s a partially schematic cross-sectional view of one embodiment
of a venturi scrubber of the present invention.

FIG. 3 1s a partially schematic cross-sectional view of another
embodiment of the ventuni scrubber of the present invention.

FIG. 4 1s a partially schematic cross-sectional view of still another
embodiment of the venturi scrubber of the present invention.

FIG. 5 1s a partially schematic isometric view of yet another
embodiment of the venturi of the present invention.

FIGS. 6A and 6B are graphs showing the calculated relationship
between median spray droplet size and collection efficiency of 0.1 and 1.0 micron
contaminant particles, respectively.

DETAILED DESCRIPTION
Turning first to FIG. 1, an overall air pollution control system 1 of the

present invention 1s shown. A contaminant laden gaseous effluent stream is generated

- by 1ncinerator 10, for example a multiple hearth furnace used to incinerate sludge

generated by a municipal wastewater treatment facility. As used herein, the term
"gaseous effluent” is intended to include effluent streams that have liquid or solid
particulate material entrained therein, including vapors which may condense as the
effluent stream is cooled. While the present invention is described, for exemplary
purposes, 1n conjunction with an incinerator, incinerator 10 is not considered to be a

part of the present invention. The air pollution control system 1 of the present

‘invention will be equally useful in conjunction with other sources of contaminated

gaseous effluent. It should be noted that many sources of air pollution involve what
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1s, at least initially, a very hot effluent stream created as a result of a combustion
process. ‘

Incincratof 10 produces a high volume of contaminated gases at a
temperature which may be as hot as 1200° F. These gases leave Incinerator 10 via
duct 15 and flow into precooling chamber 20. In precooling chamber 20 the gases are
cooled to a much lower temperature, preferably below about 120° F. Many methods
of cooling a hot effluent gas flow are know to those skilled in the art and may be used
in connection with the present invention. One method. depicted schematically in FIG.
1, involves spraying a cooling liquid, such as water, into the gas through nozzle 25.
Cooling the effluent causes condensible vapors in the effluent stream to undergo a
phase transition. While water will usually be the primary condensible compound
present in the effluent stream, other condensible compounds of greater concern, such
as acid gases and organic materials, are also often present in quantities of concemn.
Condensation of these vapors will naturally occur around particles in the effluent
stream which serve as nucleation points. Precooling the effluent stream is, thus, useful
for two reasons. First, condensible contaminants are transformed to the liquid phase
and are thereby more easily removed from the effluent. Second, the nucleation
process increases the size of preexisting particles in the effluent, thereby making it
easier to remove them. In addition, removal of water vapor from the effluent stream
Can result in a substantial reduction in the volume of gaseous effluent that must be
processed. Precooling of an effluent stream to cause condensation is sometimes also
referred to as subcooling. It is estimated that, in some instances, subcooling will
reduce the overall volume of the effluent stream by more than fifty percent.

After flowing through precooling chamber 20, the cooled effluent exits
via duct 27 and enters venturi scrubbing chamber 30, comprising lower and upper
portions 33 and 35, respectively. Venturi scrubbing chamber 30 is shown in greater
detail in FIG. 2. The particulate laden gas stream enters lower chamber 33, within
which is located entrance or inlet cone 40 of venturi 50. Venturi 50 also includes a
throat portion 60. and an outlet or discharge cone portion 70, which are conventional.

A two-fluid nozzle 80 forms a spray of scrubbing liquid having droplets which are

optimized for maximum collection of optically active particles. A discussion of the
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diameter, 1s set forth below.

Preferably, inlet cone 40 has a greater included angle than 1s typically used in venturi
scrubbers. Preferably, the included angle of the inlet cone 1s between 45° and 90°, whereas
prior art venturi scrubbers generally are in the range of 30° - 45°. The relatively larger
included angle comes at some cost in the energy required to move gas through the venturi,
but improves scrubbing efficiency by maximizing the differential velocity between the
contaminant particles and the scrubbing droplets.

Effluent in venturi chamber 30 passes through venturi 50, where the spray droplets
remove contaminant particles in the manner previously described. In one embodiment of the
present invention the throat velocity of the effluent gas is 200-450 feet per second, and the
scrubbing liquid is introduced at a rate of 1-5 gallons per minute per 1000 actual cubic feet
per minute (acfm) of effluent passing through the venturi. Preferably, the scrubbing liquid
is uniformly introduced across the entire venturi input 40. After leaving ventun 50, the
contaminant laden spray droplets are removed from the effluent stream by inpingement plate
90. If desired, more than one impingement plate may be utilized. In an alternate
embodiment, an impingement stage is placed prior to the venturi as shown in FIG. 4. Use
of an impingement plate upstream of the venturi serves to further precool the eftluent flow,

to remove large particles and abrasives from the effluent stream and for absorption of

gaseous compounds.

The cleansed effluent stream then exits venturi chamber 30 via duct 95 and flows to
afterburner 100 where any remaining organic gases in the effluent stream are burned.
Afterburner 100 must raise the temperature of the effluent gas to a suitably high temperature,
and the gases must be held at this temperature in the presence of sufficient oxygen for a
sufficient time to cause complete combustion. The optimal parameters for temperature,
residence time and oxygen level will often involve engineering tradeoffs and will depend on
the specific application. The use of an afterburner to burn organic materials in an etfluent
stream is well known, although normally the afterburner is positioned upstream of the
scrubber. Although the gases entering afterburner 100 of the present invention are much
cooler than if the afterburner were placed upstream of scrubber 30, the removal of
condensible vapors from the effluent, particularly the removal of the very large volume of

water vapor, offsets the energy required to reheat the effluent to combustion temperature.
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After leaving afterburner 100, the effluent gas stream may be
discharged into the atmosphere via stack 110, or may undergo further processing such
as heat extraction. Gas flow through the entire pollution control system is propelled
by induced draft fan 105.

As noted above, the present invention uses a two fluid nozzle 80 to
form spray droplets having a median diameter which is optimized to collect optically
active particulates in the effluent stream. Nozzle 80 is fed by a source of pressurized
scrubbing liquid 83, which is conveyed to the nozzle via feed tube 82, and a source
of pressurized gas 85, which is conveyed to nozzle 80 via feed tube 84. In many
applications, air and water are used as the gas and liquid, respectively, for convenience
and to minimize operating costs. The water used in the system may be recycled as
1s shown schematically in FIG. 3. Although FIG. 2 shows liquid feed tube 82 residing
within and concentric with gas feed tube 84, it will be apparent to those skilled in the
art that other arrangements are possible and may, in fact, be preferred. The two fluids
mix just before an orifice 86 forming a spray 88 as they leave orifice 86 under
pressure. A two fluid nozzle of the type which is used in the present invention is
commercially available from Delavan, Inc., of Lexington, TN.

A varniety of measures are used to characterize the diameter of the
droplets in a spray. As used herein the term median diameter is intended to refer to
what is more precisely termed the median volume diameter (MVD), sometimes
referred to as the volume median diameter (VMD). The median volume diameter 1S
the droplet size such that fifty percent of the total volume of liquid sprayed is made
up of droplets having a diameter larger than the median value and fifty percent of the
total volume of liquid sprayed is made up of droplets having a diameter smaller than
the median value. Preferably, the droplet distribution is uniform about the median
value such that most of the volume of liquid sprayed is in the form of droplets having
diameters close to the median value.

By controlling the flow and pressure of the gas and liquid entering
nozzle 80, 1t is possible to independently control both the size of the droplets and the
quantity of scrubbing liquid injected into the venturi. In particular, increasing the air
pressure to the nozzle tends to decrease the size of the droplets produced, while

Increasing the water pressure increases the quantity of spray formed. Preferably, the
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droplets should have a median diameter the range of about 10 to 200 microns.
Droplets 1n this size range are between about two to three orders of magnitude greater
in diameter than optically active particles in the effluent stream. More particularly,
they are about 100 to 500 times the diameter of the optically active particles in the
effluent. The ability to independently adjust the characteristics of the spray may be
useful where the characteristics of the effluent stream are variable. Thus, if the
number or size of the opucally active particles in the gas flow changes, the spray
characteristics can be adjusted accordingly.

It 1s very difficult to obtain droplets of the preferred size without using
a two-fluid nozzle. As noted above, most prior art venturi scrubbers rely on self-
atomizauon, using energy from the fan to atomize the scrubbing liquid. Such systems
do not rely on a nozzle to form droplets, but rather, introduce the scrubbing liquid
directly into the throat of the venturi where it is atomized by the accelerating gas flow
around 1t. Some prior art venturi scrubbers employ single fluid liquid nozzles to
Introduce a spray of scrubbing liquid into the venturi. It is very difficult to produce
droplets in the preferred size range using a single fluid nozzle. One would have to
resort extremely high nozzle pressure to obtain the desired degree of atomization and.
even at high pressures, commercially available nozzles do not have the capacity to
provide a large volume of liquid into the gas flow. There is no indication that any of
the prior art devices known to the inventor is operated at the required pressure levels.
For example, to produce droplets of the proper size, it is believed that a commercially
available "fine spray"” single fluid hydraulic nozzle from Spraying Systems Co. would
have to be operated at over 800 psig liquid pressure, and, at that level would only
deliver less than two gallons of liquid per minute to the venturi. Thus, while some
prior art devices use liquid nozzles to form droplets, it is believed that prior art venturi

scrubbers have not used droplets smaller than about 500 - 1000 microns in diameter.

Spray from nozzle 80 is introduced near the venturi inlet in a low
velocity section of the precooled effluent gas flow. Preferably, the spray 1s uniformly

distributed over the entire inlet cone 40. As the gases, spray droplets, and

contaminant particles are accelerated in the throat of the venturi, the differential

‘velocity between the particles and droplets is maximized.
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Certain teachings of the prior art suggest that the droplets used in a
venturi scrubber should be as fine as possible. This statement is unqualified and
unquantified, and proceeds from the simplistic view that the sole concern in scrubbing
efficiency is the overall surface area of the scrubbing liquid droplets. Nonetheless,
it is clear from the same teachings that the droplets being used are, in fact, much
larger than those preferred in the present invention. As explained below, there is a
lower limit to the preferred droplet size. Droplets which are much finer than this
lower limit are less efficient in collecting contaminant particles.

The ability to optimize droplet size for maximum collection efficiency
has been verified experimentally and has a theoretical explanation. For example, in
one experiment, the inventor investigated the scrubbing efficiency of a spray having
droplets roughly equal in size to the optically active particles in an effluent stream.
This experiment determined that such a spray was relatively inefficient in scrubbing
the effluent stream, contrary to the prior art teaching that finer droplets improved
scrubbing efficiency.

The apparent theoretical explanation for this result is as follows.
Venturi scrubbing relies on the differential velocity between scrubbing droplets and
contarmunant particles. The gaseous effluent and the spray droplets both enter the inlet
cone of the venturi at relatively low velocities. Differential velocities are achieved
primarily as the particles and droplets undergo acceleration through the throat of the
venturl. Normally, the contaminant particulates, being much smaller and having much
less mass, rapidly accelerate to attain the velocity of the surrounding gas in a very
short distance. On the other hand, the scrubbing liquid droplets are normally much
larger and more massive, so that it takes them much longer to attain the velocity of
the gas stream. Typically, these droplets will not reach this ultimate velocity until the
end of the throat or just beyond the end of the throat.

Since it is the velocity differential which causes scrubbing, once the
droplets and particles reach the same velocity the number of interactions between the
two will reduced to the point of insignificance, and no further scrubbing will occur.
When the droplets start out being roughly the same size as the contaminant particles,
they accelerate at roughly the same rate as each other, and no substantial velocity

difference is realized as they pass through the venturi. Thus, if the spray droplets are
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too fine, i.e., of the same order as the contaminant particles, scrubbing efficiency will
be degraded.

Thus, the prior art teaching, that "finer is better”, is good only to a
point, after which any further reduction in droplet size actually degrades scrubbing
etficiency. FIG. 6A shows the calculated relationship between collection efficiency
(shown as percentage on the vertical axis) and scrubbing liquid droplet size (in
microns on the horizontal axis) for contaminant particles having a diameter of 0.1
micron. It is seen that the optimal droplet size is approximately 50 microns, and that
collection efficiency falls off rapidly when the droplets are either smaller or larger
than this optimal size. FIG. 6B shows the calculated relationship between collection
efficiency and scrubbing liquid droplet size for contaminant particles having a
diameter of 1.0 micron, just beyond the range of optically active particles. In this
Instance, the optimal droplet size is almost 200 microns. While in this case the fall
off 1n collection efficiency for droplets which are not optimal is not as dramatic as it
1s with the smaller 0.1 micron particles, it is still quite significant.

According to the present invention, it is possible to obtain spray
droplets of any predetermined median diameter, so that scrubbing efficiency is
enhanced. In the prior art, the primary method used to increase scrubbing efficiency
has been to increase the gas flow rate through the venturi, either by narrowing the
throat or by increasing the overall flow rate of gas through the system. In either case,
significantly more energy is required due to the need for more powerful fans, thereby
raising the operating costs for the system. The present invention requires only slightly
more energy to operate the nozzle than a prior art system, but the increase in
scrubbing efficiency obtained per added unit of energy input is far greater than can
be obtained by the prior art methods of increasing efficiency. Thus, the present
invention is a highly cost effective way to improve scrubbing efficiency. For
example, 1t 1s estimated that a typically prior art design utilizing self-atomization

would require a pressure drop across the venturi of 55 inches of water to achieve an

overall collection etficiency of 99.3%. This, in turn would require the use of 15.4
horsepower per 1000 acfm. On the other hand, the venturi of the present invention
can achieve a collection efficiency of 99.4% with a pressure drop across the venturi

of only 16 inches of water, and requiring only 6.3 hp/acfm.
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An alternate embodiment of the present invention 1s shown in FIG. 3, wherein similar
numbers are used to identify the same parts shown in FIGS. 1 and 2. In the embodiment of
FIG. 3, the precooling chamber 320 is stacked directly on venturi 350. Again, cooling may
be accomplished by using a first spray nozzle 325 to reduce the heated effluent entering
chamber 320 as shown by arrow 315. Two-fluid nozzle 380 is used to introduce droplets of
a scrubbing liquid having a predetermined diameter. Unlike the venturi of the FIGS. 1 and
2 embodiment, venturi 350 of the FIG. 3 embodiment is not contained within a chamber, but
rather, is free standing. After leaving the discharge cone of the venturi via duct 3535 the
effluent gas flows into cyclonic separator 310, wherein the contaminant laden droplets are
removed from the gas flow. Use of cyclonic separation to remove droplets is well known and
need not be described in detail. In addition, an impingement plate 390 may also be used, 1f
needed, to remove remaining droplets that are not removed by cyclonic separation.

As is shown schematically in FIG. 3, the liquid used for scrubbing can be recycled
to further reduce the operating cost of the system. The scrubbing liquid can be collected
from the bottom of the venturi via line 301. Likewise, liquid can be collected from the
bottom of cyclonic separator 310 via line 302. Pump 303 1s then used to recycle the
recovered liquid, which may first be filtered by conventional means (not shown).

Yet another embodiment of the present invention is shown in FIG. 4 wherein a
plurality of venturis 450 are housed in a venturi chamber 430. Each of the venturis of the
FIG. 4 embodiment are substantially the same, and are of similar design to the ventuns
shown in FIGS. 1 and 2. Nozzles 480 provide a spray of scrubbing liquid with droplets
having a preselected optimal median diameter as described above. Preterably, the nozzles
are two-fluid nozzles. The advantage of using multiple venturis is that it permits a more
compact overall design and reduces the size of the individual nozzles.

The embodiment of FIG. 4 also shows the use of multiple impingement plates. Two
impingement stages 490 are located downstream of the venturis 450, and one impingement
stage 490’ is located upstream of the venturis. The use of multiple impingement plates is
useful in collecting larger sized particles in addition to contaminant laden droplets from the

venturi. For the reasons described above,
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scrubbing efficiency of the venturi is low 1n respect to particles which are roughly the
same size as the droplets used for scrubbing, although larger particles are relatively
easy to collect using other means.

The ventun designs of FIGS. 1, 2, and 4 are particularly well suited to
retrofit existing pollution control equipment to improve scrubbing efficiency and lower
operating costs. A typical existing system will include a venturi stage immediately
after the incinerator (e.g., a multiple hearth furnace). This venturi stage feeds a
second scrubber stage such as an 1mpingement scrubber or cyclonic separator. In the
case of ventur1 scrubber, the existing venturt may be replaced by a straight duct
section, which serves as the precooling chamber, placed ahead of the venturi scrubber
of the present invention. The induced draft fan is replaced or slowed to produce the
desired pressure drop across the venturi of the present invention while saving
substantial energy. To retrofit an existing low energy impingement scrubber, one or
more venturis of the present invention may be housed in the impingement chamber
after removing one of the impingement plates.

FIG. 5 is a partially schematic perspective view of yet another
embodiment of the present invention wherein venturi 550 has an elongate shape and
multiple nozzles 580 are used to inject a spray of droplets 588 into the effluent gas
flow. Although for clarity three nozzles are shown, the number of nozzles used
should be adequate to insure that the entire inlet 540 to venturi 550 is uniformly
sprayed. Otherwise, there may be regions of gas flow that are not adequately
scrubbed due to a reduced population of droplets. Preferably, each of nozzles 580 is

of the two-fluid varniety described above.

While the present invention has been described in conjunction with
preferred embodiments thereof, it will be apparent to those skilled in the art that there
are many variations and equivalents of that which has been described. For example,
while the present mvention has been described so as to optimize the collection of
optically active particles, in certain applications it may be desired to increase the
collection efficiency of particles within a different size range. Accordingly, it is

intended that the invention should be limited only by the following claims.
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WHAT IS CLAIMED IS:

1. A venturi scrubber. comprising: venturi inlet means for
introducing a flow of a contaminated gas containing particles into said venturi;
venturl throat means for causing said contaminated gas flow to accelerate as it

> passes through said throat means, said venturi throat means having a reduced
diameter relative to said venturi inlet means, means for causing said contaminated
gas to flow through said venturi; and nozzle means, positioned upstream of said
throat portion, for introducing a spray of liquid droplets 1nto said contaminated gas
flow at a rate comprising at least one gallon per minute per 1,000 actual cubic feet
10 per minute of said gas, and a velocity which 1s approximately the same as the
velocity of the particies in said contaminated gas flow upstream of said venturi
throat, said droplets having a median volume diameter in the range of 10 to 200
MICrons.
2. The venturi scrubber of claim 1 wherein the median volume
15 diameter of said liquid droplets 1s between 100 to 500 times greater than the

median diameter of the optically active particles in the contaminated gas flow

entering said ventur: scrubber.
3. The venturi scrubber of claim 1 wherein said nozzle comprises
means for flowing a mixture of said liquid and a gas under pressure through an
20 orifice such that said liquid is atomized prio. to being introduced into said
contaminated gas flow.
4. The venturi scrubber of claim 3 further comprising means for

’ independently adjusting the gas flow to said nozzle and the liquid flow to said
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nozzle so that the total volume of liquid and median diameter of liquid droplets
sprayed into said contaminated gas flow may be independently varied.

5. The venturi scrubber of claim 1 further comprising an
impingement surface downstream of said throat portion to intercept said liquid

droplets 1n said gas flow.

6. 'The venturi scrubber of claim 1 further comprising means for
precooling the contaminated gas flow before said contaminated gas flow reaches
the region where said liquid spray is introduced.

7. 'The ventur: scrubber of claim 6 wherein said precooling means
1s adapted to reduce the temperature of said contaminated gas flow to a
temperature less than about 120° F.

8. 'The ventur1 scrubber of claim 1 wherein there are a plurality of
nozzles.

9. An air pollution control system for removing contaminants from
a flow of high temperature gas, comprising: a precooling stage for reducing the
temperature of flow of contaminated gas introduced at an input port thereof, such
that at least some of the condensibie contam:nants within said gas flow are
changed from a vaporized state to a particle state within said precooling stage, at
least some of said particles being optically active; a venturi stage having an input
end in communication with the output of said precooling stage, said ventur: stage
comprising at least one throat portion and at least one nozzle for creating a spray
of liquid droplets upstream of said throat portion and introducing said spray of
liquid droplets intc said contaminated gas flow at a velocity which 1s

approximately the same as the velocity of the particles in said contaminated gas
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flow upstream of said venturi throat and at a flow rate of at least one gallon per
minute per 1,000 actual cubic feet per minute of gas, the volume median diameter
of said liquid droplets created by said nozzle being in the range of 10 to 200

micron; and fan rneans for causing said gas to flow through said air pollution

> control system.

10. The air pollution control system of claim 9 wherein said at
least one nozzle comprises means for flowing a mixture of a gas under pressure
and a liquid through an orifice.

11. The air pollution control system of claim 10 further comprising

10 means for independently adjusting the pressure of thé gas in said mixture.

12. The air pollution control system of claim 10 further comprising .
means for independently adjusting the flow rate of the liquid in said mixture.

13. The air pollution control system of claim 9 further comprising
afterburner means downstream of said venturi stage such that volatile vVapors

15 remaining in said gas flow will be combusted.

14. The air pollution control system of claim 9 wherein said

venturi stage comprises a plurality of individual venturis mounted on a plate and a
plurality of nozzles, each nozzle being positioned upstream and near the input end

of an individual venturi.

20 15. The air pollution control system of claim 14 further comprising
at least one impingement surface positioned downstream of said venturi plate.
16. The air pollution control system of claim 9 wherein said -
precooling stage is adapted to reduce the temperature of said contaminated gas

entering said venturi stage 10 a temperature which is less than about 120°F.
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17. A method of scrubbing a flow of contaminated gas containing particles, comprising
the steps of- introducing said contaminated gas flow into the input end of a venturi scrubber,
forming a spray of liquid droplets having a predetermined median diameter which 15 in the
range of 10 - 200 microns and between 100 and 500 times larger than the median diameter
of the optically active particles in said contaminated gas flow, and introducing said spray into
the venturi scrubber at a velocity which is approximately the same as the velocity of the
particles in said contaminated gas flow upstream of the throat of said scrubber, said spray
comprising at least one gallon per minute per 1,000 actual cubic feet per rmnute of said gas.
18.  The method of claim 17 further comprising the step of precooling said contaminated
gas flow prior to introducing it into said venturi scrubber.

19.  The method of claim 17 wherein said liquid droplets are formed by forcing a mixture
of said liquid and a gas through an onfice.

20.  The method of claim 18 further comprising the step of passing said gas flow through
an afterburner stage downstream of said venturi scrubber, such that remaining combustible

material in said gas flow is bumed.

21.  The venuwuri scrubber of claim 6 wherein said means for precooling the contaminated

gas flow includes an impingement plate.

22. Theair pollution control system of claim 9 wherein said precooling stage includes an
impingement plate.

23.  Themethod of claim 18 wherein said contaminated gas flow includes water vapor and
wherein said precooling siep comprises cooling the contaminated gas flow to a temperature

at which substantial condensation of said water vapor occurs.

24.  The method of claim 18 wherein said step of precooling said contaminated gas flow

comprises the step of passing said contaminated gas flow through an impingement plate.
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