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SUMMARY 

The Submerged-Bed Scrubber (SBS) is a novel air cleaning device that has 
been investigated by Pacific Northwest.Laboratory (PNL) for scrubbing off gases 
from liquid-fed ceramic melters used to vitrify high-level waste (HLW). The 
concept for the SBS was originally conceived at Hanford for emergency venting 
of a reactor containment building. The SBS was adapted for use as a quenching 
scrubber at PNL because it can cool the hot melter off gas as well as remove 
over 90% of the airborne particles, thus meeting the minimum particulate decon­
tamination factor (OF) of 10 required of a primary scrubber. The experiments 

in this study showed that the submicron aerosol OF for the SBS can exceed 100 
under certain conditions. A conventional device, the ejector-venturi scrubber 
(EVS), has been previously used in this application. The EVS also adequately 
cools the hot gases from the melter while exhibiting aerosol removal OFs in the 
range of 5 to 30. In addition to achieving higher DFs than the EVS, however, 
the SBS has the advantage of being a passive system, better suited to the 
remote environment of an HLW processing system. 

The objective of this study was to characterize the performance of the SBS 
and to improve the aerosol capture efficiency by modifying the operating proce­
dure or the design. A partial factorial experimental matrix was completed to 
determine the main effects of aerosol solubility, inlet off-gas temperature, 
inlet off-gas flow rate, steam-to-air ratio, bed diameter and packing diameter 
on the particulate removal efficiency of the SBS. Several additional experi­
ments were conducted to measure the influence of the inlet aerosol concentra­
tion and scrubbing-water concentration on aerosol-removal performance. All of 
the investigated parameters significantly influenced the performance of the SBS 
except for the inlet temperature, which had little effect over the 60°-100°C 
range investigated. 

An important parameter influencing aerosol collection efficiency is the 
diameter of the airborne particulates. Several gas-cleaning devices character­
istically exhibit a minimum collection efficiency for particles between 0.1 and 
1.0 microns. For the SBS, the minimum was shown to be between 0.3 and 
0.7 microns. Thus, all tests in this study were limited to that size range. 
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The DFs reported in this study therefore represent lower bounds to the DFs that 

will be encountered for actual melter off gas. 

The most influential parameter tested was the flow rate of noncondensib1e 

gas. As expected, the percentage of parttc1es penetrating the SBS increases 
with gas flow rate. The particulate material re-entrained in the off gas also 
increases with flow rate. The combined influence of increased penetration and 
increased re-entrainment rapidly decreases the aerosol scrubbing efficiency. 

Aerosol solubility directly affects collection efficiency. Water-soluble 

aerosols are captured much more readily than insoluble aerosols. In this 
study, typical DFs for sodium chloride (soluble) aerosols were around 100, 

while DFs for titanium dioxide (insoluble) were generally close to 10. The 
difference is dominated by the ability of soluble aerosols to quickly penetrate 
the scrubbing solution/gas interface. 

Another important parameter is the steam-to-air ratio. It is well known 

that steam condensing on aerosols can enhance the capture performance of a 
particulate filtering device. However, the location of the condensation is 

important in the case of the SBS. Improvement by a factor of four can be 
achieved if the steam begins to condense before entering the packed bed. If 
cooling takes place in the inlet line, the steam condenses on the aerosols, 
making them effectively larger and easier to capture. Condensation that occurs 
within the bed takes place mostly at the scrubbing solution/off-gas interface 
and not on the aerosols. Although the condensing steam results in both dif­
fusiophoretic and thermophoretic deposition on the cold surface, as well as 
some inertial impaction, the steam is not as useful when condensation occurs at 
the interface. 

The scrubbing efficiency of the SBS increases with increasing aerosol con­
centration, but the effect is more dramatic with soluble aerosols. The number 
of collisions increases with concentration as the mean free path decreases, 

leading to the formation of agglomerates. The particles formed by this proc­
ess, known as Brownian coagulation, are larger and easier to remove. For 

insoluble aerosols, the result is a slight increase in efficiency. For soluble 
aerosols, the outlet concentration is independent of the inlet concentration, 
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because the aerosols are essentially all captured regardless of the inlet 
loading. Thus, the OF increases with inlet concentration for both types of 

aerosols. 

The SBS is most effective when the aerosols to be removed· are water solu­

ble and the off gas has a high steam-to-air ratio. Melter off-gas streams can 

be conditioned to meet this case by injecting steam into the off gas. If the 

off gas is then cooled by a cold vapor injected into the off-gas line at the 
inlet to the SBS, as noted above, the steam will preferentially condense on the 

aerosols, and aerosol capture becomes much easier. This concept is used 
industrially to enhance the collection of aerosols and is known as flux-force/ 
condensation. The condensing steam turns the insoluble aerosols into pseudo­
soluble aerosols, because they are pre-wetted by the condensing steam prior to 
entering the bed. The pre-wetted particles then penetrate the gas/liquid 
interface more easily and can be absorbed by the scrubbing solution. 

Re-entrainment of captured materials can lead to significant reductions in 

scrubbing performance. For this reason, it is important to minimize the off­
gas flow rate and scrubbing solution concentration to limit the number of 
droplets entrained in the exit off gas, as well as the amount of previously 
captured material present in each droplet. Re-entrainment losses can also be 
reduced by adding an appropriate surfactant to the scrubbing solution. The 
surfactant used in this study was able to essentially eliminate re-entrainment; 
however, there is currently not enough information to conclude that it will be 
effective in all cases. 

The SBS is a reliable, low-maintenance air-cleaning device that appears to 

be a strong candidate for the primary scrubber in off-gas systems of high-level 
waste processing plants. A properly sized and operated SBS has the potential 
of attaining overall DFs of 100, depending on the characteristics of the off 
gas. The SBS is also versatile enough to be used for more traditional off-gas 
cleaning problems. Like other wet scrubbers, the SBS may be especially useful 
for gas-cleaning applications where the aerosols must be recovered, either to 
dispose of the material properly or because it has value. Information on siz­

ing an SBS is available in a companion topical report, Design Procedure for 
Sizing a Submerged-Bed Scrubber for Airborne Particulate Removal, PNL-6036. 
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1.0 INTRODUCTION AND OBJECTIVES 

Vitrification using a liquid-fed ceramic melter (LFCM) has been selected 
in the United States as the reference process for immobilization of high-level 
radioactive waste currently stored at the Hanford, Savannah River and West 
Valley sites. Some compounds present in the liquid high-level waste (HLW) are 

volatile at melter operating temperatures and are vented in an off-gas line. 
The off gas also includes volatile constituents like water vapor, nitrogen 
oxides, and halogen gases, as well as entrained HLW feed. Off gas drawn from 
the melter must be cleaned before being vented to the atmosphere. Unfortu­

nately, some of the radioactive compounds volatilized in the melter condense in 
the off-gas piping and form aerosol particles that are difficult to capture 
(Gales and Sevigny 1983). 

Because off gas exiting the LFCM is highly radioactive, the first treat­

ment stages must be located in a remote area. Consequently, it is desirable 
that the first scrubber be highly reliable with minimum maintenance. This con­
straint led to the investigation and testing of the submerged-bed scrubber 
(SBS), as part of the U.S. Department of Energy's Nuclear Waste Treatment 
Program, to determine how the performance can be made most effective for this 
application. 

The SBS is a passive aqueous scrubber that can be used as a primary gas 

cleaning device, which must be able to achieve a minimum particulate DF of 10 
(Gurley et al. 1986) as well as to quench the off gas. The concept for the SBS 
was originally developed at Hanford for capture of aerosols during an emergency 
vent of a reactor containment building (Hilliard, McCormack and Postma 1981). 
Pacific Northwest Laboratory modified the design for use in melter off-gas 
treatment (Siemens et al. 1986), and has tested it since 1983. The operating 
principles of the SBS are illustrated in Figure 1. The device consists of a 
fixed bed submerged in an aqueous pool. The off gas is introduced at the bot­
tom of the packing and is allowed to bubble up through the bed. The apparent 

density of the two-phase fluid flowing up through the bed is less than the den­
sity of the water surrounding the bed. This difference in densities causes a 
natural pumping action, as hydrostatic pressure forces the surrounding water up 
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FIGURE 1. Operating Principles of the Submerged-Bed Scrubber 

through the bed. The pumping action helps to keep the bed from plugging with 

captured particulate material and improves the heat removal by the cooling 
coil s. 

The SBS contains no moving parts, so it is ideal for use in a remote loca­

tion. However, its development has been so recent, it has yet to be fully 

characterized. A better understanding of the SBS was necessary to determine 

whether possible design modifications or operating changes could be implemented 

in the existing design to achieve better aerosol removal efficiencies than pre­

viously reported (Scott, Goles and Peters 1985). The objective of this study 
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was to determine the optimum 'operating conditions by investigating the 

parameters affecting the performance of the SBS. These results were used as a 
design basis in a companion topical report that demonstrates proper sizing of 
an SBS (Ruecker and Scott 1986) • 
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2.0 AEROSOL PROPERTIES 

An aerosol is defined as a liquid or solid particle that is suspended in a 
gas. Aerosol particles range in size from 0.001 to 100 microns and can remain 
suspended for as little as a few seconds or as long as a few years. Although 
the particles are highly mobile, they tend to attach themselves to most sur­
faces upon contact, making it possible to remove them from a gas by providing 
such a surface. The main bonding forces are London van der Waal forces, elec­
trostatic forces, and the surface tension of absorbed liquid films. Of these, 
the London van der Waal forces are the most prominent (Hinds 1982). These 
forces arise because the random movement of electrons in any material creates 
momentary areas of charge concentration called dipoles. At any instant, these 
dipoles induce complementary dipoles in neighboring material, which give rise 
to attractive forces. These forces decrease rapidly with separation distance 
between surfaces. 

2.1 AEROSOL TRANSPORT MECHANISMS 

Aerosols can be transported to a surface by several mechanisms. The main 

transport mechanism is usually convection. Aerosol particles are easily car­
ried along by the off gas because of their small size and light weight. Next 
to convection, diffusion is the primary transport mechanism for particles less 
than 0.1 micron in size. Other transport mechanisms include thermophoresis, 
photophoresis, Stephan flow and flow due to radiant pressure. All of these 
forces are very weak but can cause aerosol motion because of the low inertia of 
the particles. Transport due to radiant pressure and photophoresis is not 
important for the SBS but is included for completeness. A more thorough treat­
ment of aerosol transport mechanisms is presented by both Hidy (1984) and 
Hesketh (1986). 

Thermophoresis. Small particles are constantly being bombarded by gas 
molecules. When a particle is in a temperature gradient, it will feel a 
greater momentum transfer from the gas molecules on the hot side of the parti­
cle than it will on the cold side. The difference in momentum transfer results 
in a net movement away from the heat source. The thermophoretic velocity of 
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O.l-micron particles, for example, exceeds the terminal settling velocity, even 
for weak temperature gradients (loC/cm). It is likely that thermophoresis con­
tributes to the collection of fine particles in air cleaners in which hot gas 

streams are cooled. 

Photophoresis. Photophoresis is a special case of thermophoresis in which 

illumination of the particle causes a temperature gradient inside the particle. 
Heat is transferred from the particle to the surrounding gas at different 

rates, resulting in an induced temperature gradient. The actual transport phe­
nomenon is the same as for thermophoresis, but the temperature gradient in the 
gas is induced by heat transferred from the particle. The aerosols, again, 
will move down the temperature gradient resulting in the transport of aerosols 

away from the source of illumination. 

Radiation Pressure. The force of radiant pressure is a result of momentum 

transfer, not from gas molecules but from the deflection and absorption of 
light. The light can be thought of as a stream of photons whose momentum is 

altered as they are deflected (or absorbed) by the particle so as to cause a 
force away from the light. 

Brownian Oiffusione Small particles will follow an irregular path caused 

by the random variations in the collisions with gas molecules. The resulting 
transfer of momentum causes the aerosol particles to change direction. 
Brownian diffusion is an important transport mechanism for submicron particles 

and is largely responsible for the capture of particles less than 0.1 micron in 
situations where transport distances are small and collection times are large. 

Oiffusiophoretic Force. Concentration gradients result in the diffusion 
of molecules along the gradient. If the diffusing molecules are of different 
weights, a force will be felt by any aerosol present in the concentration 
gradient. This force is due to unequal momentum transfer from the diffusing 
molecules. The net movement of the aerosol will be along the concentration 
gradient; the direction of transport will depend on the nature of the diffusing 

molecules. This transport mechanism is related to Brownian diffusion but is 

generally not as important. 
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Stephan Flow. Near evaporating or condensing surfaces, an aerodynamic 
flow of air exerts Stokes drag on a particle. This flow is directed away from 
evaporating surfaces and towards condensing surfaces. In order to maintain 
constant total pressure in the vicinity of an evaporating surface, the concen­
tration gradient of vapor must be balanced by an equal and opposite concentra­
tion gradient of air. The combination of diffusiophoresis and Stephan flow is 
exploited in venturi scrubbers, where supersaturated conditions are established 
that cause condensation and Stephan flow to carry fine particles onto condens­
ing droplets and surfaces. 

2.2 AEROSOL CAPTURE MECHANISMS 

Aerosols can be brought into the vicinity of a collecting medium by any 
combination of the previously mentioned transport mechanisms. Once the parti­
cle is near the collecting surface, there are several methods by which it can 
be captured. The more traditional mechanisms are shown in Figure 2 for flow 
around a cylindrical fiber or spherical packing. The likelihood of a parti­
cle's being captured by a given mechanism is directly related to the size of 

the particle. A review of the more important capture mechanisms is given 
below. A more detailed discussion is presented by Hinds (1982). 

: 
FIGURE 2. Classical Aerosol Capture Mechanisms 
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Interception. An aerosol can be removed from an air stream when the gas 

streamline it is following comes within one particle radius of the surface of 
the collecting medium. For pure interception, it is assumed that particles 
follow the streamlines perfectly, that they have negligible inertia or Brownian 
motion. The collection efficiency due to interception increases as the ratio 
of the particle's diameter to the diameter of the collecting medium increases. 
The minimum efficiency particle diameter for a given filter is usually between 
0.1 and 1 micron (Hinds 1982; Shaw 1978; McCarthy et ale 1976). Aerosols in 
this size range are too small to be captured by inertial impaction and too 
large to be significantly influenced by Brownian motion. Thus, interception is 
the only effective capture mechanism. Larger and small particles have higher 
overall capture efficiencies because of contributions from impaction and diffu­
sion. Interception is probably the only mechanism that does not depend on the 

flow rate of the gas stream. 

Inertial Impaction. Particles are captured by impaction when their own 
momentum prevents them from following a streamline around an obstruction. The 
inertia of the particles causes them to collide with the object, which results 
in their removal from the gas stream. This mechanism is more important for 
larger particles, and the efficiency increases with gas flow rate because it 
increases the momentum of the aerosols. 

Brownian Motion. The path of a small particle is affected by Brownian 

motion, which causes the particle to follow an irregular path. This motion 
increases the probability that the particle will hit the surface of a col­
lecting medium while traveling past on a nonintercepting streamline. This 
mechanism is largely responsible for the removal of particles of less than 
0.1 micron. Because Brownian motion is not related to the inertia of the 
fluid, this capture mechanism is improved with longer residence time (low 
velocity). 

Gravitational Settling. The force of gravity will eventually cause aero­
sols to fallout of a stagnant gas. Particles can be removed from a gas stream 

by this mechanism if they are large enough and the gas flow rate is low enough. 

Electrostatic Attraction. Aerosol particles are capable of carrying a 
charge, so they may be exposed to electrostatic attractions. A charged 
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particle will be attracted to a collection medium of opposite charge and will 
migrate in that direction. This capture mechanism is used in electrostatic 
precipitators to remove aerosols from gas streams (White 1963). The attractive 

forces can be very large and collection efficiencies very high, but there is a 
cost incurred in charging the particles as they enter the precipitator, and a 
problem in removing the particles from the collecting medium without causing 
them to be re-entrained. 

2.3 AEROSOL GROWTH BY CONDENSATION 

As was noted in the previous section, the ease with which a particle is 

removed from a gas stream is a function of the size of the particle. In gen­
eral, particles less than 0.01 ~m are effectively removed using high-efficiency 
filters as a result of Brownian motion (Hinds 1982), whereas particles larger 

than 10 ~m are easily removed by a simple spray chamber (Schifftner and Hesketh 
1986). Particles in the intermediate range can be collected, but not so eas­
ily. Therefore, it is sometimes desirable to shift the particle size distribu­
tion into a region where the aerosols are removed more efficiently. 

One means of increasing the size distribution of particles entering an 

aerosol filtering device is to condense a vapor on the particles. The added 
volume of the condensing vapor will increase the effective diameter of the aer­
osols, thus shifting the size distribution toward larger diameters where the 
particles can be efficiently removed. This concept has been proven to be an 
effective means of enhancing the aerosol collection efficiency by Calvert and 
Gandhi (1977), who used steam as the condensible vapor. 

The growth of particles in the presence of condensible vapors can be 
achieved by several means: 1) an adiabatic expansion of a gas; 2) the mixing 
of a warm, moist gas with a cool gas stream; or 3) cooling of a moist gas 
through a heat transfer surface. In the absence of aerosols, a supersaturated 
vapor condenses by homogeneous nucleation on molecular clusters. If aerosols 
are present, they can act as nuclei for heterogeneous condensation. The dis­
cussion of homogeneous nucleation that follows provides an appropriate intro­

duction to particulate growth by condensation. 
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Homogeneous Nucleation. Whether or not a vapor will condense on a pure 

liquid of the same species is a function of the size of the droplet and the 

supersaturation ratio S, which is defined as the vapor pressure Ps in equilib­
rium with a pure liquid droplet divided by the equilibrium vapor pressure Po 

over a flat liquid surface of the same species. 

( 1) 

The supersaturation ratio necessary before condensation will occur on a pure 

liquid droplet of a given diameter can be determined from the Kelvin Equation, 
as discussed by Calvert and Englund (1984): 

40' M 
lnS = RT d PL 

where d = the diameter of the droplet, cm 

M = molecular weight, g/gmol 

0' = the surface tension of the liquid, dyne/cm 

PL = the density of the pure liquid, g/cm3 

(2) 

The Kelvin Equation shows that the supersaturation ratio necessary for a 

vapor to condense on a given droplet is a decreasing function of the diameter 

of the droplet. At very large diameters the supersaturation ratio necessary 

for condensation to occur approaches 1.0. On the other hand, as the droplet 
size decreases, the supersaturation ratio necessary for condensation becomes 
increasingly larger. The Kelvin Equation implies that if there were no liquid 
droplets present in the supersaturated vapor, the supersaturation ratio would 
have to be infinite before homogeneous nucleation would occur. This equation 
helps to explain why vapors tend to condense on foreign nuclei as opposed to 
undergoing homogeneous nucleation. In reality, as the supersaturation ratio 

increases, the random accumulations of molecular clusters begin to be suffi­
cient to act as condensation nuclei. The existence of these clusters has been 

experimentally verified by Miller and Kusch (1956). The point at which the 

supersaturation ratio ;s high enough for the molecular clusters to form is sig­

nificantly higher than would have been necessary for condensation to occur had 
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there been condensation nuclei. Vapors generally do not reach significant 
rates of self-nucleation until saturation conditions exceed 200 to 400%. 

Heterogeneous Condensation. The presence of foreign nuclei, or aerosols, 
in a condensible vapor system ~ill greatly change the supersaturation ratio 

necessary to achieve condensation. The actual supersaturation ratio required 
to initiate condensation, known 

function of several variables: 
bility and electrical charge of 

as the critical supersaturation ratio, is a 
the size, surface structure, wettability, solu­
the condensation nuclei. Thus, it is very dif-

ficult to predict the critical supersaturation ratio. 

The importance of wettability of the nuclei by the condensing vapor was 

demonstrated in a theoretical development of the free energy of condensation 
for vapors on foreign nuclei by Fletcher (1958). The ratio of the drop radius 
to the particle radiu~ was also an important parameter in the theoretical equa­
tion. This work was limited to condensation on insoluble spherical particles. 
Consideration of soluble nuclei is complicated by the dissolution process. As 
a small salt particle is exposed to increasing relative humidity, it will 
remain solid up to a characteristic relative humidity less than 100%, where it 
will absorb water and dissolve to form an aqueous solution. Examples of rela­
tive humidities less than 100% that still result in the dissolution of large 
salt crystals are given by Hidy (1984), based on the results of Stokes and 
Robinson (1949), Dean (1973), and Friedlander (1977). 

The value of the relative humidity where condensation occurs depends on 
the size of the salt particle as a result of the Kelvin effect. Hidy (1984) 
presents a theoretical example demonstrating the effect of a solute, such as 
sodium chloride or ammonium sulfate, on the supersaturation ratio of a vapor in 
equilibrium with a droplet of a given size. For a dilute binary system, the 
Kelvin Equation becomes 

( 3) 
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where PAO = vapor pressure of the pure solvent at T, dyne/cm2 

PAS = vapor pressure of the solvent in equilibrium with the droplet, 
dyne/cm2 

v = molar volume of the solvent (A) and solute (B), cm3/molecule 

At large diameters, the influence of a fixed amount of solute will become 

insignificant, and Equation 3 will reduce to that of the Kelvin Equation for a 
single component system. However, as the droplet diameter decreases, the sol­
ute has an increasing effect on the supersaturation ratio necessary to maintain 
a stable droplet size. For a pure liquid, the supersaturation ratio will con­

tinue to increase as the droplet size decreases (Equation 2). For a binary 
system, the supersaturation ratio will start to decrease with decreasing drop­
let size as the result of the d-3 term in Equation 3. The equilibrium satura­
tion ratio will actually fall below one as the percentage of solute in the 

droplet continues to increase. This theoretically predicted result is consis­
tent with the experimental results previously mentioned of salt crystals dis­
solving at relative humidities less than 100%. 

Once a droplet of critical size has been nucleated, it will continue to 

grow. The rate at which the particle grows is a function of the vapor pressure 
in the gas phase and the conditions at the droplet's surface. For the purposes 

of this study, it is sufficient to say that the rates of condensation are fast 
enough that a theoretical discussion of the subject is unnecessary. Informa­
tion on the subject of condensation growth rates is available elsewhere 
(Calvert and Englund 1984; Hidy 1984). 

2.4 AEROSOL GROWTH BY COAGULATION 

Coagulation occurs when aerosols come in contact and coalesce or adhere to 
each other. The process of coagulation can be very beneficial during attempts 
to remove particles from a gas stream. Not only will coagulation reduce the 

total number of particles in the gas stream, it will also increase their dis­
tribution toward larger diameters, making them easier to capture. This concept 
has been taken to extremes through the use of acoustical energy to dramatically 

increase the coagulation rate, which leads to extremely large particles that 
can be removed from a gas stream with a simple device such as a cyclone (Danser 
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and Neuman 1949; Boucher 1961). Particle growth from 0.5 ~m to 100 ~m using 
acoustical agglomeration techniques has been achieved by St. Clair (1949). The 
rate of coagulation does not necessarily need to be enhanced by acoustics to be 
important; significant coagulation can occur in a turbulent gas stream as well 
as in still air. 

Brownian Coagulation. The random motion of aerosols due to Brownian 
motion is responsible for the majority of collisions between particles, which 
result in coagulation. The coagulation rate of many aerosols has been found to 
follow a very simple rate expression: 

~ = _kC2 
dt 

where k = coagulation constant, cm3/particles-s 
C = particle concentration, particles/cm3 

(4) 

Experimental coagulation constants measured for various aerosols by Green and 
Lane (1964) were generally on the order of 5 x 10-10 cm3/particles-s. This 
number can be used to estimate the time required for the aerosol concentration 
to be decreased by a factor of two for a given initial concentration (Table 1). 

Because the rate of Brownian coagulation depends on particle concentra­
tion, higher concentrations will coagulate more quickly. Thus, all dense 
clouds of particles will have approximately the same concentrations within 
about one minute following their creation, regardless of their initial 
concentrations. 

Studies investigating the effect of particle charge on the rate of coagu­
lation have had mixed results. Early experiments showed no effect of charge on 

TABLE 1. Typical Brownian Coagulation Rates 

Initial Concentr~tion 
(particles/cm ) 

0.02 s 
2.0 s 

33.3 min 
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coagulation rates for particles in the micron to submicron size range. A later 
study (Gillespie 1953) showed coagulation rates to be increased by an order of 
magnitude as a result of charge. In a carefully designed experiment involving 
dioctylphthalate aerosols of approximately 1.5 ~m, Devir (1967) was able to 
verify the earlier findings that charge had little effect on the rate of 
coagulation. 

Coagulation in Laminar Flow. In laminar flow, particles can collide and 
agglomerate as a result of differences in the velocity at which they are trav­
eling. The laminar flow coagulation rate, neglecting Brownian coagulation, is 
a function of the cube of the particle radius and the fluid velocity gradient; 
thus, small changes in the particle size have a large effect on the required 
velocity gradient. The particle coagulation rate due to laminar flow is 
described by Hidy (1984). The relative importance of laminar flow coagulation 
compared to Brownian coagulation is addressed by Calvert and Englund (1984). 
Coagulation due to laminar flow inside the SBS is not expected to be an impor­
tant process and will therefore not be described further. 

Coagulation in Turbulent Flow. Collisions between aerosols leading to 
coagulation can result from two different mechanisms in turbulent flow. Spa­
tial variations in the gas velocity result in neighboring particles having dif­
ferent velocities, which can lead to collisions •. Because each particle is 
moving relative to the surrounding air as a result of inertia, particles of 
unequal size travel at different velocities, which can also lead to collisions. 
Saffman and Turner (1956) showed that the collision rate of water droplets in 
clouds due to differences in the particles' inertia can be the dominant mecha­
nism for coagulation in turbulent flow. 

Knowledge of the fundamental aerosol transport, capture, condensation, and 
coagulation mechanisms is necessary to explain how various parameters influence 
the aerosol-scrubbing performance of the SBS. Knowledge of the fundamental 

mechanisms can also lead to a better understanding of which parameters are 
likely to influence the performance of the SBS and what modifications may 
improve the aerosol removal performance. 
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3.0 EXPERIMENTAL EQUIPMENT 

The submerged-bed scrubber used in this study was part of an existing off­

gas system for a pilot scale liquid-fed ceramic melter located on the Hanford 
Site. A schematic of the portion of the off-gas system used is shown in Fig­
ure 3. The system was constructed almost entirely of stainless steel. Four­
inch (O.l-m) schedule lOS piping was used in all cases except for the inlet 
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line to the SBS, which was 3 inches (7.6 cm SCHD lOS) and the sample lines, 
which were 1 inch (2.54 cm SCHD 40). The equipment relevant to this study 
included the aerosol generator, the analytical equipment used to determine the 
size and concentration of particles present in the off gas, the SBS and the 

associated off-gas system. 

3.1 OFF-GAS CLEANING SYSTEM 

A blower generated the suction necessary to induce flow through the sys­

tem. Variable off-gas flow rates were achieved by adjusting a diaphragm­
operated valve (DOV). Particulate material in the off gas was produced by an 
aerosol generator. It was necessary to combine the output from the aerosol 
generator with room air to establish the necessary volumetric flow rates. 

Steam was injected into the off gas during some experiments, to raise the 
humidity. The off gas passed through a tube-and-shell heat exchanger before 
entering the SBS. Steam was used on the shell side to raise the inlet tempera­
ture. A high-efficiency mist eliminator (not shown) was used down stream of 

the SBS to remove any aerosols not captured by the SBS before the off gas was 
vented to a stack. 

The exit off-gas flow rate was measured with a PSE series 100 flow sensor 
which is a velocity head type of element. The inlet air flow rate and steam 

injection rate were determined independently by orifice plates. Differential 
pressure transducers indicated the pressure drops across all flow elements and 
major system components. Output signals from the transducers were transmitted 
to a signal conditioner where they were converted to pressure drops and flow 
rates. Data were transferred from the signal conditioner to a Hewlett Packard 
9836C computer at a scan rate of 10 seconds. Values were averaged over a 
2-minute period, and the resulting mean value was stored on a hard disk. Tem­
perature measurements were also scanned every 10 seconds with the use of a data 
acquisition system. Mean temperature values were also calculated every 2 min­
utes and recorded on the disk. Type K thermocouples were used for all tempera­

ture measurements. Thermocouple locations can be found on Figure 3. 
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3.2 SUBMERGED-BED SCRUBBER 

The SBS consisted of a bed of ceramic spheres submerged in a stainless 
steel tank 1.68 m x 0.91 m in diameter. A cross-sectional view of the SBS is 

shown in Figure 4. The bed was contained in a 0.96-m section of 0.51-m­
diameter pipe. Two concentric cooling coils circled the bed in the annular 

space between the pipe and the tank wall. 

The pipe was filled with Norton Denstone® 57 ceramic spheres. Both 0.3-cm 

and l-cm spheres were investigated. A stainless steel screen with radial rein­
forcement bars supported the bed. A second screen was welded in place on top 
of the packing to prevent the bed from fluidizing. The support plate was 
located 0.23 m from the bottom of the pipe, thus allowing room for a gas bubble 

to form under the packing. This skirt prevented the off gas from migrating 
radially out past the edge of the bed. Two concentric pipes ran through the 
center of the bed. The off gas entered the SBS through the inner pipe. Prema­
ture heat transfer from the off gas to the scrubbing solution was prevented by 
packing the void space between the two pipes with insulation. 

Thermocouples were located in the inlet and outlet off-gas lines, as well 
as at the outlets of the two cooling coils. A thermocouple located at the 
inlet of coil #2 measured the inlet water temperature. This temperature was 

also used as the inlet temperature for coil #1 and the SBS make-up water tem­
perature, because all three lines originated from the same source. Thermocou­
ples located below coil #1 and above coil #2 measured the temperature of the 
scrubbing solution. 

3.3 AEROSOL GENERATOR 

A Virtis SG 40 smoke generator was used to create the off gas. The reser­
voir in the generator was filled with either a soluble or insoluble compound 
and purified water. Filtered-compressed air entered the generator through any 
combination of one to six Laskin-type nozzles. The air stream leaving the noz­
zle sheared the liquid in the reservoir, producing predominately submicron aer­
osols. Table 2 shows the size distribution produced by the generator, as 

® Registered trademark of Norton Chemical Process Products, Akron, Ohio. 
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TABLE 2. SG 40 Particle Size Distribution for DOP 

99% smaller than 3.0 ~m 
95% smaller than 1.5 ~m 
92% smaller than 1.0 ~m 
50% smaller than 0.72 ~m 
25% smaller than 0.5 ~m 
11% smaller than 0.35 ~m 

reported by Virtis, using dioctylphthalate (DOP). The size distribution should 

be very similar for aqueous solutions. In this study, the size distribution 
entering the SBS was smaller because the water present in the droplets was 
evaporated, leaving behind a smaller solid aerosol. The resulting aerosol 
stream was injected into the main air flow stream. 

3.4 ANALYTICAL PARTICLE-SIZING EQUIPMENT 

A classical scattering aerosol spectrometer (CSAS) manufactured by Parti­
cle Measuring Systems was used to determine the concentration and size distri­
bution of the aerosols present in the off gas. On-line sample ports were 
located at the inlet and outlet of the SBS. Throttling valves were used to 
maintain a constant flow rate of 17 m3Jh through the instrument. The inlet 
line to the CSAS was heated to evaporate any entrained water droplets in the 
off gas and prevent water from condensing on the windows in the sample tube. 

The CSAS utilized a He-Ne laser, directed perpendicularly to the gas flow. 
The beam passed through windows on either side of the pipe in which the gas to 
be sampled was flowing. Particles present in the off gas caused a pulse of 
radiant energy during transit through the laser beam. Once it passed through 
the sample tube, the scattered light was focused onto a detector. The energy 
of this light was proportional to the size of the particle which caused it to 
be scattered. The resulting pulse of energy caused a count to be registered in 
one of 15 channels. Each channel corresponded to a certain energy or size 
range. A sample could be collected for a given time interval. The number of 
counts in any channel represented the number of particles in that size range 
that passed through the laser beam during that period. Calibrating the CSAS 
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with latex spheres of known size determined the size range corresponding to 

each channel. The aerosol concentration can be calculated from the number of 

counts recorded during the sampling period if the flow rate of the sample off­

gas stream is known. 
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4.0 EXPERIMENTAL DESIGN 

Experiments were usually performed in groups of three to four. The CSAS 

calibration was verified at either the beginning or the end of each group. 
Experiments lasted from 20 minutes to 4 hours, depending on the magnitudes of 
the changes from the previous steady state and the difficulties encountered 
establishing steady state. 

4.1 OFF-GAS MAKEUP 

For these experiments, the aerosol generator was filled with approximately 
40 g of the compound to be resuspended and 3 L of purified water. A sodium 

chloride solution was used to produce soluble aerosols, while a titanium diox­
ide suspension was used to generate insoluble aerosols. The air flow rate was 
set at the desired value by manual adjustment of the DOV. Once a stable air 
flow rate had been achieved, one of the six Laskin-type nozzles in the aerosol 

generator was opened. A continuous sample of the inlet off gas was analyzed to 
determine the aerosol concentration. More nozzles were opened as necessary to 
increase the concentration. The back pressure to the nozzles was varied to 
make final adjustments in the aerosol concentration. 

The inlet sample port was closed once the off-gas concentration had been 
set. Steam injection was started at this time if called for by the experimen­
tal matrix. The steam injection rate was controlled with a throttling valve. 
Steam was also ·introduced to the heat exchanger to bring the inlet temperature 
to the desired value. The inlet temperature was varied by controlling the 
steam flow rate to the heat exchanger. 

4.2 SBS OPERATION 

An overflow line maintained the water level approximately 0.3 m above the 
top of the packing. Makeup water was added as necessary during operating con­
ditions, which caused the off gas to strip water from the reservoir. Manual 
adjustment of the water flow rate to the two cooling coils maintained the 
scrubbing water temperature at 20°C. Rotameters indicated the water flow rate 
through the coils. The SBS was considered to be at steady state when all flow 
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rates were stable, the inlet off-gas temperature was changing less than 
O.l°C/min and the scrubbing solution temperature less than O.Ol°C/min. 

4.3 OFF-GAS SAMPLING 

A continuous stream of 17 std m3/h was taken from the outlet off-gas flow 
for on-line analysis of the exit particle size distribution. The flow rate 

through the sample line was determined by using an orifice plate and flanges 
combined with a differential pressure transducer. The flow rate was controlled 

by a manual throttling valve. The gas was heated to approximately 80°C prior 
to entering the CSAS. Once the steady-state exit concentration had been estab­
lished, the exit sample port was closed and the SBS inlet sampling port opened. 
Steam injection had to be stopped prior to opening the inlet sample port to 

prevent steam from condensing on the windows in the sample tube. 

Distorted size distributions can be obtained under certain circumstances 

if isokinetic samples are not taken. Isokinetic sampling requires that the 
sample tube be oriented directly into the off-gas stream and that the velocity 
in the sample tube be the same as that of the off-gas stream. The CSAS 
required a mean sample velocity of 9.84 m/s through the detector. Meeting this 
constraint as well as the requirements for isokinetic sampling would require a 
different size sample port for each off-gas flow rate investigated. This pro­
cedure was deemed unnecessary for the size distribution being investigated, on 
the basis of correlations available in the literature (Durham and Lundgren 
1980). Samples were taken through 2.5-cm ports which were perpendicular to the 
off-gas flow. It was also deemed unnecessary to remove any charge the parti­
cles received during atomization to prevent sampling losses to the tube walls. 
This decision was based on criteria presented by Lieu et ale (1985). 

4.4 CSAS CALIBRATION 

The CSAS was calibrated by placing latex spheres of known size in the aer­

osol generator. The receiving optics were adjusted until the peak produced by 
the monodispersed aerosol was maximized in the highest possible channel. Three 
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different sizes of latex spheres were used (0.460, 0.620 and 0.945 ~m). A lin­
ear relationship between particle size and channel number was assumed between 
calibration points. 

4.5 EXPERIMENTAL MATRIX 

A partial factorial matrix was completed to test for statistically signif­
icant interactions between variables under investigation. Selection of test 
parameters was based on past experience and information in the literature. 
Only six parameters were varied in the partial factorial matrix and are listed 
in Table 3. Three levels of the off-gas flow rate and steam-to-air ratio were 
investigated. The other four parameters were limited to two levels. Several 
assumptions were required to reduce the number of experiments to a reasonable 
number. An iterative program employing a minimized prediction variance crite­
rion was used to construct an experimental design. The resulting partial 
factorial experimental design consisted of 28 experiments, including three rep­
licates. A full factorial design would have required 144 experiments. 

TABLE 3. Values for Experimental Parameters 

Parameters 

Superficial Gas Flow 
Rate (m/s) 

Steam/Air (std m3/h / std m3/h) 
Inlet Off-Gas Temperature (OC) 
Bed Diameter (m) 
Packing Size (cm) 
Aerosol Species 
Concentration (particles/cc) 
Size Distribution (~m) 

Packing Depth (inches) 
Scrubbing Solution Temperature (OC) 
Scrubbing Solution Concentration 
(g captured aerosol/cc) 

4.3 

Levels 

0.48 0.34 

0.0 0.33 
60 100 
0.5 0.4 
0.3 1.0 
NaCl Ti02 
1000 

0.3 - 0.7 
0.55 

20 
0 

0.21 

0.50 





5.0 INFLUENCE OF VARIOUS PARAMETERS ON THE AEROSOL CAPTURE PERFORMANCE 

Completion of the partial factorial matrix described in Section 4.5 showed 
that all parameters tested were significant. Reducing the full factorial 
matrix to the 28-test partial factorial matrix had required several assumptions 
about interactions between parameters. Some of the assumptions were invalid, 
which resulted in confounding. New assumptions were made before returning to 
the experimental design program to determine what additional experiments were 
needed to unconfound the data. Several complete two-parameter factorial 
experiments were also conducted to illustrate the influence of some of the 
parameters over specific ranges. In total, 112 experiments were conducted. 
Summaries of the experiments can be found in Appendix A. The results from the 
partial factorial matrix will assist in determining the statistical signifi­
cance of the two-parameter experiments shown later. 

In the experiments involving NaCl, it was found that re-entrainment losses 

predominated over penetration losses, as will be discussed later. As a result, 
all of the experiments involving sodium chloride aerosols were dropped from the 
statistical analysis, leaving a total of 69 experiments conducted with titanium 
dioxide. A linear regression on the data identified seven experiments which 
were influential in determining the model. These experiments were found to be 
very different than the other 62 experiments and will be treated separately. 
Performing a linear regression on the remaining 62 titanium dioxide experiments 
resulted in the following model: 

where OF = decontamination factor, dimensionless 

F = superficial velocity, m/s 
a = volumetric steam-to-air ratio, dimensionless 
o = bed diameter, m 
P = packing diameter, cm 

C = inlet aerosol concentration, particles/cc 
~i = coefficient 
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The coefficients for each' term can be found in Table 4. This model fits 

the data very well, accounting for 84% of the variation in the data. The 

F-test probability that all the coefficients in Equation 5 are equal to zero is 
less than 0.0001 (p<O.OOOl). All of the main effects investigated, except the 

inlet temperature, were determined to be significant. Two interaction terms, 
F·~ and ~·D, were also found to be highly significant. The log of the DF is 

used to transform the data so that the residual errors follow a normal distri­
bution (Ostle and Mensing 1982). 

5.1 SIMULATION OF IMPORTANT COMPOUNDS IN LFCM OFF GAS 

Radioactive cesium and ruthenium aerosols are the key particulates that 
must be removed from LFCM off gas (Kitamura et al. 1986). Therefore, it is 

desirable to choose the primary scrubber on the basis of its ability to remove 

these compounds. Cesium usually leaves the melter in the form of oxides, chlo­

rides and/or nitrates, depending on the composition of the feed. These com­
pounds should behave like their sodium analogs, since sodium and cesium are in 

the same group of the periodic table. The wettability of an aerosol is proba­
bly the most important characteristic, next to particle diameter, in determin­
ing the efficiency at which it will be removed from the off gas. For this 
reason it was felt that sodium chloride could be used to represent all of the 
cesium compounds, since the cesium compounds of interest are all highly soluble 

in water. Ruthenium aerosols are usually found as oxides which are insoluble 

TABLE 4. Parameter Estimates 

Coefficient Standard Probability of 
Coefficient Estimate Error Coefficient=O 

~O 1.53 0.146 0.0001 

~1 -0.734 0.0920 0.0001 

~2 -1.12 0.477 0.0222 

~3 -1.93 0.200 0.0001 

~4 0.120 0.0290 0.0001 

~5 0.000196 0.0000918 0.0369 

~6 -1.80 0.465 0.0003 

~7 3.96 1.08 0.0006 
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in water. Titanium dioxide was used to simulate ruthenium dioxide, since both 

are insoluble in water and are relatively close together in the periodic table. 
Simulants for cesium and ruthenium were used to reduce the cost of the 

experiments. 

One experiment was repeated several times under the same experimental con­

ditions but with different compounds in the aerosol generator. This experiment 

was used to demonstrate the ability of sodium chloride and titanium dioxide to 
simulate cesium and ruthenium compounds, respectively. A 0.5-m bed filled with 
0.36 m of 0.3-cm packing was used. The off-gas flow rate was maintained at 
127 std m3/h. Once the inlet concentration was set at 1000 particles/cc, the 
on-line analysis was switched to the outlet sample port. An outlet particle 
distribution was measured when steady state had been achieved. The aerosol 

generator was then shut off, and a new outlet particle distribution was meas­
ured. The second measurement provided information as to how many of the aero­

sols coming out of the SBS actually penetrated the SBS and how many were 
entrained from the scrubbing solution by the vigorous agitation induced by bub­

bles bursting at the surface of the aqueous pool in the SBS. 

Several important conclusions can be drawn from the results, which are 
shown in Table 5. First, it appears that the outlet aerosol concentration is 

the same regardless of whether or not the aerosol generator is on when compar­
ing the results of the three soluble compounds (NaCl, CsCl and CsN03). This 

result suggests that there are no soluble aerosols penetrating the SBS and that 

the particles in the outlet stream are being re-entrained from the scrubbing 
solution. These results imply that sodium can be used to simulate cesium, 

TABLE 5. Influence of Aerosol on SBS Performance 

Run Grams/3.0 L Inlet Conc. Outlet Conc. Re-Entralned(a) Mass 
Number Aerosol Purified Water Partlcles/cc Particles/cc Partlcles/cc DF 

108 NaCI 30 1097 38 48 26.7 
109 CsCI 50 1056 45 52 20.0 
110 CSN03 57 1092 56 55 18.4 
111 Ti02 50 1088 167 54 5.6 
112 Ru02 100 787 207 54 3.9 

(a) Measured outlet concentration with aerosol generator off. 
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although there are not many meaningful tests that can be performed with sodium 
chloride because the capture efficiency is limited by re-entrainment. This 

theory implies that there exists an upper limit on the obtainable mass OF that 
is controlled by the amount of material being re-entrained. The mass OF is 
defined as the ratio of the aerosol mass flow rate in divided by the aerosol 
mass flow rate out, Equation 6: 

mass OF (6 ) 

where 

m(out) = m(penetration) + m(re-entrainment) (7) 

Aerosols in the outlet stream can follow one of two paths through the SBS. 

Aerosols can remain in the off gas as it passes through the SBS, in which case 

they would be included in m(penetration)' the mass flow rate out due to pene­
tration. An aerosol can also be re-entrained after being captured. As the 
bubbles break through the surface of the aqueous pool, small droplets of scrub­
bing solution are sheared off and carried away by the off gas. As the scrub­
bing solution evaporates, any residual material will be left behind in the form 
of an aerosol. These particulates are included in the mass flow rate out due 

to re-entrainment, m(re-entrainment). For the experiments conducted with solu­
ble aerosols, the re-entrainment term dominates the penetration term, making it 
impossible to determine anything about the influence of various parameters on 
the removal of soluble particles. The captured aerosol concentration in these 
experiments was actually insignificant, but the optical sizing equipment could 
not distinguish between a sodium chloride aerosol and a silica aerosol. The 
SBS was filled with fresh process water, but the impurities present in the 

water and the resuspension of residual material in the SBS, as well as attri­

tion of the packing, resulted in a high enough concentration of material in the 
scrubbing solution to produce submicron aerosols. This phenomenon suggests 
that efforts to improve efficiency should be directed toward reducing 
re-entrainment, as opposed to improving the initial capture of these soluble 
compounds. 
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The insoluble aerosols did not show the same trend. The outlet concentra­

tion during the experiment was much higher than the re-entrainment concentra­
tion measured after the experiment for both titanium and ruthenium dioxides. 
This result implies that there is significant penetration of insoluble aerosols 
through the SBS. There was not enough ruthenium dioxide available to achieve 
the concentration in the aerosol generator necessary to produce an inlet con­
centration of 1000 particles/cc. It is still apparent that ruthenium behaves 
reasonably like titanium, and was therefore replaced by titanium dioxide in all 
experiments. .Even though re-entrainment contributes significantly to the exit 
mass flow rate, the penetration term dominates the total exit mass flow rate to 

the extent that the influence of various parameters on scrubbing performance 
can be accurately measured for insoluble aerosols. 

5.2 INLET AEROSOL CONCENTRATION 

The previously described experiment suggested that all of the incoming 

soluble aerosols were being captured, so a second experiment involving sodium 
chloride aerosols was conducted to further investigate this result. A 0.4-m­
diameter bed was filled to a depth of 0.5 m with 1-cm ceramic spheres. The 

off-gas flow rate was maintained at 51 std m3/h and an inlet temperature of 
100°C. The scrubbing solution was maintained at 20°C. The inlet aerosol con­

centration was then varied from 500 particles/cc to 27,000 particles/cc. Fig­
ure 5 shows that the scrubbing performance increases with increasing inlet 
concentration. This is a characteristic not common to all air filtering 
devices. Also shown is the outlet concentration versus inlet concentration. 
The outlet concentration appears to be independent of the inlet concentration, 
having an average value of approximately 30 particles/cc. This result confirms 
the hypothesis that scrubbing performance of soluble aerosols is re-entrainment 
limited. Concentration limitations on the particle-sizing equipment prevented 
higher inlet concentrations from being investigated. It appears that the SBS 
can handle larger inlet concentrations of soluble aerosols without significant 
penetration resulting. 

A similar experiment was not conducted for titanium dioxide, but the lin­

ear regression performed on the titanium dioxide experiments showed that the 
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coefficient for the concentration term in the model was highly significant 
(p = 0.04). The scrubbing performance also increased with inlet concentration 
for insoluble aerosols, yet the effect was not nearly as pronounced. The pre­
dicted influence of inlet concentration on performance is shown in Figure 5 for 
titanium dioxide aerosols based on Equation 5. The effect of concentration on 
scrubbing performance may be more significant at higher values where coagula­

tion due to Brownian motion will be more important. The inlet concentration 
for titanium dioxide ranged from 800 to 1300 particles/cc, which was much 
smaller than the corresponding range investigated for sodium chloride. The 
model is extrapolating out to a region where there are no data to complete the 

titanium dioxide curve shown in Figure 5. Therefore, this curve should be used 
with caution. 

5.3 HUMIDITY 

As previously mentioned, the primary concern of the SBS to the nuclear 

waste processing industry is its ability to remove aerosols containing cesium 
and ruthenium. These compounds are semivo1ati1e at the conditions present in 
the me1ter. As the off gas cools upon leaving the me1ter, the cesium and 

ruthenium compounds condense, forming submicron aerosols (Scott, Go1es and 
Peters 1985). The resulting aerosols fall into the "most difficult to capture" 
size range (Hinds 1982; Shaw 1978). One approach to increasing the capture 
performance would be to shift the size range of these particles. As mentioned 
in Section 2.3, this objective can be achieved by adding steam to the off gas. 
As the off gas is cooled, the water vapor will begin to condense on nucleids 

before undergoing homogeneous nucleation; thus, the steam should tend to con­
dense on the aerosols present in the off gas, causing the particles to grow in 
size and making them easier to capture. This process may also improve the 
ability of insoluble aerosols to be captured, because they will become "pre­
wetted." Several experiments were conducted using titanium dioxide aerosols to 
test this theory. A 0.5-m-diameter bed filled with 0.55 m of 1-cm ceramic 
spheres was used in the SBS. The gas contained 1000 particles/cc of titanium 

dioxide aerosols in the 0.3-~m to 0.7-~m size range and was maintained at an 
inlet temperature of 100°C. Agai.n, the scrubbing solution was held at 20°C. 
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The volumetric steam-to-air ratio was varied from 0 to 0.5 while the superfi­
cial air velocity ranged from 0.14 to 0.48 m/s. 

Figure 6 shows the family of curves relating the influence of the steam­
to-air ratio on SBS performance as a function of the superficial air velocity. 

Relatively smooth curves were generated for all three steam-to-air ratios 
investigated. There was a significant increase in the scrubbing performance 
when steam was first added to the off gas. Increasing the ratio from 0.33 to 
0.5 showed a modest increase in performance. These results are consistent with 
the theory presented in Section 2.3. It can also be seen that the scrubbing 
performance decreases as the superficial velocity increases. This result is 
consistent with the aerosol capture mechanisms presented in Section 2.2. Aero­
sols in the submicron size range should be captured predominantly by 
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interception and Brownian motion. The former capture mechanism is independent 

of flow rate, while the latter results in higher capture efficiencies at lower 
flow rates. 

Re-entrainment is another parameter influencing the shape of these curves 
that was not considered. As seen in Table 5, the re-entrained aerosol concen­
tration can be a significant portion of the aerosol concentration leaving the 

SBS. The degree of re-entrainment depends on the superficial air velocity; the 
higher the velocity, the more material will be re-entrained. The decrease in 
the mass OF at higher velocities is probably due more to increases in the 

re-entrainment term in Equation 7 than to increases in the penetration term. 
This phenomenon tends to lower the right-hand portion of the curves in Fig-
ure 6. At the highest velocity, in fact, the presence of steam appears to have 
little influence on the scrubbing performance. It is possible that the resi­
dence time is reduced sufficiently, at this velocity, that full advantage can­
not be taken of the condensing steam. It is more likely, however, that 

re-entrainment is so high that any improvements in the m(penetration) term, in 
Equation 7, that are due to steam are completely hidden by the dominance of the 
term due to re-entrainment. 

The same set of experiments was repeated using sodium chloride aerosols. 
The results are shown in Figure 7. In this case, no consistent trend relating 
scrubbing performance to superficial velocity can be found. The random pattern 
is observed because the OF is limited by re-entrainment for soluble aerosols. 
The varied data reflect the sporadic nature of the re-entrainment mechanism. 
The inlet mass flow rate is very high compared to the outlet mass flow rate, so 
small changes in the re-entrainment concentration result in large changes in 
the inlet/outlet ratio. Although no trend can be found in the data, the exper­
iments do show that the mass OF for the soluble sodium chloride is generally an 
order of magnitude higher than the corresponding DFs for insoluble titanium 
dioxide aerosols. These results, combined with the earlier results for soluble 
aerosols, suggest a greatly increased potential for using the SBS to capture 
soluble aerosols if the SBS can be modified and/or operated such that 

re-entrainment from the scrubbing solution can be eliminated. 
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5.4 BED DIAMETER 

No special attempt was made to ensure that the off gas was being evenly 
distributed across the inlet of the packing. Visual observation through O.l-m 
view ports in the lid of the SBS (located directly above the packing) showed 
that the frothing was more vigorous next to the gas inlet pipe. It was diffi­
cult to quantify the nonuniformity of the gas distribution as the bed was not 
visible below the liquid level. To vary the bed diameter, a sleeve was 

designed to fit inside the original 0.5-m-diameter bed, reducing the diameter 
to 0.4 m. This sleeve changed the cross-sectional area from 0.172 m2 to 

0.099 m2• The cross-sectional areas have been corrected for the area occupied 

by the downcomer assembly (0.17 m 0.0.). Experiments were then conducted in 
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which four different bed configurations were compared at various superficial 

air velocities. Both bed diameters were investigated using I-cm and O.3-cm 

ceramic packing. 

If the gas is distributed evenly across the packing for two different bed 

diameters containing the same packing, the performance should be the same as 

long as the volumetric flow rates are adjusted such that the velocities through 

the beds are equal. This result can be achieved by setting the ratio of the 
volumetric flow rate to the cross-sectional area equally for the two beds. Any 
difference in performance between equivalent experiments can be attributed to 
inlet distribution problems. 

The results shown in Figure 8 suggest that both packing size and bed diam­
eter influence the scrubbing performance. The small-diameter bed outperformed 
the larger bed regardless of which packing was used. This observation is 
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confirmed by the results of the linear regression. The main effect due to the 
bed diameter was found to be highly significant (p = 0.02), as well as an 
interaction term involving bed diameter and the steam-to-air ratio (p = 0.006), 
where the Student's t-test p valve is the probability that the coefficient of 
interest is not significantly different than zero. These results indicate a 
gas distribution problem. If the gas distribution is poor, the actual flow 
rate through the bed will be higher than expected. The higher flow rate lowers 
the mass OF by increasing both the exit mass flow rate due to penetration and 
re-entrainment. The penetration term increases because there is less time for 
the aerosols to migrate to the collecting medium through Brownian motion. The 
re-entrainment term increases because of the extra kinetic energy associated 

with the higher flow rate. Gas distribution problems probably exist with the 
small-diameter bed as well, at low flow rates. This explanation may account 
for the sudden decrease in performance at low velocities for the 0.4-m bed con­

taining l-cm packing. Under these conditions, the gas is probably channeling 
up through the packing close to the inlet pipe, where the void fraction is 

highest. 

Figure 8 includes only conditions that do not involve steam. The model 
derived from a linear regression of the data shows that there is a significant 
two-way interaction between the bed diameter and steam-to-air ratio. Figure 9 

shows the predicted interaction between the bed diameter and steam-to-air ratio 
for a given set of experimental conditions. The small bed should have a better 
gas distribution at equal superficial velocities, because the gas does not have 
to travel as far radially before it starts up the bed. A more uniform 
distribution should lead to larger OFs, since it will result in lower bed 
velocities, which enhances the aerosol capture mechanism due to Brownian 
motion. At a superficial velocity of 0.30 m/s and a steam-to-air ratio of 
zero, the predicted performance decreases as the bed diameter increases. This 

result can be easily explained by the preceding argument if one accepts the 

assumption that the gas distribution is better in the smaller bed; the gas does 
not have as far to travel radially before starting up through the bed, and 
lower bed velocities result. As steam is added, the total volumetric flow rate 
increases while the superficial velocity of noncondensible gases remains the 
same. The steam will increase the size of the gas bubble under the packing, 
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resulting in better gas distribution as well as larger DFs. As the gas 

distribution becomes more complete, the performance of the two beds should 
become equal. The predicted DFs do in fact become equal, as evidenced by the 
horizontal line, once the steam-to-air ratio reaches 0.5. 

5.S PACKING SIZE 

Air-cleaning devices generally exhibit a minimum collection efficiency at 
a given aerosol diameter. This minimum is typically in the 0.1 to 1.0-micron 
range. Figure 10 shows that it occurs at approximately 0.5 micron for the SBS. 
The interception capture mechanism plays a major role in aerosol removal in 
this region of minimum efficiency. The collection efficiency by interception 
can be imp~oved by increasing the ratio of the aerosol particle diameter to the 
packing diameter (Hinds 1982). Therefore, according to theory, the 0.3-cm 
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packing should work better than the 1-cm packing. As seen in Figure 8, this is 

not the case. For a given bed diameter, the 1-cm packing resulted in a larger 

OF. 

A small-scale plexiglass model of the SBS was constructed in an attempt to 
detect any significant differences in the flow pattern through the two differ­

ent packing sizes. As expected, the smaller packing led to better inlet gas 
distribution, but the flow patterns through the two beds were quite different. 
Bubbles remained discrete in the large packing, while channels containing a 
continuous gas phase formed in the small packing. The residence time in the 
bed was probably much shorter in the small packing than for the rising bubbles 
observed in the 1-cm packing, and this shorter residence time could explain the 
decrease in performance. Although the interception capture mechanism may 
improve with smaller packing, it is not the only capture mechanism at work. 
Removal by Brownian diffusion is very important for the aerosol size range 
investigated. The Brownian motion capture mechanism will become more effective 
at longer residence times. Thus, any increase in performance resulting from 

capture by interception in the bed containing small packing was more than off­
set by the decrease in the effectiveness of the Brownian motion capture 
mechanism. 

5.6 INLET TEMPERATURE 

It was expected that the inlet temperature of the off gas should have an 
effect on scrubber performance, since many of the aerosol transport mechanisms 
discussed in Section 2.1 are temperature dependent. The maximum inlet tempera­

ture was limited to 100°C because of limitations on the building steam supply 
and the size of the heat exchanger used. A lower temperature of 60°C was cho­
sen, as temperatures below 60°C were unachievable at steam-to-air ratios of 0.5 
without cooling of the off gas. The operating range of 60° to 100°C was very 
small and not representative of melter off gas (200° to 400°C) but was included 
as a parameter in case temperature effects were significant enough to influence 

scrubbing performance even for small changes in the inlet temperature. 
Increased temperatures increase aeresol movement. Since some external force is 
necessary to drive an aerosol from a streamline to a collecting surface, any 
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increase in movement should result in higher capture efficiencies. If there 
were .no external driving forces, "aerosols would_only be removed by 
interception. 

Figure 11 shows the results from several experiments repeated for inlet 

temperatures of 60° and 100°C using a 0.5-m-diameter bed filled with 0.55 m of 
0.3-cm ceramic spheres. No detectable influence of inlet temperature on aero­
sol scrubbing performance is indicated for the range investigated. This result 
was statistically confirmed by the linear regression. The main effect of inlet 
temperature on scrubbing performance was not significant, nor were any interac­
tions between the inlet temperature and other parameters. Including the main 
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effect of the inlet temperature in the previous model resulted in at-test 

probability of 42%. This test implies that even though the linear regression 

calculated a value for the inlet temperature coefficient, the probability that 
the coefficient is not significantly different from zero is 42%. Although the 

inlet temperature was not determined to be significant, it may be inaccurate to 
assume that it will not have an effect at higher temperatures. It is important 
to keep this fact in mind when using the model given in Equation 5 to predict 
mass DFs outside of the range of experimental values. 

The inlet temperature probably has little influence on the scrubbing per­

formance for the range of temperatures investigated as a result of the rapid 
quenching occurring once the off gas enters the bed. As can be seen in Fig­

ure 12, the off-gas cools very quickly as it passes through the bed. The inlet 
temperature measured at the bottom of the bed in the axial thermowell varied 

constantly with the pulsing of the off-gas flow rate but was approximately 60°C 
colder than the inlet temperature measured by a thermocouple located directly 

in the path of the off gas. There was little difference in the axial tempera­
ture profile between inlet temperatures of 60° and 100°C, which is probably one 
of the reasons that the inlet temperature did not seem to affect the 
performance. 

The axial temperature profile does not, however, represent the only impor­

tant temperature influencing the aerosol capture performance. While the axial 
temperature is probably a good indication of the gross movement of the aerosols 
in the bubble, the radial temperature profile within the bubble is more impor­
tant in determining the net movement. The slope of the temperature gradient is 
in part determined by the inlet temperature and the temperature of the scrub­
bing solution. The gas is hottest at the center of the bubble and cools down 
to temperatures approaching that of the scrubbing solution at the gas-liquid 
interface. Aerosol scrubbing efficiencies should be increased, if the inlet 
conditions can be raised sufficiently to establish a temperature gradient 
inside the bubble. Thermophoresis increases the particulate movement down the 
temperature gradient, forcing the aerosols towards the gas-liquid interface. 
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This effect will probably not become significant until the temperature differ­
ence between the center of the bubble and the gas-liquid interface is closer to 

400°C than to 80°C. 

A higher inlet temperature is desirable, because it would allow greater 

steam-to-air ratios without the off gas becoming saturated. Several effects 

would be combined to help capture aerosols in this case: 

1) Off gas entering the inlet gas distributor saturated with steam at 

400°C would produce bubbles that would diminish in size as the scrub­
bing solution cooled the off gas. Both an overall reduction in mass 

as steam condensed and volumetric changes caused by decreases in the 
gas temperature would contribute to reduction in the size of the bub­
ble. The transport distances to the collecting medium would be 
shortened, which should result in a higher collection efficiency. A 

high ratio of steam would be necessary to significantly decrease the 
transport distances inside a bubble, because the diameter of a bubble 

is proportional to the cube root of the volume. A large decrease in 
the bubble volume only produces small changes in the diameter. 

2) The aerosol concentration would increase as the volume of the bubble 

decreased. As the concentration increased, Brownian motion would 
produce more interactions between aerosols, resulting in agglomerated 
particles that would be easier to remove. 

3) As previously mentioned, steam would start to condense as the off-gas 
temperature dropped. Most of the condensation would occur at the 

gas-liquid interface, producing an aerodynamic draft directed towards 
the interface known as Stephan flow, which is described in Sec-
tion 2.1. Some steam will condense on aerosols present in the bub­
ble, resulting in larger particles that would be easier to capture. 
Other effects may be present, such as thermophoresis and diffusio­
phoresis. These are sometimes referred to collectively as flux­
force/condensation (Calvert and Jhaveri 1974). 
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4) The insoluble aerosols pre-wetted by condensing steam would become 

pseudo-soluble aerosols that would be more susceptible to being 
captured. 

The combined influence of the above effects could possibly make the inlet tem­
perature an influential parameter at temperatures above those investigated in 
this study. 

5.7 EFFECT OF SUB-DEW-POINT INLET CONDITIONS 

A linear regression was performed on the original 69 experiments using 

titanium dioxide. The resulting model contained 17 significant terms, includ­
ing the main effect due to all parameters investigated as well as four 3-way 

interactions and several 2-way interactions. An inspection of the model 
revealed that it was severely influenced by a handful of experiments; the five 
tests having the highest DFs. The dew points for steam-to-air ratios of 0.33 
and 0.5 are approximately 65° and 71°C, respectively. All five of the experi­

ments with high DFs had two characteristics in common: 1) they had steam-to­
air ratios of 0.33 or 0.5, and 2) the inlet temperatures were 60°C. The inlet 

conditions of these experiments were such that the off gas was entering the SBS 
below its dew-point temperature, so some condensation must have been occurring 
in the downcomer. A complete list of the sub-dew-point experiments, as well as 
their predicted DFs using Equation 5 is shown in Table 6. 

TABLE 6. Experiments Conducted at Inlet Temperatures Below the Dew Poi nt 

Superficial Inlet Steam/Air Actual Predicted 
Run # Velocitx Temeerature Ratio DF DF 

5 0.18 (m/s) 62.9 (OC) 0.42 39.9 9.8 
6 0.20 59.2 0.34 58.8 8.0 

24 0.34 59.4 0.34 15.9 5.4 
33 0.21 60.3 0.48 43.2 7.3 

36 0.46 58.0 0.34 4.1 2.5 

71 0.46 58.3 0.34 8.4 3.9 

77 0.35 64.0 0.49 43.3 5.3 
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The OFs for these experiments were much higher than the values predicted 
.by the model. The two low values, runs 36 and 71, were at the upper end of the 
flow range investigated. The re-entrainment during these experiments would be 
significant enough to mask most of the effects due to the sub-dew-point inlet 
conditions. 

The overall results of all of the seven runs suggest that the inlet tem­
perature will have little influence on the scrubbing performance until it drops 
below the dew point of the off gas. Whether the temperature of the gas enter­
ing the SBS is above or below the dew point probably determines where the steam 
will condense. If the off gas is already below the dew point before entering 
the SBS, some condensation of steam must have occurred. In this situation, the 

steam will condense on the aerosols, making them larger and "pre-wetted." 
These developments will improve the capturability of the aerosols. If the 
inlet temperature is above the dew point, the steam will not condense until the 
off gas has contacted the scrubbing solution. At this point, the steam will 
preferentially condense at the gas-liquid interface and not on the aerosols. 
Although this action results in Stephan flow towards the interface, as men­

tioned before, it is obviously not as effective as when steam condenses on the 
aerosols themselves. 

If the flow rate is slow enough, and the steam-to-air ratio high enough, 

it is possible to force steam condensation on the aerosols even when the inlet 

condition is above the dew pOint. Run #44 fits this description and happens to 
have the highest OF (11.7) of any of the experiments conducted at inlet condi­
tions above the dew point. These results point out the importance of control­
ling when and where the steam condensation occurs when operating an SBS. A 
significant improvement can be obtained if the off gas contains condensible 
gases and can be cooled below the dew point before it enters the SBS. 

5.8 RE-ENTRAINMENT 

After prolonged use, the scrubbing solution in the SBS will have a signif­

icant concentration of captured material that has the potential of being 
re-entrained. This problem can be minimized by injecting large volumes of 
water into the SBS, either in the form of steam in the off gas or as makeup 
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water. The liquid circulation rate can then be maintained at a level suffi­
cient to prevent the water in the SBS from becoming concentrated with captured 

aerosols. This procedure results in large volumes of water that must be 
reprocessed, depending on the nature of the material being captured. The water 
would have to be treated as low-level waste if the SBS were being used for 
scrubbing off gas generated during nuclear waste processing. Hence, it would 

not be desirable to solve the problem by creating large volumes of contaminated 
water. 

An initial concern was how re-entrainment was varying with time, as exper­
iments were generally conducted in groups of three. The amount of material 
being captured by the SBS during one experiment was so small that it was impos­
sible that this was the material being re-entrained. A likely candidate 

appeared to be the residual material, such as rust that was present in the SBS, 
as well as pieces of packing that might break off during an experiment because 
of agitation in the bed. An experiment was conducted in which the SBS was 
operated at severe inlet conqitions (high inlet temperature and gas flow rate) 
for 24 hours to determine whether re-entrainment was a function of time. The 
results of this experiment are plotted in Figure 13. As can be seen, the out­
let concentration did not change with time, maintaining a nearly constant value 
of 19 particles/cc. Those particles coming out of the SBS represent 
re-entrained particles since the aerosol generator was not used, so the only 
aerosols entering the SBS would be those already present in the room air. The 
data do not indicate any effect, over time, from re-entrainment, so experiments 
can be conducted in groups without confounding the data. 

The origins of the particles composing the outlet concentration shown in 

Figure 13 are not known for certain. The particles detected by the CSAS leav­
ing the SBS probably come from re-entrained material present in the scrubbing 
solution, water droplets that do not completely evaporate before entering the 
CSAS (operated at inlet temperatures around 80°C), aerosols present in the room 

air that penetrate the SBS and/or material flaking off of the walls of the car­
bon steel sample lines. Inductively coupled plasma (rCP) analysis of the 
scrubbing water after a typical experiment indicated that the individual con­
centration of anyone element was not very high. The total concentration of 
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FIGURE 13. Outlet Concentration Due to Re-Entrainment as a Function of Time 

impurities was around 0.05 giL. This concentration implies that the original 
scrubbing solution droplet entrained in the exit off gas would have to have 
been approximately 10 to 20 ~m in diameter to result in an aerosol in the size 
range of the detector (0.3 to 0.7 ~m) once the water had evaporated. Entrain­
ment of droplets of this size is quite possible under the operating conditions 
of this study. 

Influence of Scrubbing-Solution Concentration on Re-Entrainment. The 
influence of scrubbing-solution concentration on performance was investigated 
by adding either sodium chloride or titanium dioxide to the scrubbing solution 
while drawing room air through the SBS. The outlet concentration was monitored 
using the CSAS. One experiment was repeated using both sodium chloride and 
titanium dioxide to determine the difference between soluble and insoluble 
materials. The results are displayed in Figure 14 • 

. 
The SBS was filled with fresh process water at the start of each experi-

ment; yet the initial outlet concentration was approximately three times higher 
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in the experiment with sodium chloride than in the experiment with titanium 

dioxide. The curves shown in Figure 14 have been corrected for this difference 
in initial concentrations, which are being considered background noise for the 
purposes of this study. 

The curve for titanium dioxide climbs much more rapidly than the corre­

sponding curve for sodium chloride. This behavior is consistent with the 
nature of the two chemical species. The titanium dioxide exists in the scrub­

bing solution as discrete particles, even at low concentrations. When a water 
droplet is entrained in the exit off gas, either there is a titanium dioxide 

particle in the droplet or there is not. If there is a particle, it should be 
large enough to be detected. This claim is based on the size distribution data 

for titanium dioxide suspended in the scrubbing solution, shown in Figure 15. 

Sodium chloride aerosols, on the other hand, will show a slower formation rate 

of 0.3- to 0.7-~ particles as its concentration increases in the scrubbing 
solution because it is distributed throughout the water as molecules, not as 
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particles. The question of whether or not a "detectable" particle was formed 

depended on whether or not a titanium dioxide particle was present in the drop­
let in the first place. With sodium chloride, there will be material in the 
droplet, but the question is whether the droplet is large enough andlor the 
sodium chloride concentration high enough to produce a "detectable" particle 
once the water has evaporated. The number of droplets and the original size 
distribution produced are probably insensitive to the captured aerosol concen­
tration on the scrubbing solution. However, the size distribution of sodium 
chloride aerosols generated after the water has evaporated will slowly shift 
towards larger particles as the concentration increases. Above a certain con­
centration, a significant portion of the resulting sodium chloride aerosols 
will be between 0.3 and 0.7 micron. This point appears to occur at a sodium 
chloride concentration in the scrubbing liquor of approximately 15 giL. 

There is a limit as to how much insoluble material can remain suspended in 
the scrubbing solution for a given rate of agitation. During the titanium 
dioxide experiment, the suspended-solids concentration only increased from 2.3 
to 3.8 giL as the amount of additional titanium dioxide increased from 16.2 to 
36 kg. Better than 90% of the titanium dioxide did not remain suspended, sug­
gesting that the suspended-solids concentrations investigated cover the range 
of concentrations likely to be encountered during long-term operation. 

Influence of Velocity on Re-Entrainment. The off-gas velocity was varied 

at the end of the two previous experiments to determine the influence of veloc­
ity on re-entrainment. The results are shown in Figure 16. The curve for 
sodium chloride demonstrates an exponential-type increase with velocity, while 
the curve for titanium dioxide is closer to being linear. If the increase in 
the re-entrained aerosol concentration with velocity was merely a result of 
more droplets being formed, then both curves should exhibit the same shape. 
The fact that the curve for sodium chloride increases faster than the curve for 
titanium dioxide implies that the size distribution of the droplets formed by 
bursting bubbles increases towards larger particles at higher flow rates. The 
increased importance of re-entrainment at higher velocities is one of the rea­
sons why scrubbing performance decreases with increasing velocity. For this 
reason, it is important to design an SBS such that the superficial velocities 
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are as low as reasonably possible. Lower flow rates also increase the effec­
tiveness of the Brownian motion capture mechanism. 

Influence of Defoamers on Re-Entrainment. Adding 36 kg of titanium diox­
ide to the scrubbing solution only increased the outlet concentration a little 

more than twice its level at the start of the experiment (before the correction 
for background noise was made). While these numbers may seem small, they 
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severely limit the performance of the SBS. At an inlet concentration of 

1000 particles/cc, the mass OF is approximately 20 for insoluble aerosols at . 
high aerosol concentrations in the scrubbing solution, assuming that all of the 
particles entering the SBS are initially captured. Any aerosols leaving as 
particles penetrating the SBS will lower the OF even more. As previously men­

tioned, the OF for soluble aerosols is almost always limited by re-entrainment. 
It is for this reason that efforts were directed to limit re-entrainment. One 

approach investigated was to lower the surface tension of the scrubbing solu­
tion, thus making it easier for the bubbles to break the surface of the scrub­
bing water. There should then be less potential energy stored in the gas 
within the bubble when it finally breaks, making it more difficult to form 

droplets that can become re-entrained. A defoamer supplied by Dow Corning 
(DB-I10A) was added to the scrubbing solution after adding 16.2 kg of salt to 
the scrubbing solution. The effect of the defoamer on the outlet concentration 
is shown in Figure 17. After 50 grams (less than two ounces) was added to the 

approximately 650 liters of salt solution, the outlet concentration dropped 
below the background level observed at the start of the experiment. The addi­
tion of more defoamer did little to improve the outlet concentration. 

A possible explanation has been extended as to the defoamer1s effective­
ness; but this hypothesis has not been proven, nor has the defoamer been tested 

under industrial conditions. It is sufficient to say that there does appear to 
be a practical way to limit re-entrainment, even for concentrated scrubbing 
solutions. It may also be possible to improve the initial capture of insoluble 
aerosols using a surfactant. The surfactant should increase the wettability of 
the insoluble material, making it easier for the aerosols to penetrate the gas­
liquid interface (Goldshmid and Calvert 1963). 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The recently developed SBS has not, until now, undergone a rigorous 
scoping study to determine important operating ranges. The results of this 

study clearly demonstrate the importance of understanding SBS characteristics 
before designing one for a given application. Several parameters will affect 

the capture performance of the SBS. Many of these parameters were investigated 
in this study; their influence is summarized below. The expected influence of 

some of the parameters not studied is also addressed. 

6.1 INFLUENCE OF INVESTIGATED PARAMETERS 

The investigated parameters are divided into three categories: 1) process 

variables or inlet conditions, 2) dimensions and configuration of the SBS, and 
3) operating parameters for the SBS. 

6.1.1 Process Variables 

The process variables or inlet conditions important to SBS performance 
include the off-gas flow rate, steam-to-air ratio, humidity, inlet concentra­
tion, and aerosol solubility. 

• Superficial Velocity 

Increasing the superficial velocity will adversely affect the scrub­

bing performance by allowing less time for Brownian diffusion to 
occur, as well as resulting in increased re-entrainment. DFs for 
insoluble aerosols ranged from 7 to 12 at low superficial velocities 
to approximately 4 at higher values. It is also desirable to mini­
mize the total flow of noncondensible gases in order to limit the 
size of the SBS. This point applies primarily to the nuclear waste 
processing industry, where floor space in a remote environment is 
extremely expensive • 

• Steam-to-Air Ratio 

The presence of steam enhances DFs by shifting the effective aerosol 
size distribution towards larger particles, pre-wetting the aerosols 
and creating a draft (Stephan flow) towards the condensing surface. 
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It may be advisable to inject steam into the off gas to improve 

scrubbing performance. Increases in the OF up to 50% were observed 
for insoluble aerosols. 

• Humidity 

The inlet humidity determines the temperature at which the condensi­
ble vapors present in the off gas will condense. The scrubbing effi­
ciency can be significantly improved if condensation occurs in the 
downcomer assembly. This condition forces the vapors to condense on 

the aerosols instead of the surface of the gas-liquid interface, as 
would occur if the off gas did not drop below its dew point until 
coming in contact with the scrubbing solution. Operating in this 
mode increased the OF from approximately 10 to approximately 40 for 

insoluble aerosols. In one case, the OF approached 60 • 

• Aerosol Solubility 

There is a substantial difference in the ability of the SBS to remove 

aerosols, depending on the solubility of the material. The SBS 
appears capable of capturing nearly all soluble aerosols in the off 
gas, although a certain fraction of them eventually become 

re-entrained. Insoluble aerosols can penetrate the SBS more easily 
because of the difficulty associated with wetting the particles. As 
a particle hits the gas-liquid interface, it must be absorbed by the 
liquid. Soluble aerosols are easily captured by the liquid. The 
insoluble aerosols, on the other hand, are not captured as easily 
because of the difficulty in wetting the· particle. The insoluble 
particle will not immediately penetrate the interface unless it hits 
the boundary with sufficient force. If the insoluble particles do 
not have enough momentum to penetrate the interface, they will rest 
on the surface before being adsorbed by the liquid. During this time 
they can become dislodged from the interface and re-enter the off 
gas. The addition of a surfactant may sufficiently decrease the 
resistance of the gas-liquid barrier and facilitate capture of insol­
uble aerosols by the scrubbing solution. Nominal DFs were approxi­
mately 100 for soluble aerosols and 10 for insoluble aerosols. 
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• Inlet Concentration 

For soluble aerosols, the outlet concentration is independent of the 

inlet concentration, suggesting that ,the removal of soluble aerosols 

from the off gas is re-entrainment limited. Thus, the OF increases 
quickly with inlet concentration for soluble aerosols. The insoluble 

aerosol scrubbing performance also appears to improve with inlet con­
centration. This occurrence is probably due to increased interac­
tions between aerosols with increases in concentration, resulting in 

agglomerated particles that are easier to capture. 

6.1.2 Design Variables 

Design variables are the parameters that the engineer controls at the 
design stage of the SBS. The design variables investigated included the bed 
diameter and the packing size. 

• Bed Diameter 

The bed diameter has an indirect influence on the scrubbing effi­

ciency, because it determines the superficial velocity for a given 
off-gas flow rate. A larger bed diameter would result in longer res­
idence times, allowing the aerosols more time to migrate from the 

bubble to the scrubbing solution and limiting re-entrainment. It is 
important to note that the effectiveness of the bed depends on uni­

form inlet gas distribution. Larger-diameter beds will require more 
carefully designed inlet gas distributors. 

• Packing Size 

Experiments with l-cm packing indicate an increase in performance 
over the 0.3-cm packing by approximately 10 to 20%. The increase in 
efficiency is probably due to the gas flow pattern through the bed. 
The void spaces within the 1-cm packing are sufficiently large for 
discrete bubbles to form and flow up through the packing. The void 
spaces in the smaller packing are not large enough for bubble forma­

tion; instead continuous gas phase channels form through the packing. 
Any increase in performance resulting from the increase in removal 
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efficiency by interception is overshadowed by the decrease in the 

residence time, which adversely affects the other predominant capture 
mechanism, Brownian motion. 

6.1.3 Operating Variables 

Because the SBS is a passive system, there are very few operating parame­
ters. The only operating parameters that significantly influence the scrubbing 
performance involve the scrubbing solution. The operating parameters investi­
gated included the scrubbing solution concentration and the addition of 

defoamers. 

• Scrubbing Solution Concentration 

The scrubbing solution concentration and the off-gas velocity are 

important variables affecting the amount of material re-entrained. 
Re-entrainment increases with both concentration and gas velocity. 

The captured aerosol concentration in the scrubbing solution can be 
limited by injecting more steam into the off gas upstream of the SBS 
or by adding additional flush water to the reservoir. Either method 
will increase the purge rate. 

• Defoamer 

A defoamer can be used to help eliminate re-entrainment. A commer­
cially available defoamer was shown to essentially eliminate 
re-entrainment after 50 grams was added to the SBS containing sodium 
chloride in the scrubbing solution at a concentration of 24 giL. 
More information is needed to determine the life of this defoamer 
under industrial conditions. 

6.2 EXPECTED INFLUENCE OF SOME ADDITIONAL PARAMETERS 

Other parameters will influence the aerosol scrubbing performance of the 

SBS, but were not studied. Some of these parameters were not investigated 
because they were only expected to have a minor effect on performance. In 
other cases, a particular parameter was not studied because its practical oper­
ating range was not large enough to have a major influence. 
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• Particle Size Distribution 

Only particles in the 0.3- to 0.7-micron size range were considered 

in this study, since this range typically represents the region of 
minimum scrubbing efficiency. Smaller particles are easily captured 

as a result of Brownian motion. These particles are so small that 
they easily diffuse off their streamlines, increasing the probability 

that they will migrate to a collecting surface. Larger particles are 
removed efficiently by impaction because they have too much inertia 

to follow their streamlines around obstacles. Still larger particles 
are subject to collection by settling. The particles in the 0.1- to 
1.0-~m range are too large to be effectively influenced by Brownian 
diffusion and too small to have enough inertia for efficient removal 
by impaction. It is important to note that the OFs reported in this 
study are conservative in the sense that the actual mass OF will be 
higher for equivalent experimental conditions, when a larger particle 
size range is considered. Both the larger and the smaller particles 
will be removed more efficiently; thus, the OF as calculated on a 
mass basis will be significantly larger. 

• Inlet Temperature (>200°C) 

The inlet temperature should affect the scrubbing performance once it 

is high enough that a significant radial temperature profile can be 
established inside a bubble. Thermophoresis will cause the aerosols 
in the bubble to migrate down the temperature gradient towards the 

gas-liquid interface. This phenomenon should increase the capture of 
aerosols. Higher inlet temperatures will allow for larger reductions 
in bubble size as the scrubbing solution cools the hot off gas. The 
shorter transport distances to the gas-liquid interface should result 
in higher removal efficiencies. 

• Depth of Packing 

Increases in packing depth should always lead to increases in per­

formance, unless the OF is already re-entrainment limited. Increas­
ing the depth of packing in the SBS requires that an equivalent 
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pressure drop be incurred. This places practical limits on the depth 

of packing for off-gas systems operated under vacuum. Since the SBS 
may also be serving as a quencher, it may be that the water level is 

determined by that necessary to cool the off gas sufficiently and not 

by the amount of packing necessary to achieve the desired aerosol 
removal efficiency. 

It is apparent from this study that the key to improving the performance 

of the SBS lies in improving the ability to make small bubbles to minimize 

transport distances, improving the ability of insoluble aerosols to penetrate 

the gas-liquid interface, and limiting the re-entrainment of material once it 
is captured. It is recommended that further tests be conducted to improve the 
performance of the SBS in these areas. 
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TABLE A.1. 0.5-m-Oiameter Bed with 1-cm Packing 

I n 1 et Ae ros 0 1 Volumetric Flow Rates Off-Gas Scrubbi ng 
Concentration Air Stea~ Inlet T Water T Mass 

Run # (earti cles/cc) (std m3/h) (std m /h} Ratio (OC) Aerosol (OC) OF 
1 396 298 0 0 99.2 NaCl 20.6 2.8 
2 1009 297 0 0 99.8 NaCl 20.0 26.3 

3· 1135 114 0 0 99.3 NaCl 19.5 127.2 
4 1104 86 0 0 40.6 Ti02 21.4 4.5 
5 1106 113 47.6 0.42 62.9 Ti02 19.7 39.9 
6 1004 126 42.6 

);:0 
0.34 59.2 Ti02 20.3 58.8 . 7 1000 127 0 0 58.4 Ti02 19.1 4.2 ....... 

8 751 213 0 0 57.5 Ti02 20.8 4.7 
9 803 258 143 0.56 101.2 Ti02 25.7 2.3 

10 803 262 142 0.54 100.5 Ti02 19.3 2.9 

11 1095 215 0 0 62.1 Ti02 19.8 3.3 
12 1073 209 97.7 0.34 58.0 NaCl 19.8 5.7 

13 889 215 71.0 0.33 100.3 NaCl 19.7 21.4 
14 1143 123 62.9 0.51 98.2 NaCl 19.8 611.5 

0.55 m of packing, 0.172 m2 cross-sectional area 



TABLE A.2. 0.4-m-Oiameter Bed with l-cm Packing 

Inl et Aerosol Volumetric Flow Rates Off-Gas Scrubbing 
Concentration Air Stea~ Inlet T Water T Mass 

Run # ((!articles/cc) (std m3/h) (std m /h} Ratio {OC) Aerosol (OC) OF 

15 1035 171 0 0 62.4 Ti02 20.9 5.5 

16 966 124 41.1 0.33 100.0 Ti02 19.9 6.9 

~ 17 1019 73 37.4 0.51 100.5 Ti02 19.9 8.5 . 
N 18 832 173 56.2 0.32 99.8 NaCl 19.9 105 

19 942 76 24.6 0.32 62.1 NaCl 20.2 81.2 
20 951 123 60.6 0.49 64.8 NaCl 20.9 91.8 

21 1171 172 59.1 0.34 100.5 NaCl 19.9 145 

0.52 m of packing, 0.0995 m2 cross-sectional area 

• .. • 
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TABLE A.3. 0.4-m-Diameter Bed with 0.3-cm Packing 

Inl et Aerosol Volumetric Flow Rates Off-Gas Scrubbing 
Concentration Air Stea~ Inlet T Water T Mass 

Run # (particles/cc) (std m3/h) (std m /h) Ratio (OC) Aerosol (OC) DF --
22 1289 72 0 0 100.4 Ti02 19.7 7.6 

23 1138 73 0 0 100.9 Ti02 19.8 8.6 

» 24 1151 121 41.4 0.34 59.4 Ti02 20.2 15.9 . 
w 25 1254 168 57.2 0.34 101.7 Ti02 21.3 9.5 

26 890 124 0 0 99.6 NaCl 19.6 64.1 

27 1347 74 37.4 0.51 63.2 NaCl 20.8 49.0 
28 - 1114 125 0 0 102.0 NaCl 19.7 37.6 

29 833 179 85.0 0.47 58.4 NaCl 22.4 65.4 

0.55 m of packing, 0.0995 m2 cross-sectional area 



TABLE A.4. 0.5-m-Diameter Bed with 0.3-cm Packing 

Inlet Aerosol Volumetric Flow Rates Off-Gas Scrubbi ng 
Concentration Air Stea~ Inlet T Water T Mass 

Run # (~articles/cc) (std m3/h) (std m /h) Ratio (OC) Aerosol (OC) DF 

30 1055 130 0 0 59.6 NaCl 20.0 603 

31 1136 127 43.3 0.34 102.4 NaCl 20.7 252 

32 1165 217 71.5 0.34 58.8 NaCl 19.2 29.1 
~ 33 899 129 62.5 0.48 60.3 Ti02 19.5 43.2 . 
+:0 

34 1085 206 105 0.51 100.4 Ti02 19.2 5.4 

35 908 215 104 0.48 100.5 Ti02 19.6 4.6 
36 586 284 96.2 0.34 58.0 Ti02 18.6 4.1 

0.55 m of packing (runs #30-32), 0.172 m2 cross-sectional area 
0.51 m of packing (runs #33-35) 
o m of packing (run #36) 

• • 
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TABLE A.5. 0.5-m-Diameter Bed with 1-cm Packing 

Inl et Aerosol Volumetric Flow Rates Off-Gas Scrubbi ng 
Concentration Air Stea~ Inlet T Water T Mass 

Run # (particles/cc) (std m3/h) (std m /h) Ratio (OC) Aerosol (OC) DF --
37 1116 125 0 0 100.0 Ti02 20.2 6.2 

38 1116 124 61.5 0.50 101.3 Ti02 21.0 10.3 

39 1116 124 43.3 0.35 101.1 Ti02 19.5 8.5 

40 1243 207 0 0 100.9 Ti02 19.8 4.4 

41 1243 206 69.8 0.34 101.1 Ti02 20.0 6.0 

42 1243 204 105 0.52 100.0 Ti02 19.4 7.7 

43 1091 89 0 0 103 Ti02 19.8 7.6 

44 1091 88 43.2 0.49 101.1 Ti02 18.6 11.7 

45 1091 88 28.9 0.33 98.5 Ti02 20.1 10.7 
)::0 46 1108 181 0 0 99.1 Ti02 20.3 4.7 . 
U'1 

47 1314 181 0 0 102.0 Ti02 19.7 5.8 

48 1314 176 56.9 0.32 101.1 Ti02 20.5 7.1 

49 1314 177 88.3 0.50 101.8 Ti02 20.3 7.4 

67 1011 297 0 0 100.6 Ti02 20.0 3.1 

68 1010 284 96.0 0.34 99.9 Ti02 18.9 3.6 

69 1011 284 145 0.51 100.1 Ti02 20.6 3.9 

50 1116 127 0 0 101.0 NaCl 19.4 55.6 

51 1116 125 42.8 0.34 99.2 NaCl 20.6 64.8 

52 1116 124 61.3 0.49 100.9 NaCl 20.4 63.1 

54 1131 216 0 0 99.6 NaCl 19.6 161 

55 1131 210 69.8 0.33 101.2 NaCl 19.8 109 

56 1131 206 104 0.50 100.1 NaCl 20.8 80.2 



TABLE A.5. (contd) 

Inlet Aerosol Volumetric Flow Rates Off-Gas Scrubbing 
Concentrat ion Air Stea~ Inlet T Water T Mass 

Run # (~articles/cc) (std m3/h) (std m /h) Ratio ~OC) Aerosol (OC) DF 

57 1187 86 0 0 99.4 NaCl 20.4 139 
58 1187 84 27.9 0.33 100.0 NaCl 20.6 79.9 

59 1187 84 42.3 0.50 100.0 NaCl 19.6 70.6 
60 1020 172 0 0 99.2 NaCl 19.4 178 

61 1387 166 85.3 0.51 99.8 NaCl 20.1 127 

62 1387 166 55.9 0.34 100.8 NaCl 20.0 225 

63 1083 298 0 0 102.0 NaCl 20.1 273 
64 1083 273 141 0.52 101.5 NaCl 21.4 15.5 

65 1083 277 97.5 0.35 99.4 NaCl 19.3 28.0 
» 66 1123 129 0 0 59.7 NaCl 20.2 150 • 
0"1 

70 1045 297 0 0 64.3 Ti02 20.8 4.4 
71 1172 284 95.6 0.34 58.3 Ti02 19.7 8.4 

72 1122 176 0 0 60.8 Ti02 20.4 7.7 
73 957 86 0 0 62.0 Ti02 20.8 7.8 

0.55 m of packing, 0.172 m2 cross-sectional area 

.i • 
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TABLE A.6. 0.4-m-Diameter Bed with 1-cm Packing 

Inlet Aerosol Volumetric Flow Rates Off-Gas Scrubbing 
Concentration Air Stea~ Inl et T Water T Mass 

Run # (~articles/cc) (std m3/h) (std m /h) Ratio (OC) Aerosol (OC) OF 

74 1011 78 0 0 62.4 Ti02 19.9 6.6 

75 1009 74 0 0 60.0 Ti02 20.5 8.5 

76 1079 127 0 0 100.3 Ti02 19.6 8.0 

77 940 126 61.7 0.49 64.0 Ti02 20.3 43.3 

78 1079 49 0 0 99.9 Ti02 20.7 8.7 

79 1006 71 26.7 0.38 100.9 Ti02 20.4 9.0 
~ . 80 1118 100 0 0 98.8 Ti02 19.9 9.1 -...J 

81 1071 71 0 0 99.0 Ti02 19.9 9.2 

82 1094 53 0 0 100.4 Ti02 20.3 8.5 

83 1075 175 0 0 99.6 Ti02 19.8 5.3 

84 1058 48 0 0 98.5 NaCl 20.6 29.1 

85 2034 48 0 0 100.4 NaCl 20.5 53.6 

86 553 51 0 0 100.6 NaCl 19.6 20.0 

87 2695 52 0 0 100.3 NaCl 19.6 90.2 

0.55 m of packing, 0.0995 m2 cross-sectional area 



TABLE A.7. 0.4-m-Oiameter Bed with 0.3-cm Packing 

Inlet Aerosol Volumetric Flow Rates Off-Gas Scrubbing 
Concentration Air Stea~ Inl et T Water T Mass 

Run # (particles/cc) (std m3/h) (std m /h) Ratio (OC) Aerosol (OC) OF --
88 1041 79 0 0 101.6 Ti02 20.2 7.1 
89 1139 50 0 0 99.8 Ti02 19.6 8.5 

» 90 1058 124 0 0 100.0 Ti02 20.4 5.6 
• 
00 91 1074 100 0 0 100.0 Ti02 20.2 6.6 

92 1079 172 0 0 99.8 Ti02 20.8 6.1 
94 1042 74 37.0 0.50 100.5 Ti02 21.6 4.2 
95 1198 80 0 0 99.4 Ti02 19.6 7.4 

0.55 m of packing, 0.0995 m2 cross-sectional area 

.. • 
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TABLE A.8. 0.5-m-Diameter Bed with 0.3-cm Packing 

Inlet Aerosol Volumetric Flow Rates Off-Gas Scrubbing 
Concentration Air Stea~ Inlet T Water T Mass 

Run # (~articles/cc) (std m3/h} (std m /h} Ratio (OC) Aerosol (0C) OF 

98 1110 132 0 0 101.6 Ti02 20.2 5.0 

99 1095 92 0 0 100.8 Ti02 20.6 6.1 
100 1069 215 0 0 100.3 Ti02 20.2 3.4 

101 1036 169 0 0 99.8 Ti02 20.0 4.6 

102 1048 126 0 0 60.2 Ti02 19.9 5.6 

103 1088 93 0 0 60.7 Ti02 19.8 5.2 

)::a 104 1096 174 0 0 59.9 Ti02 20.1 4.5 . 
\0 105 1122 208 0 0 60.2 Ti02 20.4 3.4 

106 1110 285 0 0 58.8 Ti02 20.1 2.5 

107 1039 282 0 0 100.8 Ti02 20.4 2.8 
108 1097 124 0 0 99.3 NaCl 20.5 26.7 

109 1056 128 0 0 99.9 CsCl 20.6 20.0 

110 1092 130 0 0 99.9 CsN03 20.8 18.4 

111 1088 131 0 0 99.4 Ti02 21.0 5.6 

112 787 126 0 0 99.6 Ru02 20.5 3.9 

0.55 m of packing (runs #98-105) 
0.36 m of packing (runs #106-112) 
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