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SUMMARY 

The submerged-bed scrubber (SBS) removes heat and particulate material 

from a gas stream by bubbling the gas through a bed of packing that is sub

merged in water. The SBS was originally conceived for emergency venting of 

nuclear reactor containment buildings; however, it is currently being con

sidered for use in the off-gas treatment systems of liquid-fed ceramic melters 

(LFCMs). As high-level waste (HLW) is vitrified in an LFCM, radioactive 

aerosols form that must be removed from the hot off gas. In this application, 

the primary scrubber must quench the off gas and capture particles larger than 

10 ~m. The SBS can be designed to meet both of these criteria. It is also 
ideally suited for use in a remote environment necessary for HLW processing 

because it contains no moving parts. 

Until recently, minimal information has been available for design and 

operation of an SBS, largely because the SBS had been considered for only a few 

specialized applications in the nuclear industry. The objective of this study 

was to develop performance correlations necessary to design and operate the SBS 

for various applications. Structural design procedure outlined in this report 

focuses on off-gas scrubbing for HLW vitrification applications; however, the 
method is appropriate for other applications. 

The design information presented here was based on a series of experiments 

conducted to define the relationships that affect the aerosol collection effi
ciency of the SBS. These tests evaluated how aerosol removal efficiency is 
influenced by bed diameter, packing size, aerosol solubility, inlet humidity, 
inlet aerosol concentration, and gas flow rate. Limited testing was also 
performed using a surfactant to reduce collection losses caused by 
re-entrainment of the scrubbing solution. A full discussion of these 
experiments is reported in a companion report, Parameters Influencing the 
Aerosol Capture Performance of the Submerged-Bed Scrubber (Ruecker and Scott 
1986). 

The procedure for s1z1ng an SBS involves identifying the characteristics 

of the inlet gas stream, specifying the operating limits, and then selecting a 
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packed bed diameter that will achieve the required gas cleaning. After the bed 
diameter is established, other dimensions can be specified, such as the depth 
of packing, cooling coil dimensions, and tank diameter. 

The cleaning efficiency for the SBS is measured by the decontamination 

factor (OF), which is defined as the ratio of the inlet to the outlet aerosol 
mass flow rate. The OF for the SBSis very dependent on the superficial 
velocity of the noncondensible gases in the off gas, as well as the nature of 
the off gas as shown below. It is therefore crucial that an SBS be properly 
sized. 

TABLE S.l. Performance Range of the SBS 

Parameter Aerosol Type Range of Parameter Range of OFs Observed 

Superficial Velocity soluble 
(noncondensibles) 

Superficial Velocity insoluble 
(noncondensibles) 

Superficial Velocity insoluble 
(noncondensibles at 
Various Steam-to-Air 
Ratios 

0.1 to 0.35 m/s 

0.1 to 0.35 m/s 

0.1 to 0.35 m/s 

o to 0.5 m3/m3 

20 to 260 

4 to 8 

4 to 59 

These experiments were conducted in a pilot-scale SBS with a cross-sectional 
bed area of 0.17 m2, filled with ceramic spheres to a depth of 0.55 m. The 
size range of aerosols investigated covered particles from 0.3- to O.7-u~m. 
This size range is typical of aerosols found in melter-generated off gas and is 
in the region of minimum collection efficiency for the SBS. Therefore, off gas 
cleaning applications involving larger particles will lead to higher DFs. 

As seen in the above table, a properly sized and operated SBS has the 
potential to attain overall OFs of 100, depending on the characteristics of the 
off gas. The SBS is ideally suited for use in the nuclear industry, and is 
also versatile enough to be used for more traditional off-gas cleaning 
applications. 
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1.0 INTRODUCTION AND OBJECTIVES 

The submerged-bed scrubber (SBS) was originally developed at the Hanford 

Site as part of a containment vent and/or purge system to remove radioactive 

aerosols in the event of a core disruptive accident in a nuclear reactor 

(Postma 1984). The SBS is an attractive component for use in emergency vent 
applications because it is a passive scrubber (it requires no energy and is 

ready on demand) and can handle large surges of off gas. These same qualities 

make it a strong candidate as the primary scrubber in the off-gas system of a 

plant that immobilizes high-level nuclear waste (HLW) for disposal using a 
high-temperature solidification process. During HLW processing, radioactive 

aerosols are generated that must be removed before the off gas can be vented to 
the atmosphere. Because the off-gas system processes radioactive material, the 

system must be located in a containment cell. The SBS is ideal for use in a 
remote location because it has no moving parts. This feature minimizes 

maintenance and reduces the risk of equipment failure. 

As part of the U.S. Department of Energy·s Nuclear Waste Treatment 

Program, Pacific Northwest Laboratory(a) adapted the SBS to a continuous

process off-gas system. Tests have been conducted since 1983 to determine how 

the performance of the SBS can be made most effective for this application 

(Scott, Goles and Peters 1985; Ruecker and Scott 1986). Since the SBS was 

initially designed for emergency vent applications, the original containment 

venting studies performed at the Hanford Engineering Development Laboratory 

(Hilliard, McCormack and Postma 1981) were not concerned with determining the 

optimum processing and operating conditions. This document identifies the 
design and operating conditions of the continuous-process SBS that maximize its 
scrubbing performance. 

This report begins by briefly describing the configuration and operation 

of an SBS, including an explanation of the three primary mechanisms for aerosol 
capture. Section 3 discusses the parameters that influence SBS scrubbing 

(a) Pacific Northwest Laboratory is operated by Battelle Memorial Institute 
for the U.S. Department of Energy. 
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performance: process variables, design variables, and operating variables. 
Section 4 summarizes experimental results that were used as a design basis to 

size two primary components of the SBS: the cross-sectional area of the packed 
bed and the cooling coils. Specific design considerations are presented for 
key components of the SBS in Section 5. 
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2.0 DESCRIPTION OF THE SBS 

The SBS has almost exclusively been used in conjunction with HLW process
ing. The reference process for stabilizing HLW for geologic disposal is to 

vitrify the waste using a joule-heated ceramic melter. The waste is mixed with 
glass-forming materials and fed into the melter as a slurry. Many of the com

ponents present in the slurry are volatile at the operating conditions of the 
melter, and produce an off gas that is drawn out of the melter by suction. The 

melter is operated under vacuum so that any leaks are directed into the off-gas 
system. This method of operation limits the likelihood of radioactive material 

leaking into the containment cell. 

The off gas generated during HLW processing consists mainly of steam, 

nitrogen oxides, hydrogen, air-inleakage, entrained feed and aerosols of vari
ous compounds. Several of the aerosol compounds in the off gas contain radio
active material and must be removed before the off gas can be vented. The 

aerosols generated by the melter are typically very small «1 micron) since 

many of them are produced by condensation. The few large particles (>16 

microns) present in the off gas are generally either entrained feed or glass 
fibers. The entrained feed results from the melter feed process. The feed 

slurry is poured into the melter through a water-cooled nozzle. Some of the 
feed is entrained in the off gas before reaching the glass surface. A signifi
cant portion of the large aerosols are formed as the result of bursting bubbles 

as the feed boils on top of the floating crust (cold cap) that covers much of 
the molten glass surface. 

Other large aerosols are formed as streamers Qf molten glass are ejected 
into the plenum above the glass, as bubbles of escaping-gases break the surface 
of the molten glass. The ejected glass quickly cools, forming glass "hairs" 
that are carried away by the off gas. The small particles are the result of 
condensing semi volatiles. The temperature of the molten glass in the melter is 
generally in the 1000-1200°C range. Many of the compounds in the feed are 

volatile at these temperatures, particularly cesium and ruthenium. As the 
vapors leave the melter they begin to cool, causing them to condense. 
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Unfortunately, this process results in the formation of radioactive submicron 

particles that are very difficult to remove from the off gas. 

An off-gas system for a HlW processing plant uses several different types 
of gas cleaning devices in series to remove radioactive material from the gas 

being vented to the atmosphere. The first or primary scrubber cools the off 
gas down to room temperature from an inlet temperature ranging from 200 to 

400°C. This scrubber removes virtually all of the large particles and some of 
the small aerosols from the off gas. The high-efficiency filters can then 

collect the remaining small particles without being prematurely plugged with 
large aerosols. The primary scrubber is typically required to have a minimum 

aerosol decontamination factor (OF) of 10 (Gurley et a1. 1986). (The OF is the 
ratio of the inlet aerosol mass flow rate to the outlet flow rate.) Experi

ments by Ruecker and Scott (1986) showed that the aerosol OF for the SBS can 

exceed 100 under certain conditions. 

2.1 CONFIGURATION 

The SBS consists of a bed of packing, usually ceramic spheres, submerged 

in an aqueous pool. A cross-sectional view of the SBS as modified for contin
uous process off-gas systems is shown in Figure 1. The inlet pipe runs down 
through the center of the bed to the packing support plate. The bed-retaining 
walls extend below th~ support plate creating a lower ski"rt, to allow the for
mation of a gas bubble underneath the packing. The depth of the bubble cap is 
a reflection of the pressure drop across the inlet gas distribijtion plate and 
the pressure drop caused by flow through the bed. The lower skirt must extend 
low enough to handle the pressure drop resulting from unexpected off-gas 
surges. A holddown screen is used to prevent the bed from becoming fluidized 
at high gas velocities. A fluidized bed would result in lower scrubbing 

efficiencies as well as attrition of the packing. The entire bed is suspended 

off the floor of the SBS to allow the scrubbing solution to circulate freely 
through the bed. 

Captured aerosols can be continuously removed from the SBS through an 

overflow line. This line is also used to maintain the water level at a speci
fied height above the top of the packing. The overflow rate is determined by 
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FIGURE 1. Cross-Sectional View of the SBS 
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the rate of steam condensation or water evaporation and the flow rate of the 

makeup water. Under vacuum conditions, in order for the SBS to drain properly, 
the overflow line must be of an appropriate length and be equipped with either 
a siphon break (not shown) or a stilling well. If the pressure in the void 

space above the aqueous pool is -80 cm of water column, for example, the over
flow line must extend at least 80 cm lower than the liquid level with the end 
of the line submerged in a seal pot. The overflow rate is important in that it 
controls the captured aerosol concentration in the scrubbing liquor. Some set
tling of the larger insoluble particles may occur inside the SBS, so it could 
become necessary to periodically drain the SBS to remove the accumulated 
solids. A water sparge (not shown) can be used to resuspend the solids prior 
to draining as well as rinse the floor of the SBS once it has drained. 

Insulation is used around the inlet pipe to prevent material from condens
ing on the inside walls of the pipe. Condensing vapors can cause deposits on 
the pipe walls that can eventually lead to plugging. To remove heat from the 
scrubbing solution, individual cooling coils are located in the annular region 
between the reservoir tank and the bed-retaining wall. The large volume of 
cooled scrubbing solution acts as a heat sink so that the system can handle 
large surges of hot off gas. 

2.2 FLOW CHARACTERISTICS 

Flow is induced through the bed by applying suction to the discharge side 
of the SBS. The water level inside the inlet pipe begins to fall as a vacuum 
is pulled on the void space above the aqueous pool. The off-gas flow begins 
once the pressure difference between the void space in the SBS and the inlet 
pipe is greater than the static head of scrubbing solution. At this point, the 
off gas will bubble up through the bed along the outside of the inlet gas down
comer. As the vacuum is increased, the flow rate will increase. This will 
result in steadily improving gas distribution as the gas bubble underneath the 
packing grows. 

• 

This water circulation flow pattern is shown in Figure 2. The off gas • 
bubbling up through the bed causes the apparent density of the two-phase fluid 

within the bed to be less than the density of the scrubbing solution in the 

2.4 



• 

... Warm Fluid 

0 0 

0 0 

Cooling Coils -0 0 

0 0 

o 0 

o 0 

Air/Steam 

~ ~ Saturated Air 

':::~"-"""""'A.J'-1'--___ ~--' Condensate 

0 0 
~iP.:!:-. ___ .. _Packed Bed. Particle 

Scrubbing 
0 0 

0 0 

0 0 

o 0 

----1·~0--0 -..L..... 

Fluid and Gas 

Cooled FIUid~ 
~ i - Steam Bubble 

V 
Zone Where Steam 
Condenses. Gas Cools 

FIGURE 2. Operating Principles of the SBS 

annular region of the SBS. This difference in densities results in a hydro
static head that causes the ~crubbing solution to circulate upward through the 
bed and downward through the annular region. The off gas helps induce flow by 

displacing the solution as it flows upward. The scrubbing solution is cooled 
in the annular region, where it flows downward over the cooling coils to remove 

the heat transferred from the off gas. The liquid circulation helps to prevent 

any buildup of captured material in the bed by constantly washing the material 

away. Because the scrubbing solution circulates naturally, no pump or any 
other mechanical device is needed. 
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At low flow rates, the off gas will proceed through the bed as discrete 

bubbles. As the flow rate increases, the turbulence within the bubbles will 

increase (Garner and Hammerton 1954), causing them to grow. At still higher 

flow rates, the bubbles will become so large that they form continuous gas 

phase channels through the packing. The flow characteristics change consider

ably at this point. Before the flow rate reaches the point where continuous 

gas phase channels are formed, the actual bed velocity is determined by the 

terminal velocity of the bubble. Once a channel has formed through the bed, 

the velocity increases much more rapidly with increasing driving force. The 
off gas becomes less turbulent, and streamlines can be used to describe the 

flow pattern. 

2.3 PREDOMINANT AEROSOL CAPTURE MECHANISMS 

There are three predominant aerosol capture mechanisms that occur in the 

SBS: impaction, interception and Brownian diffusion. These mechanisms have 

been clearly defined for more common air filters such as fiber bed filters 

where the flow pattern around a single fiber is well understood. The classical 
examples of impaction, interception and Brownian diffusion are shown in Fig
ure 3 for laminar flow around a cylindrical object. 

: 
FIGURE 3. Classical Aerosol Capture Mechanisms 

2.6 

• 



• 

• 

The flow patterns for two-phase flow (gas and water) in the SBS are not as 

simple. At low flow rates, the gas phase is discontinuous, and it is inappro
priate to use the traditional capture mechanisms to describe or predict what 
happens in the SBS. The classical descriptions of the impaction, interception 
and diffusion capture mechanisms are presented by Hinds (1982) and are summa

rized below. Also discussed is how these explanations may be modified to 
describe what happens in two-phase flow situations • 

Impaction. An aerosol will follow a streamline as it flows along with the 
off gas. As the off gas approaches an obstacle, the streamlines change direc

tions to avoid it. The inertia of large particles (usually those larger than 
1 micron) causes them to leave the streamline and collide with the obstacle; 
thus, they are removed from the off gas. The inertial impaction process is 
more significant for larger particles than for smaller ones because the capture 
efficiency is a function of the momentum of the aerosol. Larger particles have 
more inertia than smaller particles at a given off-gas flow rate and therefore 

deviate more easily from their streamline. The impaction capture efficiency 
increases with off-gas velocity for all size particles because increasing the 
velocity increases the momentum of the particles. 

In two-phas~ flow where the gas bubbles through the liquid, an aerosol 
will have contributions to its momentum from two different flow components: 

1) the flow of the bubble up through the bed (an overall convection term) and 
2) turbulence inside the bubble (a random motion term). Capture by inertial 
impaction can therefore be a result of momentum generated by one or both of the 

flow components. A particle can be stationary relative to the bubble but still 
have momentum relative to the packing as a result of the overall convection of 
the off gas throu~h the bed. As the bubble tumbles through the packing, the 
particle may not be able to change its direction and thus will collide with the 
wetted packing. Aerosols can also be removed by being convectively transported 
to the gas-liquid interface by turbulence within the bubble. These descrip
tions of the impaction capture mechanism can be replaced by the classical 

description once the flow rate through the bed is high enough that continuous 
gas phase channels are formed. 
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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 the particles 
follow the streamlines perfectly. This condition would apply if the particle 

has negligible inertia and is unaffected by Brownian motion. The collection 
efficiency due to interception increases as the ratio of the aerosol particle 

• 

diameter to collecting surface diameter increases. Interception is essentially • 
the only important capture mechanism for aerosols in the particle size range of 

minimum collection efficiency. The particle size corresponding to the lowest 
collection efficiency is usually between 0.1 and 1.0 microns for most aerosol 

filtering devices (Hinds 1982; Shaw 1978; McCarthy et al. 1976; Calvert 1977). 
This region is commonly referred to as the hard-to-capture size range. Parti

cles in this range are too small to have enough momentum to be removed by 
impaction, yet too large to be influenced by Brownian motion (described in the 

next section), thus leaving interception as the only effective means of cap
ture. Particles outside of this range will be captured more efficiently due to 

impaction for large particles and Brownian diffusion for small particles. 

Interception is commonly claimed to be the only capture mechanism that 

does not depend on the flow rate of the gas. This statement is true as long as 

the flow pattern around the obstacle does not change, because the probability 
of being captured by interception, for an aerosol of a given size, is deter
mined by how many streamlines pass within one particle radius of the collecting 
medium. In actuality, significant changes in the gas flow rate can change the 

flow pattern, thus making the interception mechanism somewhat dependent on the 
flow rate. 

The classical description of interception is easily applied to the SBS 
when the gas flow rates are high enough to form continuous gas-phase channels 

through the packing, but it is not quite as clear how this mechanism applies 
when the gas flows as bubbles. The description of interception as applied to 

the SBS must include particles removed when turbulence inside the bubble brings 
the aerosols within one particle radius of the scrubbing solution. The flow 
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patterns within the bubble change rapidly with velocity and are no longer con

stant. Thus, it is no longer accurate to assume that the interception capture 
mechanism is independent of the gas flow rate. 

Brownian Motion (Diffusion). Brownian motion is largely responsible for 

the removal of particles less than 0.1 micron in size. The path of a small 
particle is affected by collisions with surrounding gas molecules. Submicron 

particles are light enough that the momentum of the gas molecules is sufficient 
to slightly change the direction of the aerosol. At any given moment, the 
aerosol will be hit by more ~olecules on one side than another, causing it to 
slightly deviate from its original path. The random bombardment of the gas 

molecules causes the submicron aerosol to follow an erratic path. This phe
nomenon is known as Brownian motion or diffusion. This motion increases the 

probability of a particle hitting the surface of a collecting medium while 
traveling past on a nonintercepting streamline. Capture by Brownian motion is 

enhanced by lower gas velocities, since more time is allowed for a particle to 
diffuse to the surface of the collecting medium. 

The classical mechanism of capture via Brownian motion is easily applied 

to the two-phase flow situation, because this mechanism does not strongly rely 

on the streamline concept. Brownian motion is assumed to be responsible for 
any aerosol that is captured as a result of the aerosol diffusing to the gas
liquid interface • 
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3.0 PARAMETERS INFLUENCING SBS SCRUBBING PERFORMANCE 

The aerosol scrubbing performance of the SBS is controlled by many param

eters, which can be divided into three broad categories. The first category 

comprises the process variables or inlet conditions. These variables are 

generally determined by the process in which the aerosols are generated, 
although they can sometimes be changed, if justified by the resulting increase 

in the aerosol removal efficiency. The second category includes the dimensions 
and configuration of the SBS that are determined during the design stage. The 
last category consists of the actual operating parameters for the SBS. 

3.1 INLET GAS VARIABLES 

Inlet conditions are usually given in the design specifications. The 

conditions important to SBS performance include the off-gas flow rate, steam
to-air ratio, humidity, inlet temperature, aerosol solubility, inlet aerosol 

concentration and aerosol size distribution. In some instances it may be 
desirable to modify the inlet conditions to enhance the performance of the 

SBS. The influence of each of these process variables is described below. 

Superficial Velocity. The superficial velocity is defined as the volumet

ric flow rate, at standard conditions, of the noncondensible gases in the off 
gas, divided by the cross-sectional area of the empty bed. The superficial 
velocity is included as a process variable, because it only depends on the 
volumetric flow rate for a given SBS design. As might be expected, the super
ficial velocity has a Significant influence on the scrubbing efficiency of the 

SBS. Ruecker and Scott (1986) showed that the scrubbing efficiency decreased 
with increasing flow rate for insoluble aerosols in the "hard-to-capture" size 
range (0.3 to 0.7 microns). However, similar experiments with soluble aerosols 
of the same size range did not show a trend in performance with velocity. The 

efficiencies achieved during these soluble-aerosol experiments was limited by 
re-entrainment of the scrubbing solution by the exiting gas. This 

re-entrainment masked the influence of superficial velocity on performance. 
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One important variable in terms of aerosol removal performance appears to 

be the residence time of the aerosol within the bubble. Because an aerosol 

within a bubble must be transported by some mechanism to the gas-liquid inter
face,. it follows that the longer the aerosol is in the bubble, the more likely 

it will traverse the necessary distance to come in contact with the scrubbing 
solution. This explanation by itself does not necessarily imply that aerosol 

removal is always more efficient at lower flow rates; higher flow rates can 
lead to greater turbulence within the bubble (Garner and Hammerton 1954), thus 

resulting in increased capture by impaction and interception. The turbulence 
present in the bubble as it rises through the bed may also lead to particle 

agglomeration, making the particles easier to capture by impaction (Levich 
1962). This increased particle movement within the bubble may more than com

pensate for the shorter residence time of the particle in the bed. 

It is difficult to isolate the effects of flow rate on scrubbing effi

ciency. Higher flow rates lead to an increase in re-entrainment; thus it 
becomes difficult to identify how the initial capture rate really changes with 

increasing velocity. In addition, as the flow rate increases, more and more of 
the gas will flow through channels in the bed, as opposed to forming discrete 

bubbles. This gradual change in the flow pattern is another factor that con
tributes to the difficulty of separating the actual influence of flow rate on 

scrubbing efficiency within a bubble. 

Because re-entrainment increases with velocity, it is probably true that 
the overall scrubbing performance also decreases with velocity, even for large 
particles. The effect reduces the improvement-in collection predicted by the 
classical capture mechanisms. When designing an SBS, it is important that the 

effect of the superficial velocity on the flow pattern within the bed be under
stood in order to predict how the aerosol capture performance will be influ

enced by the superficial velocity for the size distribution of interest. 

Steam-to-Air Ratio. The presence of steam in the off gas will enhance the 

capture performance of the SBS in several ways. As the off gas comes in con
tact with the scrubbing solution, the off gas begins to cool, causing the steam 

in the off gas to condense. Although most of the steam condenses on the scrub
bing solution liquid interface, some steam condenses on the aerosols present in 
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the off gas. The condensate makes the aerosols effectively larger, and thus 

easier to capture. The condensing steam also causes an aerodynamic draft 
toward the condensing surface, known as Stephan flow (Hinds 1982). This draft 

pulls aerosols toward the gas-liquid interface or toward the growing droplets. 
In either event, the draft improves scrubbing performance. Thermophoretic and 
diffusiophoretic forces will also result that influence the transport of the 
aerosols, directing them toward either the growing droplets or collecting 

surfaces. The process of condensing steam to enhance aerosol capture through 

Stephan flow, thermophoresis, and diffusiophoresis is known as flux-force/ 
condensation (Calvert and Gandhi 1977). Examples of using flux-force/ 
condensation to enhance aerosol capture are given by Jacko and Holcomb 1978; 

Rich and Pantazelos 1974; Calvert and Jhaveri 1974; and Calvert et al. 1977. 

If little steam is present in the off gas, it may be desirable to inject 

more steam into the inlet line to increase the scrubbing efficiency of the SBS. 

Although it has not been demonstrated, it is conceivable that significant 
improvements in the scrubbing efficiency may be obtained if very high ratios of 

. steam to air (>4) are used. If the steam-to-air ratio is high enough, the bub
bles produced at the inlet plate may undergo a significant reduction in size as 
the steam within the bubble condenses. This size reduction would decrease the 

transport distances to the gas-liquid interface. It would also increase the 
effective size of the aerosols as the steam condensed on them, resulting in an 

aerodynamic draft toward the condensing surface, and increasing the aerosol 
concentration within the bubble. All of these changes would assist in aerosol 
removal. 

Humidity. The inlet humidity and temperature profile are important 
because they determine the extent and location of steam condensation. As pre
viously mentioned, if the steam does not condense until it exits the inlet pipe 
and comes in contact with the water, most of the condensation will occur at the 
gas-liquid interface and not on the aerosols. If the off gas is cooled from 
within, before exiting the inlet pipe, the steam will condense on the aerosols, 

resulting in particle growth. The aerosols will also become pre-wetted, which 

is important for insoluble aerosols, as will be discussed later • 
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The off gas must be cooled from within itself to cause the steam to con

dense on the aerosols. If a heat exchanger is used to cool the off gas, the 

steam will condense predominantly on the heat-transfer surfaces. On the other 
hand, if a sufficiently cold gas is injected into the gas stream, the off gas 

will suddenly fall below its dew-point temperature. The steam will then pref
erentially condense on the aerosols instead of the walls of the inlet pipe or 

by undergoing homogeneous nucleation (Hidy 1984). Experiments conducted by 
Ruecker and Scott (1986) showed that the OF increased approximately four-fold 

for insoluble ae~osols when the inlet conditions to the SBS were below the dew 
point of the off gas. These results demonstrate the importance of controlling 

the point at which the steam condenses. 

Inlet Temperature. The inlet temperature should have little effect on SBS 
performance, other than determining whether the off gas is entering the SBS 
above or below its dew point, until the inlet temperature is high enough to 
establish a significant radial temperature profile within the bubble. Develop
ing a radial temperature gradient, with the gas at the center of the bubble 

being hot and that at the gas-liquid interface being cold, would increase par
ticle migration toward the interface. An aerosol in a steep temperature 

gradient will tend to move down the gradient (in this case, toward the col
lecting media) because the gas molecules striking the particle from the hot 

side will have more momentum. This aerosol transport mechanism is known as 
thermophoresis (Schifftner and Hesketh 1986). 

A high inlet temperature has other advantages. The higher temperature 

will allow higher steam-to-air ratios to be used without exceeding the satura
tion limit of the off gas. As the scrubbing solution quenches the off gas, not 
only will the steam condense, but the specific volume of the noncondensible 
gases will decrease as the temperature drops. The combined effect may result 

in a significant reduction in the size of the bubble, increasing the proba
bility of the aerosol being captured. 

Aerosol Solubility. The solubility of the aerosol in the scrubbing solu

tion is one of the most important parameters that influences the aerosol cap

ture performance of the SBS. Ruecker and Scott (1986) have shown that the 
decontamination factor (OF), defined as aerosol mass flow rate divided by the 
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mass flow rate out, for sodium chloride aerosols in the range 0.3 to 

0.7 microns is typically around 100 while the corresponding OF for titanium 
dioxide is approximately 10. This order-of-magnitude difference in scrubbing 

performance is explained by the solubility properties of the two aerosols. An 
aerosol must be able to pass through the gas-liquid interface within the bubble 

to be captured by the scrubbing solution. Soluble aerosols can easily do this. 

As soon as a soluble aerosol migrates to the interface, its solubility causes 

it to be pulled into the scrubbing solution. Insoluble aerosols, on the other 

hand, cannot easily penetrate the interface because of the surface tension of 

the liquid and the wettability of the particle (Goldschmid and Calvert 1963). 

Insoluble aerosols must have sufficient momentum to overcome the surface 

energy of the interface, or they will either bounce off the interface or 

inelastically collide with the surface. In the latter case, the particle will 

sit on the surface of the scrubbing solution until the motion of the bubble or 
the particle1s own weight cause it to become wetted, so that it can be absorbed 

by the liquid. If the particle has not been absorbed by the scrubbing solution 

by the time the off-gas bubble reaches the surface of the aqueous pool, it can 

become re-entrained in the exit off gas. 

The particle on the boundary is not moving relative to the liquid side of 

the interface, but it is moving relative to the packing and therefore has a 

certain amount of momentum. When the bubble reaches the surface, the scrubbing 
solution abruptly stops while the off gas continues. The attraction of the 

partially-captured aerosol to the scrubbing solution must be strong enough to 

overcome the momentum of the particle. Otherwise, the particle will be sepa
rated from the liquid by the shearing action of the off gas as it leaves the 
scrubbing solution. 

Steam can be useful in overcoming the resistance to collection associated 
with penetrating the interface. If steam condenses on an aerosol, the aerosol 
becomes pre-wetted and can thus easily penetrate the interface. Another way of 

decreasing the resistance of the gas-liquid interface is to use a surfactant to 

lower the surface tension of the scrubbing solution. The surfactant must be 
introduced into the inlet gas so that it is sufficiently concentrated at the 
bubble surface. 
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Inlet Aerosol Concentration. Ruecker and Scott (1986) found that the OF 

for soluble sodium chloride aerosols increased with increasing concentration. 

In fact, the outlet concentration remained constant while the inlet concentra

tion was varied from 500 to 2700 particles/c~3. This result suggests that the 

scrubbing efficiency is limited by re-entrainment, i.e., controlled by the 

amount of material being re-entrained as opposed to the amount penetrating the 

SBS. It follows that the SRS should remain efficient at high inlet concentra

tions of soluble aerosols. This result was in fact observed by Hilliard, 

McCormack and Postma (1981) in tests involving sodium fire aerosols. In these 

tests, the sodium mass loading was around 10 g/m3 while the total aerosol mass 

loading in the experiments conducted by Ruecker and Scott was in the range of 
0.1 to 0.5 mg/m3• Hilliard, McCormack and Postma still reported DFs in the 100 

range despite the presence of significant re-entrainment as suggested by their 

data. The sodium fire aerosols investigated (Na202' Na20, Na2C03 and NaOH). 
are all water soluble, so the scrubbing performance is assumed to be 

re-entrainment limited. The fact that the scrubbing performance dropped sig

nificantly as the concentration of sodium built up in the scrubbing solution 

indicates that the performance was indeed being controlled by the amount of 
material being re-entrained. 

Insoluble aerosols, in contrast, have a different effect on scrubbing 

performance. Ruecker and Scott (1986) in their analysis of titanium dioxide, 

suggest that the scrubbing performance for insoluble aerosols is not limited by 
re-entrainment, and that efficiency increases with inlet concentration. This 
result implies that the percentage of particles actually penetrating the SRS 

decreases with increasing concentration. The higher inlet concentration 
results in more interactions between particles. The agglomeration of aerosols 
occurs as a consequence of the collisions, resulting in a larger particle size 

distribution. This process is known as Brownian coagulation (Calvert and 

Englund 1984). Large insoluble agglomerates that migrate to the gas-liquid 

interface can thus more easily penetrate the interface. This results from the 

particles either having more momentum on impact or being too heavy for the 

interface to support. 
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Aerosol Size Distribution. The scoping studies performed with the SBS by 

Ruecker and Scott (1986) used soluble and insoluble aerosols in the size range 
of 0.3 to 0.7 microns. This size range was determined experimentally to be the 

size range of minimum collection efficiency, i.e., aerosols outside of this 

range are removed more efficiently. 

Descriptions of the classical aerosol capture mechanisms imply that, for 

small particles, the scrubbing efficiency increases with decreasing velocity, 

and for large particles, the efficiency increases with increasing velocity 

(Hinds 1982). For the SBS, this statement is probably true for small parti

cles, but not for large particles. Recause of several competing effects, it is 

difficult to predict how the collection efficiency of large particles will 

change with flow rate. As the velocity increases, more and more large 

particles are removed by the increase in inertial forces. Some particles may 

be captured before they enter the packing. The premature capture occurs 

because the particles cannot complete the U-turn at the exit of the downcomer, 

and thus impact on the gas-liquid interface below the gas bubble. Higher gas 

flow rates also lead to increased turbulence inside the bubbles, which 

increases particle mobility and favorably influences the capture performance. 

On the other hand, high flow rates lead to shorter residence times as well as 

to the formation of continuous-gas phase channels through the bed, both of 

which tend to lower scrubbing performance. Another factor that adversely 

influences the scrubbing efficiency is re-entrainment, which becomes more sig

nificant at higher flow rates. It is difficult to predict whether the 

increased velocity and turbulence caused by higher flow rates will offset the 

decrease in performance caused by channeling and shorter residence times. 

In summary, as the gas velocity is increased, the mechanisms that 

adversely influence the capture of large particles are probably more pronounced 
than those that enhance efficiency. That is, the composite scrubbing effi

ciency for large particles probably decreases with increasing velocity, which 

is opposite to the predictions based on classical capture mechanisms. 

Particles larger than 1 micron were not investigated because suitable 

means for generating such particles were not immediately available. The 

experiments conducted by Hilliard, McCormack and Postma (1981) used sodium 
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aerosols ranging in size from 3 to 6 microns aerodynamic mass median diameter. 

It is difficult to directly compare their work to the work of Ruecker and Scott 

(1986) for two reasons. The inlet concentration used by Hilliard et al. was 
several orders of magnitude higher than that used by Ruecker and Scott, and 

there were significant amounts of captured aerosols in the scrubbing solution 

in the 1981 experiments. The fact that the Hilliard et a1. DFs remained in the 
100 range suggests that the SBS can efficiently remove large aerosols. How
ever, in those experiments, the increase in re-entrainment with time makes it 

difficult to determine whether scrubbing performance increases or decreases 
with velocity for these larger particles. 

3.2 DESIGN VARIABLES 

Design variables are those that the engineer controls at the design stage 
of the SBS: the size of the inlet pipe, the bed diameter, packing shape and 

size, depth of packing, scrubbing solution level and disengagement height. 
Only the bed diameter, packing size, and depth of packing will be discussed 

here because the other parameters do not significantly influence scrubbing 
performance. 

Bed Diameter. The bed diameter is important in establishing the flow pat

tern and velocity through the bed. The larger the bed diameter, the more dif
ficult it is to evenly distribute the incoming off gas. It is desirable to 
evenly distribute the gas so that the lowest bed velocities can be obtained. 
Good gas distribution also results in a higher liquid-to-gas ratio for each 
bubble, which improves off-gas quenching. 

The only advantage of increasing the bed diameter beyond a certain point 
is that the 1iquid-to-gas ratio continues to increase. The lowest possible bed 
velocity within the bed is controlled by the terminal velocity of the bubble. 

As the flow decreases, the frequency of bubble formation decreases (Benzing and 

Myers 1955). In conclusion, the bed diameter should be designed as large as 

possible under two constraints: the cost of larger equipment and the 
effectiveness of the distribution plate to distribute the gas. Information 

pertaining to the design of a sieve plate for gas distribution is given in 
Appendix A. 
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Packing Size. Ruecker and Scott (1986) investigated both 0.3-cm and l-cm

diameter ceramic packing. The tests showed that the l-cm packing consistently 
out-performed the smaller packing. This result is opposite of what would be 
expected. The particle collection efficiency would be expected to increase 
with decreasing packing size for particles larger than 0.3 ~m (Calvert and 
Englund 1984). Both packings had the same void fraction, so the difference in 
performance at a given superficial velocity is not a result of different inter

stitial velocities. A p1exig1ass model of the SBS was constructed in order to 
observe the actual flow patterns in the two beds. The void spaces in the l-cm 
packing were large enough to allow the formation of discrete bubbles. The 
0.3-cm packing, on the other hand, did not have enough space between spheres 

for bubbles to form. Instead, continuous gas channels were formed through the 
packing, which resulted in lower residence times, lower surface-to-vo1ume 
ratios and the corresponding decrease in performance. 

Depth of Packing. The influence of packing height on performance was not 
investigated during the characterization study of the SBS conducted by Ruecker 
and Scott (1986). A bed height of 0.55 m was used for all of their experi
ments. The influence of the depth of packing on aerosol removal efficiency was 
not performed because the study was geared toward applications in the HLW 
reprocessing industry. In this case, the water level is controlled by the 
depth of water necessary to quench the off gas rather than the depth of packing 
necessary to achieve the desired aerosol removal ,efficiency. Packing heights 
above 0.55 m would lead to excessive pressure drops across the SBS, thus pos
sibly requiring more than one blower to process the off gas through the entire 
filtering system. The scrubbing performance should always increase with the 
depth of packing until the point is reached where the performance is limited by 
re-entrainment. 

3.3 OPERATING VARIABLES 

Because it is a passive system, very few operating variables are associ

ated with the SBS. The only operating variables that significantly influence 
the scrubbing performance involve the scrubbing solution. The operator can 
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control the concentration of captured aerosols in the scrubbing solution, the 

scrubbing-solution temperature and the addition of any additives. 

Scrubbing-Solution Concentration. Before operation, the SBS is filled 

with process water that is free of captured aerosols. As the system begins 
processing the off gas, the scrubbing solution within the SBS will begin to 
accumulate captured material. The scrubbing-solution concentration will con

tinue to increase until the concentration of soluble captured aerosols and 

suspended insoluble aerosols reach steady-state values. At this point, the 
amount of material being removed by the SBS is equal to the amount of insoluble 
material settling in the bottom of the SBS plus the material leaving the SBS 
with the scrubbed off gas or through the overflow line. 

The scrubbing-solution concentration can therefore be controlled by 

adjusting the overflow rate. If the scrubbing-solution concentration is too 
high, makeup water can be injected into the SBS to increase the overflow rate, 

lowering the solution concentration. Losses due to re-entrainment of scrubbing 
solution increase with solution concentration, so it is desirable to keep the 

captured aerosol concentration as low as possible. 

Scrubbing-Solution Temperature. The temperature of the scrubbing-solution 

in part deter~ines the exit temperature of the off gas which, in turn, deter
mines how much water will leave the SBS as humid air. Lowering the temperature 
of the scrubbing-solution either increases the water overflow rate or reduces 
the amount of makeup water necessary to achieve the desired overflow rate. The 
solution temperature also determines the cooling duties of the coils in the 
annular region of the SBS. The actual influence of scrubbing solution tempera
ture on performance has not been tested, but preliminary indications are that 
increases in temperature lead to decreases in scrubbing performance. This 
trend is probably more related to how the temperature of the scrubbing solution 
affects re-entrainment than how it influences the initial aerosol capture. 

Additives. An experiment was conducted by Ruecker and Scott (1986) in 
which re-entrainment was determined as a function of sodium chloride concentra

tion in the scrubbing solution. As expected, the outlet aerosol concentration 
increased as sodium chloride was added to the scrubbing water. At the end of 
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the experi ment, a small amount of Dow defoamer DB-llOA® was added to the scrub

bing solution. After the defoamer was added, the outlet particle concentration 
dropped below the concentration measured before any sodium chloride was added 
to the scrubbing solution. This experiment has been applied only to sodium 

chloride in the scrubbing solution and has not been tested under actual opera

tion. However, it does clearly present the possibility of using an additive to 
control re-entrainment • 

®Dow Corning Corporation, Midland, MI. 
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the experiment, a small amount of Dow defoamer DB-II0A® was added to the scrub
bing solution. After the defoamer was added, the outlet particle concentration 
dropped below the concentration measured before any sodium chloride was added 
to the scrubbing solution. This experiment has been applied only to sodium 

chloride in the scrubbing solution and has not been tested under actual opera
tion. However, it does clearly present the possibility of using an additive to 
control re-entrainment. 

®Oow Corning Corporation, Midland, MI. 
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4.0 EXPERIMENTAL RESULTS USED FOR DESIGN BASIS 

Experimental results are used to size two components of the SBS: the bed 

cross-sectional area and the cooling coils located in the annular region of the 

SBS. A description of the experimental procedure and apparatus used to gener
ate the following results was presented by Ruecker and Scott (1986). 

4.1 BED CROSS-SECTIONAL AREA 

The scrubbing performance of the SBS is mainly determined by the super
ficial velocity of the off gas and by the captured aerosol concentration in the 

scrubbing solution for a given off-gas condition. The initial capture perform
ance is strongly influenced by the superficial velocity and the steam-to-air 

ratio~ while particle re-entrainment is controlled by the superficial velocity 
and the captured aerosol concentration in the scrubbing-solution. To properly 

size the bed~ information is needed on both the initial capture performance and 
the degree of re-entrainment expected over a large range of operating 

conditions. 

Influence of Superficial Velocity on Scrubbing Performance. The superfi
cial velocity has a significant influence on the scrubbing efficiency of the 

SBS~ as seen in Figure 4. The results shown in this figure were based on 
titanium dioxide aerosols in the size range of 0.3 to 0.7 microns. For this 

size range~ the scrubbing efficiency decreases with increasing flow rate. This 
result is expected, because the scrubbing efficiency should drop as the resi
dence time decreases. 

The actual initial aerosol capture performance does not falloff as 
quickly as suggested by Figure 4. Even though the SBS had no significant 
amounts of captured aerosols in the scrubbing solution, material was present in 
the scrubbing solution that could be re-entrained. Because the particle size 
analyzer was an optical unit, it could not be determined whether the material 
coming out of the SBS was from the aerosol generator or from residual material 
present in the process water used to fill the SBS. The re-entrainment of for

eign material increased with flow rate, tending to lower the right-hand side 
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FIGURE 4. Design Correlations for Sizing the SBS Bed Cross-Sectional 
Area Rased on Insoluble Aerosols 

of the curves shown in Figure 4. In fact, at high flow rates, the 

re-entrainment was sufficient to almost completely mask any benefit that steam 
may have had on performance. 

Not only does scrubbing efficiency increase with decreasing velocity, but 

the influence of steam also becomes more pronounced. The expected result is 
that steam has more of an influence at high velocities, because the condensa

tion of the steam leads to larger particles that are more easily removed by 
impaction. The decrease in importance of steam with increasing velocity is 

probably the result of two different phenomena: 1) the influence of steam at 

high velocities is overshadowed by re-entrainment, and 2) at lower velocities, 

the aerosols have more time to diffuse, thus leading to higher collection 
effi ci enci es. 
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Instead of condensing on the aerosols, most of the steam condenses at the 

gas-liquid interface, producing a draft toward the interface known as Stephan 

flow (Hesketh 1986). This phenomenon enhances the transport of aerosols to the 

collecting surface. The increase in the particle movement will be more notice

able at longer residence times. The combination of re-entrainment and Stephan 

flow tends to decrease the contributions of steam at high gas velocities and 

enhance the collection efficiency due to steam at low gas velocities. 

The off gas for an actual application of the SBS will not be the same as 

the concentrations and size ranges used in the experiments conducted by Ruecker 

and Scott (1986) (inlet concentrations of 1000 particles/cm3 in the range of 

0.3 to 0.7 microns). Similar plots for different sizes of aerosols at differ

ent inlet concentrations would be useful for design purposes. Unfortunately, 

the generation of such plots is not feasible because of the number of experi

ments necessary and the associated costs. Instead the results presented by 

Ruecker and Scott (1986; summarized in Section 3) can be used to estimate how 

the curves shown in Figure 4 would change as a function of various parameters. 

The experimental conditions for Figure 4 were chosen as representing a worst
case situation because the aerosols are in the size range that is most diffi

cult to capture. Therefore, if used for design purposes, they may lead to 

conservative bed dimensions. 

As mentioned in Section 3, a similar set of experiments was conducted with 

a soluble aerosol (Figure 5), but so much scatter exists in the data that no 

trends could be observed. Though the extreme degree of scattering makes the 
data difficult to use for design correlations, it does show that the soluble 
aerosols are much easier to capture than the insoluble aerosols. 

The data presented in Figure 4 suggest that the residence time is indeed 
one of the primary controlling factors. It is therefore desirable to increase 
the size of the bed to reduce the superficial velocity, which will also help 

limit re-entrainment. As the bed diameter is decreased, the liquid-to-air 
ratio inside the bed decreases as the off gas occupies a larger portion of the 

bed volume. The shorter residence time and smaller liquid volume makes 
quenching of hot off gas less effective. 
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Superficial velocities below 0.14 m/sec were not investigated, because 

unstable gas flow was encountered below this velocity. No attempts were made 
to ensure even gas distribution. Based on the smaller plexiglass model, it 
appears that superficial velocities greater than 0.14 m/sec lead to a gas 

bubble that covers almost the entire bed cross-sectional area before collapsing 
to allow water to flow up through the bed. This pulsation occurs at all flow 

rates. Once the velocity fell below 0.14 m/sec, the bubble would completely 

disappear so that there was no off-gas flow at all for short periods of time. 

This pulsation is evidence of poor gas distribution. 

This pulsing gas flow can be overcome by drilling holes in the bed retain

ing walls just above the packing support plate. The water can then circulate 

freely without having to compete for the same bed cross-sectional area with the 
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gas. This configuration is similar in principle to the operation of a bubble 

column with a draught tube (Miyahara et ale 1986). This concept was tested in 

the plexig1ass model. A perforated distribution plate was used, located below 

the packing, instead of a wire mesh screen. At all flow rates investigated, a 

stable gas bubble was formed that covered the entire bed cross-sectional area. 

This flow configuration completely eliminated the gas pulsation, making it pos

sible to cover a wider velocity range. This design modification was not tested 

for aerosol collection performance, but would be expected to be more efficient 

at low flow rates, and equivalent at high flow rates. 

Influence of Re-Entrainment on Scrubbing Performance. The results shown 

in Figures 4 and 5 are for ideal conditions in which there has been no accumu

lation of captured material in the scrubbing solution. During operation, large 

amounts of make-up water may have to be added to maintain the overflow purge at 

a rate sufficient to minimize the concentration of captured material. This 

mode of operation is unrealistic in most applications, especially in the HLW 

processing industry, where the increased volume of scrubbing liquor has to be 

treated as low-level waste. As the concentration of captured material builds 

up in the scrubbing solution, the amount of material re-entrained into the off 

gas will increase. The SBS can actually be used as an aerosol generator if the 

concentration and flow rate are high enough. 

A certain amount of the scrubbing solution will be entrained in the off 

gas as the bubbles burst at the surface of the scrubbing solution. The number 

and size of droplets entrained are a function of the flow rate of the off gas. 

The amount of material actually lost due to re-entrainment at any given veloc
ity is a function of the concentration of captured aerosols. Maintaining a low 
concentration of captured aerosol limits the amount of material that is 

re-entrained. 

Experiments were conducted to determine the influence of superficial 
velocity and scrubbing-solution concentration on performance by adding either 

sodium chloride or titanium dioxide to the scrubbing solution. Room air was 

then drawn through the SBS and the outlet concentration was measured. The 
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inlet aerosol concentration due to material present in the room air was insig
nificant, so the outlet concentration represented aerosols originating from the 

scrubbing liquor. 

The results are shown in Figures 6 and 7. Figure 6 shows the outlet con

centration as a function of the concentration of the material in the scrubbing 

solution. The outlet concentration resulting from re-entrainment increases 
exponentially with sodium chloride concentration. The re-entrained aerosol 

concentration also increases rapidly with concentration for titanium dioxide 
(concentration of suspended Ti02). An explanation as to the shape and relative 

locations of the curves in Figure 6 is given by Ruecker and Scott (1986). The 
addition of 36 kg of titanium dioxide to the approximately 650 L of scrubbing 

solution in the SRS only resulted in a suspended solids concentration of 

3.8 giL. This solids loading should be typical of concentrations encountered 
during long-term operation of an SBS. The sodium chloride concentrations 
investigated represent the concentration range of total soluble material under 

which re-entrainment does not severely hamper the scrubbing performance. The 
degree of re-entrainment should also increase with velocity, because the off 

gas will have more energy available to shear off droplets of scrubbing solu
tion. This result is what is seen in Figure 7. Limiting the superficial 

velocity and the scrubbing-solution concentration will help to improve the 
scrubbing performance by limiting the amount of captured material that is 

re-entrained into the off gas. 

The ability of Dow defoamer DB-II0A® to almost completely eliminate 

re-entrainment, as discussed in Section 3.2, is important for two reasons: it 
improves the scrubbing performance of the SRS, and it also allows higher cap

tured aerosol concentrations in the scrubbing liquor, which is favorable from a 
process point of view. It cannot be assumed that DB-110A® will work for all 

applications. Therefore, it is desirable to design the bed using Figures 6 
and 7 to estimate how re-entrainment at a specific scrubbing-solution concen

tration will lower the design curve shown in Figure 4. There is some concern 
that DB-II0A® may be decomposed by the radiation emitted during HLW process

ing. The acidic nature of the scrubbing solution, caused ~ the presence of 
N02 and halogens in the off gas, could also be detrimental to the defoamer. 
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Experimental Conditions 

• No Aerosol Generator 

• Inlet Air Temperature 100°C 

• Off-Gas Flow Rate 127 std m3 /hr 
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• Depth of Packing 0.55 m 
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FIGURE 6. Re-Entrainment as a Function of Scrubbing Solution Concentration 
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Bed Configuration 

• Bed Diameter 0.5 m 

• Depth of Packing 0.55 m 

200 • Spherical Packing Diameter 0.3 cm 

175 

Scrubbmg Solution Concentration 

o 24 9 NaCI L 

150 
o 3.8 9 Suspended Ti02 L 

125 
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FIGURE 7. Influence of Velocity on Re-Entrainment 

More tests are needed using DB-II0A® to determine whether its decomposition 

rate is too fast to economically use the defoamer with melter off gas. 

4.2 COOLING COILS 

Heat transfer information was recorded during the SBS studies of Ruecker 
and Scott (1986). The cooling-water flow rate, inlet and outlet temperature of 
the cooling water, and the bulk scrubbing solution temperatures above and below 
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the cooling coils were measured so that overall heat transfer coefficients 
could be determined for the stainless-steel helical cooling coils in the annu

"lar region of the SBS. Equation (1) was used to determine the heat removed 
from the reservoir by the cooling coils. 

were: Q = . 
m = 

Cp = 
T = 

heat transfer rate, W 

dQ = mC dT p 

mass flow rate of water, Kg/h 

specific heat, KJ/ Kg • °C 

temperature, °C 

(1) 

This value then enabled the overall heat transfer coefficient to be calculated 
from the log mean temperature difference and the external surface area avail

a~le for heat transfer, Equation (2). 

where: U = overall heat transfer coefficient, W/m2 • °C 
A = external surface area, m2 

6TLM = log mean temperature difference, °C 

(2 ) 

The resulting values from several tests are shown in Table 1. The SBS used for 
these experiments had two independent coils that were not always used concur

rently. The data show that approximately the same value was achieved for both 
coils. For design calculations, a conservative value of 575 w/m2.oC is recom
mended because long-term usage will lower the heat transfer coefficient as 
scale builds up on the tubing walls. 

4.9 



TABLE 1. Experimentally Determined Values 2f the Overall 
Heat Transfer Coefficient, U (W/m .oC) 

Run # Coi 1 #1 Coi 1 #2 

5 -(a) 761 

6 886 

9 1380 

17 778 

18 1062 

20 863 

21 994 

24 715 

25 750 

27 710 

29 744 

31 761 

32 926 

48 942 

51 647 

52 857 

56 1084 1056 

59 903 

61 852 960 

62 954 
64 1317 874 

65 1175 1090 
68 1175 1107 
69 1306 1113 
71 1033 1136 

Avg U1 = 979 ± 224 W/m2.oC U2 = 949 ± 143 W/m2.oC 

(a) Not used during this run. 
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5.0 SBS DESIGN SEQUENCE 

The dimensions of the SBS are determined from the inside out. First the 
inlet pipe is sized, then the insulation thickness around the inlet pipe is 

determined. A sleeve is chosen to house the inlet pipe, thus completing the 
downcomer assembly. The diameter of the packed bed wall is determined by the 

cross-sectional area necessary to achieve the desired scrubbing performance. 
The diameter of the reservoir tank is determined by the number of cooling coils 

needed in the annular region. 

5.1 SIZING THE INLET PIPE 

The inlet pipe must be sized such that it will not be susceptible to plug

ging. The choice of appropriate sizing criteria depends on the nature of the 
off gas. If the SBS will be used as part of an existing off-gas system that 
has not experienced excessive accumulation of particulate material, the same 

size pipe (or smaller) should be used for the inlet line. For new applica

tions, the inlet pipe should be sized for a gas velocity of 18 m/s or greater. 
The inside pipe diameter (d), in meters, can then be calculated using Equa-
t ion (3). 

di = ~ ~ ~ = 0.000443 /F (3) 

where F is the volumetric off-gas flow rate in actual cubic meters per hour. 

For situations in which the off gas contains extremely high aerosol con
centrations, it may be desirable to decrease the size of the inlet pipe below 
that determined by Equation (3). If the aerosols are sticky (droplets of heavy 
oil, molten glass, etc.), a steam film cooler can be incorporated in the SBS 
inlet line to prevent plugging. An example of this modified downcomer assembly 
is shown in Figure 8. Film coolers have been successfully used to prevent 

plugging from occurring in the exit line from ceramic me1ters (Randall and 
Sabatino 1986). Steam is recommended because it is a condensible gas. Air can 

be used in the film cooler, although it will necessitate a larger SBS to 
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achieve the same scrubbing efficiency. Abrupt changes in the direction of off

gas flow should be avoided between the location where the aerosols are being 

formed and the SBS to minimize the deposition of aerosols in the pipe. For 
nuclear waste processing in particular, long-radius bends should be used on the 

SBS inlet piping. 

5.2 DETERMINATION OF THE INSULATION THICKNESS AROUND THE SBS INLET PIPE 

The off gas from a liquid-fed ceramic melter may contain a significant 

amount of water. If the inlet pipe to the SBS is not insulated, premature 

cooling of the off gas can occur in the downcomer assembly. It is possible to 

lower the off-gas temperature below its dew point, resulting in the condensa

tion of steam on the inlet pipe walls. The wetted pipe wall may promote depo

sition of material that could potentially result in a plugged line. It is also 

desirable to prevent gases from condensing to avoid corrosion. The off gas 

from melters that process nuclear waste may contain acid gases which can attack 
the pipe, decreasing its lifetime. 

Off-gas systems are generally required to handle varying duties. The 

thickness of the insulation that thermally separates the scrubbing solution 

from the off gas should be determined by the operating conditions that are 
closest to the off-gas dew point. The minimum insulation thickness can then be 

determined by calculating the heat transfer rate necessary to cool the off gas 
to its dew point. Estimates of the dew-point temperature for a gas mixture can 

be obtained using correlations presented by Reid, Prausnitz and Sherwood 
(1977). The minimum heat transfer rate required to cool the off gas is calcu
lated by integrating Equation (4) from the inlet temperature to the dew-point 
temperature, 

Q = m g 
(4) 

Values for the specific heat can be found for many gases in the Chemical 

Engineers' Handbook (Perry and Green 1984). An average value for the specific 
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heat may not be accurate enough if the temperature difference is large. Equa

tions for the specific heat as a function of temperature for various gases are 

given by Smith and Van Ness (1975). The maximum acceptable overall heat trans-

fer coefficient can then be calculated from Equation (2). The overall heat • 

transfer coefficient can be written as a sum of resistances to heat transfer as 
shown in Equation (5) Holman (1981). 

!. = L + L + (~) + (~) + (~) U h. h k insul k inside wall k sleeve , 0 

were: U = overall heat transfer coefficient, W/m2 • °C 

n· = inside heat transfer coefficient, W/m2 • °C , 
no = outside heat transfer coefficient, W/m2 • °C 
x = material thickness, m 

k = thermal conductivity, W/m2 • °C 

(5) 

A conservative estimate of the insulation thickness can be obtained by ignoring 

the resistances to heat transfer in the pipe walls and the fluid films at the 

inside and outside walls. The minimum amount of insulation can then be deter

mined by Equation (6), provided the thermal conductivity of the insulating 
material is known. 

1 _ xmin 
IT - (-k-)insul (6) 

The insulation thickness required is generally quite small. Care must be taken 
in fabrication to ensure that no water can leak into the annular area that 

houses the insulation, or else the heat transfer rates will greatly increase. 

The diameter of the outer sleeve of the downcomer assembly is only impor

tant to the design of the SBS in that it affects the overall diameter of the 

bed. The larger the diameter of the downcomer assembly, the larger the bed 

diameter will have to be to have the same cross-sectional area for flow. In 
Section 3.1 it was mentioned that it is desirable to have condensation occur in 

the inlet pipe; yet, a procedure has just been outlined to determine the amount 
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of insulation necessary to prevent premature cooling of the off gas. The 
explanation of this apparent contradiction is that the condensing gases should 

be cooled in a manner that promotes condensation on the aerosols. This result 
will not occur if the pipe walls are cold; the gases will condense on the cold 

pipe, which can lead to plugging. One way of cooling the gas and preventing 
deposits from forming on the pipe walls may be to use a film cooler concept in 

the design of the downcomer assembly as shown in Figure 8. 

5.3 SIZING THE BED CROSS-SECTIONAL AREA 

Because so many parameters influence the scrubbing efficiency of the SBS, 

it is impractical to generate a family of design curves that will apply for any 
set of inlet conditions. It is therefore more useful to consider practical 
size limitations on the bed diameter. The design engineer must then decide 
whether or not the expected OF will be acceptable based on the information 

presented in Chapters 3 and 4. 

The size of the bed is generally limited by either the overall dimensions 
of the SBS or by the effectiveness of the distribution plate. The high cost of 

floor space in a radioactive containment cell limits the overall size of the 

SBS when it is used for processing HLW. For more traditional industrial appli

cations, the controlling factor in determining the maximum bed diameter for an 
SBS is the ability of the distribution plate to adequately distribute the off 

gas over the entire cross-sectional area (see Appendix A for distribution plate 
design information). Even if the gas distribution is ideal, once a certain 

point is reached, a larger bed diameter has no advantage because the bed veloc
ity of the off-gas bubble will reach a minimum; only the frequency of bubble 
formation will decrease. The real objective when designing an SBS is to size 
the bed and the inlet distribution plate such that the resulting bubbles are as 
small as possible and the residence times as long as possible. The small 
bubbles lead to shorter transport distances; the longer residence times allow 
more time for the aerosols to diffuse the necessary distance to the collecting 
media • 

Superficial velocities in the packed bed above 0.3 m/sec are typically 
undesirable because of the resulting re-entrainment. Higher velocities will 
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not be practical unless defoamers can economically be used to minimize 

re-entrainment. Superficial velocities below 0.15 m/sec are impractical unless 

holes are used in the side of the packed bed so that the off gas and circulat

ing water do not compete for the same cross-sectional area. With such holes, a 

lower stable superficial velocity of 0.05 m/sec can be attained. 

Oecontaminatipn factors for soluble aerosols can be estimated by determin

ing the steady-state concentration of captured soluble aerosol in the 

scrubbing-solution. Because the scrubbing performance has been shown to be 

limited by re-entrainment for soluble aerosols, the outlet concentration can be 

assumed to be made up entirely of re-entrained aerosols. The re-entrained 

aerosol concentration can be estimated from Figures 6 and 7 based on the design 

velocity of noncondensible gases at standard conditions and the estimated 

scrubbing-solution concentration. The OF is then approximately equal to the 

inlet concentration, Cin' (set in the design specifications) divided by the 

re-entrained outlet concentration, Cout: 

Cin 
OFsoluble ... --=C~~-

out 
(7) 

Estimating the OF for the insoluble aerosols is more involved and less 

accurate, because the capture efficiency is not limited by re-entrainment. 
Particles larger than 10 microns can be assumed to be removed at essentially 

100% efficiency. Figure 4 can then be used to predict the OF for particles 
less than 10 microns. The value obtained from Figure 4 is an ideal OF (OF*), 
because the curves were developed using clean scrubbing solution, which would 
eliminate re-entrainment losses. The OF can be corrected for re-entrainment by 

estimating the suspended-solids concentration in the scrubbing liquor at steady 

state. The re-entrained outlet concentration can then be estimated for insolu

ble material from the titanium dioxide curves shown in Figures 6 and 7. The 
corrected OF would then be calculated by Equation (8). 

Cin 
OF ins 0 1 u b 1 e ... -(.,....,C::--..-\---.:..~-----

O~~) dp<10 + Cout 

(8) 
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Equations 6 and 7 will provide estimates to determine if the assumed superfi

cial velocity will provide acceptable results. More involved estimates of DF* 
for insoluble material can be obtained from the correlation presented by 
Ruecker and Scott (1986). This correlation should be used with extreme caution 
when extrapolating out of the range of independent variables investigated. 
Methods for improving the OF for insoluble aerosols can be found in Section 3. 

The previous discussion was geared toward the design of an SBS for general 

industrial applications. However, the experimental tests conducted by Ruecker 
and Scott (1986) were designed to size an SBS specifically for use with liquid

fed ceramic melters for HLW reprocessing. In this application, the only aero
sols of real concern are those that are radioactive. These aerosols usually 
come in two forms: large particles that are easily captured, or submicron 
aerosols that are not. Cesium and ruthenium are the radionuclides of primary 

importance (Kitamura et al. 1986). Cesium aerosols are generally water 
soluble; their OF is easily estimated from Equation (7). Ruthenium aerosols 
are insoluble, and are usually present in the form of ruthenium dioxide. The 
titanium dioxide results presented in Figure 4 were shown to be representative 
of ruthenium dioxide behavior by Ruecker and Scott (1986). Figure 4 can then 
be directly used to determine the ideal ruthenium OF. A corrected estimate can 
be obtained using Figures 6 and 7 to estimate Cout ' and Equation (8). 

5.4 VERTICAL BED DIMENSIONS 

Depth of Packing. No experiments were performed in which the packing 

height was varied. The results shown in Figures 4 and 5 were based on a bed 
height of 0.55 m. The results of Hilliard, McCormack and Postma (1981) were 
based on a packing height of 0.61 m. Spherical packing is generally used 
because it is less likely to plug as a result of accumulated solids. 

Various packing heights were not investigated because of the difficulty 

associated with modifying the bed of the SBS to maintain a reasonable water 
level above the packing. There are practical limitations on the depth of pack

ing to use, especially for use with melters, because a blower must be used to 
induce the off-gas flow through the SBS. Assuming that the packing is 

completely covered by water, the pressure drop across the SBS, in inches of 
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water, is at least equal to the submergence of the downcomer assembly. The 

additional pressure drop associated with beds much deeper than 0.6 m quickly 

becomes impractical. The depth of the water above the gas inlet must be at 
least 0.3 m to reasonably quench the off gas during processing of high-level 

waste. 

Upper Skirt. An upper skirt is not necessary from an operational point of 

view. A holddown screen should be placed directly on top of the packing to 

prevent the bed from becoming fluidized. Scrubbing efficiency will decrease as 

the bed fluidizes, as well as cause unnecessary attrition of the packing. 

Lower Skirt. The size of the bubble underneath the packing reflects the 

pressure drop due to flow through the bed and gas distribution plate. The 
pressure drop due to the packing in the bed will be negligible for a properly 

designed SBS, although a significant pressure drop can arise due to the distri

bution plate. A 0.23 m lower skirt is probably sufficient to handle the pres

sure drop through most beds, including the gas distributor, and still leave 

extra room to handle any unexpected off-gas surges. To achieve an even distri

bution across the packing, generally a pressure drop must be incurred across 

the inlet plate, or a detectable pressure drop through the bed due to flow. 

Water Level. The choice of the water level ;s governed by the available 

pressure drop, gas cooling duty and aerosol collection. Re-entrainment would 
probably be increased if the water level was maintained at the top of the pack

ing. The off-gas velocity will decrease in the water layer above the packing, 
reducing the re-entrainment. Terminal bubble velocities should be attained 
quickly (within the first 0.15 m), so there is no advantage gained by increas
ing the water level except for some scrubbing that would occur. Any increase 
in the OF at this point would probably not be justified by the increase in 
pressure drop. A water layer above the packing is necessary to help quench the 

off gas if the inlet temperature is very high. 

Figure 9 shows the axial temperature profile for a typical SBS test. The 

off gas does not reach the scrubbing-solution temperature until a few inches 
above the packing, even for a mild inlet temperature of 100°C. The data 

reported by Hilliard, McCormack and Postma (1981) support the prediction that 
the degree of re-entrainment does not change significantly with water level. 
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In their experiments, the water level had no measurable effect on performance 

until it dropped below the top of the packing. At that point, the aerosol 

scrubbing performance began to drop. 

Disengagement Height. Wu (1984) suggests a disengagement height of 0.2 m 

for impingement drum separators operated at 12 psia. The disengagement height 
in an SBS can be expanded as necessary to provide working room between the lid 
of the SBS and the top of the bed. This may be desirable for filling the bed 
with packing. This added height will probably not significantly reduce 
re-entrainment. 

5.5 SIZING THE COOLING COILS 

The SBS is intended to quench off gas as well as serve as the primary 
scrubber in the off-gas system. The scrubbing-solution reservoir provides an 

adequate thermal sink for handling surges of hot off gas. The heat must then 
be transferred out of the aqueous pool using cooling coils. Typically, inde

pendently wound helical coils are located in the annular region of the SBS. 
The cooling coils have to this point been constructed of stainless steel tub

ing. Several heat transfer experiments have been conducted with a pilot-scale 
SBS to determine the overall heat transfer coefficient for this material under 
moderate flow conditions on the outside of the cooling coils. 

Determination of Cooling Duties. The 
heat balance around the cooling coil. The 
water can be determined from Equation (1). 

heat transfer rate was based on a 
heat transfer rate to the cooling 

The inlet conditions leading to the 
highest heat transfer requirements should be used as a basis for sizing the 
cooling coils. Heat transfer rates to the cooling water can also be determined 
without any knowledge about the cooling water temperatures or flow rate, by 
performing a heat balance around the SBS. This procedure was followed for 

experiment #59 in Table 1. The resulting heat transfer rate was within 8% of 
the heat transfer rate that was obtained based on a heat balance around the 

cooling coils. 

Normally there exists an upper limit as to the allowable outlet cooling 

water temperature and a specified inlet temperature. This makes the surface 
area of the cooling coils the only parameter left to vary to ascertain the 
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desired heat transfer rates. The heat transfer requirements for the specific 

off gas must then be determined to size the cooling coils. Some typical 

assumptions when determining the heat transfer requirements of the off gas are 

listed, below: 

• Radiant and conductive heat losses to the surroundings are neglected. 

• The phases in the system are steam, liquid water and air. 

• Heats of chemical reaction and mixing are neglected. 

• Heat from chemical reaction and mixing is neglected. 

• Heat from agitation, jet transferring and friction (from moving gas 

through the bed) is neglected. 

• The exit off gas is in equilibrium with the scrubbing solution. 

It is important to include the contributions to the heat transfer require

ments due to decay heat when dealing with off gas generated during high-level 
waste processing, because significant levels of radioactive material can build 

up in the scrubbing solution. The amount of heat generated by the decaying 
material present in the scrubbing solution can be as large as the heat added by 

the incoming off gas in some instances. 

The scrubbing-solution temperature above the coils should be the same as 

the exit off-gas temperature. It is ea.siest to specify the scrubbing-solution 
temperature and size the coils based on this value. If the off gas is not suf

ficiently cooled, the overflow nozzle can be moved up as necessary, thus 

increasing the volume of water above the packing. A conservative estimate of 
the log mean temperature difference would be to assume that the scrubbing-water 
temperature does not change at all as it passes over the coo1i~g coils. Under 

normal me1ter operating conditions, the temperature difference should be less 
than SoC. 

Cooling Coil Design. Concentric independent helix cooling coils made of 

2.0 to 2.S-cm-diameter stainless steel tubing are recommended. A radial spac

ing of approximately 8 cm should be maintained between the cooling coils. If 

the bed has a O.S-m diameter, the first cooling coil should have a 0.66-m 

diameter, and so on until enough surface area has been added to accommodate the 
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required heat transfer. The same spacing should be maintained between the 
outer-most coil and the outside wall of the SBS unless more room is needed to 

run piping along the inside wall of the SBS. The heat transfer coefficient 
presented here was based on 1.g-cm-diameter SS tubing coiled at a 

center-to-center pitch of 6.4 cm. The inlet and outlet nozzles of the cooling 
coil s shoul d exit the SBS above the water 1 evel. The same is true for any 

other nozzles penetrating the exterior wall of the SBS to limit the potential 
hazards associated with faulty welds. The surface area of a helix cooling 

coil, A, can be calculated using Equations (g) through (11). 

were: 

h = Np 

A = TId L o 

N = number of turns, dimensionless 
p = center-to-center pitch, m 
h = height of the coil, m 
d = diameter of helical cooling coil, m 
L = straight length of coil, m 

do = outside tube diameter, m 

The number of turns is determined by the allowable height of the coil. 

(9) 

(10) 

(11 ) 

There is no pOint in having any of the cooling coil above the water level. The 
length of the coil can then be determined using Equation (10), followed by the 
external surface area, Equation (11). It is important to remember that as more 
coils are added, the size of the tank will increase, resulting in a larger 
aqueous pool. The increase in water will be accompanied by an increase in 
decay heat if the off gas contains radioactive material, as is the case with 

melter-generated off gas. The cooling-coil sizing procedure then becomes an 
iterative process. As each coil is added, the radioactive material in the 
extra volume of water must be accounted for. The designer must verify that the 
current coil design can remove the heat generated by the waste. 
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Minimum Cooling Water Flow Rate at Maximum Heat Transfer Conditions. The 
minimum cooling water flow rate can be determined by using Equation 1. The 

temperature difference is just the maximum allowable outlet cooling water tem
perature minus the inlet cooling water temperature. The maximum heat transfer 
rate has already been calculated. The mass flow rate of the water is the only 
unknown parameter. The pump can then be sized using this water flow rate as a 

minimum upper limit. Pressure drops as a function of water flow rate through 
stainless steel tubing can be found in the Swagelok Tube Fitting and Installa
tion Manual (Callahan 1985). The pressure drops given are for straight lengths 
of pipe. The true length of the coiled tubes can be converted to equivalent 

straight lengths by using a conservative multiplier of 1.5. The resulting 
pressure drop information will assist the design engineer in selecting the 
appropriate pump. 
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6.0 CONCLUSIONS 

Three key areas must be considered when designing an SBS: 1) the charac

teristics of the inlet off gas, 2) the hydrodynamics of the off gas as it flows 

through the bed, and 3) the re-entrainment of scrubbing solution into the exit

ing off gas. In addition, certain design modifications can reduce maintenance 

requirements as well as simplify SBS operation. 

6.1 OFF GAS CONDITIONING 

The performance of the SBS will depend on the characteristics of the 

incoming off gas. Sometimes the characteristics can be adjusted prior to the 

off gas entering the SBS, which is more conducive to the effective capture of 

aerosols. The important adjustable parameters are listed below. 

• Aerosol collection improvements can be obtained by reducing the flow 

rate of noncondensible gases. This adjustment can be achieved in the 

HLW processing industry by limiting inleakage into the off-gas treat

ment system. This will lead to a longer off-gas residence time in 

the bed, and may reduce the required size of the bed. Also, the 

inlet particle concentration will be higher, which will enhance the 

aerosol capture performance due to Brownian coagulation. 

• A high steam-to-air ratio in the inlet gas will enhance the aerosol 

capture performance within the bed. Steam was found to improve the 

OF of insoluble aerosols from 8 at a steam-to-air ration of 0, to 12 

at a ratio of 0.5. Flux force/condensation is responsible for this 
effect. 

• Injecting a cold vapor into the inlet gas will force steam to con
dense on the aerosols, making them effectively larger and easier to 
capture. This process has led to improvements in the OF from 12 when 
steam is condensed within the bed to as high as 60 for insoluble 
aerosols. 
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6.2 HYDRODYNAMICS 

The hydrodynamics of the off gas as it flows through the bed are very 

important in determining aerosol removal performance. The bed of the SBS 

should be sized to produce as small a bubble as possible, while maintaining a 
uniform gas distribution. The smaller the off-gas bubbles within the bed, the 

shorter the transport distances to the collecting media and the longer the res

idence time. 

• Small bubbles of a particular size cannot necessarily be achieved 

simply by using a gas distribution plate made of tiny holes. A point 

will be reached where the size of the orifice will no longer influ-

ence the size of the bubbles. The size will be determined solely by 

the physical properties of the gas and liquid. 

• The packing in the bed helps to prevent the bubbles from agglomer

ating. However, small packing will not prevent channeling if the 
interstitial packing volume is not large enough for distinct bubbles 

to form. 

6.3 RE-ENTRAINMENT 

Another important aspect in determining the overall performance of the SBS 
is the re-entrainment of aerosols from the scrubbing solution. 

• Re-entrainment can be limited by lowering the superficial velocity of 
noncondensible gases and/or reducing the captured aerosol concentra
tion in the scrubbing solution. 

• The scrubbing solution concentration can be controlled by condensing 
more steam or injecting makeup water into the reservoir to maintain 
the desired purge rate through the overflow line. 

• Defoamer may be useful in limiting re-entrainment, even for concen
trated scrubbing solutions, by lowering the surface tension at the 

interface between the scrubbing solution and the void space above the 

pool. A defoamer has been used to decrease re-entrainment from 
140 particles/cc to 19 particles/cc. 
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6.4 DESIGN MODIFICATIONS 

Various design options can minimize the maintenance requirements of the 

SBS: 

• The inlet to the overflow line, or the stilling well, can be extended 

down into the reservoir of the SBS to withdraw the liquid containing 

the heavier material instead of removing the overflow solution from 
the surface of the pool. This modification will minimize the set
tling of solids in the bottom of the SBS. 

• Holes can be drilled in the side of the bed-retaining wall just above 
the distribution plate so that the liquid circulating through the bed 

does not compete for the same bed cross-sectional area as the incom
ing off gas. This modification will lead to more stable gas flow 
characteristics, particularly at low rates. 

• It may be possible to incorporate a film cooler in the inlet line to 
prevent the deposition of solids on the inside pipe wall, as well as 
to inject steam into the off gas. Steam or a cold vapor (if neces

sary) can be used in the film cooler to cause the steam to condense 
on the aerosols. This process will make the aerosols larger and 
easier to capture. 

The SBS is ideal for HLW processing applications for three reasons: 1) it 

effectively removes large aerosols, as well as a significant fraction of the 

aerosols in the hard-to-capture size range (0.1 to 1.0 ~m)~ 2) it can easily 
quench the hot· off gas, and 3) it is a passive system with no moving parts and 
high reliability. A properly sized SBS can achieve DFs of greater than 100 
even for aerosols in the 0.3 to 7.0 ~m size range if the characteristics of the 
off gas are suitable. Although the SBS has been used almost exclusively for 
HLW processing, it is versatile enough to be used in other, more traditional 
off-gas cleaning applications • 
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7.0 NOMENCLATURE 

External surface area, m2 

Inlet aerosol concentration, particles/cm3 

Outlet aeros~l concentration due to re-entrainment, 
particles/cm 

kJ 
Specific heat, kg.OC 

Diameter of helical cooling coil, m 
Inside pipe diameter, m 

Outside pipe diameter, m 
Decontamination factor, dimensionless 
Volumetric flow rate, m3/hr 
Height of the cooling coil, m 
Inside heat transfer coefficient, W/m 2.oC 
Outside heat transfer coefficient, W/m2.oC 
Thermal conductivity, W/m2.oC 

Length of tubing used to make cooling coil, m 
Mass flow rate of water, kg/h 
Mass flow rate of off gas, kg/h 

Number of turns used to make cooling coil, dimensionless 
Center-to-center pitch of cooling coil, m 
Heat transfer rate, W 

Temperature, °C 
Log mean temperature difference, °C 

Overall heat transfer coefficient, 2W 
m .oC 

Off-gas velocity, m/s 

Material thickness, m 
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APPENDIX 

DESIGN OF THE PACKING SUPPORT/GAS DISTRIBUTION PLATE 

Aerosols in the off gas, which bubble through the SBS, must diffuse from 

the bulk of the gas to the gas-liquid interface where they can be absorbed by 

the scrubbing liquor. The capture rate will therefore be a function of the 
distance aerosols must travel before coming in contact with the scrubbing solu

tion. If the off gas can be distributed as very small bubbles, the aerosol 

transport distances will be shorter, and the probability of an aerosol contact

ing the scrubbing solution will be greatly increased. 

A gas distributor capable of producing small bubbles can be incorporated 
into the design of the packing support plate. Sieve plates are generally used 

for this purpose. From a gas distribution point of view, the critical design 
parameters of a sieve plate include the spacing of the orifices and the diam

eter of the orifices (Klug and Vogelpohl 1986). Usually the hole spacing is 

about three times that of the hole diameter (Valentin 1967). Down to a certain 
size, the bubble diameter will decrease with a decrease in the orifice size. 

However, small orifices will be more susceptible to plugging with solids, and 

the minimum size should be at least three times larger than the largest par
ticle expected. 

A standard equaticn for flow through an orifice can be used to relate the 

overall pressure drop of the sieve plate to the hole diameter and the total gas 
flow rate (Crane Company 1976). 

Yd 2C 
F 0 
An = 5 • 15 ----=S=-g-

where F = gas flow rate at 1 atm and 15.6°, m3/hr 

A = cross-sectional area of the bed, m2 

n = area concentration of holes, m-2 

A.l 

(A.l ) 



n = Area concentration of holes, m-2 

Y = Net expansion factor for compressible flow through an orifice, 

dimensionless 
C = Flow coefficient for an orifice, dimensionless 

Sg = Specific gravity of a gas relative to air, dimensionless 
do = Orifice diameter, cm 

~P = Pressure drop across the orifice, in W.C. 
p = Density of the compressible fluid, kg/m3 

For typical SBS applications, equation A.l reduces to 

(A.2) 

Equation A.2 can then be used to determine the spacing of the holes in the 
sieve tray by specifying the desired pressure drop across the distribution 
plate and the size of the holes. Typically, a pressure drop of 2 to 4 inches 

of water column should be incurred across the distribution plate to ensure that 
the off gas below the plate will expand to the periphery of the plate. 

The size of the bubble produced by the orifice will be a function of the 

size of the hole, the flow rate through the hole, and the physical properties 

of the surrounding liquid (Miyahara et ale 1986; Benzing and Myers 1955; 

Eversole, Wagner and Stackhouse 1941; Pattle 1950; van Krevelen and Hoftijzer 
1950; Hayes, Hardy and Holland 1959; Sullivan, Hardy and Holland 1964; 

Satyanarayan, Kumar and Kuloor 1969; and Khurana and Kumar 1969). 

At very low flow rates, the resulting bubble diameter can be calculated 
from a Force balance relating the buoyancy of the bubble to the surface tension 
holding it to the orifice (Valentin 1967). The resulting equation ;s shown 

below: 

(A.3) 
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where db = bubble diameter, cm 

do = orifice diameter,cm 

cr = surface tension of the liquid, dyne/cm 

PL = liquid density, g/cm3 

Pg = gas density, g/cm3 

9 = gravitational constant, cm/sec 2 

For air and water systems at 20°C, Equation (A.3) reduces to 

(A.4) 

The approximate correctness of Equation (A.4) was verified by the data of 

Datta, Napier and Newitt (1950) for orifices ranging in diameter from 0.022 to 

0.519 cm. This range will include most applications of the SBS. 

Equations (A.3) and (A.4) are true for low gas velocities. As the flow 
rate increases, the bubble diameter at first remains reasonably constant while 

the frequency of bubble formation increases. At higher flow rates, the 

frequency of formation remains essentially constant while the bubble diameter 

increases. 

Equations (A.3) and (A.4) will hold up to an orifice Reynolds number of 

approximately 200. In this range, the bubble diameter remains constant and the 

frequency of formation"increases. Above an orifice Reynolds number of 200, the 

bubbles will slowly increase in size as the gas flow rate is increased. 

Once the orifice Reynolds number reaches approximately 1,000, bubbles will 
form at the orifice at a constant frequency, and the bubble diameter will vary 

depending on the flow rate of the gas. Large-diameter orifices will result in 
a frequency of 15 bubbles per second, while small orifices will have a bubble 
formation frequency of about 45 bubbles per second. At an orifice number of 
about 2,000, the bubbles begin to break up from turbulence. 

The discussion presented here has focused on bubble formation at a sub

merged orifice; influence of packing material, as would be present in the SBS, 
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has not been considered. Consequently, this information can only be used as an 

approximation of the bubble size. 

It was suggested previously that the bubble size should be minimized to 

reduce the transport distances from the bulk of the gas within the bubble-to
liquid interface. However, it may not be desirable to reduce the bubble size 
below a certain volume. It has been shown by Garner and Hammerton (1954) that 
the gas inside bubbles will circulate due to the viscous drag of the outer 

fluid. A current will develop, flowing up the central axis and down the sides 
of the bubble. 

Bubbles below 0.015 cm in diameter will rise in water as rigid spheres; 

therefore, it may not be desirable to form bubbles smaller than 0.015 cm 

because any gain in the collection efficiency of the aerosols as a result of 
shorter transport distances may not compensate for the loss of circulation 
within the bubble. If bubbles much smaller than 0.015 cm can be formed, the 
lack of circulation may no longer be significant in comparison to the much 
smaller transport distances and the fact that the residence time of the bubble 
will be much longer due to the lower terminal velocities for small bubbles 
(Garner and Hammerton 1954). 

A good hole diameter for the SBS is about 0.16 cm. The bubbles resulting 
from an orifice of this diameter should be somewhat larger than 0.4 cm. 

Bubbles in th~s range will exhibit gas circulation within the bubble and rise 
at a terminal velocity of approximately 25 cm/sec. 
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