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trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed herein do not necessar-
ily state or reflect those of the United States Government or any agency thereof.



Abstract

Phenomena that can decontaminate aerosol-laden gases sparging through steam suppression pools of boiling
water reactors during reactor accidents are described. Uncertainties in aerosol properties, aerosol behavior
within gas bubbles, and bubble behavior in plumes affect predictions of decontamination by steam
suppression pools. Uncertainties in the boundary and initial conditions that are dictated by the progression
of severe reactor accidents and that will affect predictions of decontamination by steam suppression pools
are discussed.

Ten parameters that characterize boundary and initial condition uncertainties, nine parameters that
characterize aerosol property and behavior uncertainties, and eleven parameters that characterize
uncertainties in the behavior of bubbles in steam suppression pools are identified. Ranges for the values of
these parameters and subjective probability distributions for parametric values within the ranges are defined.
These uncertain parameters are used in Monte Carlo uncertainty analyses to develop uncertainty distributions
for the decontamination that can be achieved by steam suppression pools and the size distribution of aerosols
that do emerge from such pools.

A simplified mode] of decontamination by steam suppression pools is developed by correlating features of
the uncertainty distributions for total decontamination factor, DF(total), mean size of emerging aerosol
particles, d,, and the standard deviation of the emerging aerosol size distribution, o, with pool depth, H.

Correlatlons of the median values of the uncertainty distributions are suggested as the best estimate of
decontamination by suppression pools. Correlations of the 10 percentile and 90 percentile values of the
uncertainty distributions characterize the uncertainty in the best estimates.
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I. Introduction

Formulation of a simplified model of aerosol removal by boiling water reactor steam suppression pools
is described in this report. Development of this simplified model is one part of a program to define the
attenuation of severe accident source terms by natural processes and by engineered safety features of
nuclear power plants. Previous efforts in this program have led to the development of simplified models
of source term attenuation by water pools overlying core debris interacting with concrete [1], aerosol
removal by containment sprays [2], and aerosol removal by natural aerosol processes [256].

The simplified models are intended for use in conjunction with the revised severe accident source term
proposed by the U.S. Nuclear Regulatory Commission [3]. The simplified models are not intended to
replace detailed, mechanistic analyses of specific accidents hypothesized to occur at particular plants.
Such detailed accident analyses of specific plants and accidents are best done with integrated accident
analysis computer codes such as CONTAIN [4] or MELCOR [5]. Rather, a simplified model is
intended to provide readily accessible indications of source term attenuation that can be achieved under
generic circumstances. The simplified models are constructed so that selected levels of conservatism
can be imposed on the predictions of source term attenuation.

In this document, attentions are directed toward the source term attenuation that can be produced by the
steam suppression pools in boiling water reactors. These steam suppression pools were incorporated
into the design of boiling water reactors to mitigate containment pressurization by steam in the event
of a design-basis accident such as a large break in the reactor coolant system (a large break LOCA) or
an anticipated reactor transient without scram (an ATWS accident). Steam vented from either the
reactor coolant system or from the reactor drywell is condensed when injected into a steam suppression
pool. It has long been recognized that venting steam and noncondensible gases through the suppression
pools would also remove radioactive aerosols from the gases even during severe accidents that
progressed beyond the design-basis conditions. Removal of radioactive aerosols by the steam
suppression pools can significantly reduce risks posed by accidents at boiling water reactors.

Overall, the steam suppression pools in the three major types of boiling water reactor containments have
qualitative similarities (see Figure 1). Pressure-relief lines from the reactor coolant system discharge
gases and vapors into the suppression pools through quenchers. The drywell atmospheres of the
containments vent to the suppression pools through large diameter downcomers or horizontal vents.
Details of these venting arrangements are, however, quite different among the major types of boiling
water reactor containments. These construction details can affect the efficiency of aerosol removal from
gases discharged to the suppression pools and are discussed further in Chapter II of this report.

Flows to the suppression pools during design-basis accidents or during the deliberate depressurization
of reactor coolant systems are intense, but of short duration. The flows to the suppression pools during
events anticipated in the designs of boiling water reactors consist primarily of steam. Relative to the
situation in severe reactor accidents, gases discharged to the suppression pools during design-basis
events contain little radioactive material. Suppression pools are designed so that the pool temperature
remains below saturation during design-basis events.

On the other hand, during severe reactor accidents when damage to the reactor fuel is taking place and
radioactive materials are being released from the fuel, flows to the suppression pool are not especially
vigorous. The gas discharged to the suppression pool can contain substantial amounts of noncondensible
gas such as hydrogen or other gases produced in the reactor drywell. Substantial quantities of aerosol
material; some of which is radioactive, will be present in gases discharged to the suppression pools.
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Introduction

Sufficient energy can be imparted to the suppression pools that temperatures rise to near the boiling
point. The gas discharge rate, gas composition, and the suppression pool temperature all affect the
attenuation of the source term that can be produced by the pool. Further descriptions of the features
of severe accidents that can affect the ability of suppression pools to remove radioactive aerosols from
gas streams are provided in Chapter III of this report.

Steam suppression pools function by dispersing gases as relatively small bubbles into a water pool.
Rapid heat and mass transfer from the bubbles to the liquid prevents overpressurization during
accidents. Aerosols within the bubbles are captured in the water pool by a variety of mechanisms
including inertial impaction, diffusion, gravitational settling, diffusiophoresis and thermophoresis.
Detailed descriptions of the behavior of bubbles and the trapping of aerosols are provided in Chapter
IV of this report.

The discussions of severe accident conditions in Chapter III and the physical phenomena affecting
aerosol removal by suppression pools in Chapter IV identify a number of uncertainties that affect
predictions of source term attenuation by suppression pools. These uncertainties include uncertainties
in the boundary and initial conditions for suppression pool performance arising from the range of severe
accidents thought possible in boiling water reactors as well as uncertainties in the predictions of accident
progression. There are also uncertainties in bubble behavior and in the behavior of aerosols. A
mechanistic model of aerosol removal by suppression pools is formulated in Chapter V of this report.
The model is used to quantitatively characterize the magnitude of uncertainties in predictions of aerosol
removal by suppression pools. This mechanistic model builds upon descriptions of aerosol removal by
suppression pools found in some available computer codes such as SPARC [6], SUPRA [7,8], and
BUSCA [9].

The analyses of uncertainties is done here in a manner similar to that employed in previous uncertainty
analyses associated with the development of other simplified models [1,2]. Each of the important
uncertainties identified in Chapters III and IV is characterized by a parameter that arises in the model
used to predict source term attenuation. A plausible range of values for each of the parameters is found
by examination of published analyses and experiments, bounding analyses based on physical limitations,
or, when no other basis is available, engineering judgement. Parameters that describe the various
uncertain aspects of the prediction of source term attenuation are selected so that the parameters are
usually mutually independent. When independence of the parameters is thought not to be plausible,
additional parameters are defined to describe the correlation among the parameters.

A subjective probability distribution is defined for values of each parameter within its plausible range.
The subjective probability distribution is defined according to a set of rules described in Chapter V.
The subjective probability distributions are used in a Monte Carlo uncertainty analysis of aerosol
removal predicted by a mechanistic model. Parametric values are randomly selected according to the
respective probability distribution of each parameter. A set of these parameter values is used to
calculate aerosol removal by a suppression pool. The process is repeated until there is a 99 percent
confidence that 95 percent of the range of values has been sampled. The accumulated predictions of
aerosol removal are then used to construct uncertainty distributions at prescribed levels of confidence
using nonparametric, order statistics (see Appendix A of Reference 1). Results of these uncertainty
analyses are described in Chapter VI.
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Introduction

As mentioned above, aerosol-laden gases may be injected into steam suppression pools by way of
quenchers or large diameter downcomers or horizontal vents. The method of gas injection-does affect
aerosol removal from the gas. Uncertainty analyses are reported here only for decontamination of gases
injected through quenchers.

Results of the uncertainty analyses are used to formulate simplified expressions for aerosol removal by
suppression pools. These simplified models are formulated by regression of results of the uncertainty
analyses against suppression pool depth as described in Chapter VII. Application of the simplified
models produced by this regression requires only minimal input. The user is required only to specify
pool depth. Such models requiring minimal input are sought to render them readily useable: . The
simplified models are, of course, not replacements for mechanistic models or computer codes [6,7,8,9].

Regression analyses are done for the median, 90 percentile and 10 percentile values within the
uncertainty distributions found for aerosol removal by suppression pools. For the purpeses of this
work, median values of the uncertainty distributions are considered "best estimates” of aerosol removal
by suppression pools. The 90 percentile and the 10 percentile values are considered-reasonable upper
and lower bounds, respectively. From another point of view, the 90 percentile values may be used as
conservative estimates of the radioactive material accumulated in a suppression pool. On the other
hand, the 10 percentile values may be used as conservative estimates of theamount of radioactive
material that escapes a suppression pool. The availability of simplified models for these various
quantiles of the uncertainty distributions makes it convenient to estimate the uncertamty in predictions
of aerosol removal by steam suppression pools.

NUREG/CR-6153 4



II. Steam Suppression Pools

An overview of steam suppression pools in Mark I, Mark II and Mark III boiling water reactor
containments is shown in Figure 1. Additional information on boiling water reactors is shown in
Table 1. The qualitative similarity of the pools in these three designs lies in the modes of injection of
aerosol-laden gases. Gases from an intact reactor coolant system are injected through the quenchers.
These quenchers consist of large diameter pipes with many small holes in them. On the other hand,
gases from the drywell are injected into the suppression pool through very large diameter vents. In the
cases of Mark I and Mark II containments, these vents are downcomers. In the case of Mark III con-
tainments, there are horizontal vents from the drywell to the suppression pool.

The authors have not attempted a comprehensive survey of the design features of suppression pools in
existing boiling water reactors. In fact, detailed information on these designs proves difficult to acquire
from the open literature. It does appear that there can be important differences in the suppression pool
designs even within a particular class of boiling water reactor containment types. Descriptions of the
suppression pools presented below should, then, be taken as representative and not necessarily definitive
for the containment types or even for particular reactors within a class of containments.

A. Mark I Suppression Pools

The suppression pool in a Mark I containment is a torus surrounding the distinctive "inyerted light bulb"
drywell as shown in Figure 2. The water volume in the torus is about 2.4 x 107 cm”. The radius of
the torus is about 1699 cm. The internal diameter of the torus is about 472 cm.

There are 12 discharge lines from safety relief valves on the reactor coolant system that go to “T’
quenchers in the suppression pool. A diagram of a ‘T’ quencher is shown in Figure 3. The 'T’
quencher has two arms constructed from 30-cm-diameter schedule 80 piping. The inside diameter of
such piping is 28.890 cm. The wall thickness is 1.748 cm. The flow area is 655.52 cm2. At the end
of each arm of the 'T' quenchers are 794 holes. The holes are typically 0.933 to 1.27 cm in diameter.
Arms of the ‘T’ quenchers are typically submerged to a depth of 198 cm.

The venting arrangement from the Mark I drywell to the suppression pool is complicated and not well
described in the readily accessible literature. There are eight vents symmetrically arrayed around the
drywell. Some indication of the design variability of suppression pools in Mark I reactor containments
is provided by the diagrams in Figure 4 of three classes of vents into the suppression pools. Typically,
these vents are 206 cm in diameter.

Each vent from the drywell is supported in the suppression pool by two girders. The vents connect to
a header about 145 cm in diameter within the pool. There are 96 downcomers from this header.
Typically, the downcomers are 59.7 to 61 cm in diameter and are submerged to a depth of about
122 cm.

B. Mark II Suppression Pools

The suppression pool in a Mark II containment is a large body of water (2.3 to 4.4 x 109 cm3) below
the reactor vessel (see Figure 1). Vent lines from the reactor coolant system discharge to ‘T’
quenchers in this pool. The ‘T’ quenchers are rather similar to those used in Mark I suppression
pools. They are, however, typically submerged to a depth of about 540 cm [11]. Each arm has only
about 748 holes.
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Figure 2. Torus suppression pool of a Mark I containment
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Vertical downcomer pipes connect the Mark II drywell to the suppression pool. There are variations
in the designs of these pipes. Some characteristics of the pipes are listed in Table 2. Kuhlman et al.
[11] indicate that there may be as many as 136 of these downcomers. The variability in the details of
the design can also be seen in the diagrams of the diaphragm floors of various Mark II containments
shown in Figure 5.

C. Mark III Suppression Pools

The Mark III suppression pool is an annulus surrounding the base of the drywell (see Figure 1). There
are eight quenchers fed by lines from 20 relief valves on the reactor coolant system as shown in
Figure 6 [12]. The design outlet temperature and pressure for the relief valves are 533 K and
42.5 atmospheres.

The quenchers used in the Mark III suppression pools are called X-quenchers and are shown in
Figure 7. Each arm of the X-quencher is 30-cm-diameter schedule 80 piping 148.6 cm long. Eacharm
has 374 holes 0.993 cm in diameter. The X-quenchers are submerged to depths of 427 to 579 cm.

The most unusual feature of the Mark III suppression pool is the venting from the drywell to the
wetwell. There are 102 to 135 horizontal vents about 72 cm in diameter [13]. A diagram of the
horizontal vents is shown in Figure 8. Vent submergence varies. The centerline of the uppermost vent
is 213 cm below the low water level marked in Figure 8. The next layer of vents have centerlines
340 cm below the low water level. The bottom layer of vents have center lines at a depth of 465 cm.

A typical Mark III suppression pool volume is about 3.6 x 10% cm?.

Table 2. Characteristics of downcomers in some Mark II containments [11]

Downcomers
Diameter

Plant Ex-pedestal In-pedestal (cm)
Limerick 87 0 61.0
LaSalle 98 0 59.7
Susquehanna 82 0 61.0
WNP-2 84 18 61*
Nine Mile 115 8 59.0
Point Unit 2
Shoreham 78 4 59.0

*In-pedestal downcomers are 46 cm in diameter.
11 NUREG/CR-6153
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Figure 5. Diagrams of the diaphragm floors of various Mark II containmients ‘[12]
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Figure 6. Positioning of quenchers in the Mark III suppression pool [13]
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D. Conclusions

The details of suppression pool construction vary among classes of plants and even within each
particular class of plant. But, similarities in the pool designs are noteworthy in connection with
prediction of source term attenuation by steam suppression pools. Injection of aerosol-laden gases by
way of quenchers are similar for all three major boiling water reactor containment types. That is, the
injection is through small diameter holes clustered at the ends of quencher arms. Similarly, injection
from the drywell is by large diameter vents. In the case of the Mark I and Mark II designs, the vents
are downcomers. In the case of the Mark III containment, the vents are horizontal.

It appears that a single, simplified model of aerosol removal by steam suppression pools can be defined
for gas injection through all types of quenchers. Only the depth of submergence is a significant
difference among the various containment types.

A separate, simplified model has to be constructed to predict aerosol removal from gases injected into
the suppression pool through large diameter vents. Injection through vents in Mark I and Mark II
containment types can be treated with the same model. A different model may be needed for treating
aerosol removal from gases injected through horizontal vents in the Mark 11T contamment design. A
difficulty in modeling the Mark III vent design will be prediction of the number of active vents and the
initial sizes of bubbles emerging from these vents.

NUREG/CR-6153 16




III. Accident Analyses

A. Overview

Steam suppression pools were designed to mitigate overpressurization threats posed to the integrity of
boiling water reactor containments by design-basis accidents. The models discussed in this document
are intended to predict the source term mitigation that suppression pools can achieve during severe
reactor accidents that involve core degradation and fission product release well beyond what would be
expected in design-basis accidents. The initial conditions and boundary conditions for suppression pool
performance during severe reactor accidents are rather different than conditions considered in predicting
suppression pool performance during design-basis accidents. The most intense challenges to suppression
pools during design-basis accidents occur shortly after initiation of the accident and cease once other
engineered safety systems return the nuclear plant to a safe condition. Severe accidents, on the other
hand, can last for tens of hours if there is no intervention from outside the plant. During this protracted
accident period, the boundary conditions on the suppression pool can change substantially. Prediction
of the boundary conditions dictated by the accident progression is still far from an exact science.
Uncertainties in the boundary conditions must create uncertainties in the predictions of suppression pool
performance. It is necessary, then, to develop some sense of the range of initial and boundary
conditions for suppression pool performance during severe accidents.

Among the varying factors affecting suppression pool performance during severe accidents is the nature
of aerosols that must be scrubbed from gases sparging through the suppression pool. The severe
accident source term for boiling water reactors proposed by the U.S. Nuclear Regulatory Commission
[3] is shown in Table 3. The releases are listed in this table as fractions of the core inventory.
Inventories for a particular plant are listed in Table 4. Note that the proposed releases include large
amounts of nonradioactive materials. With the exception of the noble gases and a small fraction of the
iodine, the released materials will be in the form of aerosols when they reach the suppression pool.
Particle sizes for aerosols are not specified.

The first significant release of radioactivity occurs when the zircaloy cladding on the fuel ruptures.
Volatile species accumulated in the gap between the fuel and the clad are then vented into the reactor
vessel. The gap release takes place shortly after coolant has been boiled out of a substantial fraction
of the core. The gap release is spread over time because fuel rods in the various regions of the core
and even fuel rods within a particular subassembly do mot heat at uniform rates. Temperatures
necessary to cause the clad to rupture are reached at various times throughout the reactor core.

Gap inventories of volatile materials promptly released when the cladding on the fuel is ruptured are
small. Precise values of the gap inventories have been controversial since the time of the Reactor Safety
Study [29]. Values picked for NUREG-1465 and the proposed, revised Severe Accident Source Term
appear to be conservatively large values. Release of these vapors will, typically, be into steam flowing
at relatively high flow rates. Consequently, vapor concentrations will be small. If particles nucleate
from the gas phase as the gas temperatures fall, these particles would be expected to remain quite small
(<0.5 um) because particle coagulation rates will be slow at the low particle concentrations. Vapors
might, instead, condense on relatively coarse (~50 pm) fragments of fuel that escape into the flow
when the clad ruptures [241]. Such coarse particles might not be carried as far as the suppression pool.
If such large particles do reach the pool, they will be quantitatively trapped in the pool.

17 NUREG/CR-6153
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Table 3. Proposed severe accident source term for boiling water reactors [3]

Late
Gap In-vessel Ex-vessel In-vessel
release release release release
Duration (hours) 1.0 1.5 3.0 10.0
Release
(fraction of
core inventory)
Noble Gases 0.05 0.95 0 0
Iodine 0.05 0.22 0.37 0.07
Cesium 0.05 0.15 0.45 0.03
Tellurium 0 0.11 0.38 0.01
Strontium 0 0.03 0.24 0
Barium 0 0.03 0.21 0
Ruthenium 0 0.007 0.004 0
Cerium 0 0.009 0.01 0
Lanthanum 0 0.002 0.01 0
Nonradioactive 780 5600
materials (kg)
NUREG/CR-6153 18
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Table 4. Core inventories for a 3578 MWﬂl BWR-6

Accident

Inventory** Representative

Radionuclide (g-atoms) Element
Americium 30.54 lLa
Antimony 11.13 I
Barium 883.8 Ba
Berium 1711 Ce
Cesium 1741 Cs
Cobalt 142.1 Ru
Curium 8.62 Ce
Iodine 148.6 I
Lantharium 760.2 La
Molybdenum 2810 Ru
Niobium 38.99 Ru
Praeseodymium 671.1 La
Plutonium 3735 Ce
Phodium 339.5 Ru
Rubidium 372.1 Cs
Ruthenium 1768 Ru
Strontium 954.8 Sr
Technetium 710.6 Ru
Tellurium 289.7 Te
Yttrium 491.5 La
Zirconium 3341 Ce

Representative element to use in estimating the release fraction according to the prescription

shown in Table 3.

**Should scale with reactor power.

19
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At the time fuel cladding ruptures, temperatures even in the hotter portions of the core will not be
especially high. In the case of a depressurized reactor coolant system, clad rupture may occur at
temperatures in the vicinity of 1000 K [247]. If the reactor coolant system is pressurized -at this early
stage of the accident, clad rupture may occur at temperatures near the clad melting point, ~2125 K.
Even if temperatures are this high in local regions, most of the reactor core is still relativély 'cool. At
low temperatures, steam reactions with the cladding to forih hydrogen will be limited by chemical
kinetics [10]. Much of the gas that carries aerosol and vapors through the reactor coolant system will
be steam.

Temperatures in the reactor core rise slowly early in the accident. Typical rates of temperature inérease
are less than 1 K/s. Steam production during this period is not expected to be large. Radiation [ Heat
transfer to residual coolant is limited by poor view factors from the hotter fuel rods to lower regions
of the reactor vessel where cooling water remains.

Eventually, temperatures are reached by the fuel rods that are so high that the steam reaction with the
clad becomes quite rapid. Heat transfer from the fuel rods to the fuel assembly channel: boxes, which
are made of a zirconium alloy, raises surface temperatures sufficiently that the channel boxes, too, react
with steam to form hydrogen. It eventually becomes impossible to supply steam fast enough to irieet
the reactivity of the clad. Chemical heat produced by the reaction of steam with the cl%d,’ greatly
augments the heating of the fuel by radioactive decay. Fuel temperatures increase at rates of up to
20 K/s. Gas that emerges from the core is essentially hydrogen. This hydrogen is, however, diluted
and cooled by steam that bypasses the core region. Nevertheless, the gas that carries aerosols through
the reactor coolant system and into the suppression pool during this period contains much less steam
than did the gas during the earlier, gap release stage of the accident.

As temperatures in the fuel rise, there is a corresponding increase in the rate of vaporization of both
radionuclides and nonradioactive materials. Nonradioactive materials that can make significant
contributions to the aerosol mass include tin from the zircaloy cladding and even UO, itself. Because
the more rapid vaporization of more materials creates higher total aerosol concentrations, the rate of
aerosol coagulation greatly increases. Thus, aerosol particles can grow to sizes greater than 1 pm.

Eventually, cladding on the fuel melts and drains down the fuel rods. Still later, fuel itself can melt
or the fuel can collapse within the core into a rubble bed. Melting of cladding and melting or collapse
of fuel can increase the rate of steam flow into the core. Relocation of molten cladding, channel boxes
and the like bring hot material closer to residual water in the reactor coolant system.

Auvailable accident-analysis models differ in their predictions of the extent to which steam production
increases. Models in the Source Term Code Package [14] are based on the hypothesis that molten clad
drains into lower, cooler portions of the core where it temporarily forms an impermeable crust. Fuel
collapses onto this crust, heats and eventually melts. Once molten material penetrates the crust, it
cascades into the lower plenum of the reactor vessel. The sudden interaction of large amounts of high
temperature melt with water in the lower plenum produces large amounts of steam that will purge
aerosols from the reactor coolant system into the steam suppression pool. Somewhat similar models
are employed in the MELCOR code for severe reactor accident analysis [15].

*Boiling water reactors are equipped with automatic depressurization systems. Risk dominant accidents in boiling water
reactors tend, however, to be those in which this automatic system fails to function.

NUREG/CR-6153 20
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Models in the BWRSAR code [16] are based on a differént hypothesis concerning the behavior of
molten material during core degradation (see Figure 9). It is hypothesized that molten material drains
completely out of the core region. No crust is formed. Instead, molten material falls into residual
water low in the reactor vessel. The continuous draining of small amounts of melt into the water,
where it quenches, augments steam production. Decay heat eventually boils the water away, and the
debris can heat to melting and cause rupture of the vessel head.

Available models differ in their predictions of the extent to which steam will be reduced to hydrogen.
The MAAP code [18] indicates that blockages formed by freezing of molten material in lower, cooler
regions of fuel subassemblies prevent steam from reaching and reacting with core debris. The bulk of
the steam flow is diverted around the hottest region of the core. The gas that carries aerosol out of the
core region to the suppression pool is then expected to be rich in steam. Other models assume local
blockages do not completely prevent steam flow through fuel subassemblies so there are opportunities
for vigorous reaction of the steam to form hydrogen. The condensible fraction of gases transporting
aerosols from the reactor coolant system to the suppression pool is, then, -smaller.

Eventually, core debris is expected to rupture the reactor pressure vessel, fall into the drywell and attack
concrete. Accident progression models differ on the details of these events. Predictions of the models
can be grouped into two classes. Most models predict that a molten pool forms in the lower plenum
of the reactor and penetrates the vessel head. A substantial fraction (~50 percent) of the core material
is suddenly released into the drywell. The remainder of the core slowly melts and drains into the
drywell.

The BWRSAR code [16] predicts a different sequence of events. Core debris that falls from the core
region is assumed to quench and form a debris bed in the lower plenum. As the debris bed drys and
reheats, constituents of the debris bed melt according to their respective melting points. Melting points
of metallic constituents are lowest so the metals form a molten pool that penetrates the vessel. Thus,
the first core debris expelled into the drywell is a largely metallic melt. As shown in Figure 10, molten
oxide materials drain into the drywell slowly over an extended period of time.

Interaction of core debris with concrete produces aerosols [19] and noncondensible gases such as
hydrogen, carbon monoxide, and carbon dioxide [20]. Unless some modifications have been made to
the plants to ensure water is in contact with the core debris in the drywell, there is little steam present
in the gases generated during core debris interactions with concrete. If metallic zirconium is present
in the core debris, water vapor evaporated from concrete exposed to core debris will be nearly
completely reduced to hydrogen. (Equilibrium hydrogen-to-steam partial pressure ratios will be on the
order of 10°.) Once zirconium and chromium in the core debris have been oxidized, the hydrogen-to-
steam partial pressure ratio in gases evolved during the attack on concrete will be determined by the
reaction with iron:

Fe(l) + HyO = FeO(l) + Hp

and for most conditions the hydrogen-to-steam partial pressure ratio will be about 2.

21 NUREG/CR-6153
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Aerosols and gases produced during core debris interactions with concrete in the reactor drywell will
vent through downcomers into the suppression pool.

During the late stages of a reactor accident, volatile radionuclides previously deposited in the reactor
coolant system may vaporize. The revaporization of these materials is driven by their continued decay
heating. Some fraction of the revaporized materials will be transported out of the reactor coolant
system into the drywell and then into the suppression pool. The revaporization release of deposited
radionuclides can be a long term process. Analyses with the MAAP code of revaporization during
hypothetical accidents at the Peach Bottom Mark I boiling water reactor indicate revaporization can
persist for 50 hours after core meltdown started [21].

Quantitative details of the accident progression depend, of course, on the particular acmdent scenario.
The NUREG-1150 study [22] identified the frequency-dominant accident scenarios caused by internal
initiators for representative Mark I and Mark III boiling water reactors:

e MarkI:
1. loss of offsite power (rhéan frequency = 2.2 x 10'6/yr)

2. anticipated transients without scram (mean frequency = 1.9 x 10’6/yr)
3. medium size breaks in the reactor coolant system (break areas of 3.7 to 93 cmz)
(mean frequency = 2.6 x 10‘7/yr)

e Mark III:
1. loss of offsite power (mean frequency = 3.9 x 10'6/yr)
2. anticipated transients without scram (mean frequency = 1.1 x 10'7/yr)

Payne [239] has described severe accident frequencies for the La Salle Mark II reactor. Over 70 per-
cent of the risk from accidents caused by internal initiators is due to loss of off-site and on-site power.

For the loss-of-offsite-power accidents and the anticipated-transient-withouit-scram (ATWS) accidents,
the reactor coolant system is intact throughout core degradation. Radionuclides releaséd during core
degradation vent to the suppression pool through the quenchers. Only after core debris has penetrated
the reactor vessel do aerosol-laden gases pass into the suppression pool by way of the downcomers in
the drywell.

Loss-of-coolant accidents are not exceptionally important contributors to the core meltdown accident
frequency of boiling water reactors if only internal initiators are considered. Loss-of-coolant accidents
are expected to make bigger contributions to the core meltdown frequency when external events such
as earthquakes and fires are considered as initiators. In loss-of-coolant events, aerosol laden gases can
vent from the reactor coolant system to the drywell and then from the drywell to the suppression pool
by way of the drywell downcomers.

NUREG/CR-6153 24
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For the purposes of this development of a simplified model, scrubbing of aerosol-laden gases produced
during the early stages of an accident is considered to occur only by injection into the suppression pool
through the quenchers. That is, injection of aerosol-laden gases into the suppression pool through the
drywell downcomers is considered to occur only after the core debris has penetrated the reactor vessel.
Injection via the downcomers early in an accident, such as might occur during a loss of coolant
accident, is neglected.

B. Accidents in Mark I Reactors

Detailed accident analyses were done for the NUREG-1150 study using the Source Term Code Package
[14]. Results of these analyses provide some indication of the range of gas flows and gas compositions
that will be discharged to the quenchers. Molar flows through the reactor coolant system for a TC3
sequence [23] are shown in Figure 11. The TC3 sequence is an anticipated transient without scram
(ATWS) accident sequence. The reactor coolant system is assumed to remain pressurized, during core
degradation. The wetwell is assumed to be vented.

It is apparent from results shown in Figure 11 that gap release will take place under conditions of high
flow. Molar flow rates during the period immediately following core uncovery vary from about 2500
to 400 moles per second. During this period, hydrogen makes up only about 2 to 3 percent of the gas
flow through the core region. Early in-vessel releases will take place at flow rates of only 400 to
180 moles per second. Hydrogen will make up 10 to 95 percent of the gas flow. Core slumping and
collapse prompt a huge increase in flow to about 2000 to 2500 moles/s. During this period of rapid
flow, hydrogen will make up only 1 to 3 percent of the gas. The rapid flow associated with core
slumping and core collapse will drive any aerosols suspended in the reactor coolant system into the
suppression pool.

Had the BWRSAR code been used for these calculations instead of the Source Term Code Package,
flows during core melting would have been somewhat higher—perhaps as high as 500 moles/s. The
huge increase in flow at 86 minutes would not have occurred.

Flows to the suppression pool during the ex-vessel stages of the TC3 sequence are shown in Figure 12.
Note that these calculations were done assuming that the concrete was fabricated with limestone
aggregate. Limestone concrete produces more gas when it ablates than does siliceous aggregate
concrete [24]. On the other hand, it takes more energy to ablate limestone concrete than it does to
ablate siliceous concrete. Consequently, had siliceous rather than limestone concrete been assumed,
molar flow rates would have been one-half to two-thirds those shown in Figure 12.

Early in the course of the core debris interactions with limestone or siliceous concrete essentially none
of the gas is condensible. For the purposes of the analyses presented here, essentially all of the steam
has been reduced to hydrogen. Other gases in the flow are noncondensible carbon monoxide and carbon
dioxide. After 3 to 6 hours of core debris/concrete interactions [25] when iron is the strongest reducing
agent in the core debris, about 12 percent of the gas evolved during interactions with limestone concrete
is water vapor. During interactions with siliceous concrete, about 32 percent of the gas can be water
vapor late in the interaction.

The Source Term Code Package uses an assumption that primary particles formed from vapors
evolved from the core are 0.05 pm in diameter. It is also assumed the particle material has a

25 NUREG/CR-6153
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density of 3 g/em®. The code does a mechanistic calculation of aerosol growth by vapor condensation and
coagulation of particles. Example predictions of aerosol particle size distribution for material venting
through the safety relief valves are shown in Figure 13. The mean size of the aerosol particles is predicted
to be about 3 pm. There must, however, be a great deal of uncertainty in this prediction. Despite the many
tests of radionuclide release from degrading reactor fuel, there appears to be no suitable data base for
comparison to the code predictions. Perhaps, the PHEBUS-FP tests now being planned [257] will provide
the needed information on aerosol. particle. sizes being yvented to the suppressmn pool from.the.reactor
coolant system. !

The mean sizes and densities of the aerosol particles predicted by the Source Term Code Package to be
produced during core debris interactions with concrete are shown in Figure 14. These sizes are predicted
based on fitting to experimental data and assuming that particles grow until the number concentration falls
to about 10° particles-per cm®[19]. The relatively large particle sizes predicted to be present during the early
stages of vigorous attack on concrete are consistent with experimental data. The fall in aerosol mean sizé
when aerosol generation rate falls is the product of the assumption concerning the particle growth and must
be considered quite uncertain.

The proposed revision to the severe accident source term [3] indicates that the majority of the relgase df
radionuclides during.core debris/concrete, interactions takes place during the first two hours of i 1nteract10n
During this period the aerosol particle sizes are relatively coarse. Mean sizes of the particles are on the ordet
of 1.2 pum. Aerosol material densities calculated with the Source Term Code Package during this sfage of
an accident in a Mark I boiling water reactor vary from 4.33 to 3.15 g/em?® [23].

The production of aerosol during longer term phases of core debris interactions with concrete does
not contribute significantly to the radioactivity releases. These aerosols produced between 2 and 10‘ hours
after the onset of core debris/concrete interactions are composed primarily of constituents of concrete——SiOy,
Na,0, and K, O. Particle sizes are predicted to be quite small. Mean sizes are on the order of 0.25 pum:.
These aerosol particles will mix with radioactive aerosols preduced by the revaporization of radionuclides
from the reactor coolant system. Material densities of aerosol produced by core debris/concrete interactions
have been calculated with the Source Term Code Package [23] to be in the range of 3.15 to 2.65 g/cm®.

Aerosols produced during core debris/concrete interactions are assumed here to have log-normal size
distributions with a geometric standard deviation of 2. 3. The geometnc standard deviation of aerosols
produced in experiments varies from 1.6 to 3.8 [26]. -

Molar flows through the reactor coolarit systern during a statiofi blacKout accideiit (t‘he TB2$&Guences) ata
Mark I boiling water reactor as calculated with the Source Term Code Package are shown 11%F1gure 15.
Though the onset of core degradation is offset in. t1me molar ﬂows fgllov}ymg,core unceyery exhibit qualita-
tive similarities to molar flows calculated f6r the TC3 ATWS sequence. Molar flow rates to the suppression
pool during the ex-vessel stages of the station blackout accident are shown in Figure 16. These flows exhibit
qualitative similarities to those calculated for the ATWS sequence. Aerosol particle size and aerosol
material density during the melt/concrete interactions in a station blackout accident are shown in Figure 17.
Again, the similarities of these results to those calculated for the ATWS swquence are quite noticeable.
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Figure 13. Size distribution of aerosols in the reactor coolant system predicted with the
Source Term Code Package
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Figure 16. Molar flows of gas to the suppression pool during core debris/concrete interactions in
a TB2 accident sequence
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C. Accidents in Mark II Reactors

There have been very few severe reactor accident analyses*publistied for Mark II containment boiling
water reactors. Dingman et al. [236] have used the MELCOR code to calculate the progression of a
station blackout accident at the La Salle Mark II reactor.- The progression of the accident is rather
similar to the progression ,of station-blackout-accidents- at-other types of boiling water-reactors. Gap
release is predicted to occur over a 46 minute period beginning 73 minutes after accident initiation and
37 minutes after core uncovery. Vessel penetration by core debris occurs 281 minutes after accident
initiation. During core degradation, hydrogen is produced at the rate of 94 moles per second.

The most remarkable results obtained by Dingman et al. in their analyses of the station blackout
accident concerned the gas-generation once core debris had been expelled from the reactor vessel. Their
analyses indicate that degassing of'concrete produces far more gas than do the direct interactions of core
debris with structural concrete. Degassing of concrete is predicted to produce 29 moles/s of steam and
between 7 and 25 moles/s of carbon dioxide. Hydrogen production during this perigd whefi*core debris
is interacting with concrete is reported to average about 1.4 moles/s. Carbon monoxide genération rates
are not reported.

t
Steam production by concrete degassing is significant for the prediction of sourcé term- attenuation.
This steam could be condensed in sufficiently sub-cooled steam suppression pools. €ondensation of the
steam could sweep aerosols from gas bubbles rising through the pool. . :

Shaffer et al. [235] have reported results of ‘calculations with the MELCOR model for variéus types of
station blackout accidents at the La Salle plant. For the "high pressure, short term, station blackout”
scenario, hydrogen was calculated to be generated at the rate of about 60 moles/s during t1£1e period of
gap release and the period of in-vessel release. Steam flow through the safety/relief valves fell from
about 2400 moles/s prior to gap release to about 200 moles/s during the period of extensive core
degradation. Sudden eruptions of steam were calculated to occur whenever core debris*fell into the
residual water in the reactor vessel. '

Hydrogen generation rates calculated to occur during a "low pressure, short term, station blackout"
scenario were about 21 moles/s during gap and in-vessel release: The hydrogen generation, rate during
a "long term, station blackout" scenario was about 20 moles/s. Steam flow through the relief valves
during the core degradation process was small except for episodic eruptions of steam when core debris
relocated.

Shaffer et al. also considered degassing of concrete as well as the interaction of core debris with
concrete as sources of gas production during the ex-vessel phases of a severe reactor accident. Total

gas production rates and gas compositions during the early stages of ex-vessel core debris interactions
for various station blackout scenarios are compared below:
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Total .
Gas Molar Gas Composition (%)
Production
Scenario (moles/s) Hy Hy0 CoO CO,

Short term high pressure
station blackout 200 26 24 30 20
Short term low pressure
station blackout 159 19 20 45 16
Long term station blackout 134 14 31 38 17

Similar comparisons for longer term phases of the ex-vessel core debris interactions which will affect
the attenuation of the late in-vessel release are:

Total
Gas Molar Gas Composition (%)
Production
Scenario (moles/s) Hy Hy0 CO CO,

Short term high pressure
station blackout 49 4.4 44 13 39
Short term low pressure
station blackout 55 5.6 42 17 35
Long term station blackout 63 4.0 61 6.1 29

D. Accidents in Mark III Reactors

Molar flows to the suppression pool calculated with the Source Term Code Package [27] for a station
blackout accident and an ATWS accident sequence in a Mark III reactor are shown in Figure 18. These
flows are quite like those calculated for similar accidents in a Mark I reactor. Gas production and
aerosol production during core debris interactions with concrete are also quite similar to results
calculated for corresponding accidents in Mark I reactors.

Dingman et al. [236] have used the MELCOR code to predict the progression of a station blackout
accident at the Grand Gulf Mark III boiling water reactor. Hydrogen production rates during the gap
release phase of the accident and during much of the in-vessel release phase are predicted to be about
117 moles/s. This hydrogen production rate decreases to about 22 moles/s during the period fuel is
relocating within the reactor vessel. Hydrogen production rates once fuel has been expelled from the
reactor vessel and core debris/concrete interactions begin are about 14 moles/s.

Dingman et al. consider concrete degassing during the ex-vessel phase of the accident. They find steam
release rates due to degassing to be about 20 moles/s. Their calculations indicate that the atmosphere

of the drywell is 80 to 95 percent steam during most of the ex-vessel phase of the accident. The
remainder of the gas is largely hydrogen. Carbon dioxide and carbon monoxide are found to make
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negligible contributions to the drywell atmosphere composition throughout most of the ex-vessel phase
of the accident. Only for a period of about 90 minutes, when gas production from core debris/concrete
interactions is very high and presumably radionuclide releases are also high, carbon monoxide makes
up 9 to 12 percent of the drywell gas.  During this period, hydrogen is about 3 percent of the drywell
gas.

Calculations by Dingman et al. [236] show wildly varying flows through the suppression pool during
the ex-vessel phase of the station blackout accident. Flows vary from about 160 moles/s to about
1055 moles/s. The time averaged flow rate to the steam suppression pool is about 470 moles/s. Much
of this flow must come from steam formed from water that floods into the reactor cavity from the Mark
IIT suppression pool.

Greene et al. [234] have used the MELCOR, BWRSAR, and BWR-LTAS codes to analyze station
blackout accidents in the Grand Gulf Mark III boiling water reactor. They too find that the drywell
atmosphere becomes rich in steam in the later phases of core debris/concrete interactions. The molar
composition of the drywell atmosphere during the period of late, in-vessel release is found to vary
between about 50 and 95 percent steam depending on the details of the accident scenario.

The QUEST study examined uncertainties in the aerosol produced by core debris interactions with
concrete during a station blackout accident at a Mark III boiling water reactor [25]. Mean aerosol
particle sizes during the periods of intense aerosol productions were found to vary between 0.9 and
1.1 pm. Aerosol material densities were calculated to vary from 2.9t03.5 g/cm3 during this period.
During later stages of the accident, mean aerosol particle diameters were calculated to be in the range
of 0.4 to 0.6 pm. The aerosol material density was calculated to be 2.9 to 3.1 g/lcm”.

E. Conclusions

From the several accident analyses described above, it can be concluded that:

e gap release will involve production of rather fine aerosols. Steam production rates during this phase
of the accident will vary from 2500 to 400 moles/s. Hydrogen generation rates will vary from about

120 to 20 moles per second.

e early in-vessel release will produce coarser aerosol particles in gas containing 10 to 90 percent
hydrogen flowing at rates of 50 to 500 moles/s.

e the last portion of the early in-vessel release may be purged from the reactor coolant system by
flows of 2000 to 6000 moles per second of steam containing 2 to 3 percent hydrogen.

e molar flows to the suppression pool during core debris/concrete interactions are 100 to 300 moles/s
with occasional excursions to over 800 moles/s. Aerosols have uncertain sizes of 1.5 to 0.25 pm.

*The eruption of carbon monoxide release predicted in these calculations stems from the treatment of carbon dioxide
reactions with molten, metallic zirconium in the core debris. This reaction is predicted to produce elemental carbon until
the zirconium is completely oxidized. Then, carbon dioxide and steam from the concrete are predicted to react with the
elemental carbon to form carbon monoxide. This type of behavior has not been observed in experiments done to date.
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* Little of the gas produced during the early,stages of core debris/concrete. interagtion in a Mark ]
boiling water reactor will be condensible. At later times dusing the so-called "late in-vessel release”
stage of the accident, 10 to 35 percent of the gas being discharged to the steam -suppression poeol
will be water vapor.

* Degassing of concrete during the ex-vessel stages of a severe reactor accident in Mark IT and Mark
I reactors can introduce substantial amounts of water vapor into the gases being discharged to the
suppression pools.

There have not been detailed analyses of aerosol particle sizes for the late in-vessel release of
radionuclides by revaporization. Some analyses for revaporization from the pressurized ,water reactor
Sizewell B suggest these particles can be quite small (~0.1 pm) [28]. The aerosols produced by
revaporization will be carried into the suppression pool by gases generated. during core .debris
interactions with concrete.
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IV. Physical Phenomena

The physical phenomena that affect aerosol removal from gases that sparge through steam suppression
pools are described in this chapter. The important phenomena can be broadly categorized as those
phenomena affecting bubble and gas behavior and those phenomena affecting aerosol behavior. In the
discussions of these two categories of phenomena presented below, emphasis is placed on the
identification of areas of uncertainty that will affect the accurate prediction of aerosol removal by steam
suppression pools. These phenomenological uncertainties, together with uncertainties concerning severe
reactor accidents, are summarized in Chapter V and used in an uncertainty analysis of scrubbing by
steam suppression pools described in Chapter VI.

A. Bubble Formation

Gases are injected into steam suppression pools via both quenchers and downcomers. In both cases,
the details of the bubble size, shape, rise velocity, and the like significantly affect the extent of aerosol
removal. There have been two studies of the behavior of bubbles released from models of quenchers
in simulated steam suppression pools [30,69]. Both studies showed the same qualitative behavior. A
schematic depiction of the observed behavior is shown in Figure 19. Large bubbles form at an orifice,
detach and begin to rise. These bubbles collapse and shatter into smaller bubbles because of steam
condensation in a subcooled pool or because of simple physical instability. A swarm of small bubbles
then rises through the pool as a plume. That is, the rising bubbles entrain water in the upward flow.

The various regimes in the bubble plume have been named. The region near the orifice and to a height
of about 10 bubble diameters is called the "injection zone." The injection zone is the region of rapid
heat transfer from the bubbles to the liquid. Completion of bubble collapse marks the end of the
injection zone and the beginning of the "zone of established flow." The zone of established flow
extends to within less than a meter of the surface. The "zone of surface influence" is the region of the
plume where the vertical component of water velocity is converted entirely into radial flow.

In the discussions below, models of the injection zone and the zome of established flow will be
presented. A detailed description of hydraulics in the zone of surface influence is not included here.
Amos [70] has discussed the complexity of this regime and its relative unimportance in the prediction
of aerosol scrubbing by steam suppression pools.

Though the scrubbing of aerosols from gases released to a steam suppression pool has some qualitative
similarities to aerosol removal by water pools overlying core debris interacting with concrete, there are
a number of quantitative differences and several additional phenomena to consider. Certainly, the way
bubbles are formed in the water pool is different as is the plume behavior of rising bubbles.
Furthermore, gases directed to the suppression pool through quenchers and downcomers can be very
rich in condensible water vapor whereas water vapor produced during core debris interactions is largely
reduced to hydrogen. These and other physical phenomena that affect bubble behavior are discussed
further below.
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Figure 19. Schematic representation of bubble behavior when released into a steam suppression
pool from a quencher
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1. Bubble Formation at Quencher Orifices

Paul et al. [30] have examined bubble formation by noncondensible gases (He, H, and air) at orifices
0.9 t0 2.02 cm in diameter. A schematic diagram of the injection apparatus used in this work is shown
in Figure 20. Paul et al. indicate the system capacitance to be 3.25. Tsuge and Hibino [207] indicate
that bubble formation is sensitive to variations in system capacitance in this regime.

Volumes of the gas bubbles detaching from orifices were correlated by Paul et al. in terms of a Weber
number:

vy = 3.45 We0-40

where

3

(7rD /6)

B

Ve = (pl_pg)uz

12 -1/2
|

2

(xD34)

g

We = Weber number = U,20; Dy/o; > 40,

Dp = diameter of the sphere with a volume equivalent to the bubble when it detaches from
the orifice,

D_. = orifice diameter,
U, = gas velocity in the orifice = 4n':1/pg(o) 7rD02,

m = mass input rate of gas to the pool,

pg(O) = density of the gas at the orifice,

p; = liquid density,

g = gravitational constant, and

o; = liquid surface tension.
Predictions of this correlation are compared in Figure 21 to data obtained by Paul et al. [30] and data

obtained by other investigators [32,36-39]. These data are listed in Table 5. Data are also consistent
with the Davidson-Schuler model (see Figure 22) which will be discussed further below.

*The authors acknowledge the exemplary documentation provided by Paul et al. [30] for their work.
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Figure 20. Bubble injector apparatus used in tests of bubble hydraulics by Paul et al. [30]’
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Table 5. Sizes of bubbles formed at submerged orifices under constant flow conditions

Liquid Surface Orrifice Bubble
o ~viscosity - tension - Flow§r~,atte -+ diameter —gnvohpuéae;-n;- T
Liquid Gas (g/cm-s) (dyne/cm) (cm”/s) (cm) (cm®) Ref. .
Water Air 0.012 72.8 0.0081 0.036  0.0072 36
Water Air 0.012 72.8 0.06083  0.141  0.0292 36
Water Air 0.012 72.8 0.205 0.388  0.0984 36
Water Air 0.01 72 0.025 0.102  0.0212 37
Water Air 0.01 72.7 0.5 0.0668 0.026 32
Water Air 0.01 72.7 1.0 0:0668  0.0365 32
Water Air 0.01 72.7 1.5 0.0668  0.0365 32
Water Air 0.01 72.7 2.0 0.0668  0.050 32
Water Air 0.01 72.7 25 . 0.0668 0.068 32
Water Air 0.01 72.7 5.0 0.04 0.2 32
Water Air 0.01 727 - 10 0.04 0.42 32
Water Air 0.01 77 20 0.04 0.90 32
Water Air 0.01 72.7 30 0.04 1.3 32
Water Air 59.5 1.27 6.33 30
110 1.27 9.7t 30
140 1.27 8.62 30
4070 127 225 30
18000 127 1090 30
579 202  57.9 30
1590 2.02 164 30
£ 35100 & ... .2.02....328 . .. .30.:
28 . 099 109 30
349 . 0.9 359 . 30
730 0.99 702 30
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Table 5. Sizes of bubbles formed at submerged orifices under constant flow conditions (concluded)

Liquid Surface Orifice Bubble
viscosity tension Flow rate diameter  volume

Liquid Gas (g/cm-s) (dyne/cm) (cm®/s) (cm) (cm3) Ref.
Water  Helium 80.8 1.27 7.35 30
309 1.27 28.1 30

644 1.27 61.9 30

Water  Hydrogen 71.7 1.27 7.63 30
360 1.27 42.8 30

623 1.27 80.1 30

1.5 0.43 0.1 39

22 0.43 0.8 39

1.5 0.27 0.1 39

22 0.27 0.6 39

1.5 0.15 0.06 39

10 0.15 0.25 39

1.5 0.107 0.05 39

7 0.107 0.15 39

1.249 0.32 0.0833 38

160 0.96 4.445 38

120 0.80 4.393 38

60 0.79 1.335 38

50 0.42 1.406 38

60 0.40 1.443 38

60 0.32 1.098 38

18 0.164 0.418 38

8 0.1 0.015 38

9 0.1 0.019 38
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Physical Phenomena

Though Paul et al. did experiments with bubbles supersaturated with steam (relative to the pool), they
did not indicate that the above correlation was applicable to condensible gases. Besset [208] has investi-
gated bubble formation with 373 K steam in subcooled water pools. This work was done with a 0.2-cm
orifice. Some of the data she obtained are listed in Table 6. Besset found her data somewhat similar
to predictions of the Davidson-Schuler model. Besset proposed a modification of this model to account
for the effects of steam condensation during bubble formation:

6/5 -4
vg - L138Q%° _25x107 o o) 3

g3/5 g DOZ

where

Q = volumetric flow rate
Ja = Jakob number = P Cp AT/pg L,

C,, = heat capacity of water,

P
AT =T, - Tp,
T, = temperature of the vapor in the orifice,
Tp = water pool temperature, and

L = latent heat of vaporization of water.

Her data are compared to this correlation in Figure 23. Deviations from the correlation become
significant when AT is greater than about 30 degrees Kelvin. The modified model tends to underpredict
bubble sizes when the driving force for condensation is large. This may be complicated by the presence
of small amounts of noncondensible gas dissolved in the water or in the steam.

Schmidt [293] has reported data on the formation of steam bubbles in subcooled water with very large
driving forces for steam condensation. Some of his data is listed in Table 7. These data are not well
predicted by the modified Davidson-Schuler correlation suggested by Besset. The data can be fit to a
Weber number correlation similar to that suggested by Paul et al. [30], but the coefficients derived from
such a fit are quite different than those found by Paul et al.:

Vy = 0306 We0-303
The fit of the data to this correlation is shown in Figure 24. Schmidt suggested a rather different

correlation for the data:
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Table 6. Besset’s data on steam bubble formation in subcooled water [208]

f=
T(water) m 63 V(bubble) frequency £V (bubble) .
X) (g/s) (cm™/s) (cm”) (bubbles/s) (em®/s)
296 0.0013 2.18 0.017 + 0.0060 130 + 23 2.21
296 0.0016 2.68 0.008 + 0.0034 340 + 167 2.72
296 0.0016 2.68 0.014 + 0.0059 200 + 64 2.80
296 0.00178 2.98 0.015 + 0.0054 200 + 64 3.00
325 0.0033 5.52 0.050 + 0.0085 110 + 13 5.50
325 0.0040 6.69 0.050 + 0.014 140 + 15 7.00
325 0.0043 7.19 0.033 + 0.012 220 + 31 7.26
325 0.0052 8.70 0.018 + 0.0063 450 + 99 8.10
339 0.0035 5.86 0.083 + 0.008 75+ 5 6.22
339 0.0047 7.86 0.100 + 0.013 80 + 7 8.00
339 0.0093 15.56 0.130 + 0.025 120 + 13 15.60
339 0.0098 16.40 0.096 + 0.021 176 + 21 16.90
347 0.0040 6.69 0.120 + 0.011 55 +3 6.60
347 0.0058 9.70 0.170 + 0.019 59 + 6 10.03
347 0.013 21.75 0.250 + 0.028 8 + 9 21.50
347 0.0195 32.62 . 0.290 + 0.041 115 + 14 33.35
354 0.00058 0.97 0.040 + 0.016 25 + 4 1.00
354 0.0095 15.89 0.320 + 0.045 51+6 16.32
359 0.0013 2.18 0.056 + 0.005 41 + 2 2.30
359 0.0076 12.72 0.340 + 0.119 39 + 7 13.26
359 0.0092 15.39 0.410 + 0.057 38 + 4 15.58
359 0.0108 18.07 0.460 + 0.138 41 +9 18.86
359 0.0155 25.93 0.700 + 0.119 38 + 10 26.60
359 0.0293 49.02 1.100 + 0.297 46 + 12 50.60
363 0.0022 3.68 0.098 + 0.021 37 + 7 3.63
363 0.0045 7.53 0.210 + 0.010 36 + 1 7.56
366 0.0016 2.68 0.093 + 0.010 29 + 3 2.70
366 0.0108 18.07 0.450 + 0.018 41+ 8 18.45
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Table 7. Schmidt’s data [293] for steam bubble formation in water

P D T -T m V- A
0
(atuas) (cm) &P @/s) () (cn%/s) (2
40 0.3 150 2.63 0.140 190.6 1.304
2.74 0.151 198.5 1.371
2.74 0.169 198.5 1.478
4.25 0.159 308 1.419
4.93 0.174 357 . 1.507
11.5 0.248 833 1909
11.5 0.276 833 2.050
16.1 0.259 1167 1.965
16.8 0.374 1217 2:510
19.1 0.326 1384 2.291
40 0.3 100 2.54 0.127 167 1,222
5.00 0.149 328 1359
6.03 0.192 395 1.610
8.24 0.205 540 15681
8.24 0.220 540 762
9.56 0.262 627 1,989
11.5 0.286 754 24099
13.1 0.325 859 2286
16.8 0.290 1102 21119
16.8 0.281 1102 21075
40 0.3 200 2.63 0.154 208 1389
3.40 0.180 269 1:542
6.14 0.220 485 1,762
8.24 0.311 651 2.220
8.24 0.294 651 2138
11.55 0.325 913 2286
11.55 0.364 913 21465
16.11 0.402 1273 21634
16.8 0.465 1329 2903
19.1 0.414 1510 2.686
19.1 0.339 1518 2.351
8.24 0.280 651 21070
6.14 0.205 485 1:681
80 0.3 100 3.11 0.0542 104 0:693
5.09 0.0752 170 0.862
8.40 0.118 283 1.163
9.38 0.0918 313 0.984
9.54 0.131 318 . . 1247
80 0.3 150 1.93 0.0612 71.9. 051
2.59 0.0656 96.5 0.787
2.76 0.0682 103 0.807
3.16 0.0656 118 0.787
5.00 0.0856 186 0.939
5.31 0.115 198 1.144
6.10 0.109 227 1.104
6.64 0.122 247 1.190
9.36 0.129 348 1.235
9.52 0.163 355 1.443

3At 40 atms, thg water temperature is 524 K. Liquid surface tension is 26 dynes/cm and the liquid density
is 0.7977 g/em”.

At 80 atms, the water tfmperature is 569 K. The liquid surface tension is 15.2 dynes/cm and the liquid
density is 0.7206 g/cm-.
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Figure 24. Fit of Schmidt's bubble volume data to a correlation in terms of the Weber number

51 NUREG/CR-6153

TTAT TERTERET O Y Rggeey, SET TR T e . - CRETTESIR LI T T ey



Physical Phenomena

A = 1.913 x 1073 p * £1/3
where ‘
Ag = bubble surface area, and

f = (51)135 [CP(TO_TP)/P]2675 012D -2.35- g“ ”13‘ .35

fon {

Note that f is dimensionless so some care must be taken in the selection of units for the heat capacity
and the pressure.
2. Models of Bubble Formation

The modeling of bubble formation at an orifice has received a great deal of attention. Available models
can be categorized as:

a. Single-stage models

b. Two-stage models

c. Numerical models

Some of the many examples of these various models are discussed below.
a. The Davidson-Schuler Single-Stage Model

The quintessential example of a single-stage model is that developed by Davidson and Schuler [32].
The volume of the bubble at the time it detaches from the orifice is given in this medel by:

3 . e

6 g3/5

Vg =

where C is a constant and Q is the volumetric flow rate into.the bubble. The original niodel, developed
for constant flow conditions, used C = 1.378. Empirical correlation of data yields:C = 1.722 [33].
Kumar and Kaloor [31] have shown that a simplification of 2 two-stage model yields C = 0.976. An
alternative derivation by Davidson and Harrison [34] yields = 1.138. ‘A critical step in the derivation
of the model is the specification of the volume of water that is "attached to the bubble. It is assumed
that this water volume is proportional to the volume of-the bubble .- The»pr@portlonahty constant is often
taken to be 11/16. But, values as low as 1/2 have been used. The selection of the proportionality
constant will affect the value of C in the Davidson-Schuler model.

The Davidson-Schuler model has been compared to data for noncondensible gases above (see
Figure 22). The derivation of the model does not include treatment of condensation of the gas within
the forming bubble. As noted above, when the driving force for steam condensation is not too large,
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observed bubble volumes agree rather well with the Davidson-Schuler model predictions especially if
the uncertainty in the multiplicative coefficient C is recognized.

b. Two-stage Bubble Formation Models

Two-stage bubble formation models make a distinction between the initial growth of a bubble, which
is assumed spherical, and growth once the zone of attachment between the bubble and the orifice begins
to "neck down." The model suggested by Kumar and Kaloor for constant flow conditions is [31]:

1/3 2/3
v 5/3 _ 0.04739 Q2 . 2.418 M'IQV]_ . WDOOI V1 cos 0
1 g g BE:
B(VBZ _ V12) (Vg - V) 3D(VB2/3 _ Vl2/3)
ricos 0 + 0.5D sin 8 = - -
2Q(A+1) AQ 2Q(A-1/3)

where:
Vg = final bubble volume
V1 = bubble volume at the end of the first growth stage

r; = B3Vy/4ml/3

A = 1+ 14.6167 V{3 1 Qioy + 11py/16)
B = (o~ 0p) 8/ Q (g + 11py/16)

C = 7D, 0y cos 0/ Q (o + 11py/16)
D

= 2.418 py / (o + 11py/16)

and 6 is the angle describing the orientation of the orifice. When 6 = 0, the orifice is horizontal with
its axis pointing upward. When = 90°, the orifice is vertical with its axis horizontal. The physical’
descriptions of bubble behavior that are the basis of the Kumar and Kaloor model are questionable for
6 > 60° and inappropriate for § > 90°.

As the volume behind the orifice becomes very large, it becomes better to consider bubble formation

to occur at constant pressure rather than at constant flow. Kumar and Kaloor’s model for bubble
formation at constant pressure is [31]:
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, L
0.2068 K2 (o, + 11p}/16) 13 3220
Vilop - pg)8 = 2g/3 P+ 0.6l204p1gV1“" - —at |
Vl . .. Vl i Jqr: i
0.055556 K2 (o, # 1107/16 Sy |
- v(:g Aot {2 4814 PV11/3 - 1154505V, 27 - r001}
2.418 Ky 13 3.2240]1?
+ — | P+0.6204p;2 V1 —— + D gopcos(6)
273 173
' v
1 1
and

2 2 23 o, 213
B(Vg -V;) Cvp-Vp 3D (g -V

0.5Dsin 0 =
ry cos 6 + 0.5Dosin 204 +D A0 20 (A-173)

where K is a constant peculiar to the system. When multiple orifiégs dré’ ‘corflected to the/chamber
volume, it is not immediately obvious whether the constant pressure or the constant flow models should
be applied. Typically, analysts seem to have divided: the ieHandiber volume'by the rdiiiber of orifices and
have used the resulting quotient to adjudicate the appropriate model to usg. Such an analysis suggests
that quenchers would be properly treated as they yielded bubbles formed undet constaritflow conditions.

The predictions of bubble diameter for noncondensible gases discharged into'water obtained from the
Kumar and Kaloor model are compared to data (Table 5) in Figure 25. It is clear from the comparison
in this figure that the Kumar and Kaloor model is a mueh:bétter predictor of the data thani either the
Davidson and Schuler model (see Figure 22) or the correlatlon developed by Paul et al. (see Figure 21).
The Kumar and Kaloor model predicts well data obtainéd for small orifices at low flow rates)which are
not predicted well by the other model and correlation.

Ruff [35] has made empirical modifications to the Kumar and Kaloor mo&el. His modified model is:

0.0578 2417 p~

vV* o=

+ 0.204

NUREG/CR-6153 54



Physical Phenomena

J00[eY] pue
Tewnyy Jo ppout 9y} s pajorpald 3soyy 03 s1ejWEIp I[qqnq [edreyds JusfeAmnba awnfoa pasIesqo Jo uosiredwo)) ‘Sz dnJiy

(wo) ¥ILIWVIA F188N9 a3 LDIa3Nd
0L 0'L 1’0

T T T T T [TT T T T 1T 1 1 T T11+0

(=]
(wd) ¥313WVIA F199ng aIANISEO

B % Joojey B Jewnyy m

oL

NUREG/CR-6153

55




Physical Phenomena
AV * =1 +4*) 4

where

W = pylog g1/ Q35 | . !

sk
®, 07)" = D, oy /g2/5 Q6/5 P
Ruff’s empirical corrections modestly improve the prediction of data as is shown in Figure 26.

The variation in the bubble diameter with orifice orientation predicted with the Kumar and Kaloor model
is shown in Figure 27 for air injected into water through a 1.27-cm orifice. Also shown in Figure 27,
is the bubble diameter that would be predicted with Ruff’s empirically modified-model for a horlzontal
orifice (§ = 0) and the range of bubble diameters that would be predicted w1th the Davidson-Schuler
model. The prediction obtained with the correlation developed by Paul et al. [30] is off the scale of
this figure. The Kumar and Kaloor model predicts that bubble dlameter increases with increasing
orifice angle to a broad maximum centered at.about 37°. The bubble diameter decreases noticeably:
with increasing orifice angle for angles greater than about 45°. The range of variation is, however, nof
large in comparison to the scatter in data about the model predictions for horizontal orifices (seel
Figure 25). ,

The two-stage models of bubble formation seem to be superior to the single-stage model or the empirica],]
correlation by Paul et al. The superiority is revealed, however, by comparisons to data for orifices
much smaller than those encountered in steam suppression pools. It might, then, be argued that the;
superiority is irrelevant. All of the models and the correlation do equivalently well predicting data fori
orifices that are about 1 cm in diameter. The problem is, however, that the available data do not really
span the entire regime of interest for the analysis of aerosol removal by suppression pools-during severe
reactor accidents. Since extrapolations will be necessary, the physically-based modelw«developed by
Kumar and Kaloor is quite attractive. Extrapolations can be done with more conﬁdence since the mode]g
does account for so much data. *

t
Attractive as they are, the Kumar and Kaloor model or the empirical modification by Ruff do not
account for condensation of water vapor during bubble formation. Perhaps the simplest modification;
to account for condensation is to correct the volume flow of gas through the orifice for steaJ:i
condensation. The rate limitation for steam condensation is the convective removal of heat from thie]
bubble by the suppression pool water. Detailed calculation of the rate of heat removal by water durmgs
the growth of a bubble would be a challenging undertaking. This also might be substantially more}
detailed than the available data on bubble formation. A simpler approach is to estimate an average heaﬁ
transfer over the period of bubble formation. Then, the cotrected volume flow .of-gas-to. form the
bubble is given by:

, ~ AR ) RTR
Q =Q T(TB Tw)"P—
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2.2 | Air m = 0.1g/s —)
Do = 1.27cm

2.1 L —
—_ T Davidson - Schuler f
g f 9 =0°
5 2.0 L —
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w .
= .
< i —
= -
wl L 3<=Ruff
o 6 = 0°
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»

Figure 27. Variation in the bubble diameter with orifice orientation predicted with the Kumar
and Kaloor model
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where
Q' = volume flow corrected for the effect of condensation,

measured volume flow

o
[

Ah = average product of bubble area and the heat transfer coefficient,
Tg = saturation temperature in the bubble gas,
T\, = bulk water temperature, and

P = pressure in the bubble.

Similar averaging formulations have been found useful for the estimation of mass transport during
bubble formation [82].

Under most conditions hypothesized to develop in steam suppression pools during reactor accidents, the
driving force for steam condensation, Ty - Ty, is not expected to be large. Certainly, it is not expected
to be as large as the driving force for steam condensation in Schmidt’s experiments [72]. Data obtained
by Besset [208] involve conditions more nearly like those expected to exist during bubble formation in
a steam suppression pool. Consequently, the Ruff model with the simple average correction for the
effects of steam condensation was fit to Besset’s data. It was found that a decidedly better fit could be
obtained by allowing the heat transfer coefficient to be proportional to the steam flow rate:

Ah = £Q

The value of the proportionality constant derived from the fit is:
£ =424 x 107 cal/em3-K

Predicted and observed bubble diameters are compared in Figure 28. The simple correction for the
effects of condensation tends to overpredict bubble sizes for Tg - T,,, < 50 K. For larger condensation
driving forces, the simple model under-predicts bubble size. The differences between predictions and
observations are, however, not large.

¢. Numerical Models

In recent years, detailed numerical models of bubble formation at submerged orifices have become more
popular than derivation of approximate analytic expressions. The numerical models are able to account
for the nonspherical nature of bubbles and other complexities such as flows in the liquid phase. The
numerical modeling of bubble formation was, apparently, pioneered by Kupferberg [258]. Since this
original work, the method has been developed substantially [207, 259-264]. Recent models are able
to show the "necking" of bubbles (that leads to detachment) is a natural consequence of the governing
equations [262].
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Most of the very detailed, numerical simulations of bubble growth have not considered condensation.
In any event, the models are far more detailed than can be used or is needed for this work. Though
this topic will be pursued further in connection with aerosol trapping, it is not discussed further here.

3. Bubble Formation at Downcomers

The regimes of bubble formation at downcomers have been studied primarily in connection with
investigations of steam suppression pool behavior during design-basis accidents. Lee and Chan [40]
have reviewed some of this literature. Based on small-scale experiments with a 5.08-cm-diameter
downcomer, they produced the flow regime map shown in Figure 29. This work was done for higher
mass flows than would be expected for the ex-vessel phases of severe accidents. Also, the vapor of
interest in design basis studies is nearly all steam and does not contain the substantial fraction of
noncondensible gases (nitrogen, hydrogen, carbon dioxide and carbon monoxide) that would be expected
to be present in gases passing through downcomers in a severe accident. The disparities between flow
rates and gas compositions in severe accidents versus flow rates and gas compositions in design basis
accidents, make it difficult to believe the precise boundaries between regimes found by Lee and Chan
are applicable to severe accident source term attenuation that is of interest here. Further doubt on the
absolute applicability of the Lee and Chan resuits is raised by the issues of scaling the findings from
tests with a 5-cm diameter vent to full-size vents and downcomers that have diameters of about 60 cm.
Certainly, the regime that Lee and Chan indicate will allow steam to escape their small scale pool
cannot be extrapolated to actual suppression pools in which the downcomer is more deeply submerged.
The qualitative features of flow through a downcomer observed by Lee and Chan may be applicable to
issues of severe accidents if allowances are made for the presence of noncondensible gases.

At very low flows, Lee and Chan observed no bubble formation. Steam simply condensed within the
piping system. An interface with the liquid in the pipe was maintained. Were substantial amounts of
noncondensible gas present, bubbles would form in the downcomer at least episodically. Nevertheless,
the important observation that at low flows substantial condensation can take place within the
downcomer has a bearing on aerosol removal. Condensation of vapor would sweep out aerosol particles
(diffusiophoretic deposition). Temperature gradients within the gas phase could also cause some
decontamination (thermophoretic deposition).

Lee and Chan [40] clearly felt most of the vapor condensation took place on the submerged walls of
the downcomer. The interface between the liquid and the gas phase within the downcomer was assumed
to be quickly steam-saturated. Other theoretical analyses of downcomer performance have considered
mechanisms by which condensation at the interface could be important [41].

The focus of studies by Lee and Chan was on "chugging" in the downcomer. Chugging occurs when
condensation of steam proceeds more rapidly than supply. A partial vacuum is created and water is
pulled up into the downcomer until the rate of condensation falls below the rate of supply of steam.
At low flow rates of steam, the chugging phenomenon occurs entirely within the downcomer. A
schematic illustration of liquid behavior in such an internal chugging event observed by Lee and Chan
is shown in Figure 30. Of course, with substantial amounts of noncondensible gas present, chugging
could not be confined entirely to within the downcomer even at very low flows.

With increases in mass flow and decreases in the water pool subcooling, I.ee and Chan observed
chugging phenomena outside the downcomer. Schematic illustrations of gas behavior in chugging with
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N
8 ms 21ms 45 ms 61 ms
Figure 30. Internal "chug" observed in tests by Lee and Chan [40]
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bubble detachment and without bubble detachment are shown in Figures 31 and 32. In the case of
chugging without bubble detachment, a vapor volume rose up around the downcomer.

Finally, Lee and Chan did not observe chugging at low levels of subcooling. Instead, vapor
permanently extended to the end of the downcomer. Bubbles would detach and rise up around the
downcomer.

Detached bubbles were observed to collapse and disintegrate as they rose through the subcooled water
pool. Lee and Chan describe the collapse as beginning in a smooth fashion. As collapse progressed,
indentations and evidence of instability appeared on the surface of the bubble. The appearance of
irregularity in the bubble surface marked the beginning of bubble disintegration.

The qualitative observatlons made by Lee and Chan indicate that there are two classes of bubble .
behavior in the ¢ase of downcomers. In some cases, bubbles detach from the onﬁce and’ disintegrate.
This case is not greatly different than the sjtuation considered for bubbles forming at orifices on ,
quenchers. The:second class of bubble behavior does not involve détachment of the bubble JInstead,
the bubble envelops the' downcomer and rises up around it before- dlsmtegratmg This tis called the -
"encapsulating bubble" case. : :

-

.
1
.‘

One would expect that there is some effect of the downcomer on thejbubble swarm produced by bubble '
disintegration. Iit may bé that bubbles rising near the downcc’)mer behave differently than bubbles rising
in the bulk suppression pool Entrainment of 11qu1d by the rising swarm to form :a plume (see below)
must be affected. This i issue is not pursued further here aside from acknowledging it as an uncertamty :
that might affect predlctlons of aerosol behavior in the bubbles

e

i

Lee and Chan do not prov1de much detall concermng bubbles expelled from the downcomer They
consider the bubble volume to be approx1mately

where D is the diameter of the downcomer.

The SPARC model [6] uses a Weber number correlation developed from data obtained at the Battelle
Columbus Laboratory [42] to desctibe the bubbles formed by a downcomer”

1/2 172
\4
B | Gimeg) - 0.0891 We0-616
D 2/4 o 2
where
We = U2 p D,/ o
o 1Y p’°l
D, = downcomer diameter 1
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0 23 ms 39 ms 69 ms 99 ms

Figure 31. "Chugging" with bubble detachment observed in tests by Lee and Chan [40]
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i ‘ i
0ms 34 ms 58 ms 74 ms 90 ms

Figure 32. "Chugging" without bubble detachment observed-in tests by Lee and:Chan [40]
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The BUSCA. model [9] uses a correlation of data [38] suggested by Paul et al. [30]:

Vp(mm?) = 0.0505 U (mms)]*% [ (mm) 238

Wraith [214] has developed a description of bubble formation at downward facing nozzles at the same
level of approximation as the Davidson-Schuler model of bubble formation at upward facing nozzles.
This description yields:

Dp(em) = 0.327 Q(cm/s)"*

Tsuge et al. [215] have described a two-stage model of bubble formation at a downward facing nozzle.
They provide differential equations for the "expansion phase” and the detachment” phase of bubble
formation. For constant flow the bubble volume change with time is given by:

d Vg() _ d @3)m>

at a— C

where Q is the volumetric flow rate of gas. The expansion phase ends when

2
oel@mm3 - D202 = 0.5Cp py 7 [E]

dt
d 3 dr 2 2 .
+ 5 [(2/3)1rr Pl .&:I + 4pg Q</#xD@)*“ + wD(@)oy

where
D(o) = outer diameter of the downcomer,
Cp = drag coefficient, and
D(i) = inner diameter of the downcomer.
The expansion phase is characterized by:

d V@)

Q = .(‘llt 47373 - 1D2(0) ¢ + x)/4] = .

and

d 0.5 VgB3)n;
at

2
= p; VB@)g - 0.5Cppymr? [.‘:1_’:] - 4pg Q%/7D2%() - TD@)ay
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where x is the location of the bubble center relative to the opening of the downconigr. TThe bubhle'is
taken to detach from the downcomer when x = r. The detached bubble volume is:

47313 - 7D(0)*1/2 = Vg

and

1/3
6 Vp

Dn =
B ™

br

Tsuge et al. show good agreement between model predictions and bubbite-diametefsfotthigh' g4 flow
through downcomers with inner diameters of 1 cni and less. At lower gas flows, tH thddel sdmewhat
overpredicts bubble size.

The model developed by Tsug et al. has been used here to calculate bubble volumes for flow Weber
numbers of 1 x 10™ to 3.6 x 10% for a 60 cm diameter downcomer submerged to a depth of 400 cm.
The predicted volume-equivalent spherical bubble diameters varied from 73.5-to 75 cm over this flow
range! The essentially constant bubble diameter predicted with the model i$- ot 8er¥itive o aty
significant extent to the submergence of the downcomer.

Predictions of the various models are compared in Figure 33. Predictions dérivéd from the correlations
of small bubble sizes at low flow rates are certainly at odds with predictions. of the two-stage model
developed by Tsuge et al. [215] and do not seem physically réasonable.

Another qualitative observation made by Lee and Chan [40] is that substantial heat transfer from the
gas phase takes place within the downcomer itself. Thermal gradients as well as steam condensafion
taking place within the downcomer could be important mechanisms for the removal of aerosols from
the gas phase. Lee and Chan seem to feel that most of the heat transfer is to thé stibinerged walls of
the downcomer. ' They argue that the water interface with gas in the downcomer quickly ,begome_s) steam
saturated and does not provide an important heat sink until the bubble forms. Iee and Chan tike the
heat transfer coefficient to be:

9 3 1/4
gp,, AHge H k
h=158 | W — 18 8
p kp (Tg - Tp) Dp Hg Og
where
h = heat transfer coefficient,
T = saturation temperature of the gas,
Tp = bulk water temperature,
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Figure 33. Comparison of various model predictions of the initial size of bubbles formed at a
60-cm-diameter downcomer
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py, = density of water,
pg = gas density,
AHfg = latent heat of condensation per unit mass of steam,

k; = thermal conductivity of the liquid;

W
Il

thermal conductivity of the gas,
p = viscosity of the liquid,
= viscosity of the gas, and

H = submergence length of the downcomer.
This expression, of course, defines a laminar, liquid film, heat transfer coefficient. .Iee and Chan
acknowledge that this is, at best, a very approximate model of the actual heat transfer taking place in
the downcomer. Interestingly, the CHUG1 computer code [43] sets this wall héat transfer coefficient

to zero.

Kowalchuk and Sonin [41], on the other hand, focused on heat transfer from: the gas;:}to the liquid
interface in the downcomers. They considered that the rate of vapor condensation could be limited by:

e the supply of vapor, or
* turbulent thermal diffusion in the water

The mass rate of steam condensation was estimated to be:

Stoy Cy V (T - Tp)

mc =
St2 vt 1/2
AHg, |1+ T VU
where
Cy, = heat capacity of water,
V = average speed at which water, rises and falls within the downcomer,

St = Stanton number taken to be about 0.1, and

8 = uncertain turbulence parameter taken to have values between 0.01 and 0.015.
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The conclusion that can be derived from this expression is that heat transfer and condensation will occur
in the downcomers. Quantitative details about the heat transfer are not at all certain. Condensation and
heat transfer within the downcomers could be responsible for significant aerosol removal from the gas
phase. But, the topic of aerosol removal within the piping system is outside the scope of this work and
will be neglected here. The risk in neglecting the mass removal from the gas phase during passage
through the downcomers is that the size distribution of aerosols that reach the pool might be altered.
As will be discussed at length below, aerosol trapping from bubbles in a suppression pool is very
dependent on the aerosol particle size.

4. Bubble Formation at Horizontal Vents

The SPARC code [6] incorporates a Weber number correlation derived from experimental data [42] to
predict the initial volumes of bubbles formed at horizontal vents:

Ny (o pg)1/2 g1/2
2 172

7('Dp 0'1

- 0.857 wWe0-73

where D.. is the diameter of the vent. The BUSCA code [9] employs the dimensional correlation
suggestec? by Paul et al. [30] for bubble volumes from horizontal vents:

Vpmm3) = 0.0429 [Ug(mm/s)*%2 (D, () >4

Presumably, the angle-dependent orifice model developed by Kumar and Kaloor (see Section IV-A2,
above) could also be used. Horizontal vent diameters of interest here (~72 cm) are, of course, very
much larger than what was in mind when this model was developed.

Comparison of the predictions of these models are shown in Figure 34. Predictions of the various
models diverge with increasing gas velocity. Interestingly, the Davidson-Schuler model predicts results
within the range of predictions by the other models.

The essential difficulty with large diameter horizontal vents to the suppression pool is that at lower gas
generation rates, water is not expelled completely from the vent during bubble formation.
Consequently, for most accident situation, the orifice is not circular and the "effective diameter" of the
orifice is not equal to the geometric diameter of the vent. Fischer and Hafner [292] cite data for bubble
formation at a 68.6 cm horizontal orifice obtained by Battelle Columbus Laboratory and unavailable
to the authors of this document that can be correlated in terms of the nondimensional bubble size and
the bubble Weber number

vy = 0.594 We0-83%
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Figure 34. Comparison of various model predictions of the initial diameters of bubbles produced
at a 72-cm-diameter horizontal vent
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where, as above:

'zrD2

2
We = UJ pDo/ 0y

Note that the geometric vent diameter, DO, is used in the correlation. Fischer and Hafner considered
this to be very questionable.

B. Collapse and Disintegration of Large Bubbles

Bubbles released from orifices and vents in the steam suppression pool may not be stable. The gases
that make up the initial bubbles may be supersaturated in steam relative to the bulk water pool
temperature. Formation of the bubble is possible only because heat liberated by condensation of steam
raises the interface temperature to saturation. Once the bubble detaches from the orifice or vent and
begins to rise in the pool, colder water is encountered and heat transfer from the interface becomes
more efficient.

The collapse of vapor bubbles has received a lot of attention. Pressure pulses produced by bubble
collapse are thought to be responsible for equipment damage during cavitation [90] and during
"chugging” in steam suppression pools [40]. The rate of bubble collapse may be limited by inertia or
by the rate of heat transfer. Bubble collapse limited by inertial effects alone has received the most
attention and models of varying sophistication have been proposed [91]:

e  Rayleigh model [92]

- water is treated as incompressible; C = oo

2
RO , 3 [ RO 1 _
Ro 2 2[ at] s @0 - B())

e  Herring’s model [91]

- speed of sound independent of pressure

R®) 8°R@) |, 3 (-4 1 3RO) (9RO 2
32 2 3 C() ot ot

_ R(t) 2P(t) 1 dR(®)
o >[P“) T ey T2t [ @ H
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e  Gilmore’s model [91] , ‘

- pressure-dependent speed of sound in water

CE) = C() [ + BY/@(e) + BP

Ry TRO [ - 1 R
o2 c® a

L3 [RO)2 (. 1 RO . . 10 RET.
5[—at—] [1 c® o | - E® [1 E‘(ﬁ)—aT]‘

L RO M, _ 1 R
CR) ot CR) ot
7
6

®(e) + By [(@ + By @(ss) + BYS7 -1

where
R(t) = bubble radius at time t,
P@t) = pressuire at the bubble walls at time t,
C = speed lof sound in water, and ) ,
B = 2961 atms.

If the collapse is adiabatic, then

P(t) = P(o) [R(°) ] 3

R®

vy = Cp (gas)/Cy (gas)

In the case where heat transfer from the bubble is rapid relative to collapse:

n(NORT

4

P@t) = Peq(HZO) + 3
37 R(®)

NUREG/CR-6153 74




Physical Phenomena

where P, (H,O) is the equilibrium partial pressure of water at the bulk pool temperature T, R is the
gas constant and n(NC) is the moles of noncondensible gas in the bubble.

For the bubbles of interest in the analyses of suppression pool scrubbing, introduction of the
compressibility of water hardly affects the predicted results. An example calculation of the timing of
bubble collapse under inertial control using Gilmore’s model is shown in Figure 35. Note that spherical
collapse becomes unstable to nonspherical perturbations once R(t) / R(o) falls below 0.2 [93].

Inertially limited bubble collapse is quite rapid. The example shown in Figure 35 would require Nusselt
numbers for heat transfer from the bubble on the order of 3 x 104 which, as will be seen in the
discussion in a later section, would be difficult to achieve in most situations. It seems likely, then, that
heat transfer will be an important if not dominant factor in the collapse of supersaturated bubbles
discharged into the suppression pool.

Florschuetz and Chao [94] introduced the parameter B to distinguish regimes of bubble collapse:

2 12
p1C1AT 4 ]

L

ki 1
21C1 R(©)

AP

Pg

where

AT

Il

T - T,

For B values greater than 10, inertial processes control. For B values less than 0.05, heat transfer
processes control bubble collapse. For values of AT up to about 50 K, collapse is well within the heat
transfer control regime.

Much of the analysis of bubble collapse under heat transfer control has been for stationary bubbles
[94,95]. Wittke and Chao [96] have demonstrated there to be a substantial effect of motion on the
collapse of bubbles. Moalem and Sideman [97] have developed a simple description of bubble collapse
which treats the effects of both motion and the presence of noncondensible gas:

3 3
a1 F b
dr - 313/4
where
B = R() / R(0)
7 =Ja Peol/2 Fo
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R(t)/R(0)

TIME (s)

Figure 35. Isothermal, inertially-controlled collapse of a 2-cm bubble in wateriat 319 K according
to Gilmore’s model
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Ja = p Cl (Tgqt - T(e)) / Lpg
Pe, = 2R(0)U, / k1 / p; C
F, = kit /R | C|
U, = rise velocity of bubble

They derived this model for potential flow conditions and assumed the Nusselt number to be:

hD
Nu = B - 1.13 pel’2

ky

where h is the heat transfer coefficient. The final dimensionless bubble volume, 8¢, is given by:

5 1/3
B¢ = RTsat Yo
£ | T - T)
where
Tg,¢ = saturation temperature corresponding to the initial partial pressure of steam in the bubble
T(o0) = pool temperature
L = heat of vaporization of water

Yo = initial mole fraction of noncondensible gases in the bubble.

Predictions of this model are compared in Figure 36 to data obtained by Levenspiel [98] and in
Figures 37 and 38 to data obtained by Wittke and Chao [96]. The agreement between data and model
predictions is about the same as that obtained by Wittke and Chao with a more detailed, finite-
difference, model. Agreement between the model and the data could probably be improved by using
a size dependent model of the bubble rise velocity and a more detailed heat transfer model.

Note that the data for bubble collapse are for bubbles that are much smaller than those expected to form
at vents and orifices in steam suppression pools. Bubbles formed initially in the suppression pool can

be so large that they are hydrodynamically unstable even if they are not supersaturated in steam. The
classic limiting size for a stable bubble is given by Levich [99] to be:

2, 2
Diimit = 1.001/ U (ogoy )12

Loertschuer et al. [100] have found for large bubbles that the rise velocity in water is given by:
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Figure 36. Comparison of bubble collapse predictions to data from Levenspiel [98]
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Figure 38. Comparison of predictions of bubble collapse to data from Wittke and Chao [96]
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Ut (cm/s) = 0.7354 /gDp

These data are shown in Figure 39. This, then, yields for the maximum stable bubble size in water
about 2 cm.

Grace et al. [101] have conducted a two dimensional Rayleigh-Taylor instability analysis of rising

bubbles. They consider the growth of sinusoidal disturbances at the interface of the bubble. Surface
tension will prevent the growth of disturbances smaller than a critical wavelength given by:

N = 27/yp18/ 01

Disturbances with larger wavelengths can grow. But, disturbances larger than about A, = 7w Dpl2
amount to gross translations of the bubble as a whole and need not be considered responsible for
breakup of oversized bubbles.

Disturbances with wavelengths between A, and A, will grow as they are swept along the interface
during bubble rise. The time available for disturbances to grow is given by:

t(a) DB t(\/4Dp)
d) & e——- CcO
o ™ B))

t(a) = time available for disturbance growth,
Dp = bubble diameter,
Ur = rise velocity, and

A = wavelength of a disturbance.

Disturbances grow as does exp (at) where « is given by:

2 1/2
._2_7£2+ﬂ + 2 E2+ff_l -4 Ez+ﬂ
A M A M A “

A A 2
A A o - N2ep/ar?) = 0
27r”2(01 g£0] )

1

+1 +

Experience indicates that when the product t(a)c exceeds 3.8 for disturbances with wavelengths between
A; and A w the bubble will break up. Bubble stability maps for water based on this criterion are shown
in Figures 40 and 41. Other discussions of bubble stability are to be found in References 216 and 217.
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Figure 40. Bubble stability map for water at 298 K
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The stability analysis indicates that overly large bubbles will break up. The analysis does not indicate
the sizes of the bubbles left after the breakup. Empirical evidence suggest that the bubble will "calve"
off fragments of fairly random size. Fragments that are small enough to be stable may coalesce to form
larger bubbles.

C. Bubble Size Distribution and the Coalescence of Bubbles

At the conclusion of the bubble formation and breakup process there will be a swarm of bubbles rising
through the suppression pool. Presumably bubbles in the swarm will have a distribution of sizes. As
will be discussed further, below, bubble size has an important bearing on the efficiency of aerosol
removal. It is, then, necessary to have a good estimate of the bubble size distribution.

Empirical evidence on the size distribution of bubbles rising through suppression pools has been
obtained by Paul et al. [30] and by Hakii et al. [69]. Both teams of investigators examined bubble size
distributions produced by orifices found on quenchers. Both groups obtained about the same results.
The experiments conducted by Paul et al. are especially well documented.

Paul et al. examined bubble size distributions at several elevations above a quencher orifice. They
examined the effects on the size distribution of gas injection rate (see Figure 42), orifice orientation (see
Figure 43) and orifice size (see Figure 44). Bubble size distributions were found to be approximately
lognormal and could be characterized adequately by a mean and a geometric standard deviation.

Mean bubble diameters and geometric standard deviations as functions of gas injection rates are shown
in Figure 42. It appears that there may be a dependence of bubble size on gas injection rates for
injection rates less than 0.1 moles/s. A dependence on gas injection rates would be expected if very
small bubbles were coalescing to form bubbles of a stable size. There is no obvious dependence of the
geometric standard deviation on gas injection rates. The logarithmic mean geometric standard deviation
is 1.44 to 1.63. The geometric standard deviation does not appear to be strongly correlated with the
mean bubble size.

Bubble size distribution data listed in Table 8 are plotted against orifice size in Figure 43. Though
system parameters other than orifice size vary within this data set, it is not obvious that parameters
characterizing the bubble size distribution depend on orifice size. Whether this conclusion can be
extrapolated to orifices the size of downcomers and horizontal vents is problematic.

Data listed in Table 9 are plotted in Figure 44 against the orientation angle of the orifice (a 90°
orientation corresponds to an orifice opening horizontally). Data for all orientations other than 90°
were obtained at lower gas injection rates than data obtained for the 90° orientation. The mean
diameters of the bubble size distribution are sensitive to gas injection rates in this range. Consequently,
data shown in Figure 42 were extrapolated to 0.027 moles/s to obtain data points for the 90° orientation
shown in Figure 44. There is some indication that bubbles formed after injection at angles greater than
90° have somewhat larger mean diameters than bubble size distribution produced by gas injection at
orientations of 0 to 90°. The effect is, however, not much greater than the expected uncertainty in the
measurements.
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Figure 43. Effect of orifice size on the bubble size distribution. Measurements were taken at
122 cm (circles) and 198 cm (diamonds) above the orifice. Open symbols refer to the
mean bubble size (left scale). Filled symbols refer to the geometric standard deviation
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Table 8. Effect of orifice size on the bubble size distribution

Orifice Gas Elevation Mean Geometric
diameter injection rate above orifice bubble size standard deviation
(cm) (mole/s) (cm) (cm) ¢
0.99 0.068 122 0.586 1.57
0.99 0.114 122 0.566 1.54
1.27 0.070 122 0.540 1.63
2.02 0.108 122 0.509 1.44
0.99 0.068 198 0.564 1.50
0.99 0.090 198 0.583 1.51
0.99 0.114 198 0.533 1.47
1.27 0.070 198 0.603 1.55
2.02 0.104 198 0.578 1.49

Table 9. Effect of orifice orientation on the bubble size distribution

Orifice Gas Orifice Elevation Mean Geometric
diameter  injection rate orientation above orifice bubble size standard deviation

(cm) (moles/s) (°) (cm) (cm) Q)

1.27 0.027 0 122 0.446 1.50

1.27 0.027 60 122 0.461 1.62

1.27 0.027 140 122 0.485 1.57

1.27 0.070 90 122 0.540 1.63
1.27)* (0.027) (90) (122) (0.49) -

1.27 0.027 0 198 0.430 1.59

1.27 0.027 60 198 0.424 1.59

1.27 0.027 140 198 0.540 1.62

1.27 0.070 90 198 0.603 1.55
(1.27)* (0.027) (90) (198) (0.48) -

*Extrapolated based on gas injection rate dependence of bubble size.
89 NUREG/CR-6153



Physical Phenomena

The mean of the final bubble size distribution is strongly affected by the molé fraction of steam in the
gas initially discharged to the suppression pool. Data for air-steam mixtures are listed in Table 10 and
are plotted in Figures 45 and 46. The mean bubble size data were fit by linear least-squares methods
to:

InDp = -0.4837 - 0.5972y2

where y is the mole fraction of steam in the initial gas discharged to the pooel. (The pool in these tests
was cool enough that essentially all of the steam would condense, eventually). The 100 (1 - ) percent
confidence bands for predictions derived from this correlation can be obtained from

12
2 —o.,4434)2]

1.1847

i

- 1,6
InDg = lnDBIreg + 0.0634 t(1-q/2)(10) I:Ti +

where
lnDBIreg = value of In Dg calculated from the regression equation, and
t(1-« /2)(10) = critical Student’s t statistic for 10 degrees of freedom and a confidence level of

100 (1 - «/2) percent.

According to the data shown in Figure 42 there is some small dependence of the mean bubble size on
gas injection rate. A multlphcatlve coefficient can then be derived to yield an overall regression
equation for the mean bubble size:

Dg = 0.435 {1 + exp[-0.08789/Q]} exp[-0.5972y2]

Results obtained by Paul et al. [30] and the rather similar results-obtained by Hakii et al. [69] are not
readily interpreted in terms of mechanism. It appears that oversized bubbles form, break up, and
rapidly coalesce to form bubble swarms with mean bubble diameters very near 0.5 cm. A coalescence
step is hypothesized because there is nothing in the bubble breakup process that would seem to produce
such narrow distributions of bubble sizes as are observed in the experiments.

Coalescence of gas bubbles is known to be a major factor in gas-liquid interactions [72]. Coalescence
of bubbles is observed to occur easily in very pure systems if the relative velocities of the intéfacting

bubbles are not too different [73]. Contamination of the liquid with ionic or organic solutes is. found
to inhibit bubble coalescence.
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Table 10. Effect of steam concentration on the bubble size distribution

Elevation
Orifice Steam Noncondensible above Mean Geometric
diameter  injection rate injection rate orifice  bubble size standard deviation

(cm) (moles/s) (moles/s) (cm) (cm) )

0.99 0.0264 0.0680 122 0.556 1.54
0.99 0.0440 0.0452 122 0.544 1.52
0.99 0.0677 0.0225 122 0.447 1.53
0.99 0.0827 0.0045 122 0.374 1.36
0.99 0.0260 0.0687 198 0.578 1.52
0.99 0.0432 0.0459 198 0.524 1.44
0.99 0.0638 0.0229 198 0.498 i.61
0.99 0.0833 0.0046 198 0.313 1.48
0.99 0.0276 0.0691 305 0.566 1.51
0.99 0.0445 0.0456 305 0.566 1.46
0.99 0.0677 0.0227 305 0.455 1.50
0.99 0.0855 0.0046 305 0.361 1.46

Oolman and Blanch [71] consider bubble coalescence to be a three step process:

¢ hydrodynamic processes bring bubbles into close proximity so that a liquid layer 1073 to 104 cm
thick separates the bubbles,

e  processes driven by surface tension thin the separation layer to a thickness of about 106 cm, and
e the separation layer ruptures so the bubbles unite.

It has been argued [74] that an electric double layer produced by dissolved ions resists the thinning of
the liquid layer between bubbles brought into close proximity by hydrodynamic processes. Oolman and
Blanch [71] reject this argument because they believe the electric double layer has too small an effect.
They argue, instead, that the resistance to coalescence observed for contaminated liquids is the result
of surface tension effects.

Consider two bubbles brought together so that there is a liquid film of thickness hy = 1 x 103 cm
between them. At the center, the film is flat and the pressure is the bubble pressure. At the perimeter

of the film, there are curvature effects. As a result, there is a pressure variation along the film given
by:
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AP = 40)/Dg + A/67h3

where A is the. Hanamaker. constant taken to be 10712 ergs. -If a solute is present, it will impart an
opposing force given by [75]:

{

1.5h 2 “ hpAzx ¢

1% LSho fam)2 b, | b |7 g0, Rohs
hy 32 B |07 h, o h .

where
172 ‘ « -
a] :
T = t, -
3 .
p1h,

Ay = 1613/ Dgr2,
Ay= 2A/37q 12,

2

16c (1/oy RT 12, and

Ay = —
3 I,

day
ac

r = radius of film disk separating the bubbles. . . -.

Solution of this equation for various values of A3 shows there to be a critical solution concentration that
marks a transition from rapid bubble coalescence to slow bubble coalescence. Such behavior is
observed in the coalescence of bubble pairs rising through aqueous salt solutions [75,76]. Data correlate
best when plotted against ionic strength, I, rather than concentration. Data on coalescence efficiency
(percent of bubble pairs observed to coalescence for solutions of KClI, AlICl3, MgyS0y, MgCl,, CaCl,,
Na,ySOy, LiCl, NaCl, and NaBr are shown in Figure 47. There appears to be a sharp increase in the
efficiency of bubble coalescence once the ionic 'strength drops:below -abeut 0. 18. y Biifice. aiid Blanch
[209] indicate that the critical concentration for ionic solutes is given by: * !
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Figure 47. Efficiency of bubble coalescence as a function of the ionic strength of the aqueous
solution
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_RT

12
C =1.18 n(%) [ ]
[ 601]

where
C = concentration of the dissolved salt,
n(+) = number of ions produced when a "molecule” of salt dissolves,
B =15x 10‘19 erg cm, and

— = derivative of the liquid surface tension with respect to salt concentration.

v

Work done by Paul et al. [30] and by Hakii et al. [69] involved essentially uncontaminated. water. In
such systems, efficient coalescence of bubbles to produce the observed bubble size distribution could
occur. This may not be the situation in reactor accidents. As the accident progfcsses, the water in the
steam suppression pool becomes contaminated. Especially in the late phases of a reactor ,accident,

contamination of the steam suppression pool may be sufficient to interfere in the coalescence of gas
bubbles. Bubble size distributions different (presumably smaller) than those observed by Paulet al. [30]
or Hakii et al. [69] may form.

The inhibition to coalescence by organic, volatile materials is even more striking-than the efféet of ionic
solutes. Transitions from rapid coalescence to slow coalescence occur at organic volume fractions of
107 to 103. Later in the discussion of phenomena, it will bé shown that organic contaminants affect
rise velocities of bubbles and the inertial impaction of aerosol. particles.

Lee et al. [220] have developed a probabilistic description of bubble coalescence. They describe the

rate of coalescence of bubbles of diameter d(1) and d(2) at number concentrations of n(1) and n(2),
respectively, as:

—ael! 3tc

X el 173 42 (d(1)2/3 + d(2)2/3) n(1)n(2)
25

Rate = C exp

where
d = d(1) + d@2),
e = turbulent energy dissipdtion rate pér unit méss,
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t, = coalescence time = t(a) + t(b),
ta) = 2472 oy py b 2/ A2,

t(b) = %i@ldlzap”z m[bG@/h@]

Ay = Hanamaker’s constant, and

other symbols denote empirical constants. When plotted against bubble size, this rate of coalescence
for aqueous systems passes through a minimum at bubble diameters of about 0.25 cm. Coalescence
rates decrease with the intensity of turbulent energy dissipation. The coalescence rate, combined with
similar expressions developed by Lee et al. on the rates of bubble breakup in turbulent environments,
might form the basis for rationalizing the invariance in the final bubble size distribution observed by
Paul et al. [30]. The matter is not pursued further here. Moreover, the dependence of coalescence on
the turbulent energy dissipation makes it unclear that size distributions for bubbles observed by Paul et
al. in tests with one or a few orifices can be unequivocally applied to quenchers with hundreds of
orifices at conditions substantially different than those of the tests.

In the simplified model of suppression pool scrubbing developed below, keeping track of jonic strength
in the water pool is really impracticable. Water in the suppression pools of boiling water reactors will
usually be quite pure at the start of an accident, and bubble coalescence as observed by Paul et al. [30]
should be possible. As the accident progresses, the suppression pool will become progressively more
contaminated with both soluble and insoluble materials. Surely during the ex-vessel phases of an
accident, the contamination will become sufficient to meet the concentration criterion that bubble
coalescence is inhibited.

D. Thermodynamics of Bubble Rise

Bubbles detach from vents and orifices and begin to equilibrate with the bulk pool. Achieving
equilibrium is quite dynamic and can involve disintegration or collapse of the initial bubble and
subsequent coalescence of the bubbles. All these dynamic processes take place rather quickly—within
1 to 10 initial bubble diameters of the vents in the suppression pool [30]. A swarm of bubbles then
rises through the pool. As bubbles rise, there is a loss of pressure head so the bubbles expand. In
order to maintain equilibrium with the water pool, water will have to vaporize into the bubble. There
is, then, a flux of water vapor coming off the walls of the bubble. This flux of water vapor will oppose
the motion of particles toward the walls. At the same time, expansion of the bubble will cool the gas
within the bubble. This will create a temperature difference between the bulk gas and the bubble -
surface. As a result, there will be a thermophoretic driving force pushing particles away from the
bubble surface.

Analysis of the vaporization of water into the bubble must be done in terms of the internal energy of
an open system since neither the pressure nor the volume is constant. The analysis below follows in

outline the general features of an analysis by Owczarski and Burk [6]. The gas in the bubble is taken
to be ideal. Here, aerosols within the bubble are neglected. Aerosols in the bubbles could be heat sinks
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and sources of decay heat. Concentrations of the aerosolssare, however, thought to.be sufficiently low
so that the aerosols will not significantly perturb the thermodynamic properties of the gas. That is, at
an aerosol concentration of 0.1 g/m”, the aerosol would, typically, only increase the heat capacity of
the gas by about 0.01 percent. It is possible that water could condense on aerosol particles within a
bubble. Whether or not this happens is dependent on the properties of the aerosol material. This topic
is discussed further below. Aerosols could be a source of decay heat. At typical decay heating rates
of 0.3 W/g and a bubble rise time of 20 seconds, decay heating by aerosols at a concentration of
0.1 g/m3 would only increase the energy in the gas phase by the equivalent of 5 x 104 K. Thus, decay
heating is neglected here.

Consider a bubble of initial volume V(i), pressure P(i), and temperature -F(i).. A differential upward
displacement of the bubble, dx, is imagined to change the:volume, pressure, and temperature to. V(f),
P(f) and T(f), respectively. A molar amount of water, dn(H,0) is also imagined te vaporize into the
bubble during the displacement.

Changes in the internal energy of the bubble during the displacement. aré defined by:

AU = AQ - AW

where - .
AU = change in the internal energy,
AQ = change in thé heat content, and
AW = work done by the bubble.

For the situation of interest here, work is taken to be pressﬁre-volﬂnie work:

AW = J v PdV’
V(i)

[AN

The thermodynamic cycle that can be used to gi;éfme the change in state dssociited with'the- differential
displacement of the bubble involves the following steps: :

* an isothermal vaporization of dn(H,O) moles of water into the bubble which cabises the bubble to
expand from V(i) to V’, ,

®  an isothermal expansion from P(®i), V', T(i) to P(f), V*, T(i), and

¢ a constant pressure expansion from P(f), V*, T(i) to P(f), V(©), T(®).
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These steps can be compared to the internal energy change of an isothermal vaporization and a change
from T(@) to T(f).

For the first step in the cycle, a constant temperature, constant pressure vaporization of dn(H,0) moles
of water, the work done is:

\A n(Hp0) +dn(Hy0)
AWq = j P(i)dV = I P(i) dn(H,O)RT/P(i) = PA) (V' - V(D)
V(@) n(H70)
and, thus,
V= V) + Jr@dE0)
P@)

The work done in the second step, the isothermal expansion from P(i), V', T() to P{), V*, T(@) is:

E 3

PdV = j dV = nRT@E) In(V */V")

\ V* aRTG)
VI VI V
- [ng(Hy0) + dn(E,0) + nNOIRT(In(V */V")

AW, = j

where
R = gas constant,
n,(H,0) = moles of water vapor present in the bubble prior to the displacement, and
n(NC) = moles of noncondensible gas in the bubble.

Since, by assumption, the gas is ideal:

nRT@) , 4 v+ - BRTE)

vV* = i w4
P(D) P(D)
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Then,

AWy = [ny(Hp0) + dn(Hy0) + n(NC)] RT(i) In[P®i)/P@]

The total work done in going from the initial to the final state is:

! H

o7 .
AW = AW; +AW3 +AW3 = da(H0) RT() + [no(H0) +n(NC) +dn(H0)] RT() miﬁ%

+ [no(H0) +n(NC) +dn(Hy0)] R(T(f) - T(i))

In the limit of small dx:

dn(H,0) p
% =RT — " - [n(#,0) + n(NOJRT 2

+ [nE20) + pAOIR 5

The change in the internal energy of an ideal gas is ‘just a function; of "i:gmpcrgt}lre. Therefore, the
internal energy change in going from the initial to the final state is:

T dn(H»0)
C}TS - n(H,0) cV(HZO)%XLn(NC)cV(NC)% . [L [ cymoar] — 22
T(ref)
where "
Cy()) = constant volume heat capacity of species i, dnd Ao
T(ref) = reference temperature for the internal energy
The heat input to the bubble during a differential displacement is' giVen:by’:"": ' v
dQ _dU _ aw _ e dT
I Ei + r o [n(HzO)Cp(HZO) + n(NC)Cp(NC)] a5
dn(H,O
- [n(H,0) + n(NC)] RT 4I2P [L . J Cy(Hy0) dT + RT n(r0)
T(ref)
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where use has been made in deriving the above result of the relationship between the constant pressure
heat capacity, Cp(i), and the constant volume heat capacity, C,,(i):

Cpd = Cy@) + R

The differential equation above, along with the assumption that noncondensible gases neither dissolve
in the water or vaporize from water into the bubble:

dn(NC) _ 0
dx

define constraints on variations of the thermodynamic variables of the system. Phenomenological
descriptions of any three of the derivatives of the thermodynamic variables allows the fourth to be
determined.

As the ambient conditions change, the system will respond in a way that minimizes changes to the
system. Thus, a reduction in pressure will cause the bubble to expand. To minimize this expansion,
the gas will attempt to cool. If heat is supplied, this cooling will be limited and water vapor will
evaporate into the bubble.

The flux of water vapor into the bubble is, of course, of interest because it will constitute a flow that
opposes particle deposition. On the other hand, if water vapor condenses on the bubble wall, it
provides a flow that will enhance particle deposition. The magnitude and direction of the flow can be
found by evaluating the above differential expression. The change in pressure associated with bubble
rise is found from:

L& - g t/p =

1 dInP
P dx dx

where £ is a constant to correct units (1013250 g/cm-s2 = 1 atmosphere). If transfer processes within
the bubble are very fast, then the heat supplied to the bubble is:

%% - h(x)7D2(bubble) [T(e0) - TI

where h(x) is an external heat transfer coefficient discussed below (see Section IV-I).

The rate of vaporization of water into the bubble must be sufficient to keep the bubble atmosphere at
saturation. From the ideal gas equation of state:
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Pn(H,0)

HNC) + 5,0) = P(sat)

where the saturation partial pressure of water vapor, P(sat), is strictly a function of temperature. Near
373 K, the functional dependence of P(sat) on temperature is approximately,

InP(sat) = 13.3349 - 4976.65/T(K)

when P(sat) is in units of atmospheres.*

Then,
dnH0) _ 4976.65 iiPsat) dT _ n(H0) gp
and

23

, 4P | oRT n(HyO)L
dx

4976.65nP(sat)Ls - dT
P P - P(sat) '

| = [n@H,0)C,(H)0) + n(NC)C,(NC) + —— | 5=
] [ o R S

where n = n(H,0) + n(NC).

Inspection of these equations shows that if heat is not supplied to the bubble, the bubble cools as it rises
through the pool. If the cooling rate is rapid enough, water vapor will condense on the bubble surface.
Convective heating of the bubble can slow the cooling and cause water vapor to evaporate into the
bubble.

Results of an example calculation for a steam-hydrogen bubble in a 400-cm-deep pool of water at 373 K
are shown in Figure 48. The initial bubble size was taken to be 0.5 cm. Growth of the bubble as it
rises is quite small initially. Only in the last 100 cm or so is there an easily measured increase in the
bubble diameter. For this example calculation, the convective heat transfer coefficient was taken to be
given by:

More accurate expressions for the saturation vapor pressure of water are described later in the chapter.
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Figure 48. Thermodynamic calculation of bubble rise in a water pool. For this calculation
Thool = 373.15 K, H = 400 cm and the heat transfer within the bubble is assumed
to be infinitely fast.
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Nu = hx)Dg/ki(@) = 1.13 Pe
where
Nu = Nusselt number,
h(x) = external heat transfer coefficient,
kip(D) = thermal conductivity of water,

Ububble) Dg p1Cp®

Pe
kD

Peclet number =

U(bubble) = rise velocity of the bubble, and R
Cp(l) = heat capacity of water.
Heat transfer to rising bubbles is discussed’ further below (see Section IV-I).

The velocity of water vapor coming off the bubble walls varies between 1073 -and-0. - emys: This vapor
velocity is comparable to aerosol deposition velocities discussed below and. should retard -deposition
processes. '

The temperature differences between the bulk pool and the bubble surface are always quite small. FO}
this example calculation, heat transfer within the bubble has been assumed to be infinitely rapid. There
is, then, no thermophoretic force on particles that might be present.

Incorporation of finite rates of mass and heat transfer within the bubble requires that a distinction bé
made between the surface temperature of the bubble, T(s), and the temperature of the bulk ‘gas in the
bubble, T. The surface temperature of the bubble is found by assuming a quasi-steady state existg?.
Then,

B(x)[Tp -T@)] =

KmL | P(sat) _ Pn(Hy0)
R T(s) nT

:l + h(@) [T(s) -T]

where

k, = mass transfer cocfficient for steam in the bubble,

=
[

molar latent heat of water vaporization,
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P = pressure including the hydrostatic pressure, and
h(i) = internal heat transfer coefficient.

Results of an example calculation similar to that discussed above are shown as solid lines in Figure 49.
Also shown in Figure 49, as dashed lines, are results for the calculation with infinitely fast transfer
processes within the bubble. Mass and heat transfer coefficients for the example calculation were
obtained from the Kronig-Brink equation which is discussed further below. This model assumes that
the gases in the bubble are well mixed.

In comparison to the results for infinitely fast internal processes, the vapor velocities from the bubble
walls are somewhat lower and thus a lower diffusiophoretic resistance to aerosol deposition. On the
other hand, there is a difference between the surface temperature of the bubble and the bulk gas in the
bubble so there is a predicted potential for thermophoretic resistance to aerosol deposition on the bubble
walls. This thermophoretic force is, however, not very large.

E. Bubble Plumes From Quenchers

Most of the detailed information on bubble behavior has been derived from experiments in which there
were elaborate efforts to generate single, well-isolated bubbles. Quenchers and vents in suppression
pools will, instead, generate swarms of bubbles. Wakes created by bubbles will affect the behaviors
of succeeding bubbles. Perhaps the most important effect of bubble swarms is that they entrain liquid.
Because the points of bubble generation are localized within the pool, the entrainment of liquid can have
a profound effect on bubble behavior. (Note that this entrainment effect does not arise in such a
dramatic fashion in the case of water pools overlying core debris where bubble generation takes place
over the entire base of the pool.) Coupling of bubble and liquid motion creates an expanding plume.
Bubbles within the plume rise faster than do isolated bubbles because their velocities are augmented by
the velocity of the entrained water. Because the bubbles rise more rapidly to the pool surface, there
is less opportunity to remove aerosols from the bubble than there is for aerosol removal from isolated
bubbles. As discussed at length below, there is a distribution of bubble concentrations and velocities
across a plume so that aerosol removal will not be the same for every bubble.

Bubble plumes present some interesting complexities. Significant approximations will be made in the
description of bubble plumes adopted here. Plumes will be represented as coming from a point source.
In the case of quenchers, the entire arm of a quencher, which may have several hundred orifices, will
be treated as a single source. The effect of the submerged pipe will be neglected for bubble plumes
created by downcomers. The effects of the weir wall will be neglected in the treatment of bubble
plumes from horizontal vents. In all of the analyses, the water pool will be considered infinite in
extent. That is, the boundaries of the pool and the presence of other plumes will be assumed to have
negligible effects on the quantities of interest.

The description of bubble plumes will follow the integral representations developed by Milgram [44],
Tacke et al. [45], Chester et al. [265] and by Sahai and Guthrie [266]. These developments do not
treat the condensation and evaporation of water. Analyses of the thermodynamics of bubble rise
(Section IV-D, above) suggest that condensation and evaporation ought not affect bubble behavior too
much except near the surface. Except for the effect of evaporation of water vapor into the bubble on
the momentum equation and the gas continuity equation, condensation and evaporation effects on plume
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Figure 49. Results of bubble rise calculation considering finite rates of heat and mass transport
within the bubble (solid lines). Dashed lines are results obtained assuming infinitely
fast transport processes within the bubble.
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behavior will be ignored here. More detailed, differential descriptions of bubble plumes to be found
in References 46 to 50 would more easily accommodate detailed treatments of condensation and
evaporation than the integral approach used here.

A suppression pool can develop unstable density stratification. Heat is imparted to the pool at a water
depth which produces a significant pressure head. The pool surface temperature is limited by the
boiling point at the ambient atmospheric pressure. It is possible, then, for a temperature gradient and,
consequently, a water density gradient to develop. The stratification of the pool with more dense water
on top is unstable. Flow that can develop to relieve this instability can greatly complicate the behavior
of plumes [51,52] (see Figure 50). No attempt is made here to account for such effects.

The objective of the analysis of bubble plumes here is to determine the velocities of water and bubbles
across the plume and the concentration of bubbles across the plume. A variety of experimental studies

including experiments by Paul et al. [30], Tacke et al. [45] as well as studies cited by Milgram [44]
suggest that the water at a specified elevation in the plume, z, will have a Gaussian velocity distribution:

Uyt,2) = Uy@) exp[-(/b@)]

where
r = radial coordinate
z = axial coordinate
Uj(r,z) = upward water velocity at point r, z,
Uy(z) = upward velocity along the plume centerline, and
b(z) = distribution parameter that varies with z.

Bubble velocities are then given by:

Ug(r,z) = Ujy(,2) + U(slip)

where U(slip) is the slip velocity which is related to the rise velocity of isolated bubbles, Up (see below
and Section IV-G).

It is, then, assumed that the gas fraction in the liquid at a given elevation also has a Gaussian
distribution:

€(r,2) = €(z) exp[-@/b ()]
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where e(r,z) is the gas fraction at point r, z. The distribution parameter b (z) is not necessarily the
same as the distribution parameter for water velocity. But, an additional assumption is made that the
two parameters are related by

be(@)/b@) = A

where \ is independent of elevation. Milgram [44] takes A to be 0.8, Tacke et al. [45] assume A =
0.7. Sun and Faeth [47] present results of numerical calculations that indicate A may be as high as

0.96.

The unknown quantities, centerline velocity, u(z), centerline gas fraction, e(z), and the water velocity
distribution parameter, b(z), are found by integrating the gas continuity equation, the water continuity
equation and the momentum equation.

The gas continuity equation is:

(o]
Q@) =2« I . Ug (t,2) e(r,z)rdr

where Q(z) is the volumetric gas flow. If evaporation is negligible, Q(z) varies with elevation:

QT Py + &p1H)

WD = 5 ~g@ -

where
P, = ambient pressure (atms),
H = pool depth (cm)
p] = water density (g/cm3),
¢ = parameter to correct units = 1/1033.23, and

Qr = input volumetric flow to the plume.

Here, the input volumetric flow to the plume is not the flow from the gas source. For the calculations
of interest here, Qg is the gas left after the dynamic events of bubble formation, collapse and
coalescence.
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To account for evaporation of water vapor into the bubbles as they rise through the pool it 1s assumed
that the bubble is always in local equilibrium. Then

. Pa + leE - P(Sat)
Q) = QT | 5 r 5 r P

where P(sat) is the saturation partial pressure at the bulk pool temperature whrch is taken to be irtvaridnt
throughout the plume. This simplified description is used here to make derivations moré transparent
In the model described in Chapter V, the gas flux is calculated from the thermodynamic description
presented in the previous subsection.

- e

Integration of the gas continuity equation yields:’

0@ = ™62 |2 . ugt
1+ 22

where

1 for U(slip) = Up
f=141-e/2 for UGslip) = Ug(1 -&(r,2))

1-e(z)+e@?/3  for U(slip) = Ug(l -e(r,2))?

Upg = rise velocity of an isolated bubble of the same size, and
U(slip) = slip velocity of bubbles in the plume.
Note that three, relatively simple, descriptions of two phase flow have *beeii considéred hére in the
definition of f. These are the descriptions considered by Tacke et al [45]. Other descriptions
exist [51]. ‘
The liquid continuity equation is formulated assuming that liquid' is entrained by rising’ bubbles:

% j [1 - e@,2)] Uj@,2)rdr = 2rb@)aU;(2)k)
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where
o = entrainment coefficient, and
k(z) = factor to correct for gas concentration in the entraining liquid.

Milgram [44] takes:
k(z) =1
Tacke et al. [45] take:
k(@) = 1 - e(2) exp(-1/A\9)
The authors of this document prefer:

k@) = 1 - Me@[1 - exp(-1A2)]

Then,
d 2 e(Z)N2
4 vl |1 - = 2b(2)aU@)k(z)
dz 1+ )\2

Milgram [44] develops the momentum equation considering the momentum of the gas as well as the
liquid momentum. Tacke et al. [45] neglect the small contribution of gas momentum. Milgram also
introduces the momentum amplification factor, 4. Neglect of this momentum amplification factor
amounts to treating the plume as though it were a single phase. (Milgram notes that measurements by
George et al. [53] indicate that oy may be as large as 1.07 even in single phase plumes.) Momentum
amplification is considered here and the momentum equation is taken to be:

2 2my [ "o wdey 1 - o) + UG ang@en) i =

- 2mg | o°° low - pg@)] €(t,2) rdr
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Then, substituting in expressions for liquid and gas velocities yields:

N €@ (o ~0g(2)
2%+ 1

%’y b2@) U, 22) f;_”_ - + UpX2b@)? p5(2) @U@ +UBl@)]| =

= gloy ~pg@]e@DN*b%(@)

where
2 for U(slip) = Up
1 +)\2
b 2 _ 20 for U(slip) = Ug(1-¢(r,2))
A1 A2s2 ‘
2
2 4@, 20 o Uslip) = Ug(l-e(r,z))?
| 3%:1 N2 2s3
and
1 for U(slip) = Up
Iz2) = 1 1-¢€@+ e2(z)/3 for U(slip) = Ug(1~¢(r,z))
() B
1 - 2e@@) + 262@) - (@) + 4@/5  for Uslip) = Up(l-e(r,2)>
k Up(l-¢

Milgram [44] correlated the entrainment coefficient, ¢z, with a bubble Froude number, FB:

a = kKFg/(A + Fp) -

where
Fg = e(z)1/3 Q(z)2/5 g3/10 (oyy - pg(z))llz / 011/2
k = 0.165, and
A = 7.598
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Milgram apparently found the parametric values in the correlation by linear least squares analysis after
recasting the correlation in a form that is linear in 1/c:

1

1/ =
Fp

+ 1/k

>

Refitting data digitized from a small plot provided by Milgram yielded the coefficients:

% - 23.0688 + 3.0299

1/k = 9.379 + 0.815

or

k = 0.1066 + 0.0093

A =2.460 + 0.387

These are the parametric values adopted here. (It should be noted that if both the Froude number and
the entrainment coefficient are considered uncertain, the existence of a correlation between the two
become dubious.)

This linear form of the correlation is shown in comparison to the data used by Milgram in Figure 51.
There is, obviously, some substantial scatter in values of 1/« about the regression line. Because the
regression line has been determined by linear least-squares methods, the uncertainty in a predicted value

of 1/« is distributed according to a Student’s t distribution. The uncertainty range for a prediction at
a confidence level of 100(1 - §) percent is given by:

1/2
x-%)?

la = 1/aleg + stq-gr)@-2) % i
Y, () -%)?
i=1
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where
1ol reg = Vvalue of 1/a calculated from the correlation,

s = standard error in the regression = 4.185

t1-g8 /2)(n—2) = critical value of the Student’s t statistic for n - 2 degrees of freedom at a confidence
level of 100(1 - B/2) percent

n = number of data points used in the regression = 69
x = 1/Fg for which the estimate of 1/c is sought,
X = mean value of 1/FB in the data set, and

x(i) = value of 1/Fp for the ith data point.

From data provided by Milgram:

x = 0.2145

n
Y IxG) - % = 1.8474
i=1

The 95 percent confidence bounds on predictions of 1/ from Milgram’s correlation are plotted as
dashed lines in Figure 51.

Milgram [44] presented correlations of the momentum amplification factor, v, in terms of the so-called

phase distribution number, NP:

a

'y=1+C/Np

or

y = 1.07 + C’/Npa
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where

_ U@ Gy - pp"?

Np 2/3
&(z) \/g 0]

, and

a, ¢, ¢’, a’ = parameters.

Milgram contends that the lower bound on the momentum amplification factor is 1.0 or perhaps 1.07.
He shows, however, values derived by medeling experiments;that are less than:1.0. Ignoring these
values, the correlation can be parameterized by linear, least-squares methods when recast in the form:

In(y-1)=InC -D In Np

where
InC = 5.216 + 0.835, and
D = -1.0895 4 0.1402.

Uncertainties in In (y - 1) predicted with this correlation can be found at the 100(1 - 3) percent
confidence level from:

12

3 2
In(y-1) = In(y-1) [reg * 0.837t(1-g/2)45), 4—17 * ——(xss,s.'sglgsl') |

where

In (y-1)| reg = value of In (y-1) found from the correlation,

t1-g/2(45) = critical Student’s t statistic for 45 degrees of freedom at the
100(1 - B/2) percent confidence level, and
x = InN,.

p

The predicted values of v derived from the correlation, the 95 percent confidence bounds on these
predictions, and data presented by Milgram are plotted against the phase distribution number in
Figure 52.
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Figure 52. Dependence of the momentum amplification factor on the phase distribution number
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A final issue to confront is the definition of initial conditions for the two differential equations described
above. It is clear that the Gaussion profiles for liquid velocity and for gas fraction used in the
development above do not apply in the immediate vicinity of the gas source. In the situations of interest
here, a lot of dynamic activity takes place before the plume develops. Milgram [44] recommends that
initial conditions be defined at an elevation Z(E) given by:

5D,

Z(E) = min
10 U,

_g_ Pw

172
D, ‘ [ 0g(0) ]_‘0.75

where

Do = orifice diameter,

U, = gas velocity through the orifice, and

pgl0) = gas density at the orifice. e )
For the analysis here, the values of U, and p(0) should&be taﬁén@s the hyp@thetlcal values that would
exist if no condensation of water vapor took place durmg the formation and §1mt1a1 rise of gas bubbles.
The distance 5 D, suggested by Mﬂgramm1s~ ofe co,grsegremmlscent of observatlons made by Paul et al.
[30]. They observed ‘that bubble breakup was complete iri a few initial bubgble dfimeters. Following
Milgram’s suggestion, the plume- model equation would-apply to within about 10 cm of the orifices in
quenchers. The equations would apply very close to downcomers and vents according to Milgram.
But, observations by Paul et al. [30] and by Lee and Chan [40] suggest plume equations might not be
appropriate for several tens of centimeters from the large vents.

The initial conditions specified by Milgram are:

e(z(E)) = 0.50y/low - pg(z(E)]

ot

Momentum = Qpg(H)U, +%—Q [ow —pg(z(E/2))] g 2(E)
o

Milgram notes that initial conditions do not strongly affect calculated results.
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Tacke et al. [45] recommend that the initial state be taken as e(z) = 0.5. They then define

2 0.5
Z(E) _ 5.0 QT Pg(o)
D, | 5
0 2 1/5
Ab(z(E)) = 0.5045 _1,‘5_
Do g
D 5p i
e@) =50 |02 ZB) |g 0 W
Do 2
QT Pg(o)
where Y depends on the ratio pg/pw:
0.866 for He in water
V= 1.22 for Ny or air in water

This suggests:

Y = 0.807 + 360 pg/pw

McDougall [54] recommends:

Z(E) = 0.025 H'

Ut(z(E
UIEE) 13| g9 - 03195 (173, 4 o6603 xM)23 + x(0.4536 - 0.0105/M)
Up M1 13
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TR P ' ol
b(Z(Ez) - x |:O.6 + 0.017196/MY3 - 0.002527 M2 + x % - 0.04609]]
2o

where

!

X =z/H

QTP + )¢
3

4mc? pyH2U

e
I

H + Plpig

None of the initial conditions models is particularly satisfactory. Here Milgram’s suggestions are
adopted for the example calculations. These suggestions are not, however, applicable to cases involving
substantial vapor condensation which can occur in steam suppression pools. Alternate initial conditions
for such cases are discussed in Chapter V.

Predictions of the plume model compared with data obtained by Milgram [44] for large and small flows
through a 5-cm vent in a patural pool 5000 cm deep are shown in Figures 53 and 54. Predictions
shown in these figures were based on the assumption that the gas bubbles were, initially, 0.5 cm in
diameter. Bubble slip velocities were taken to be equal to the rise velocity of an isolated bubble which
was calculated from the correlation described above (see Section IV-G). The parameter A was taken
to be 0.8. Milgram has shown that model predictions are not very sensitive to this parameter.
Calculated results shown in the figures as solid lines were obtained using Milgram’s correlations to
calculate the entrainment coefficient, «, and the momentum amplification factor, v, at local conditions.
Agreement between calculated and observed quantities is good on an overall basis. Agreement can be
improved by using selected average values of ¢ and v that are independent of elevation of the plume.
Such calculated results are shown as dashed lines in Figure 53.

Model predictions of the void fraction along the centerline of a small-scale plume are compared in
Figure 55 to data obtained by Tacke et al [45]. These data were obtained using air. flow through a.
0.05-cm vent in a 60-cm- deep pool. Calculations using Milgram’s correlation for the entrainment
coefficient o agree only qualitatively with the test data regardless of the value of A in the range from
N = 0.7 (recommended by Tacke et al.) to N = 0.9 (recommended by Milgram). Increasing the
entrainment coefficient to o« = 0.1 independent of elevation in the plume yields quantitatively accurate
predictions of the centerline void fraction. Tacke et al. note that there is a great deal of uncertainty in
the entrainment coefficient and recommend overall average values in preference to. Milgram’s
correlation. '
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Figure 55. Comparison of model predictions to centerline void fractions observed in experiments
by Tacke et al. [45]. Results calculated with various values of A and the entrainment
coefficient calculated from Milgram’s correlation are shown. Also shown are results
calculated with entrainment coefficient fixed at 0.1.

123 NUREG/CR-6153



Physical Phenomena

Predicted bubble rise velocities as functions of radial distance at various elevations in plumes produced
by large and small flows in tests by Paul et al. [30] are shown in Figures 56 and 57. These predictions
were obtained using various values of the momentum amplification factor that were independent of
elevation. The entrainment coefficient was calculated using local conditions in the plume and Milgram’s
correlation.

Tacke et al. [45] and other investigators have obtained data that suggest that bubble plumes conform
quite closely to the exponential structure assumed above in the development of the plume model. The
experimental results for bubble rise velocities obtained by Paul et al. [30] suggest thisiexponential model
of the plume structure is only an approximation. These data suggest the plunie mlght be more
accurately portrayed as consisting of a central core with nearly constant propertlesosurrounded by a
peripheral region with exponentially distributed properties. Nevertheless, it is evident that reasonably
good comparisons to data can be obtained by suitable variations in the momentum amplification factor.
Comparisons in Figure 58 show that using elevation independent values of the entrainment coefficient
rather than local entrainment coefficients provides additional flexibility in matchmg predleted and
observed values of the bubble rise velocity.

Some caution should be exercised in drawing conclusions from the comparlsoni of predlcted and
observed bubble rise velocities shown in Figures 56 through 58. The predlctlons were prepared
assuming that bubbles were uniformly 0.5 cm in diameter. Paul et al. have shown thaﬂbubble sizes are
approximately lognormally distributed in size. Some of the vanablhty between predlcted and observed
rise velocities may come from distributions of the bubble sizes in experiments.

It is evident that bubbles in a plume rise much more rapidly than isolated bubbles! rise velocmes of
isolated bubbles considered in preparing predictions shown in Figures 56 through-§8 would be about
24 cm/s). The more rapid rise velocities shorten the time available for scrubbing faerosols from the
bubbles. Because there is a distribution of rise velocities across a plume, there will, presumably, be
a distribution of aerosol removal efficiencies across the plume.

Three essential parameters arise in the characterization of thie bubble rise velocities i i the plume, A, v,
and . The parameter A is not especially influential. It can be directly determined i m experiments and
apparently is widely accepted as being in the range of 0.7 to 1.0. The parameters v and o are
influential and cannot be directly measured. These parameters are found from expenmental data by
calculation, but such calculation yield results depend on other assumptipns in the plume model. They
do seem to vary with flow and pool depth, but there are not sufficient data to produce reliable
correlations of these parameters. The momentum amplification factor is particularly mysterious. Many
investigators of plume behavior seem to neglect it. It does, however, have a theoretical basis and
provides the flexibility in models to match experimental data.

F. Overview of Bubble Behavior

The behaviors of individual bubbles enter into the descriptions of bubble swarms and plumes. The
features of bubble behavior of interest include rise velocity, which is affected by both bubble size and
shape, as well as heat and mass transport coefficients that:can.be ascribeditorbubbles.. It is‘convenient
to categorize bubble behavior into regimes based on the. dimensionless Eotvos and Morton numbers:
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Figure 58. Effect of entrainment coefficient on predictions of bubble rise velocity
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Eq = Eotvos number = g(pl—pg)Dglal
4 23
M = Morton number = g (pl—pg)/pl 1

The Morton number is a pro Perty of the fluid phase. _As shown in Figure 59, the Morton number of
water varies from 2.6 x 107! at 298 K to 7.5 x 10'14 in saturated water at 453 K where the vapor
pressure is about 10 atmospheres. The Eotvos number is a property of the bubble and the fluid. At
293 K, a 0.1-cm-diameter bubble in water has an Eotvos number of about 0.13 “_l_llc;.reas the Eotvos
number of a 1-cm-bubble is 13.4. The Eotvos miffiber 6fa 1-Cm-diameter! bubbie in water at 453 K
is 20.6.

At a fixed Morton number, the behavior of bubbles varies with bubble size. Very smgll bubbles are
essentially spherical and rise through water as though they were rigid spheres [77,78 79"80] Somewhat
larger bubbles develop internal circulation of gas. They are still spherical but rise thmugh the fiquid
about 50 percent faster. Still larger bubbles distort into oblate ellipsoid shapes. With further increases
in size, the shape becomes unstable, and the bubble can undergo oblate-to-spherical or ¢yen oblate-to-
prolate shape oscillations. The-onset of shape oscillations is accompamed by a shanp-mcrease in' the
drag coefficient of the bubble. With further increases in bubble size, the bubble diStorts mto a sphérical
cap shape. As discussed above, bubbles that become too large are unstablé and will -break up into
smaller bubbles.

P
c-’ :

The onset of internal circulation of gases within a bubble has iiportarit ram1ﬁcatlops on aemsol
trapping. The circulation of gases makes possible aerosol deposition by inertial nnpactlon On the
other hand, the increase in the rise velocity decreases the time aerosols within the bubble are exposed
to water. Why gases do not circulate within bubbles of all sizes has been much debated,[81' 82]. "1t is
generally believed that the accumulation of surface active agents at the interface between the gas.and
the water is responsible. Because the agents accumulate preferentially at the rear of the rising bubble,

a surface tension gradient is created which tends to oppose liquid motion. The effect is of%en considered
small except in very small bubbles. This may well be the case in laboratory situations m,.whlch there
are efforts to keep water pure. In suppression pools under accident conditions, the water will become
very contaminated with a variety of chemical species. Some fraction of these contammants may be
surface active and may affect the mobility of the gas/water interface and consequently the circulation
of gases within the bubble.

The usual criterion for the onset of internal c1rcu1at10n is the Bond cntenon that E > 4. This criterion
is applicable only for bubble Reynolds numbers, ReB, less than 1 where:

b‘

Reg = Uriser1DB/11

and U is the rise velocity of the bubble. Clift, Grace, and Weber [81] suggest a rise velocity
relationship in terms of the modified Eotvos number:
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U
Y _1+2z
e

- [—2 | ey-1)

y = 1+ 0.5tanh(1.9646 E, - 2.63415)

!

2
E, = g(01-pg)Dg/A0)

where Agj is the difference between the surface tension of the pure liquid and tfle surface tension with
a surface active agent present.” Sadhal and Johnson [238] suggest a refinemént to this factor used by
Clift, Grace, and Weber. They suggest:

U _ 1
Uigid) 1 -273

where

Z = [1-m(pV1 + plup,
m(¢) = 51_[2¢ +sin ¢ - sin 2¢ - 1/3sin 3¢], and
T

¢ = polar angle marking the region of the bubble surface immobilized by accumulated
surface active agents.

Various quantitative criteria have been suggested for the onset of shape oscillations. Peebles and Garber
[58] found shape oscillations of air bubbles in water when:

o1 .3
A uipg| > 365

Coester [59] observed shape oscillations for air bubbles in water when:,

L -3
— UsDg
0‘1 T

> 2.96

In glycerine-water solutions, oscillations occurred when:
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| TB

> 344 t0 4.24

The strong dependencies of these criteria on rise velocity suggest that the onset of shape oscillations is
delayed by impurities in the water.

Quantitative criteria for the distortion of bubbles from spherical to ellipsoidal and from ellipsoidal to
spherical cap are discussed in the subsection below on bubble shape.

G. Slip Velocity of Bubbles

The slip velocities of bubbles in plumes are related to the rise velocities of isolated bubbles. The rise
velocities of bubbles in water have been studied numerous times (see as examples References 78 to 80).
Rise velocities do depend on the purity of the water. Even the very low levels of impurities found in
distilled water are suspected to influence bubble behavior. Certainly, the water in a steam suppression
pool must be considered contaminated—if not initially, it will certainly become contaminated as a
reactor accident progresses.

Here a correlation of the rise velocity of gas bubbles in "contaminated" water is adopted [66]:

Ur = —2_ M~0-149 (5_0.857)

r1IDB
where

Dp = diameter of the sphere with an equivalent volume of the bubble

M = Morton number

0.94 g0-7%7 for 2 <H <59.3
3.42 gO-441 forH > 59.3

H = 4/3 B, M0-149 (4/0.009)0-14
E, = Eotvos number

p = liquid phase viscosity in poises.

For H> 1000, the large bubble correlation discussed above (see Figure 39) is used to calculate bubble
rise velocity:
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Ut = 0.735,/gDg(cm)  cm/s

For bubbles with H < 2, the following correlations in terms of the Reynolds number are used [67]:

a. for4 < Re < 100:

2rg [ 41 31%;;.] Re0-74
M

12
Pg
3.05 1783 | 28| +.2142 Z&.4 1080,
" I

b. for0.01 < Re < 4

2

4 (1-pg)g Dp 1
UT = —
3

Pl Cp

log CDRe—l = -0.881 + 0.82 Io Re - 0.05( R2
10 5z . . 210 e -05(log1g Re)

c. for Re < 0.01

2 4
UT =§-

(o1-pg)g DB 1
o1 3716 + 24/Re

These correlations are compared to experimental data in Figure 60.

i

The SUPRA [7,8] and BUSCA [9] computer codes use a model for bubble risé velocities due to Wallis
[85]. Five regimes are considered:

1. If Dy > 4.66 (oy/py2)1/2 ,

Ut = 0.709/gDg

2. IfRe <2 ,

2
Ut = Dgo1g/18y
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Figure 60. Comparison of predictions of bubble rise velocities by several models
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3. If2 < Re < 4.02 M0:214

0.52 1.28
D
U =033 076 |21 _B
I 2
4. 1¥4.02 M 0214 _ Re < 3.1 M0-25,
Ut = 1.35Q20)/p D)2
5. IfRe > 3.1 M0-25
Ut = 1.53(goy/opt/
where Re is the Reynold’s number.
The SPARC code uses a rather simple model [6]:
1/4
7.876(o1/0p) for Dg < 0.5 cm
Ut = 0.49275
11.0826(oy/pp /4D **™>  for Dg > 0.5 cm

These various descriptions of the rise velocities are compared in Figure 61 for bubbles of various sizes
rising through water. The sharp peak in the rise velocity for Dg = 0.2 cm exhibited by the model used
in the SUPRA and BUSCA computer codes is appropriate for gas bubbles rising in very pure water.
Such a peak would not be expected in even modestly contaminated water such as tap water [79].
Certainly, during the progression of a severe reactor accident, water in thie suppression pool will
become sufficiently contaminated that rise velocities of bubbles will be affected.

H. Bubble Shapes

The distortion of bubbles from spherical to oblate ellipsoidal is conveniently described in terms of the
eccentricity, E, which is the length of the semi-major axis, a, divided by the length of the semi-minor
axis, b:

E =a/b

The volume and surface area of an oblate ellipsoid of eccentricity E are:

NUREG/CR-6153 134



RISE VELOCITY (cm/s)

Figure 61.

Physical Phenomena

A

\
\

!
!
[
I\
]
!
|

’ A

| 5 BUSCA & SUPRA CORRELATION
A

&

&

1] I
|
I
I
l
i
j
I
20| ;
=
1 (OO Large Bubble
( Contaminated Correlation
( Liquid
@' 4 Correlation
|
O
101 -
|
i
] ]
0.5 1.0 1.5

BUBBLE DIAMETER (cm)

Comparison of predicted bubble rise velocities to data for air bubbles in hot (322 K)

tap water [79]

135

A T

PR AR vy

NUREG/CR-6153



Physical Phenomena

V = %ﬂ-azb - gmﬁ/E - E
2 172
A = E DB(C)Z E2/3 . 1 + - ..J-. o l . .th rEv'*'A (E‘...;‘Zl.)m .
2 EE-D2 |5 - @2l

where Dg(e) = 2a/E1/3 is the diameter of the sphere with an equivalent volume.

A compact correlation for ecceritricities of bubbles is 82

1 for Ta<1’
% = [0.81 +0.206 tanh {2(0.8 —logloTa)}]3 for 1<Ta s 39.8
0.24 for Ta>39.8

-~

where Ta = ReM9-23. In cases where Ta exceeds 39. 8 the bubble Has a sphencal cap shape which
will be discussed further below.

The BUSCA code [9] ‘uses & correlation of eccentricity with the Eotvos number,  E:

0.8526 +0.22498E,, - 5.6918x10 OB, +4.86x100E for Eq < 38.5
E =1 3.85+7.6472 x1075 &, -38.5) for 38.5 < Eg <2000
4 for E, > 2000

Okhotskii [224] has proposed a theory of bubble eccentricity that yields the implicit expression:

E 1/2
E=1+ .% 1 0
3 E1/3 1 + Ey/4

Paul et al. [30] examined the shapes of bubbles produced in thelr experiments with quenchers. They
developed a regression equation for their data:

1 for Dg(e) = 0.15 cm
E 0.68 + 0.57 exp [-Dg(e)/0.26]  for Dg(e) > 0.15 cm
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Their data for bubbles in swarms as well as data for isolated bubbles [39,79,80] are compared to the
correlations in Figure 62. It is apparent from this comparison that there is significant scatter, even in
the data for isolated bubbles, about the correlation. There appears also to be some indication that
bubble distortion is suppressed in swarms.

Bhaga and Weber [84] conducted studies of bubble shapes in liquids with large Morton numbers
M = 103 to 103 versus M = 10710 to 10714 of interest here). They found eccentricity to be a
function of the Reynolds number and independent of the Morton number. They draw attention in their
writings to differences between liquids characterized by large Morton numbers and liquids characterized
by small Morton numbers. It appears then that results reported by Bhaga and Weber are not applicable
to the topics of interest here.

Bubbles predicted to have eccentricitities greater than about 4 are spherical caps. The general geometry
of a spherical cap bubble is shown in Figure 63. The spherical portion has a radius, R, given by [82]:

R = Dp(e)/ 2201

where
g0y) = 2 - 3 cos(fy,) + cos?’(iW
by, = 50 + 190 exp[-0.62 Reo'4] degrees

In water, all real spherical cap bubbles have wake angles near 50° according to this description.

The BUSCA model [9] uses a rather different method to describe the geometrical features of a spherical
cap bubble. Eccentricities are calculated from the correlations in terms of the Eotvos number described
above. The radius of the spherical portion and the wake angle are then found from:

D@ E?Z + 1)
2(3E2 + 1)1/3

2tan"1(1/E)

D
]

The authors of this document do not understand this model.
I. Heat and Mass Transport to and Within Bubbles

Heat transport and mass transport within bubbles and from the water pool to the bubbles are of interest
in three regimes of bubble behavior within a suppression pool:

e during bubble formation at orifices and at vents to the pool,

e immediately after bubbles detach and begin to equilibrate with the pool, and
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Figure 63. General geometry of a spherical cap bubble
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® during the quasi-steady state as bubbles rise through the pool.

The interest in heat and mass transport does not stem from a need to understand the detailed timing of
bubble behavior. Rather, heat transport and mass transport within the bubble are expected to affect
aerosol behavior. It is, then, necessary to have some estimate of the heat transport and mass transport
coefficients to predict aerosol removal during the three. regimes of bubble behavior.

1. Heat Transport From Bubbles During Formation

Some aspects of heat transport during bubble formation have been discussed above in Section IV-A-1.
It is quite difficult to obtain detailed data on the condensation heat transfer during bubble formation at
orifices. Mayinger and Chen [190] have employed a novel, optical-interference pattern method to
measure heat transfer from vapor bubbles. They recomiiiend:

b3 “
hD ‘
u=_5B  _0185Re07 prl/2
kin®
where
h = average heat transfer coefficient during bubble formation,
* 1 v (3
Re = UgDp o1/
Pr = 2 Cp(l) / kth(l), and
DB* = bubble diameter at the time the bubblé detaches from the orifice.

Unfortunately, Chen and Mayinger do not ip’d;icate clearly what velocity is to be used to calculate the
Reynolds number. They mention both the rise velocity of the bubble when it detaches and the relative
motion of the bubble and liquid as the bubble grows. :An example they provide for:

- T
L S CE T Y
Lpg

yields a heat transfer coefficient of 0.13 cal/em?-s-K. The correlation they recommend yields a value

about twice that which is measured.

Chen and Mayinger’s studies involved bubbles formed at a 0.16-cm upward facing nozzle. These data
can be used only with considerable extrapolation to estimate heat transfer from bubbles formed at
orifices in quenchers. Jeje et al. [213] observed a sharp decrease in the heat transfer coefficient as
bubbles formed at a nozzle 0.5 cm in diameter. Initial values were as high as 60 cal/cm?-s-K. Heat
transfer coefficients at the time of bubble detachment were about 1/10 of this.
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Pitts [210] cites work by Engeldiner, unavailable to the authors, for heat transfer from bubbles formed
at the end of downcomers. This work was, apparently, done specifically for the study of steam
suppression pools. Pitts utilized for the heat transfer coefficient:

2

h =84 + 3.6 x 10*Agem?) callem®-sK

where Ap is the surface area of the bubble at the end of the downcomer. He took the maximum heat
transfer coefficient to be 24 cal/cm2-s-K based on experimental studies. This value is quite similar to
the value found by Kerney et al. [291] for submerged jets of stcam into water, 23 cal/cm2-s-K. This
value correlated well data for jets from orifices 0.04 to 0.95 cm in diameter and Kerney et al. suggest
a simple correlation for a variety of data:

h = 1.932 Cp(steam) Q(m)/7D>

where
Cp(steam) = heat capacity of steam
Q(@m) = mass flow rate of steam through an orifice,
D, = diameter of the orifice.

The also suggest are more complicated but better correlation:

2 2 0.1446

0.1689
_Wh_l - 1395 |18 Z_WDO
Cp Q) Cp(Tg - Tp) Q@)

where
AHfg = latent heat of vaporization of water, and
z = 275¢g steam/cm?-s.
2. Heat Transfer After Bubble Detachment
As discussed above (Section IV-B), the collapse of bubbles has been the subject of much study.
Collapse may be limited by inertial effects or by heat transfer effects. Heat transfer effects dominate

when the driving force for condensation is not too large. Mayinger and Chen [190] seem to
recommend:

%
Mayinger and Chen list the leading coefficient in the correlation as 0.6. But, the text indicates the coefficient is 0.185 and
this value yields results in better agreement with plotted data.
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Nu = 0.185 ReY-6 pz1/2

Values they obtained for the Nusselt number for steam bubbles varied by about ‘i25 ﬁefcént.

Experimental studies by Brucker and Sparrow [211] with 0.3-cm-diaméter, well-isolated, steam bubbles
yielded a heat transfer coefficient of 0.24 cal/cm“-s-K. These authors recommended as a correlation
for the heat transfer coefficient:

Nu = 0.37 Re0'6

They indicated an uncertainty of 450 percent. In light of this uncertainty, the correlation is consistent
with that found by Mayinger and Chen.

Theoretical consideration of bubble collapse in the heat-transfer limited regime [212] yields:

172
U Cp) oy ky® |

£

Dp

where ¢ can be 0.42 to 0.35.

These various correlations of the heat transfer coefficient from bubbles rising in water at 373 K are
shown in Figure 64 as functions of bubble diameter.

The correlations give Yfairly consistent values in light of the uncertainties ascribed to them. It is
apparent that the correlation recommended by Bruckner and Sparrow and ‘the theoretical analysis by
Moalem and Sideman [212] describe the uncertainty range for the heat transfer coefficients.

Lee [71] recommends an average heat transfer for bubbles that detach from downcomers:

BA = 2/3 AG) h,

ho D
© P . 0,04 Re/B pr12

K@
where
Dp = diameter of the downcomer,
hA = average of the product of the heat transfer coefficient and the bubble surface area, and

A(i) = initial surface area of the bubbles.
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Values of h,, for large bubbles expected to form at downcomers are also shown in Figure 64.

For bubbles that encapsulate the downcomer as they rise, Lee [71] found the heat transfer coefficient
to be 3.6 cal/cm?-s-K independent of the bubble Reynolds number. Co

3. Heat and Mass Transfer During Bubble Rise

Once the bubbles have equilibrated with the pool and have begun a quasi-steady state rise through the
suppression pool, both external heat transfer and mass transport within the bubble are of interest as
discussed in connection with the thermodynamics of bubbles (see Section IV-D). It is €ertainly not
evident that the external heat transfer coefficients for steam-rich large bubbles are applicable to the
quasi-steady state bubble rise.

The vast bulk of information on external transport to bubbles comes from mass transporti§tudies. An
analogy between mass transport and heat transport must, then, be used to get the htat transport
coefficient.

i
et

Spherical bubbles have received by far the most attention. For Reynolds numbe,rs up to=about 1 and
for all Peclet numbers, Pe, the Sherwood number for externdl mass transport is given by [82]:

Shp =1+ (1 + Pe)l’3

where

Sh = ky, Dp/P

Pe = DBUShp/ b
k,, = mass transport coefficient
P = diffusion coefficient

By analogy, the Nusselt number for heat transport is given by:

1/3
DBUslipPIC1:|

Nu =hDp/ks, =1 + |1 +
B/Xth [ KD

where
Nu = Nusselt number

k(D = thermal conductivity of the liquid
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For Reynolds numbers greater than about 70,

where

Shg =1 +

2+3¢

1 - 3(1+§)
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1172
pe 172

Tl

@ +3£)Re 12

= 4/3 + 3¢

l"'g/ 1

n
1+
- [ 1 +f)(8.67+6.45£0-64)J _

1/n

A somewhat ad hoc transition between the model for Re < 1 and Re > 70 is provided by:

Shp + ReShg/50
- 1 + Re/50

Sh

Predictions of the mass transport coefficient obtained with this model for CO, transport in water at
room temperature are compared to data (86,87) in Figure 65, For this comparison the aqueous phase
diffusion coefficient of CO, was taken to be 1.95 x 10 cm?/s. The data show a substantial scatter.
The theoretical model seems to provide an upper bound on the data for bubbles larger than about
0.25 cm. For smaller bubbles, predictions and data diverge.

For ellipsoidal bubbles without shape oscillations, Clift, Grace and Weber [82] recommend for

contaminated systems:

or

S S Y/
A.p172
hA s = 65 s712
Aelkin/o1Cy)
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Figure 65. Comparison of predicted and observed mass transport coefficients for CO, from
nearly spherical bubbles. The spherical bubble theory is for isolated bubbles. Other
models are for bubble swarms.
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where

1l

KmA average product of the surface area of the bubble and the mass transport

coefficient, and

A, = surface area of the sphere with the equivalent volume = 7rD]23(e)

For pure systems, they recommend

kmA _ 014 . 694 s ~12

They prefer these empirical correlations over the theoretical expression for potential flow conditions
[267]:

172
2 pli2 882 -1)>?
L 1 o |Er@2-pl?2
or

Johnson et al. [86] found they could account for mass transport of CO, and other gases from bubbles
with equivalent diameters of 0.6 to 4.0 cm rising in water with the expression:

Dg(e) 172

0.45 + 0.2 DR(©

Sh =2 + 1.13 Pe1/2[

They found, in fact, fairly good agreement between experimental results and predictions with this
correlation for Reynolds numbers from 500 to 8000.
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For ellipsoidal bubbles with shape oscillations, Clift, Grace, and Weber [82] consider the surface stretch
model:

2 172
mA_ » 2 PBT 5, 3
Ac Dp® ;| P 8

and the fresh surface model:

kmA _ P ___2__|D2f/D
Ac Dp@® 1B

1 + 6 = ratio of the maximum surface area to the minimum surface area
over an oscillation cycle, and

where

f = frequency of oscillation

For oblate-to-spherical oscillations,

2 _1\12
1+6=1E2/3 1 + 1 In E+(E 1)

The frequency of oscillations is difficult to predict. The natural frequencies for a spherical bubble in
a viscous medium are given by [61]:

&n(n+1)(m-1)(n+2) g

(@+1)py + nog] D

@ =

where n is a small integer. The first meaningful frequency is at n = 2, but Schmidt [293] findsn = 3
to be a more important oscillation frequency.

At Reynolds numbers less than 110, mass transfer to spherical cap bubbles is given approximately by
[82]:

A 12
m” _ 583 [P _b
e p Dg®©)
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At higher Reynolds numbers, assuming that mass transfer to the spherical portion and the base of the
bubble are independent, the average mass transport is given by [82]:

372 172
UslipP

Dgy(e)

2a
Dg(e)

koA  2p  (pe)l/2 St sind 6y
= +
A, Dg® [ ] In

T

where

Sr = 2fW a sin 0w / Uslip

6y, = 50 + 190 exp (-0.62 Re¥-4)
fy = wake shedding frequency

At Reynolds numbers greater than about 150, Sr has values of 0.2 to 0.5.

The various models of mass transport coefficients are compared in Figure 66 to data on the mass
transport of CO, in water at room temperature (86,87,218). All of the models predict similar results
to within about a factor of 3. These predictions are in accord with the scattered data.

The discussions to this point have focused on external transfer processes to isolated bubbles.

Convective transport processes to bubbles in swarms might be expected to be different. Calderbank and
Moo-Young [64] have correlated data for bubbles in swarms by

0.31(uyg/pp3sc 23 forDpg(e) <0.25cm

0.42(ug/opt3sc 12 forDg(e) >0.25cm

where
Sc = M / 4| b

LeClair and Hamielec [65] have developed a theoretical expression for mass transfer to bubbles in
swarms:
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Figure 66. Comparison of mass transport coefficients predicted for CO, in water from
nonspherical bubbles to experimental data. Bubble diameter in this figure refers to
the spherical bubble with an equivalent volume.
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1.13Pe 1/2/\/1 -€ forRe—>o0
2.213Pe12/Re 198 T—¢  for10<Re <1000
Sh (0.65 +0.06Re /2y pe 172

172
5—6(6)1/3 +(€)2
510 -¢

forRe<10

where ¢ is the volume fraction gas.

Predictions of the Calderbank and Moo-Young correlations and the LeClair and Hamielec theoretical
models are compared to experimental data in Figures 65 and 66. The Calderbank-Moo-Young
correlation provides an upperbound on data for bubbles larger than 0.25 cm. The predictions for these
bubbles are consistent with theoretical predictions for isolated spherical bubbles. The discontinuous shift
in the correlation prediction for bubbles smaller than 0.25 cm seems to be opposite the trend in the data.

The predictions of LeClair-Hamielec model are shown in Figures 65 and 66 in the limit of zero gas
fraction. The model seems to predict well data for very small bubbles. Like the Calderbank-Moo-
Young correlation and the theoretical model for isolated spherical bubbles, the LeClair-Hamielec
theoretical model bounds from above the experimental data.

The heat transfer coefficients that can be derived by analogy to the mass transport models and
correlations are shown as functions of bubble diameter in Figure 67. The heat transfer coefficients
shown in this figure are for water at 373 K. The analogy drawn from the Calderbank-Moo-Young
correlation appears to be at odds with predictions derived from analogies to other models. The
predicted heat transfer coefficients are about a factor of 2 higher than heat transfer coefficients derived
above for steam bubbles.

Internal transfer processes in small bubbles are expected to be quite rapid. Only theoretical expressions
for transfer rate coefficients are available. The case in which there is circulation within the bubble
yields the Kronig-Brink solution [88] for 4Bt/DB2(e) - 00

Sh = 17.66

The long term limit without internal circulation [89] is:

Sh = 6.58

The Kronig-Brink model was derived for conditions in which mass transport in the liquid phase is
infinitely fast. The long-time, internal Sherwood number when the external mass transport rate is finite
is shown as a function of the external Sherwood number [102] in Figure 68. The correlation line in this
figure is given by:
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Figure 67. External heat transfer coefficients for bubbles in water at 373 K- derived from
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32 12 10 0087assm0) '
= o+ R
35h() 1.656

where
Sh(g) = Sherwood number in the gas phase, and

Sh(l) = Sherwood number in the liquid phase.
J. Thermophysical Properties

The thermophysical properties of water, steam and permanent gases used in this study are described in
the subsections below.

1. Properties of Liquid Water

Properties of suppression pool water were calculated assuming that the liquid was pure water. Powers
and Sprung [1] have discussed the effects dissolved and suspended impurities can have on the properties
of water. If the impurities are not strongly surface active, concentrations are expected'to be so low in
the suppression pool that any error arising from neglect of the impurity effects on water properties is
likely to be negligible in comparison to other uncertainties.

The thermodynamic quantities enthalpy, vapor pressure, and density were calculated ﬁSiilg correlations
recently recommended by the Association for the Properties of Water and Steam [83]:

e Enthalpy (cal/gm)

© |
=)=

a= 0.23900[da +d10710 & dpo + a6t + dg8d + d5054'5]
e Vapor pressure (atmospheres)

T
In }}_)_ = Tc [alfr + a271'5 + a313 + a473'5 + a574 + 3677'5]
c

* Density (g/cm3) of the saturated liquid

P o1+ b17_1/3 . b212/3 . b315/3 . b4116/3 . b5,[_43/3 . b61110/3
Pc
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where

e I
| | B |

k=)
)
|

b2=
by =
by =
b5=
bg =

T/T,
1-T/T,

/3

647.096 K
217.755 atms
0.322 g/cm3

-1135.905627715
-5.65134998 x 1078
2690.66631
127.287297
-135.003439
0.981825814

-7.85951783
1.84408259
-11.7866497
22.6807411
-15.9618719
1.80122502

1.99274064
1.09965342
-0.510839303
-1.75493479
-45.5170352
-6.74694450 x 107

Internal energy was derived from the expression:

T TN R T T
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h-Plp = U

Heat capacities at constant pressure, C,, and at constant volume, C, were found b); numerically
differentiating with respect to temperature expressions for enthalpy and internal energy, respectively.

where T = T/647.27. Predictions of this correlation are compared to experimental data [103] in Figure 69.

Surface tension was calculated from the expression [56]:

1.256 -
| - 0.6259:999686 - T
0.999686

0.999686 - T
0.999686

o(dynes/cm) = 235.8[

The thermal conductivity of saturated liquid water was calculated from: [55]:

% = % A, (Tp)

where

A= 0.4945 W/m-K=1.1819 x 10? cal/cm-s-K

A = {T/{1 + 6.978267/T + 2.599096/T* - 0.998254/T"}

6 1 @n _ ‘
L(iJ)[: - 1) (p - DD
=1

5
A'1 (Tsp) = expl’p
=1 T

1

J
p = pl0.317763

p = density (g/lcm®)

The nonzero coefficients L(i,j) are listed in Table 11. Predictions of the correlation are compareél to data
in Figure 70.

The viscosity of saturated liquid water was calculated from [55]:

p(g/em-s) = 5.5x107*p (Dp, (T.p)
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Table 11. Coefficients in the term A,(T,p) for thermal conductivity of liquid water

j=1 2 3 4 5
L(L,j) 1.3203046 - 1.7018363 5§:2246158 ~ -8.7127675mm~: -1.8525999
L(2,j) 040452437 22156845  -10.124111 -9.5,000611 0.93404690
L(3.j) 0.24409490  1.6511057 4.9874687 4.3786606 . 0
L(4,j) 0018660751 -0.76736002  -0.27297694 - -0.91783782 " "0
L(5,j) -0.12961068 037283344  -0.4308393 0 .0
L(6,)) 0.044809953  -0.11203160 o.13333§219 0 0

!
where: N o
T = T(K)/647.27

(D) = ﬁ/{1 . QT8IST | 0579829 0.29_23354}

@-n _
] - 1)"'"‘)]

p = p(g/em®)/0.317763 ,

6 7
W (Tp) = eprZ >, H( ,J>[

i=l1  j=1

'-]Il’—‘

The coefficients H(i,j) are listed in Table 12.
2. Properties of Steam
The thermodynamic properties of steam (enthalpy, internal energy, and heat capacities)were calculated from

the expressions described for liquid water, above, using the density of steam in place of the density of liquid
water. The density of saturated steam is given by [83]: ’

3
[P(Oggcg )] = exp(C, T8 + C,i% + C,t8 + C,7 + C,0¥6 + C,176)
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Table 12. Coefficients in the term ul(T,E for the viscosity of liquid water

j=1 2 3 4
HI1,j] 0.5132047 © " 0.2151778 02818107 "¢ 0.1778064
H[2.j] 0.3205656 0.7317883 -1.070786 0.4605040
H[3,j] 0 1.241044 -1.263184 ' 0.2340379
H[A4,j] 0 1.476783 0 -0.4924179
HI5,i] -0.7782567 0 ) 0 o
H[6,j] 0.1885447 A | 0 0

j=5 j=6 =7 L
HIL,j] -0.0417661 0 0 ' i
H[2,j] 0 -0.01578386 0
H[3,j] 0 0 0 |
H[4,j] 0.1600435 0 -0.003629481
HI5,j] 0 0 0
HI6,j] 0 0 0 T

where

7 = 1- T/647.096
Cy; = -2.0315024
Cy = -2.6830294
C3 = -5.38626492
C4 = -17.2991605
C5 = -44.7586581
Cg = -63.9201063

Similarly, the viscosity and thermal conductivity of steam were calculated from correlations used for
liquid water substituting the density of steam for the density of water in the formulae described above.

NUREG/CR-6153 160



Physical Phenomena

The calculated viscosities and thermal conductivities are compared to critically evaluated data in
Figures 71 and 72, respectively.

3. Properties of Permanent Gases

The gas phase injected into the suppression pool during the in-vessel phases of an accident is assumed
to be a mixture of hydrogen and steam. During the ex-vessel stages of an accident, air (assumed here
to be a mixture of nitrogen and oxygen) nitrogen, as well as the gaseous products of concrete
decomposition, carbon dioxide and carbon monoxide, can contribute to gases injected into the steam
suppression pool. Properties of the permanent gases that are of interest, density, viscosity, and thermal
conductivity, are calculated from conventional gas kinetic theory as described in the subsections below.

Viscosity
The viscosities of Ny, CO, COp and O, can be calculated using [294]:

_ 5 [mrT)12 1)
HD Té[ 4 ] Npota @2

where
M = molecular weight of the gaseous species
R = gas constant = 8.31451 x 107 ergs/mole-K
N, = Avogadro’s number = 6.0221367 x 102

¢ = collision cross section

3 * 2
f 1+ - BE" -7
(n) * o5 ( )

02:2) = collision integral
E3

E* =1 + 0.25T" d m @2yat*

The collision integral is found from:

022) - exp[0.46641 - 0569917 + 0.1959122 - 0.038792° + 0.002592z%] for 1<T * <10
*
z =InT

*

T = KT/e
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10° x STEAM VISCOSITY (poises)

| - o i
273 373 47 - 573

TEMPERATURE (K)

Figure 71. Comparison of calculated steam viscosity to recommended values derived from
experimental data [106]
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Figure 72. Comparison of calculated thermal conductivity of steam with experimental data [55]
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k = Boltzmann’s constant = 1.380658 x 10~16 ergs/K

€ = energy scaling parameter

At higher temperatures,

Q 2.2) =‘(p*)2oz [1.04 + ay/z + a2/z2 + a3/z3 + a4/z4] ~ for T *>10

¥

where

ay = -33.0383 + (ayg0*) 2 [20.0862 + 72.105%/a;() + (8.27648/cr; ()]
ag = 101.571 - (0p®)2 [56.4472 + 286.393/cryy + (17.7610/ct1) %}
a4 = -87.7036 + (c100*) 2 [46.3130 + 277.146/aq() + (19.0573/01)?]

Ollo = In (VO*/IO)

p* = plo

. .
VO* = VO/e ::.:

The various parameter values used in the theoretical expressions are listed in Table 13. 'I"he calculated
viscosities are compared to experimental data in Figure 73. :

The viscosity of hydrogen was correlated using recommended values [103,106] to the e\;'gpression
u(glem-s) = 1076{20.9161 + 248.797¢ - 83.6226£2 + 19.55153} -

where £ = T(K)/1000. The recommended values of the v1s0051ty of hydrogen; and predictions from the
regression equation are shown in Figure 74.

Viscosities of Gaseous Mixtures

4

The viscosities of gaseous mixtures can be estimated from the Herning-Zipperer equation [289]:

N LN .
pamix) = 3 p) x6) MOY2 /3 %) M@y!/2
=1 i=1
where
.th

p(i) = viscosity of the pure, i*! constituent
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Table 13. Parameter values for calculation of gas properties

N, 0, co Cco, H,
M(g/mole) 28.0135 31.9988 28.010 44.010
o(cm) 3.652x 108 3.407x108  3.652x108  3.769x 10°8
e/k(K) 98.4 121.1 98.4 245.3
p* 0.1080 0.0745 0.1080 0.0720
Vo * 5308x 104 132x105  5308x10%  2.800x 10°
Ce* 2.18 2.27 2.63 1.86
a(cal/moleK)  6.37936 7.27376 6.54038 10.6120 6.12942
b(calimoleK?) 1.66422x 103  1.17309x 103  1.61207x 103  2.96216 x 107  1.22008 x 103
ccal/moleK3)  -2.76494 x 1077 -1.38817x 107 2.7182x 107  -5.03906 x 1077 -1.0301 x 10”7
d(cal-K/mole)  0.0614977 -0.589293 -0.0766475 -2.43100 0.410398

x(i) = mole fraction of the ith constituent
M() = molecular weight of the il constituent

N =

Heat Capacities

number of constituents.

Heat capacities of the gases H2, N2, 0y, CO, and C02 were evaluated at the ideal gas limit. Data
from the JANAF Tables [104,105] were correlated with temperature using the expression

Cp

=a + bT + cT2 + dxlOS/T2

using nonlinear least-squares methods. Derived parameter values are listed in Table 13. In the ideal
gas limit, the constant volume heat capacity is related to the constant pressure heat capacity by:

where R is the gas constant.

e P s o st ST T

C -

p—Cv+R
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Figure 74.  Viscosity of hydrogen as a function of temperature. Solid line calculated from
the regression equation described is in the text.
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Gaseous Diffusion Coefficients : . , -

Molecular mechanics and gas kinetic theory give rise to elaborate theoretical expressions for binary
diffusion coefficients. Theory is best developed for gases that are not polar arid do not have internal
structure. Unfortunately, the polarity of H,O poses-a challenge to completely ihieoietical expressions
for binary diffusion coefficients. Reid, Prausnitz and Poling [127] find the dccuracy of theoretical
models to be erratic. These authors recommend an empirical formulation by Fuller et al. [128,129]:

1.75 -
PAp = 0.00143 T 2 sz/?x
1/2 :
P Mg~ (VD@3 + vp@®)!3 i
where
Mug = 2/ [1/M(A) + 1/M(B)], and :

Vp() = diffusion volume (listed in Table 14)

Other studies [131-135] have supported use of this formulation or one by Wilké and Leegfﬁ30]:

5

0.001 [3.03 - (0.98/1\/1A1B/2ﬂ 13/2
P =
AB P 2 2 g
AB %AB ¥ D

where
oA = 1/2 (op + op)
{p = collision integral
The collision integral, Qy,, is given by [136]:

ep-_4 ._C , E G

T*®  exp®T*) exp®T*) exp®T?)

where

= 1.06036
0.15610

= 0.193 ' a ‘ a
= 0.47635 o '

O o w »
It
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Table 14. Parameter values for calculating the binary diffusion coefficients of gases

G M() ‘3/'D(i) 6§) e()/k :;V A®
as (g/mole) (cm”/mole)* (A°)* K)* (cm”/mole)**
Hy 2.01594 6.12 2.827 59.7 28.5
H,0 18.01534 13.1 2.641 809.1 18.7
N, 28.0134 18.5 3.798 71.4 34.7
0, 31.9988 16.3 3.467 106.7 27.9
CoO 28.01050 18.0 3.690 91.7
CO, 44.0099 26.9 3.941 195.2 37.3
*Reference 127
**Reference 137
E = 1.03587
F = 1.52996
G = 1.76474
H = 3.89411

Perhaps the most important binary, gaseous diffusion couple of interest here is the Hy/H,O mixture.
Predictions of the binary diffusion coefficient in this system obtained from the two empirical correlations
are compared to data [223] in Table 15. The correlation by Fuller et al. usually yields values somewhat
higher than those observed whereas the correlation by Wilke and Lee yields values that are consistently
low in comparison to the data. Modifications of the correlations to account for the dipole moment of
H5O and the polarizability of Hy do not greatly improve the agreement between predictions and the

observations.

The predicted diffusion coefficients of steam in H,, Ny, and CO, at 1 atms predicted with the
correlations are shown in Figure 75 as functions of temperature.

e i s
. Ve LR S

169

B A

NUREG/CR-6153



Physical Phenomena

Table 15. Comparison of predicted and observed binary diffusion coefficients:in:the

H,/H,0 system
‘Diffusion coefficient (cm?/s), ;

T P Observed Fuller et al. V&ilkéLee
K) (atms) [223] [128,129] [130]
307.1 1 1.020 0.965 0.770
328.4 1 1.121 1.085 0.876
352.2 1 1.200 1.227 - 1.000
322.5 1 1.000 1.052 0.846
365.4 1 1.179 1.308 1,072
307.0 1 0.915 0.965 0:769
328.5 1 0.961 1.086 --0.876
297.93 1 0.802 0.915 0926
312.79 1 0.937 0.997 . 0498
327.95 1 0.998 1.094 0.883
292.95 1 0.850 0.889 - - 0.703
324.5 1 1.012 1.063 0.856
365.4 1 1.25 1.308 1.072
372.3 1 1.28 1.352 o111
321.15 25.2 0.0316 0.0414 . 0.0333
321.15 49.4 0.0135 0.0211 " 0.0170
321.15 98.8 0.0065 0.0106 - . .5 - 0,0085.
321.15 194.6 0.0026 0.0054,.. -, :,0.0043
321.15 291.4 0.0021 0.0036 040029
341.15 25.2 0.0650 0.0460 0.0374
341.15 49.4 0.0338 0.0235 0/0190
341.15 98.8 0.0176 0.0117 " 0.0095
341.15 194.6 0.0101 0.0060 0.0048
341.15 291.4 ~0.0065 0.0040 00032
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FULLER et al.
________ WILKE-LEE

20 0 DATA FOR Ha/H20 _

1.5 |-

1.0}~

BINARY DIFFUSION COEFFICIENT (cm?/s)

0.5

TEMPERATURE (K)

Figure 75. Predicted binary, gaseous diffusion coefficients for the H,/H50, N,/H,0, and
CO,/H50 systems
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Thermal Conductivity

Uribe et al. [107] have developed elaborate theoretical expressions for the thermal conductivities of the gases
Ny, O,, CO, and CO, in the limit of zero density. These theoretical models allow contsibutions from the
molecular translations, rotations, and vibrations as well as electronic states to be separately determined.
Such models appear overly sophisticated for the purposes of this work. Consequently, results obtained by
Uribe et al. were simply used to fit a simple polynomial expression:

2 L )
cal ) _ 10 [, # LT + L,T%1000 + L3T3/105] g

em-s-K| 4.184

|

el .-

using nonlinear least-squares methods. Parameters determined in this way are shdwn in-<Table 16.
Predictions obtained with the regression equations are compared to experimental data in Eigures 7._6 through
80. A similar expression for the temperature-dependence of the thermal conductivity of hydrogentwas found
by fitting the above expression to recommended values of the thermal conductivity [10%]. )

R o
The thermal conductivity of mixtures can be estimated from the thermal conductivities of individual gases
using an expression recommended by Mason and Saxena [120]: :

i

k, (mix) = 21 @) /[1 + Y O) X(i)/X(i)l}

,

. ( kth(i)J 1/2( M(l)) 1/4‘ .

... C k()] \ M@ |

$@.j) 2/ [1 ) m]1/2 )
MG)

where
k,(mix) = thermal conductivity of the mixture,

ky(1,j) = thermal conductivity of the i constituent of the miixture,

e

X(i) = mole fraction of the i™ constituent in the mixture,

M(i) = molecular weight of the i constituent in the mixture,

Pl

C = constant.
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Table 16. Parametric values for correlations of gas thermal conductivities

Gas L, L, L, L,
H, 1.87 x 107 0.5886 x 103 0226342 x 103 7.50673 x 100
Ny 278051 x 103 7.89354x 105 -1.22826x10°  1.53154x 10°©
0, 1.52688 x 104 9.38983x 105  -1.87753x10°  2.74421x 10°°
co 1.60784 x 103 8.04387x10°  -1.22788x10°  1.43727x10®
o, 110485 x 102 974176 x 1077 -1.72780x 100 1.77916 x 10°®

Mason and Saxena recommend C = 1.065. Tondon and Saxena [121] recommend C = 0.85 for
mixtures of polar and nonpolar gases.

The predictions obtained from the Saxena and Mason formula for the thermal conductivities of mixtures
are compared to data for Hy/Ny [118], Ny/CO [113] and N,/CO, [116] mixtures in Figures 81 and 82.

4. Solubility of Gases in Water

The solubilities of gases in water are conveniently expressed by Henry’s law:

P@) = H@ x@)

where
P(i) = partial pressure (atms) of species i in equilibrium with water,
x(I) = mole fraction of species i in the mixture with water, and
H@G) = Henry’s Law coefficient for species 1 and water.
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Figure 76.  Comparison of the predicted thermal conductivity of CO, to experimental data
[108-113]
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Figure 77. Comparison of the predicted thermal conductivity of O, to experimental data
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Figure 78. Comparison of the predicted thermal condiictivity of H, to experimental data
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Figure 79. Comparison of the predicted thermal conductivity of CO to experimental data
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Figure 80. Comparison of the predicted thermal conductivity of N, to expétimental data
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Figure 81. Comparison of the predicted thermal conductivity of H,/N, mixtures at 300.5 K to
experimental data
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Figure 82.
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Comparison of the predicted thermal conductivities: of, NZ'/ €O mixtures at
300.5 K and N2/COZ mixtures at 380.5 K to experimental data
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Henry’s Law coefficients are functions of temperature. Correlations of these coefficients used here are:
e CO[122]

In H(CO) = 115.22767 - 152.599953/¢ - 67.8429542 In & + 7.04595359 &

e CO, [123]
In H(COy) = -4.54518 + 128.17/¢ - 376.68/}',32 + 299.7/£3
o Hy[124]
In H(Hy) = 48.1611 - 55.2845/¢ - 16.8893 In £
In H(O9) = 66.73538 - 87.47547/% - 24.45264 In £
o N, [126]

In H(Np) = 67.38765 - 86.32129/¢ + 24.79808 In £

where ¢ = T(K)/100 and pressure is in atmospheres. Solubilities of gases predicted with these
correlations for gas partial pressures of 1 atmosphere are shown in Figure 83. Reliable data only extend
up to about the boiling point of water for the gases except CO,. The correlation for the Henry’s law
coefficient of CO, listed above can be used for temperature up to about 430 K. Over the temperature
range for which there are suitable data, the gas solubility decreases with increasing temperature. This
trend must eventually reverse since at the critical point of water the gases become completely miscible
with water.

It is evident from the curves shown in Figure 83 that, until the water pool is saturated, diffusiophoresis
by soluble gases can contribute to aerosol removal from bubbles in cold water. The effect might be
especially important in the late stages of an accident in which CO, from concrete is an important
constituent of gases entering suppression pools. Unlike the case of a water pool overlying core debris
interacting with concrete, there are no alternate mechanisms to gas sparging to saturate the pool with
CO,. Of course, late in the accident, pool temperatures can be quite high and CO, solubility low.

K. Properties of Aerosol Particles
Discussions in the next section of this report will show how the rate of aerosol trapping depends on the

properties of aerosol particles. Certainly, the size of aerosol particles will indeed affect rates of
trapping. The discussions of aerosol size distributions are included in Chapter V as part of the
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Figure 83. Solubilities of gases in water at 1 atmos,pheve«p;zessuré .as functions, of: tempe;xjxat-une&
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CO, solubility.
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discussion of uncertainties that arise from details of severe accident progression. Similarly, the density
of materials that make up the aerosol particles will be discussed in connection with accident progression
uncertainties.

In this section, discussions focus on three properties of aerosol particles:
e shape factors,

e  slip correction factors, and

e hygroscopicity of aerosols.

1. Shape Factors

The equations of aerosol physics are written for spherical aerosol particles. Of course, real aerosol
particles are not spheres. To approximately account for nonspherical shapes, shape factors are
introduced into the equations. Of most interest here is the dynamic shape factor, x. Of somewhat less
interest is the collision shape factor, y. The dynamic shape factor accounts for the increase in the drag
on a nonspherical particle. The collision shape factor accounts for the increase in the collisional cross
section of a nonspherical particle.

In principle, the deviation of aerosols from spherical shape can be dramatic, especially when primary
particles agglomerate to form chains of adhering particles [164]. Very large values of the shape factors
occur only when the aerosol is kept dry. For the application of interest here, water will be present in
abundance. Adsorption of water onto particle agglomerates will draw particle chains into nearly
spherical compacts. Brockmann [164] has suggested that under these conditions, the dynamic shape
factor and the collision shape factor are equal and that they are determined by the packing density of
the aerosol:

y =y = 1ol

where « is the effective density of the aerosol particle divided by the density of the material making up
the primary particles.

It is likely that voids in compacted particles will be filled with condensed water in the situation of
interest here. These voids within the particle can be likened to "ink bottle" pores in solids [174]. That
is, the pores have entrances that are narrower than the body of the pore. The prototype pore is one

formed by the close packing of four spheres to form a tetrahedron. The approximate diameter of the
pore body is:

«3 -1, = 0.73d,

where d.p is the diameter of a sphere. The entrance to the pore, however, has a diameter of only:
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dp2-y3)/y3 = 0.15d,
The pore will fill with condensed water when the ambient partial pressure of steam is:

Pyl = Peq exp [-07¥/0.366 d}, RT]

where P, is the equilibrium partial pressure of water at the prevailing temperature. The pore will
empty when the steam partial pressure is:

Pempty = Peq €Xp[-2017/0.0774 dp, RT]

At 373 K and for primary particles 0.1 ym in diameter,
Pﬁll = (.991 atms

P = 0.915 atms

empty
There is, then, hysteresis in the isotherm for water adsorption by the pore. It mlgﬂf he‘ant’icipéted
because the primary particles in aerosols have variable sizes so that pores have varlable geometry, that
the hysteresis will be of Barrer’s Type C [175]. The essential jpoints are that water can condense in the
pores of particle agglomerates at partial pressures, less than saturation and that the presence of the
condensed water is stable to small fluctuations in the ambient partial pressure of steam

Condensation of water in the internal voids of particle agglomerates is even ‘mote 11kely if the aerosol.
material is soluble in water. Dissolution of aerosol material will reduce the chemical activity and’
consequently the vapor pressure of the condensed water.

If water condensed in the pores of the particle aggregates is considered, then
a = (epp + (1-py) / pp

where e is the packing fraction and pyy is the density of water (Of course, if water does not condense
in the internal voids of the particle agglomerates, then o = €.) Random packing of gqual, sized spheres
produces ¢ = 0.63.. Experimental studies of the packing fractlon cited by Brockman, [164] typlcally
yielded values of ¢ = 0.18 to 0.5. An exceptional case produced e=3x10"%

Neglecting the exceptional case, the dynamic shape factors for aerosol particles dlscharged to the
suppression pool ought to be between 1.0 and 1.6 with values in the vicinity of 1.15 likely. Over the
last several years, there have been many studies of aerosol particle growth in terms of fractal geometry.
That is, the aggregation of primary particles to form a composite particle is such that the geometric size
of the composite is related to the volume of aerosol material by a fractal dimension:

PR
D =
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where

I

n number of primary (fully dense) aerosol particles that make up the composite,

%
K

geometric diameter of the composite,

proportionality constant, and

dg = fractal dimension of the composite.

Were the composite particle fully dense, then the fractal dimension, dg, would be 3. A large number
of experimental and analytic studies suggest that the fractal dimension is less than 3:

Forrest and Witten [275] found fractal dimensions of inorganic "smoke" particles including iron and
zinc particles to be 1.5 to 1.7,

Meakin [276] calculated fractal dimensions for aerosol particles growing by Brownian processes to
be between 1.40 and 1.45,

Richter et al. [277] calculated fractal dimensions as high as 2.4,

Feder et al. [278] reported fractal dimensions for carbon black as high as 2.3, but dimensions may
actually have been lower,

Martin et al. [279] measured fractal dimensions of particles by x-ray and light scattering to be
1.84 + 0.08,

Mountain et al. [280] calculated fractal dimensions in the free molecular and the continuum flow
regimes to be 1.7 to 1.9,

experimental studies by Samson et al. [281] yielded fractal dimensions of 1.5 to 1.6,

data obtained by Hurd and Fowler [282] for flame generated SiO, particles indicated fractal
dimensions of 1.49 + 0.15,

Zhang et al. [283] measured fractal dimensions for aerosol particles of 1.62 4 0.06 by light
scattering and 1.72 + 0.10 by transmission electron microscopy,

Mulholland et al. [284] calculated fractal dimensions in the free molecular regime of 2.07 + 0.08
to 1.89 4 0.08,

Lesaffre [285] found the fractal dimensions of aerosol particles formed from TiCl, in moist air to
increase from 1.52 - 1.57 to 1.71 - 1.83 as the relative humidity increased from 13.3 percent to
87.4 percent,

Meakin et al. [286] found calculated fractal dimensions of 1.8 to 2.12 depending on the detail
collision and trajectory models used in the calculation,
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® Megaridis and Dobbins [287] measured fractal dimensions of particles of 1.62 to 1.74, and -
¢ Charalampopoulos and Chang [288] reported measured fractal dimensions of 1.7 £ 0.08.
If, as is suggested by these many studies, aerosol particles' do have fractal'dimensionality, then the

packing fraction and, consequently, the shape factors depend on particle size. If the primary particle
size is d(pr) and the packing fraction, €, goes to one as the particle sizé¢ dp approachies the primary

particle size, then
3-d
o e |TTf
d L '

P

or, to avoid physical impossibilities for continuous size distributions

( 3-ds
o[22
dp A

Both the fractal dimension, dg, and the primary particle size in- this'expression are uncertain:
Calculated shape factors for particles of various material densities are shown as functions of particle size
in Figure 84. For these calculations the fractal diménsion was taken to~be 1.786 and:thé!prifary
particle size was taken to be 0.05 pm. Water was assumed to fill the voids in th€ agglomerated
particles. Shape factors are calculated to increase rapidly with particle size for sizes in the vicinity of
the primary particle size. The shape factors become nearly size-independent and different' than'ehe for
large particles. ‘

The model can be refined somewhat by recognizing that agglomerates containing 2, 3,dnd' peihiaps 4
primary particles will not have concave voids that can fill with water unless the material is quite
hygroscopic (see below). The agglomerates of small-riumbets of spherical pafticles will be -quite
distorted from spherical and, consequently, shape factors for these agglomerate’s need-to be -defined.
Hansen and Ahlberg [168] have reviewed experimental data on the dynamic shape factors of
agglomerates composed of 2 to 5 spheres. ' They argue that théré'is a-dependénce of lthetdyhamic shape
factor on the Knudsen number. Certainly, the scatter and uncértainty in data for déubléts'aré large
enough that it is difficult to confidently identify a dependence on Knudsen number (see Figure 85). The
average dynamic shape factor for doublets is x (doublet) = 1.32 with a standird errériof 4:0:048: Data
for triplets and quadruplets might arguably be weakly dependent on the Knudsen''number.‘® The
hypothesis that the slope of a linear correlation of the shape factor with Knudsen number is different
than zero can be rejected at fairly high confidence. Shape factors are taken here to be indepéndent of
the Knudsen number: Co

x (triplet) = 1.554 + 0.026

x (quadruplet) = 1.765 -+ 0.038
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Figure 85. Dynamic shape factors for doublets, triplets, and quadruplet agglomerates of spherical
particles. Solid lines indicate mean values. Dashed lines define 95 percent confidence

bounds.
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2. Slip Correction Factors and Accommodation Coefficients
The friction drag on a spherical particle is taken to be
Fp =37 Pg dp x/C
where
FD = drag force,
pg = viscosity of the gas phase,
x = dynamic shape factor, and
C = slip correction factor.
The slip correction factor is included so that the expression can apply to particles smaller than the mean
free path of gas molecules as well as to particles so large that the gas phase can be treated as a
continuum. The Knudsen number,
Kn=2M/ dp
where M is the mean free path of gas molecules, characterizes the range of application. The mean free
path of gas phase molecules is the average distance of travel of gas molecules before they collide with
other gas molecules. It is a concept that only makes sense if gas molecules are approximated as rigid,

noninteracting particles. Indeed, this is the approximation adopted in nearly all of the analysis of
aerosol behavior. Within this approximation, the mean free path is given by:

A = KT/2 Pro?

where
o = collision cross section of the gas molecules (see Table 14),
k = Boltzmann’s constant, and
P = pressure in rational units.

In conventional units,

A (cm) = 3.065 x 1077 T(K) / P(atms) ¢ (A°)
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More empirical expressions for A are often used:
172 wM11/72
A=2| 2 lpg = g
[ ZkT] ‘el [ RT ] Pg
or

N (em) = 0.0127 pg (T/M)L/2

where
m = mass of a gas molecule and
M = molecular weight of the gas
These expressions make it somewhat easier to define a parameter that can be cailed ;thé ;ean free path
for gas mixtures. ‘
Empirical expressions for the slip correction factors for spheres (also called Cunningm slip correction
factors) have been made famous by Milliken as part of his work with oil droplets (see Reference 143
for some interesting comments on this work.) Milliken found for oil droplets:
C=1+Kn[l23 + 0414 exp (O8T6KD): - - 1o
Since then, other expressions have been determined: | )
e Allen and Raabe [143] for solid particles
C =1+ Kn[1.142 + 0.588 exp (-0.999/Kn)]
e Davies [144] | o
C =1 + Kn[1.257 + 0.400 exp (-1.10/Kn)]
*  Annis [295]
C =1+ Kn[1.558 + 0.173 exp (-0.769/Kn)]
e  Jennings [185]
C =1 + Kn [1.255 + 0.399 exp (-1.10/Kn)]

There is no significant difference among these expressions. They exhibit a classic "compensation”
effect among parameters determined by least squares fitting.
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All of the empirical expressions treat the slip correction as-strictly a function of geometry. Phillips
[145], however, finds theoretically:

15 + 12C1Ka + 9(C] +DKa? + 18Cx(CZ +2)Kn3
C =

15 - 3C;Kn + Cy(8+ma(Cy +2)Kn2

where

momentum accommodation coefficient,
o = energy accommodation coefficient,
Ci= @-op)/ oy, and

Cy = 1/ 2-ap).

Phillips’ analysis suggests that the slip correction is dependent on the gas and the particle properties by
means of the momentum accommodation coefficient. Comparison of the slip correction factors
predicted with Phillips’ model to data for oil droplets [146,147] using o, = 0.895 [145] and to
predictions obtained from the empirical correction by Allen and Raabe [143] are shown in Figure 86.

Accommodation coefficients arise frequently in the discussion of gas interactions with aerosol particles.
There are four so-called Knudsen accommodation coefficients:

e accommodation of normal momentum

® accommodation of tangential momentum

e accommodation of energy, and

e the radiometric accommodation coefficient.

Here, interests are confined to the accommodation of normal momentum and energy. Because the
energy of an ideal monatomic gas is a function of temperature and because the concept of
accommodation arose in the study of heat transfer at low pressures, the enmergy accommodation
coefficient is often called the temperature accommodation coefficient. Accommodation is most
intuitively defined in terms of temperature. Consider a gas of temperature T(g) and a surface of
temperature T(s). Gas species that collide with the surface reflect back into the gas phase with

properties indicative of a temperature T(r). Then, the temperature accommodation coefficient, oy, is
defined by:
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Figure 86. Comparison of the predicted slip correction factor to values obtained in experiments
with oil droplets [146,147] and correlations of data for solid particles [143].
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o = lmT@) - T
t = T(@) - T6) T(s) - T(®)

The definition is more rigorously correct if energy rather than temperature is used in the equation.
Similar definitions can be constructed for the other accommodation coefficients. From these definitions,
it appears that accommodation coefficients can assume values between 0 and 1. Closer examination of
the gas-solid interaction process shows the conceivable range for the accommodation coefficients is not
so narrowly restricted. But, in reality, measurements of these coefficients are nearly always in this
range.

Measurements of accommodation coefficients for aerosol particles of interest here are, of course, non-
existent. Momentum accommodation coefficients have been derived from the data used to define slip
correction factors. Rader [160] seems to consider the momentum accommodation coefficient a function

of the gas and provides:

Gas Cm
air 0.8972
Ar 0.8891
He 0.8694
Hy 0.9251
CHy 0.9195
CyHg 0.8784
N,O 0.8972
CO, 0.8968

There are few surface materials for which momentum accommodation has been measured. Nearly all
the data examined by Rader were for oil droplets. Indeed, the only systemmatics in the results he cites
is a rough correlation of momentum accommodation with the molecular weight of the gas and the
solubility of the gas in oil. One would also expect that surface roughness on a molecular level would
lead to higher accommodation coefficients. Such roughness would seem to make it more likely that a
colliding gas species would be trapped or adsorbed on the surface at least temporarily and there would
be an opportunity for the gas species to equilibrate with the surface.

Data available for review by Rader were obtained at temperatures not too different than room
temperature. If the view that transient adsorption of gases on surfaces leads to higher accommodation
coefficients is true, then the accommodation coefficient should be somewhat temperature-dependent.
As temperature increases and the mean speed of gas phase species increases, larger fractions of the
collisions should be too energetic to lead to adsorption. The accommodation coefficient might be
expected, then, to decrease with temperature.

A great deal more is known about temperature accommodation. Saxena and Joshi [242] have reviewed
the available data. The accommodation of hydrogen on metals is shown in Figure 87. The temperature
accommodation coefficient for various gases on glass is shown in Figure 88. The most noticeable
feature of these data is that temperature accommodation coefficients are typically smaller than the
momentum accommodation coefficients cited by Rader. The temperature accommodation coefficients

193 NUREG/CR-6153



Physical Phenomena

[LET] se0B3INS R3O WO UBB0IPAY JO JUSIOIIFA0D HONEPOWWIONE dameradun]y, 28 danSiy

2 (M) 3¥NLVvy3IdWaL
00y 00¢ 00¢ . 001 -
.4..[ B 1 ) | ]
o e
0
a A
o . 58
o °p
o o ® O o © o©
o
o &,
(]
CH-IN A °" %
CH-13d O
2y -94 O ©

0

—z0

90

(0) INJID144300 NOLVAOWWNOIIV TV

<2

YIHL

194

NUREG/CR-6153

LN B

y

e e aa
I AT PO L A




Physical Phenomena

[LEZ] S90BJINS SseS U0 SoSES SNOLIEA JO SUIIDIJJA0D UOI)EPOWIUI0dE danjeoduwsy, 8§ 3Ly

(M) JUNLVIIdNTL
ooy 00¢ 002 00}
1 | ) 1 1
Co~sselb o
CN—-sseib O
oN—sselb © o
CH-sseiB O
v vV VvV
o
® -0
° o

vo

90

90

L0

80

IN3I0144309 NOLLVAOWWOOIV FUNIVEIdWIL

NUREG/CR-6153

195

T T ——



Physical Phenomena

do seem to decrease with temperature. Also, the accommodation coefficient does seem to decrease with
the molecular weight of the gas.

There have been numerous theoretical studies of the temperature accommodation coefficient
[162,163,237]. Simple expressions for the accommodation-coeefficient-are: -

®  Baule hard-sphere model
- 2 :
o =29/(1 + 9) _
*  Empirical modification of the Baule equation:
_ 2
ar =244/ + n)
®  Effective surface mass:

o = 29"/ (1 + )2

where ,
7 = MW(gas) / MW(surface atom)
7' = MW(gas) / MW(effective), and
MW effective) = effective molecular weight of the surface atom which can be several times the

actual molecular weight

As noted by Goodman and Wachman [243], none of the simple formulae "yields extensjve agreement
with experimental data although each may be valid under particular sets of conditifns."} As a result,
theorectical studies have produced rather complex expressions fofthe temperature accommodation
coefficient that involve properties of the solid and the gas-solid interactions. Such information is
unlikely to be available for aerosol materials of interest here. ’

Estimation of temperature accommodation coefficients for situations of interest here is ‘complicated by
the fact that gas mixtures are. present. Definition of a single-value for the coetficient When it is likely
the various gases accommodate differently is a difficulty. ~Also, it is not obvieus what the properties
of the surface are. If, in fact, water absorbs on.the surfaces of aerosol particles, then the relevant issue
. . o 1s s B T N Y Lt

is the accommodation of gases by liquid water rather than s6lid ‘surfaces.

It is clear that accommodation coefficients will not be known accurately for the systems and
temperatures of interest here. Simple models of these accommodation coefficients are not available.
Consequently, accommodation coefficients will be sources of uncertainty and will have to be treated in
a substantially parametric fashion.
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The slip correction becomes important only for very small particles. The slip correction factor
described above is for perfect spheres. There is, however, no assurance that primary particles will be
so geometrically simple. At a minimum, some distortion into oblate or prolate ellipsoids might be
expected. Slip corrections are not known for ellipsoids over the entire range of Knudsen numbers.
Dahneke has, however, derived expressions for the drag force on oblate and prolate ellipsoids in the
free molecular regime [169] and in the continuum regime [170]. He has defined a procedure for
estimating the slip correction factor for ellipsoids at arbitrary Knudsen numbers.

Recognize that the slip correction factor is, by definition, given by:

F = F(cont) / C

where
F = the actual drag force on a particle,
F(cont) = the actual drag force on a particle if the gas could be treated as a continuum, and
C = slip correction factor.

Dahneke proposes to define a spherical particle whose diameter is such that the slip correction factor
in the free molecular regime is the same as that for the distorted particle. He finds this diameter from:

F(cont) _

o) C =1 + Kn[a +B exp(-6/Kn)]

where
F(fm)= drag force on the distorted particle in the free-molecular regime (Kn > > 1)

and the formula for the slip correction factor is any one of those described above. Since the slip
correction factor for the hypothetical spherical particle is the same as that of the distorted particle in
both the free-molecular regime and the continuum regime, he assumes that calculated slip correction
factors for the hypothetical sphere will yield good estimates of the slip correction factor for the distorted
particle under conditions intermediate between the extremes of the continuum and free-molecular
regimes.
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Dahneke defines the forces on particles modestly distorted from sphericalto be:

F(cont) = - Co pg L V

- L.V
Fim) = — 82— f(E.oum)
where
\" = velocity of the particle,
L. = critical dimension of the particle,
E =  aspect ratio of the distorted particle (E = 1),
®m = momentum accommodation factor or the fraction of gas-atoms scattered diffusely:, and
Kn(e) = the Knudsen number for the distorted particle. ;

The geometry factors C, and f(E, o)) are discussed further below., The defining equation;-then is:.

Kn(e) Cq pg L

T g Lo Vi) =1 + Kn(s)[e + B exp (-6/Kn(s)]

or

[ [a + B exp (-6/Kn(s)] = Kn(s)

CoKn(e)
wi(E, o) B

where Kn(s) is the Knudsen number for the adjusted sphencal partlcle The dlameter oﬁ the 'equlvalent.'
spherical particle is: -
-.i e

P

p(equlv) 3 L Kn(e) / Kn(s)

The geometric factors C,, and f(E, am) depend on the geometry and the orientation of the particle. For
prolate ellipsoids with seml-ma_]or axis a and semi-minor axis b:
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2 T Z 4Y + T - 6
fE, o) =sin2 0 |Xp) 4+ |2 -1|opl + 22+ am| +
P 2 2 4
Y .
P
2 Zy 2 T
+ COS 0 2Xp am + Y (4—2am) - 4 + 3 T e— Olm ~
vy2| P 252
p J
o 16(E> -1)sin” 0 . gr(E2-1)cos? 6
o=
2 2_
2E°-3 Eln(E+\/E2—1)+E2 2E7-1 Eln(E+\/E2—1)—E2
yE2-1 yE2-1
where
E = ab>1,
Kn = Mb,
-1
Xp _ sm (Yp)
Yp
Y, = (- 1/EH1/2,
Z, = 1E-X, and
6 = angle of transport relative to the polar axis of the particle.

For oblate ellipsoids with semi-major axis a and semi-minor axis b, Dahneke finds:

6-m)ox -
B, o) = sin? 0 |X2Y, (_"Z)_m‘ “af + Zo{ 4 - (427’)am} + Bog | +
+ cos? 0[X(2) Yo{ 4 - (6;"") a‘m} B2 + Zgog + Eam]
199 NUREG/CR-6153

e et e .



Physical Phenomena

16m(E2-1)sin? 8r(E2-1)tos2 6

o= -
382-2 an@E2 - 1) -1 E2-2. an(EZ - 1) +1
E2 -1 E2 -1
where
E = ab>1,
Kn = MNa
X, = 1/yE2-1
Y, = E-Z,
Z, = X,In(E + I/X,), and

again 6 is the angle from the polar (semi-minor) axis of the particle.

The distorted particles are, presumably, randomly oriented and do not rotate for most situations [165].
The statistical average force is taken by Dahneke to be found from:

1 1 1.2
favg) 3 | f(6=0°) T1(6=90°)

and

1 1 1, 2
Colavg) 3 [Co(6=0°) Co(0-90%

A plot of the statistically averaged slip correction factor for a prolate distorted particle calculated using
Dahneke’s method is- shown in Figure 89. -Also shown in-the figureris the slip.corsection . factor.
calculated using the volume equivalent sphere methods. For small distortions from spherical that are
of interest here, the differences between the slip correction factors calculated by the two methods are
not especially large. The extent of distortion and whether it.is oblate or prolate distortion are
uncertainties of equivalent or greater importance. B

3. Hygroscopicity of Aerosols Produéed in Reactor Accidents

The analyses of water condensation presented above show that if the chemical activity of water
condensing on the aerosol surface can be reduced sufficiently, the aerosol particle will grow. Growth
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Figure 89. Comparison of slip correction factors for a prolate distorted particle (E = 2.0)
calculated using the adjusted sphere and the volume-equivalent sphere method
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can be quite rapid. When the growth occurs, even quite small particles can become large enough that
one or more of the aerosol trapping mechanisms discussed above will become efficient.

The reduction in the chemical act1v1ty of condensed water is the key to the growth of aerosol particles.
The reduction must be sufficient to overcome botl the Knudsen effect*and'\thershg‘htfundersaturatlon of
the bubble atmosphere as it rises through the pool The only readily apparent mechamsm for the
reduction in the chemical activity of condensing water is for the water to dissolve some of the aerosol
material. The question then becomes how soluble will aerosols produced in reactor qcc1dents be?

Models of radionuclide releases during severe reactor accidents.often treat the chem1ca1 form of aerosol
materials quite ‘crudely. These models often speak of chemical spe01es such as CsOH Csl, and inert
aerosols [14,23,25]. Certainly, CsOH and CsI are quite soluble in water as is fshow.n’by the data in
Table 17. Were these materials to make up the aerosols entering the suppression pool, there is little
doubt that water condensation would lead to particle growth.
F

It is, however, not evident that CsOH and CsI will be aerosol materials. It the last, féw years, more
attention has been paid to the issue of chemical form of the aerosol produced durmg severe accidents
[268]. Rich opportunities for reaction of chemically reactive species like CsOH have been found Some
important reactions include:

CsOH + HBO, 2 CsBO, - H,O
2CsOH + ZrOy 2 CsyZrO3 + HyO
Csl + Ag + HyO 2 CsOH + Agl + 1/2 H,

2CsI + CdO + Hy0 = 2 CsOH + Cdl,

Table 17. Water solubilities of some materials
expected to be present in aerosol
produced during severe reactor

accidents

CsOH CsI i

Solublhty » A Solublllty .

T (moles’kg T (moles/kg' o
X) H,0) (X) H,0)
288 2.94 273 1.17
344 3.50 293 1.68
374 3.66 313 2.06
402 3.92 333 2.31
353 2.52
373 2.64
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For exactly the same reasons CsOH absorbs water so extensively, CsOH is also quite reactive towards
other oxides to form materials of much lower water solubility. Dissolution of these materials may not
produce the reduction in the chemical activity of water needed to promote particle growth.

Another development in the understanding of severe reactor accident phenomena has been the
recognition that nonradioactive materials are far more abundant contributors to the aerosols than are
radionuclides. The situation is particularly extreme in the case of core debris interactions with concrete.
Typically, it is found in analyses of these interactions that radionuclides constitute only 1 percent of the
total aerosol mass being evolved. Most of the aerosol mass comes from constituents of concrete such
as Ca0, Si0,, FeO, etc. Early in the course of core debris interactions when the molten core debris
is quite hot and the most extensive releases of radionuclides take place, the nonradioactive aerosol
materials might be expected to form chemical species with very low water solubilities. Adams [248]
found that condensing steam did not accentuate the deposition of aerosols produced by feeding concrete
into a plasma torch though condensing steam did accelerate deposition of Fe,0O3 and U3Og aerosols
formed in a similar fashion.

Aerosol particles produced during severe reactor accidents are not likely to be composed of a single
chemical species. It is, in fact, usually assumed that at least within given a size class aerosol particles
will be composed of mixtures of materials with varying water solubilities. The two issues of interest,
then, are, (1) can water soluble material making up a few percent of an aerosol particle produce the
reduction in chemical activity necessary to promote growth by water condensation and, (2) can the
dissolution occur fast enough to affect the particle during its transport through the suppression pool.
Dissolution kinetics may be especially troublesome if the water soluble material is encased in materials
that are not especially soluble. Particle morphology and structure as well as chemical composition must
be understood to resolve the issues of particle growth by water condensation.

L. Aerosol Behavior

The trapping of aerosol is, of course, the process of main interest here. It is convenient to consider
aerosol trapping in four regimes of particle transport:

e  aerosol trapping during transport to the steam suppression pool,
e  aerosol trapping during bubble formation,

e  aerosol trapping during collapse or disintegration of bubbles immediately after bubbles detach from
orifices or vents in the suppression pool, and

e  aerosol trapping during the quasi-steady state rise of bubbles through the pool.

The first of the regimes, aerosol trapping during transport to the pool, is considered outside the scope
of this work. Trapping aerosols by diffusiophoresis within downcomers has been mentioned above.
Other phenomena that lead to aerosol trapping during transport to the suppression pool are described
below (Section IV 1-4). These phenomena are not further pursued. They might, however, affect not
only the mass of aerosol to be removed by the pool, but also the size distribution of the aerosol particles
that enter the suppression pool. The discussion below will show that many of the phenomena that can
lead to aerosol trapping in the suppression pool are sensitive to the aerosol particle size.

203 NUREG/CR-6153

Sy AT T‘Titr"g"- T GRS [T
P Tiw ’Z’%‘E. ﬂl ¢ Seg-- e E’; Y N R

N e



Physical Phenomena

Attentions here are focused on'the trapping of aerosol by the suppression pool itself:" The:assamption
is made here that a particle that contacts the water in the suppression pool is.permanently trapped’in-the
pool. Gross re-entrainment of particle-ladden liquid droplets by sparging gases has been heglected here.
Models of this entrainment phenomenon are available [200-202]. Typically, such models predict that
the mass of liquid entrained by gas sparging is about 104 of tthe mass of sparging igasy -Until the pool
becomes very concentrated in radionuclides, this re-entrainment.'will not rsignificantly: reverses the
decontamination produced by the suppression pool: Neglect of this. re-entrainmerit processidoes,
however, mean that some limit ought to be imposed on the'decontamination ‘that! is:ipredicted: by the
models of aerosol trapping that are discussed here. In general, the authors feel thab predicted
decontamination factors* in excess of 109 should be viewed with suspicion:because entrainment and the:
possible enrichment of surfaces with particulate relative to the-bulk liquid have been neglected. .

Rather than discussing aerosol trapping processes in the. sequence they. would be expetienced by the:
aerosol produced in a reactor accident, the discussions of aerosol trapping aré presented: in:subsections
beginning with aerosol trapping during bubble rise through the pool. This is-dorie: because the trapping
phenomena have been more thoroughly described for rising bubbles. These phenomena will be more
familiar to the reader and can be used to obtain an understanding of:the more complex: phenomena
associated with aerosol trapping during bubble collapse and during bubble formation.

1. Aerosol Trapping During Bubble Rise

The removal of aerosol particles from gas bubbles rising through water is-a-classic!problem that has
been addressed by a number of authors [148-150,153]+ . Wsually, aerosol temovablfrom the'gas 4s;
considered to occur as a result of particle sedimentation withimithe bubble, :diffusion: of particles to the

bubble walls and, in cases where gases circulate within'the bubble, as a result of inertial impaction:.of .
particles on the bubble walls. For the particular situation of interest here, it is necessary to consider

two additional phenomena that lead to agrosol trapping. Both of these additional. plienomena,arise
because of the behavior of water vapor within a rising bubble as was discussed above (see Section

IV-D). Analyses of the thermodynamics of bubbles rising through a water pool showed that,water

vapor will evaporate from the walls and diffuse or convect into the bulk gas of the bubble. The

evaporating water imposes a Stefan flow and a diffusiophoretic force on aerosol particles near the

bubble surface. The thermodynamic analyses also showed that there could be a thermal gradient near

the bubble walls. This thermal gradient will create a thermophoretic force on particles that will oppose

particle deposition. In the discussions of the various aerosol trapping mechanisms presented below, the

bubbles are assumed to be smooth ellipsoids. This is, of course, an idealization. In reality the surfaces

of the bubbles, especially surfaces of bubbles in swarms, will be continuously deformed-and reformed.

Aerosol trapping by the shape oscillations of bubbles is also discussed in this subsection. .

a. Diffusion of Particles to the Bubble Walls
Diffusion of aerosol particles to the walls of bubbles is caused by the Brownian metion-ofithe pasticles

and the stochastic nature of impulses imparted to the particles during -collisions with gas melecules.
There are a variety of possible treatments of diffusion of aerosol particles. Most frequently adopted is

*The decontamination factor, as used throughout this document, is the dry aerosol mass injected into the suppressxon pool
divided by the dry aerosol mass that emerges from the pool.
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an argument developed by Fuchs [148]. This treatment of particle diffusion to the walls of bubbles is
somewhat peculiar. The argument is reproduced below for a spherical bubble. The development of
the argument for an ellipsoidal bubble has been presented elsewhere [150].

Fuchs assumes that gases within the bubble circulate. Certainly, the discussions above show that this

may not be the case. Ideally, when gases do circulate within a spherical bubble, the gas velocity
tangential to the walls is:

Utang = 1.5 Up sin 0

where
Utang = tangential velocity,
Ug = rise velocity of the bubble, and
6 = angle from the pole of the bubble.

The rate at which particles of size d flow through a region between the bubble surface and a stream
line (actually a stream surface) displaced a distance d, from the surface of the bubble at the equator is:

%I.j_=50DB7rnsin0Utang=1.460DBUBvrnsin20

where n is the number concentration of particles of size d,. Fuchs makes the questionable assumption
that diffusion to the bubble surface is negligible except between polar angles of 7/4 and 37/4. In the
above specified region, the time required for particles to traverse this arc is

3T
3n/4 3n/4 6 =—

t = J 05Dpdéb J Dp _ds ="DBm[1+°°S"] 4 = 0.588 Dp/Up
4 Utang 4 3Ug sinf 6Vp 1 -cosé 0 = x4

During this time period the random walk displacement of particles by Brownian motion, 3, is given by:

|Bt
6 =21= =0.8650‘/DD /U
o B’'~B

where

v
I

particle diffusion coefficient,

= Ck’I‘/37rp.gdp X
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C = Cunningham slip correction factor (see Section IV K-2),
x = dynamic shape factor, and
k = Boltzmann’s constant.

Over the interval from 6 = /4 to § = «/2, the separation between the reference s&eam} lil,ie and the
bubble wall varies from 2§, to 6,. Fuchs defines the reference streamline by:

5 =158,

He then makes the somewhat startling assumption that all of the particles in the region deposit on the
wall. That is, be has very roughly divided the zone in half to account for the fact that half the partlcles
will move toward the wall as a result of Brownian motion and half will move away. For édl¢ulational
purposes, he segments these two classes of particles on either side of the boundary line. 8 1.5 0,

The particle deposition rate is then given by:

% = 1.5 5, 7D Up n =3 Dp Upmn = 0.8650 m ® Dy Up)2 = 2.717 n ® Dy Up)*/2

An overall deposition velocity, referenced to the entire surface area of the bubble even though the
deposition is taking place only over 70.7 percent of the bubble surface, can be defined as:

L aN Ug 1/2
—~ =Vpn=0850n |-
p.2 dt Dgp
T™VB
or
Ug 1/2
Vp = 0.8650 | =

Dp

Similarly, the deposition coefficient for the fraction of particles deposii:"eéi pér ‘unit Bubbie rise, a(D),
can be defined as:

12
Up D
6 dN _ D) -5.19 B
D3 dx U2 D3
TUg rise ~B
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where x is the distance of bubble rise. Here, it is useful to make distinctions among the rise velocity
of an isolated bubble, Up, the rise velocity of the bubble relative to the water, Uslip’ and the velocity
relative to the fixed coordinate frame of the pool. Then,

1/2
b Uslip
3..2
DB Urise

a(D) = 5.190

For an oblate ellipsoidal bubbles of eccentricity* E, expressions derived from arguments completely
parallel to those made by Fuchs for spherical bubbles are [150]:

2 | P Ugip ®2-1) 1.76E2 12
3 | 87D 2_ 1/ -2
Vp - g23 | 87D |1 . @2@?-1)2| | @%-1)

E + (EZ—)
E - (E2_1) ( E2 tan—'l[(Ez_l)]./Z] B

2E {E@2-1) | JE2-1)

In 12

1+ 1

and

D Ugip [ E2-1) ] |:1.76E2 _ ﬁ] 12

6 |87Dg U, |1+ ¢r2@2-)!? | | @1
o(D) = 172

g2 tan-1[(E2_1)1/2] .
E>-1)

It should be noted, however, that these expressions for an oblate ellipsoidal bubble have been derived
assuming that vortex flows in an oblate ellipsoidal bubble are simple geometric distortions of Hill’s
vortex in spherical bubbles. This is probably not an accurate representation of the vortex flow in an
oblate ellipsoid [203]. In fact, oblate distortions of a Hill’s vortex asymptotically approach a vortex
ring which is a rather different structure than that assumed for the derivations of these expressions.

Certainly, the Fuchs derivation is sufficiently peculiar that it is surprising that it has been so widely used
in the absence of any real validation. Mills and Hoseyni [204] have criticized the derivation on the
basis of inconsistency. Consider the deposition velocity, V(D), which is a mass transport coefficient.
Cast in terms of a Sherwood number, the mass transport coefficient is:

*Bccentricity is defined here as the ratio of the semi-major axis length divided by the length of the semi-minor axis.
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Sh

R :

U D 12

£(E) 5

b

where Pe is the Peclet number. This relationship between the Peclet number and the Sherwood number
is the expected result from penetration theory for mass transport. Penetration theory is based on the
assumption of a well-mixed bulk fluid and not vortex flow. Mills and Hoseyni correctly note that the
Kronig-Brink solution is the proper solution for the case of vortex flows [88]:

where

Tp =

'
i

2
Sh =

2
An exp[-16 A, Tp]

[0 o]
Y A
i=1
n
X
i=1

2
4Dt/ Dy

and the values of the parameter A, and A, for the first seven terms are [205]:

In the very long term (7, - ),

n A An

1 1.656 1.29 -

2 9.08 0.596

3 22.2 0.386

4 38.5 0.35

5 63.0 0.28

6 89.8 0.22

7 123.8 0.16
Sh = 17.66

which is independent of the rise velocity. The time averaged mass transport coefficient is éiveﬁ by:

NUREG/CR-6153
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Mills and Hoseyni suggest, based on work by Calderbank and Korchinski [206]:

_ 377 o(t)
4 Ji=a® A - {1-a®)

Sh

where

In the long term,

Sh = 14.6

Circulation of gases within the smaller bubbles is not assured especially in the contaminated water of
the suppression pool. If the gas is essentially stagnant, the Sherwood number is given by [148]:

27 5
3

exp [—n2 1:'2 Tp]
n=1

Sh =

oo
Y iZ exp[—n2 2 7p]
n=1 n

The long-term asymptote of this expression is:

Sh = 6.58

The time-average Sherwood number in this case is:

o0
Sh=_"2m{S" Y iexp(—nzﬂ'z'rp)

37 | 2% n=1 n2

Deposition velocities for particles of various sizes computed with these alternative models are shown
in Figure 90. Time-average values shown in this figure were taken to be for 10 seconds which is about
the time required for a bubble to rise through a suppression pool. Deposition velocities calculated using
Fuchs’ model are very high compared to those calculated with other models. Mills and Hoseyni feel,
based on findings by Brunson and Wellek [206], that Fuchs’ model might be more appropriate for
oscillating bubbles. It is also evident from the results shown in Figure 90 that there are substantial
differences between the time-average values of the deposition velocity and the long-term asymptote
values. This suggests that the dynamic expressions for the Sherwood number, Sh, or deposition velocity
ought to be used for analysis of aerosol decontamination by diffusion.
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10-2
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Figure 90. Diffusive deposition velocities according to several models for ae;'ostl)l"paftiicles in a
0.5-cm bubble at 373 K
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In summary, it is apparent that there is a significant uncertainty in the diffusive deposition of
aerosol particles. As discussed below, diffusive deposition is most important for very small particles
(<0.1 pm). Since small particles will contribute so little to the aerosol mass expected in a reactor
accident, the uncertainties in diffusive deposition are not likely to create very large uncertainties in
the total decontamination factor achieved by suppression pools. But, the relative magnitude of diffusive
deposition (which increases in efficiency with decreasing particle size) is important in comparison to
other aerosol deposition processes such as inertial impaction and sedimentation (which decrease in
efficiency with decreasing particle size). These relative magnitudes will determine the aerosol particle
size least efficiently removed by the suppression pool and consequently the particle size of aerosols most
likely to penetrate the pool and become available for release from the plant.

b. Sedimentation Within a Bubble

The coefficient for aerosol sedimentation per unit rise of an ellipsoidal bubble is:
os) = 1.5 E23 1Dg Upee

where
E = eccentricity of the bubble,
J= vgopd?Cli8pyx ,

pp = aerosol material density, and

v = collision shape factor.

The deposition velocity into just the projected area of the lower half of the ellipsoid is:

VD) =17
The deposition velocity normal to the surface of the ellipsoid is:

-JE cos(n)

V(normal) = 75
[E2-1) cos2(s) + 1]

for n = w/2 to w. The normal deposition velocity is zero for y = 0 to «/2. The differential area for
deposition is:

“DBz 2 1 2 |12
dA = —— y(E“-1) + cos“(n) sin(n) dn
P 221
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A plot of V_(nilzna_l) iiﬂ as a function of % is shown in Figure 91 for valués of mé ecceitricity from
aDg J
1.1 to 4. R

Sedimentation is a strong function of particle size as is shown.by the. plot.of J ;égairjgﬁppartielés size in
Figure 92. It is likely that most particles large enough to depesit by sedimentation. during, bubble rise
through a suppression pool would have been removed by deposition precesses during transport to the
pool. E

¢. Imertial Deposition

Circulation of gases within a bubble can lead to deposition because large particles are unable to follow
stream lines in the flow. Deposition from the circulation vortex in a spherical bubble *has been.derived
by Fuchs [148]. Derivation of the deposition from an oblate ellipsoid has been based on the
consideration of simple geometric distortion of the Hill’s vortex in spherical bubbles [149,150]. As
noted above, this is not an accurate portrayal of the circulation in an oblate ellipsoidal bubble [203].
The deposition coefficient for the fraction of particles deposited per unit rise of a bubble of eccentricity
E is:

2 4/3 ‘ i
o) = 6 Uslip TE {(E2 _1)2 + E2—1)1/2 (E2—2) tan~1 [1/(E2—1) ]}
2

. 12
Dg Urise {M - B2 tan”! [‘/—(EZ—"E}}

= = 2
7= Jg ——'yppdp C/18y.gx,and
v = collision shape factor
A deposition velocity over the entire surface area of the bubble is:
V@) = 4 '
2 _\172
In [E + (E°-1)
D 1+

2 1/2] 2
E - E°-D { E%-1) - E? tan” [(E2—1)1/2]}
2B @2-1!/?
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Figure 91. Patterns of particle deposition by sedimentation within ellipsoidal bubbles of various
eccentricities
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Figure 92. Sedimentation deposition velocity as a function of particle size
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The centrifugal acceleration responsible for the deposition is given by:

2 .
2Ug, sin() YE2-1 E/3
572

2
Dg | cos’(q) + 21 {\/Ez—l - E2tan 71 [\/Ez—l]}

E“-1

acceleration = a =

where 7 is the polar angle of a vector from the origin of the ellipsoid to a point on the surface. The
local deposition velocity is given by

P = Vp(local) = ar

172

2

D

dA = B E2-1 1_1 o)}t sin(r)dy
2E1/3 E2-1

for n = 0 to w. Plots of the patterns of deposition of particles by inertial impaction in ellipsoidal
bubbles of various eccentricities are shown in Figure 93. It is apparent from results shown in this
figure that most of the inertial impaction of particles occurs in a region around the midplane of the
bubble. This region becomes narrower as the eccentricity of the bubble increases.

Deposition velocities due to inertial impaction are shown in Figure 94 as functions of particle size for
bubbles of various sizes and eccentricities. These results show that inertial impaction can affect
particles that are smaller than those affected by gravitational settling but does not affect particles that
are efficiently deposited by diffusion. Combining the three classic mechanisms of aerosol deposition—
diffusion, sedimentation and inertial impaction—produces an overall deposition velocity that passes
through a minimum when plotted against particle size. The exact position of this minimum deposition
velocity does depend on bubble size and system properties, but it is typically in the vicinity of 0.1 to
0.3 pum diameter particles.

d. Particle Deposition by Diffusiophoresis

In general, the gas within a bubble will not be in equilibrium with the water pool. As discussed above
(see Section IV-D) the partial pressure of water vapor in a bubble will be depressed below the
equilibrium partial pressure of water vapor in the suppression pool. There will, then, be a flux of water
vapor from the bubble surface directed into the bubble which will oppose particle deposition. In
principle, gases such as Hy, CO, and CO, will diffuse from the bubble into the water until the water
pool becomes saturated. As discussed above, the saturation concentrations of these gases are so low
that this flux of gas, which would tend to enhance deposition, is thought to be negligible. Attentions
here are, then, fixed upon the inhibition to deposition by the water vapor flux into the
bubble—diffusiophoresis. In the analysis of diffusiophoresis, temperature gradients between the bulk
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gas and the bubble wall will be neglected. Thermodynamic calculations presented above show these
gradients are small. The effect of the temperature gradients is to induce a thermophoretic velocity to
the particles. This thermophoretic effect and the combined effects of diffusiophoresis and
thermophoresis will be discussed in the next subsection.

Because the rising bubble is slightly unsaturated in water , Yapor, there will be a water vapor
concentration gradient in the bubble near the bubble wall. The flux of water vapor away from the wall
will subject aerosol particles to a Stefan flow and a diffusiophoretic force. According to Waldmann and
Schmidt [166], the Stefan flow is given by:

Vestetan) = — 2 29 gpa,0)
Py - P,0) 2
The diffusiophoretic force is given by:
b (H0)

Fp = -012 T— 31r[.bg dp VPH70)

where
P(H,0) = diffusion coefficient of water vapor in a noncondensible gas: within :51 Bubbje,
Pt = total pressure, and
01o = collision integral to be discussed below.

The deposition velocity of aerosol particles due to both diffusiophoresis and Stefan flow is:

bH,0)
[Pt - P(HyO)]

vp = & [% +op (1 - P(HZO)/PT)] VP(H,0)

X

Waldmann and Schmitt [166] indicate that the quantity ¢, is theoretically:

m(Hy0) - m(gas)
12 * 172
m + (m(HyO) m(gas))

where m = m(H,0) + m(gas). But, to match experimental data well, they find

i o 0.95(m(H70) - m(gas)) 105 (c(Hp0) - o(gas))
12 m(H,0) + m(gas) " g Hp0) + a(gas)
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In the free molecular regime, Waldmann and Schmitt recommend:

1 + o190 P - P(H0)/P =

_ P[1 + moy (H0)/8] /m(H,0)
PEO)[1 + moy (Hp0)/8] m(ER0) + (P - PEH0)) (1 + moy (gas)/8) ym(gas)

where
m(H,0) = molecular weight of HyO
m(gas) = molecular weight of the noncondensible gas
o (Hy)0) = thermal accommodation coefficient of HyO
ay(gas) = thermal accommodation coefficient of the noncondensible gas.

The molar flux of water vapor to the bubble surface is given by:

-DPH,0)  VP(H,0)
RT (1 - P(E,0)/Pp

jH0) =

It is assumed here that the partial pressure of steam varies only with the normal distance from the
bubble walls. Then, in oblate ellipsoidal coordinates*, the gradient is:

YR@EH,0) - oP /0% _
C2cos2(17) + Czsinhz(f)]
and,
. bH»0) d In P(H,O)/9d¢
J#20) = R% Pr - 2

(€2 cos2) + C2sinn2)]

The total rate of mass transfer to the bubble surface is:

*Cartesian coordinates x and y in terms of the oblate ellipsoidal coordinates are:
X, = C2sinh2;£) cos () y = C cosh (£) sin ()
C“ =a“-b

where a and b are the length of the semi-major and semi-minor axes, respectively.
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jH0)dA = | j(H0) 27y ds
A

2 112 12
ds = 2E El) . 21 + cos2(m)|.  sin(n) dy
E2-1

so,

7% D(H0) Py 9 In PEH,0)
RT 3%

j i(Hy0)dA =

Similarly, o S O
j jHy0) dA = -kpA[P(sat) - P(Hy0)I/RT

where

‘/2
A= 2ra2ll+ 1 In E +VE7-1 , and

2EVE2-1 E - {E2:1 S

a= DgEl3/2

Then,
d In P(H,0) _ -A[PGsat)-P(E0)] ki
T P %2 DE,0) P
and
n E + VE2—1
P 2 .
1+ LE-VET-1 1| [pgsat)-P@1,0)]
_P@,0) k., E o2
VP(H,0) k- H0) ky 2EYE“-1

°  z%aZpy PEHH0) VE2-1 [cos?(n) - 1/(E2”-1)]1/2
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A theoretical expression for the external mass transport in potential flow over an oblate ellipsoid is [267]:

Sh =

b JTA )

k, Dy _ 2mDg’ Pel? 2 (B2-1) 2
3[E2tan~1(¢E2—1) - ¢E2—1]

Taking this expression as approximately applicable also for the interior, rotational flow yields:

12

o w2 Dy Pr [cos’(m)+LE2-D]"?| 3{(B2an (/BT D) -yEE-1}
where
Pe = UyDg/DH,0), and
Dy = diameter of the volume equivalent sphere.

A plot of the relative variation of the partial pressure gradient and consequently the diffusiophoretic flux of
particles around the surface of the bubble is shown in Figure 95. Since, in general, the saturation partial
pressure at the bubble surface will be greater than the partial pressure of water vapor in the bubble, the
gradient is negative. That is, the flow of evaporating water will force particles away from the surface.

e. Thermophoresis

A particle in a thermal gradient will migrate toward lower temperature due to the thermophoretic force. This
effect, which is so difficult to accurately measure, has prompted a remarkable amount of intemperate
language in the specialized literature (see for examples References 225 and 226). Bakanov (225) provides
a readable review of the topic. Thermophoresis literature is challenging because nomenclature is not
standardized.

By far, the most widely used expressions for predicting the thermophoretic motions of particles is that
derived by Talbot et al. [154]:

k

2C
o B % + C, K| C ViaT

. XPg 1%
b=
[1 +3C,Kn] [1 + 2k /k, + 2C, Kn]

221 NUREG/CR-6153



Physical Phenomena

S —— T | | | l l
}._..
=
Ll 4
-
0
<
o
o
"
%
=
wn 3 !
L _
m i
o
W
>
—
> .
3 2
o
%

1

ANGLE <(DEGREES)

Figure 95. Relative variation in the water vapor pressure gradient at the surfaces of ellipsoidal
bubbles of various eccentricities. Note that variations are symmetrical about polar
angles of 90 and 180°.
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-6mp d C |k
e N C, Kn| VinT
- Pg p
T [l +3C.Kn] [1 +2k/k, + 2C,Kn]
where
F; = thermophoretic force
Vp = thermophoretic deposition velocity
C, = 1.128
c = 2-0,
am
2-0
g =15 @w
8 o

t

Loyalka [227] has suggested some alternate expressions for parametric quantities that depend on the
intermolecular force law

C,= 075(1-0,)+30a,&@s)
C = 15 @-a) {(l—at) s VT o+ o E(t)]
8 X 8
C, =[2—a"‘] [(l—am) Im o E(m)}
o 2
E(s) = 0.35t00.383

Et) = 1.263 to 1.296
E(m) = 0.996 to 1.02

Derjaquin and Yalamov [161] have used arguments based on irreversible thermodynamics to derive:

30 [k
v, - ”g[

—E + C, Kn| VInT
pg P
[1 +2C,Kn] [1 + 2k /k, + 2CKn]

which differs from that found by Talbot et al. by a factor of 2C/3 = 0.75.
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Fulford et al. [159] have correlated experimental data to obtain.-

log10 [VT‘T'] = -11.418 - 0.7525 logyg Kn - 0.2231 (logjg Kn)?
- 0.2695 (logyo Kn)®

and

Vp = -Fp C/3=x kg dp

Phillips [244] has produced what is the most heroic expression for thermophoretic force: .

2
-27 kg Ilvg

Fr = —2 | 2 VInT
T=— "h [2kg +kp]pg

where

1 + N(1) Kn + N(2) Kn

By = 7) 3
1 + D(1) Kn + D@) Kn 2 + D@3) Kn
k, C -k
Ny = B 1-D ®p X&)
g kg
15 kp
) =" _ 2 CsC

pay =2 |28 |+ s 2 Ci +3Cp
2 L2kg+ka 2ks + kp

k., | -k 6k
DER) = 9 kK c, - 1:5 &p kg) o *T‘E'E—' Ct + Cy
2 (B Tp) L E Wy Oy
135 kp
D@3) = C; C
== [2kg+k‘p tom

Phillips, however, has argued that the particle moving in a thermal grédient distorts the gradient so that

the deposition velocity is

/
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-9 v1-2y

Vp = =2 BC _Xg | B |1-V1-2y | gpp
4 "t | 2kg + Ky | g p

where
ko k
(2kg + kp)

g = Np/16 + BKn exp(-C'Kn)
u 1 + DKn

B = 46900

C' = 31.8

D = 18

a3 2

N = [8RT )2 % @mD
p ™ MW 8 op

MW = molecular weight of the gas, and
op = thermal diffusivity of the particle.

This distortion of the thermal gradient can accentuate the thermophoretic settling of particles by the
factor (1 - y1-2y )/ ¥.

Phillips’ model predicts somewhat lower deposition velocities when the thermal gradient correction is
not made than does the model developed by Talbot et al. Parametric variations that are part of this
work can cause Phillips’ model to predict particle motions up the thermal gradient. Consequently,
Phillips’ model is not used here.

Some comparisons of the predictions for the dimensionless deposition velocity

Vp Pg

Pg VinT

to data for oil drops in hydrogen and carbon dioxide are shown in Figures 96 and 97. Thermophoretic
deposition velocities seem fairly well predicted for values of the Knudsen numbers greater than about
0.5. Some comparisons for inorganic species are listed in Table 18. The empirical model matches
these data closely since the data were used to make the empirical fit.
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Figure 96. Comparison of dimensionless fhermophoretic velocity predicted by the Talbot et al.
model to data [229] for oil drops in hydrogen
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Figure 97. Comparison of dimensionless thermophoretic velocity predicted by the Talbot et al.

model to data [229] for oil drops in carbon dioxide
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There has been a continued controversy over thermophoresis. Some theoretical models predict
thermophoretic flow would be in the direction of increasing temperature [225, 232, 233]. This has not
been observed in experiments. Balakov [225] accepts the theoretical prediction and terms the
phenomenon "second-order slip." Other authors have not been so generous [226]. We ignore this
possibility here in the suspicion that the predicted flow up the temperature gradient may be a deficiency
of the models and not a real phenomenon.

Arguments have also been made that particles can rotate in the boundary layers [230]. It appears,
however, that this can occur only for particles larger than those of interest here [231].

Following the same procedure used for the analysis of diffusiophoresis, the thermal gradient is:

1o | B+ VE2-1

_ =x 172

T - hATE . B -yE21 / [cosz(n) . 21 ]
a? kg YE2-1 | 2B(E2-1 E“-1

where h is the heat transfer coefficient. Then,

£(E)

VT =
kin(2) :| [ 5 1 :|1/2
cos“(np) + >

-sATE? 1 [Uslip D Cp(®) o(g)

E“-1
172

2@2- 132
3 [E2 tan™t (\/Ez—l | - yB2-1 ]

f. Particle Growth by Water Condensation

f(E) =

The discussions in the preceding subsections have shown that the rate at which particles are removed
from a bubble rising through a suppression pool is a strong function of the aerosol particle size. In the
water-rich environment of a steam suppression pool, the possibility that aerosol particles might grow
as a result of water vapor condensation on their surfaces needs to be considered. Such particle growth
could significantly affect the decontamination that could be achieved by a suppression pool.

Condensation that affects particle size has to be on the external surfaces of the particles. (Condensation
of water in voids within particle agglomerates and the effects this internal condensation can have on
particle shape factors has been discussed above in Section IV-K.) The convex external surfaces of
individual aerosol particles and particle agglomerates resist condensation because of the Kelvin effect.
And, of course, in a rising bubble the partial pressure of steam in the bubble will always be slightly
below saturation. Growth of aerosol particles will occur, then, only if there is some process that will
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reduce the chemical activity of water on the surfaces of aerosol particles: sojthat the; vapor pressure:of
the deposited water is less than the partial pressure of water vapor-insthe;bubble. -Theimoestiobvious
mechanism for this reduction in the chemical activity of condensed water i$ the -dissolution-of some
aerosol material into the water: Nearly all of the inorganic materials Jikely:ito be .presént;in-aerosols
produced in nuclear reactor accidents will cause a reduction in.water actiyity -when <hey (dissolve.
Indeed, some of the chemical species considered to make up aeresols dischargedste:thexsuppression pool
are quite water soluble. Saturation solubilities of CsOH and CsI at 373 K exceed 3.6 and 2.6 moles/kg-
H5O, respectively. Aerosol .particles composed of these materials would-, surely -grow by water
condensation during transport in-bubbles through the suppression pool. ~It:is net ebyieus; that such
highly soluble species will actually be present in the aerosol produced during severe reactor accident.
Though all materials exhibit-some solubility in water, the solubility. may. not.be enoughrito-cause a
sufficient reduction in the chemical activity of water to lead to aerosol growth by water condensation,
The magnitude of water solubility that is needed to lead to particle growth is given by:

Inay = -40; V/dp RT

where

ay = chemical activity of water

V = molar volume of water
At 373 K, the chemical activity of water that will just lead to particle growth for derosol
various sizes is:

particles of

molality
dp(um) ay (moles/kg-H,0)
1.0 0.9986 0.039
0.1 0.9864 0.38
0.01 0.8722 3.8

The molality of a solution of an electrolyte composed of univalent ions ‘Tiecessary: to *prodiice ‘such
reductions in water activity can be estimated from:

r '

55.51
where
m = molality, and
¢ = osmotic coefficient
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For the purposes of these estimates, the osmotic coefficient has been taken equal to 1. A more
sophisticated estimate of the osmotic coefficient can be made.

It is apparent from the values listed above that substantial solubilities of aerosol materials in water
would be needed to get growth of even 1 um particles. (Particles larger than 1 pm are so efficiently
removed from bubbles by physical processes that their growth by water condensation is not very
important.) There are few materials so soluble in water that 0.01 ym particles of these materials will
grow by water condensation.

There are kinetic as well as thermodynamic factors that will inhibit aerosol growth by water
condensation. Condensation of water on aerosol particles liberates heat which raises the particle
temperature and the vapor pressure of condensing water. Unfortunately, there are few mechanisms
available to dissipate this heat except conduction into the gas phase. In the subsections below, the
heating of aerosol particles by water condensation is examined. The examination is done first for the
free molecular regime (Kn = 2\/d, < < 1 where \ is the mean free path of the gas phase) and for the
continuum regime (Kn > > 1). Interpolation formulae and example calculations are then presented.

f-1. Condensation in the Free Molecular Regime

Assume that thermal gradients in the gas phase around a particle are small. The thermal
accommodation coefficient of water onto a water surface has been measured to be 0.96 [172]. This is
close enough to unity that diffuse reflection of molecules from a surface can be assumed. The molar
flux of water vapor deposition on a particle surface in the free molecular regime is then given by:

*In Pitzer’s formulation of the osmotic coefficient for univalent electrolytes such as CsOH and CsI [186]:

$-1 =+ mB® +m?c?
 =-A, mi’2 /1 + 1.2 ml/2)]
B? = ,30 + Bl exp (—2m1/ 2)

Near 373 K, A¢ = 4.48 x 103 + 1.223 x 103 T(X). For Csl,

g0 = 0.0244

gl =0.0262

c® = -0.00365
For CsOH,

g0 =0.150

gl =0.30

ct =0
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2 o
dNH0) | Sy (1 p(oo) Teo)l2 - PO pl2 ] [_8R |12
& g, # | RI(® RT() ™MW [

= d;2> 32.8151 _P(®) _ _ 'P(s)]' moles/s
R VR V)

where

N(H,0)

moles of HyO deposited on the particle,

probability that a water molecule striking the surface will Sthk to the surface,‘

P(x) partial pressure (atm) of water vapor in the gas phase,
P(s) equilibrium partial pressure of water vapor at the partlclexserface (a;ms),
T(o0) temperature of the bulk gas (K), _ " S
T(s) temperature of the particle surface (K), and |

dp = diameter of the particle (cm).

The so-called sticking coefficient, S, that appears in the kinetic equations is not especially well known.
Pruppacher and Klett [176] cite several determinations. Their citations are reproduced in Table 19.
They note that the determinations of S can be grouped into two categories. Low values, on the order
of S = 0.03, have been determined by static methods. High values, on the order 6f'S'< 0.9 to 1.0,

have been determined by methods involving rapid renewal of the water surface ';l‘hls would suggest
that surface contamination, which has been found to profoundly affect the behav1or of small bubbles (see
Section IV-F), may also affect the sticking coefficient. On the other hand, Hsu and‘Grahdm [178] argue
that the large dipole moment of water is responsible for the low sticking, coefficient. Presumably, the
orientation of the molecule as it approaches the surface can lead to attractive or repulsive forces.

Certainly, other molecules with large dipole moments such as HCI are found, to have; low «sticking
coefficients with water even when very dynamic jet methods are used for the determmatlon

Pruppacher and Klett recommend the use of a low sticking coefficient for work with water drops :
Whether this recommendation also applies to the issue here of water condensafion on partlcles is not
entirely evident. Wagner [179] found that large values of the sticking coefficient'yielded better matches
to aerosol growth data. But, a variety of other parametric assumptions were involved in deriving this
result. Levine [180] used a Millikan oil drop apparatus to measure the sticking coefficient. He obtdined
a mean value of 0.95 from 35 measurements, but the variance in his data is enormous. As noted by
Barrett and Clement [177], the issue of the sticking coefficient is unresolved.
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Table 19. Determinations of the sticking coefficient cited by Pruppacher and Klett [176]

Author Year Temperature (K) S
Alty 1931 291 to 333 0.006 - 0.016
Alty and Nicole 1931 291 to 333 0.01 -0.02
Alty 1933 265 to 277 0.04
Alty and Mackay 1935 288 0.036
Baramaer 1939 - 0.033
Pruger 1940 373 0.02
Yamamoto & Miura 1949 - 0.023
Hammeke & Kappler 1953 293 0.045
Delaney et al. 1964 273 to 313 0.0415
Kiriukhin & Plaude 1965 280 0.019
Chodes et al. 1974 293 0.033
Rogers & Squires 1974 - 0.065
Narusawa & Springer 1975 291 to 300 0.038
Sinarwalla et al. 1975 295.6 to 298.8 0.026
Hickman 1954 273 0.42
Berman 1961 - 1.0
Nabavian & Bromley 1963 283 to 323 0.35-1.0
Jamieson 1965 273 to 343 0.35
Mills & Seban 1967 280 to 283 0.45-1.0
Tamir & Hasson 1974 323 0.20
Narusawa & Springer 1975 291 to 300 0.18
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To understand the particle surface temperature, the heat imparted to the particle byscondensation and
the heat losses must be considered. Decay heating is neglected here because of the time scales. Heat

losses are considered to be by conduction. The relative movement of particles- with-

respect to the

ambient gas is small enough that convection is negligible. Radiant heat 'los§es arevalso neglected.

In the free molecular regime the rate of heat input to the particle due to water condensation is [177]:

L - RI) dNEH0) |
2 L P
Then,
i dN(H,0 B
Qf _ 4} - o05RTE)] #
dt fm dt fm t fm
where
aQ = npet heat input in the free molecular regime, and
dt fln '
dq = heat loss due to conduction.
If average molecular properties are assumed:
%% = 553.5 dp(em) Pratm) & = 0Dy

fm yTé0) MW

where
PT = total pressure of the gas, and
MW = average molecular weight of the gas.

A closure equation for the water condensation is:

Q = Co® I d,” ap (TO-T() + CoHx0) NE0) (T©)-T(=))
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where
Cp(p) = heat capacity of the particle material (cal/g-K), and
Cp(HZO) = heat capacity of water condensed on the external surface of the particle (cal/g-K).

This closure equation has been derived assuming that the thermal conductivity of water and the material
making up the aerosol particle are infinite. The entire particle and condensed water system is then at
the surface temperature. The assumptions behind this closure equation will lead to lower surface
temperatures than would be predicted if thermal conductivities of the condensed materials were taken
to be finite.

f-2. Condensation in the Continuum Regime

The possibility of there being a thermodynamic driving force for condensation on particles is higher for
particles that are large relative to the mean free path of gas molecules. Still, even for these larger
particles, during bubble rise through the suppression pool there must be some reduction in the chemical
activity of condensed water for there to be condensation.

Kulmala and Vesala [181] have built upon earlier work by Barrett and Clement [177] to describe particle
growth in the continuum regime (Kn < < 1). Again, convection in the gas phase is neglected (but, see

Reference 182). Radiation heat transfer is also neglected (see Reference 183). The pseudobinary
diffusion coefficient of steam in the gas phase is taken to have the temperature dependence:

T n
D(T) = P(o) {T(Bo—)]

where
P(o) = diffusion coefficient at T(o0), and
n# 2.

For a hard sphere gas, n = 1.5. The temperature profile in the vicinity of the particle is taken to be
linear:

T() = T(o) + [T(s) - T(o0)] dp/2r

where r is the distance from the center of the particle and r > d, / 2. The variation in the partial
pressure of steam in the gas phase surrounding the particle is also taken to be linear:

P(H0,1) = P(H0,) + [P(H0,8) - P(H0,0)] dpy/2r
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Composition dependencies of the gas phase thermal conductivity are neglected. Thermal diffusioni§
included, but the Dufour effect is neglected. Then,

-

dN(H>0) _ 27rdp P D(0) Pt - P C(2) )
& TR | Ok [pT - P(°,°):| “fP(s) P(oo)]
where
= | T(s) - T(e) 2-n
C1) - I T2—n _T2—n-t .
B (°°) 1L (s) (o) |
y = | T6) - T(») 3-n |
| (°°) ] (s) () |
P() = PE0, =), an o SRR

o = thermal diffusion coefficient.

The heat imparted to the particle is:

a| g LaNEO
dt cont dt cont dt cont
where '
Nl = 20ky d)[T() - T(e)] , and
dt |cont
ki, = thermal conductivity of the gas.
The temperature of the particle surface is:
L dN(H0)

T(s) = T(w) +

2 7rdp Kin dt cont
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f-3. Condensation in the Transition Regime

There is no solution for the condensation of water vapors in the transition regime where Kn ~ 1.
Williams and Loyalka [184] have suggested some interpolation formulae to predict processes in this
transition regime from expressions for the limiting cases of the free molecular regime and the continuum
regime. These interpolation formulae are modified for use here:

9l -S4l Eay)
dt | rans 9t | cont
el ] B Ok
At irans dt | cont
where
fKn(h) = 1 + é’n(Ehgh])E(;)@l] Kn(h)
_ [ 6 Ec) + J(c)
B =1+ | e, 1] Kn(c)
hKn(@) = g a(e) / {1 ; [1;8] faél(lc()?}
g =4 / dq
dt cont t fm
) INGE0) / dN(H,0)
dt cont dt fm

Kn() = 2 \h)/d,
Kn(©) = 2\©)/d,

Ab) = 0.8k () [ MW ]1/2

Pt 2RT(0)

2,562 x 1073 Ky, (cal/s-cm-K) T(e0)!2 Mw 112
- Pr(atms) (cm)
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I T
2 6.58 x 107" Dppiem* :
A0 = 2D,9 [———18'016] V2 o 08 x 10 Dagln™® o)
RT(o) T(o0)1/2 ‘
E(h) = 1.9234
Ec) = 4/3 '
Jh) = 5/8y/xp

Loyalka and Ferziger [290] suggest values of p varying from 1.1136 to 1.1759. Williams and Loyalka
[184] suggest J(c) depends on the composition of the gas phase:

J(©) = 0.9769 - 0.0518 z + 0.018 z2 + 0.0196 z>

MW(nc
z = logyg 'Mﬁz()))

th

where MW(i) is the molecular weight of the i-" gas species.

g. Aerosol Capture by Bubble Oscillations

Ellipsoidal bubbles with Reynolds numbers in excess of 200 to 800 (See*Section IV-f) can undergo
shape oscillations. In principle, it might be possible for the oscillating bubble walls to sweep out any
aerosols within the amplitude of the motion. The critical issue is whether the aerosol particles can
respond to the motions of the bubble walls. '

To estimate the possible magnitude of aerosol sweep out by the shape oscillations of bubbles, the
oscillations are approximated as a sinusoidal motion. The velocity of the gas within the bubble is, then,
given by:

Ug=choswt

where
A = amplitude of the motion,
o = 2xf, and
f = frequency of the shape oscillation

The motions of aerosol particles will be, in general, out of phase with thie gas motion. The amplitude
of particle motion may also be different than that of the gas. Following arguments by Clift et al. [82],
the velocity of an aerosol particle is taken to be:

Up
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where
B = phase shift, and
n = amplitude magnification factor.

Clift et al. find:

B = tan’l [h(2) / (1 + h(1)]

{i1 + n? + s

n =
where
h(1) = H(1) (1 + HQ2))
h2) = H(1)H®) A + 2 7,)

Ty = 4;Lg/pgcodp2
H1) =2 - 7)/@y + 1) / [H(2)2 A + 210 )2 + (1 + HR)?

HQ2) =9 (,/70/2) / 2y + 1)
Y = pp/;og

Plots of 8 and % for particles of various sizes are shown as functions of frequency in Figures 98 and
99. It is evident from these figures that the motions of the particles are delayed relative to the gas.
For very small particles (d, < 0.1 ym) very high frequencies must be reached before the phase shift
of particle motion is significant. For particles with diameters on the order of 1.0 um, the phase shift
is large even at frequencies of only 10 Hz. Once the particle is set in motion, it is slow to stop. The
amplification factors for the sinusoidal motions of very small particles do not become significant until
very high frequencies are reached. Amplitude magnification factors are large for larger particles even
at low frequencies.

It is not immediately obvious what oscillation frequencies will occur in bubbles. It seems likely that
oscillations would be at harmonic frequencies. For spherical bubbles the harmonic frequencies are
given by

8n(n-1) n+1) n+2) oy

@r)? =
Dy [@+1) o + npg]
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100
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Figure 98. Phase shift for motions of particles (p, = 2 g/cm3) of various sizes in bubbles
undergoing sinusoidal oscillations
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Figure 99. Amplitude magnification factors for motions of particles (pp =2 g/cm3) of various
sizes in bubbles undergoing sinusoidal oscillations
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where n is the mode number. These resonant frequencies are shown in Figure 100 as functions of the
bubble diameter in water at 373 K.

It is evident that particle capture by oscillation of the bubbles can occur. The rate of capture depends
on particle size, bubble size, and the amplitude of oscillation. The authors are not aware of detailed
theory of particle capture by this type of process. On strictly intuitive grounds, the mass transport rate
is taken here to be:

2¢_(’7_#,/po

where D, is the diffusion coefficient for the particles in the bubble and y is an uncertain, dimensionless
parameter with a nominal value of 1.2. In principle, all resonant modes of bubble oscillation ought to
be considered (n = 2 to ). The understanding of oscillations and particle behavior is, however, too
crude to justify this level of sophistication, so only the first nonzero vibration mode (n = 2) is
considered.

2. Aerosol Trapping During Bubble Collapse

Once bubbles detach from orifices and begin to rise through the suppression pool they can collapse and
disintegrate as discussed above (see Section IV B). The collapse process is very.rapid. Experimental
observations suggest that it is complete after bubble rise of 2 to 10 ‘initial bubble diameters [30].
Behaviors of both the bubbles and the aerosol must be very complex during this period. No attempt
is made here to model these complicated behaviors in detail. Instead, it is assumed that:

e simple disintegration of bubbles because they are unstable does not in itself lead to a significant
amount of aerosol capture, and

e condensation of steam removes aerosols in proportion to the volunie change of the bubble
regardless of aerosol size.

As can be seen from the discussions above, the most profound effect on aerosol trapping caused by the
collapse and disintegration of bubbles following detachment is the substantial reduction in bubble size.
As shown above (Section IV-L-1), aerosol deposition processes become more.efficient with decreasing
bubble size. Paul et al. [30] speculate that disintegration of the bubbles.released to the pool produces
very small bubbles that subsequently coalesce to form larger bubbles observed to rise through the pool.
During the period that aerosols are present in the very small bubbles, aerosol deposition processes could
be very efficient indeed. No attempt is made to model or qualitatively describe this very transient
period. Its duration is not long, so the extent of decontamination, despite the efficiency of the
deposition processes, may not be great. Some partial remediation for neglect of decontamination during
the transient period is realized because particle concentrations in bubbles rising through the pool will
be somewhat higher than in reality.
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3. Aerosol Capture During Bubble Formation

Bubble formation at orifices and vents in the suppression pool has been discussed at length above (see
Section IV-A). The process is not entirely simple. There would appear to be opportunities for
substantial aerosol capture as the bubbles form and before they detach and rise through the suppression
pool. Among the possible mechanisms of aerosol capture during bubble formation are:

e impaction of particles from the jet of gas passing through the orifice stagnating at the bubble
wall, :

e diffusiophoretic deposition of particles as steam entering-the bubble condenses on the bubble
walls, and

e inertial deposition of particles from recirculating flows within the bubble.

Of course, diffusion and-gravitational sedimentation are omnipresent processes that can contribute to
the trapping of aerosols during bubble formation.

Systematic studies of aerosol capture during bubble formation have, apparently, not been undertaken.
Approximate descriptions of the aerosol trapping processes are provided in:the SUPRA code [7,8] and

in the SPARC code [6].. The BUSCA code [9], apparently, is constructed to allow users to select
between these two approximate descriptions.

13

The SUPRA code [7,8] considers aerosol capture during bubble formation to be predominantly the result
of:

e  impaction of particles from the decelerating jet emerging from the orifice, and

e inertial impaction from gases circulating within a growing bubble.

Documentation available to the authors concerning these models in the SUPRA code does not provide
a great deal of detail. Fortunately, Ramsdale [9] provides more information. The impaction model is

based on curve fits for particle impaction on a fixed flat plate from a round gas jet. Two parameters
are considered. A geometric parameter is defined by: - - -

1/3
E VB
5 = 'J___l“
Djet

where D;, is the diameter of the gas jet which, presumably, is the same as the diameter of the orifice.
Also, a étokes number is defined as:
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Stk@) = pp dp@®? Vjet Clug Dies

. 2

Jet Cy

where

rhg = mass flow rate of gas through the orifice

Cy = the velocity coefficient of the orifice
The efficiency with which a particle of size dp(i) is captured is a function of both Stk(i) and &:
1) i) =0 for Stk(i) < 0.090

(2) foré < 0.75 ; Stk(i) < 0.3364

[
sik@’2 - 0.3 for Stk() < 0.16
@ - | 16(Stk@)1/2 - 6.3  for 0.16 < Stk(i) < 0.2025

0.7(¢Stk@)!’2 + 0.59  for 0.2025 < Stk() < 0.3025
0.98 for 0.3025 < Stk(i) < 0.3364
075 <8 < 1.5

[0 for Stk(i) < 0.1024

1.25 (Stk@)? - 0.4  for 0.1024 < StkG) < 0.16
el = { 8(stk@@)l’? - 3.1 for 0.16 < Stk(i) < 0.25

1.66tk@)2 + 0.1 for 0.25 < Stk() < 0.3025

| 0.98 for 0.3025 < Stk(i) < 0.3364
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15<6 <4

r

0 for Stk() < 0.1296
1.43 (Stk@)2 - 0.51  for 0.1296 < Stk() < 0.1849
e = 1 11.43Stk()1/? - 4.81 for 0.1849 < Stk() < 0.25

1.66tk@)2 + 0.1 for 0.25 < Stk@) < 0.3025 _
| 0.98 for 0.3025 <Stk(i) < 0.3364
5> 4
(0 for Stk() < 0:1296

[

1.67(5k@)? - 0.6 for 0.1296 < SKk() = 0.2025

G(i)=‘ w1/2 o C T ot T
9.38(Stk(i)) - 4.07 for 0.2025 < Stk(i) < 0.2809

1.66tk@)2 + 0.05  for 0.2809 < Stk(@) < 0.3364

(3) el = 0.98 for Stk(i) > 0.3364

’ TN A
The numerous linear expressions are simply thf; results of attempts to fit the! classic "S"-shaped curve
of impaction efficiency as a function of the square root of the Stokes number for various orifice-to-plate
separation distances. Certainly, there are more succinct expressions available for the impaction
efficiency. The real issue is whether impaction on a fixed, infinite wall fis-an appropriate
approximation. A more obvious approximation is to recognize that there is a boundary layer at the
bubble wall opposite the orifice. This boundary layer should have a diameter on the order of Dy/Re
[195]. Then, deposition of aerosol particles can be treated as impaction on a disk of this diameter. The
Stokes number is defined to be [194]: .

i

. 1/6 2 x
Stk = Re °pp, Vier dp@*C/18 pg x Dy

where Re = D Vjet o/ Pg and D, is the diameter of the orifice. The paiticle collection efficiency for
this approximatios is compared to those for a flat plate in Figure 101. The infinite plate model predicts
a transition from nearly complete capture to essentially negligible particle capture over a narrow range
of particle sizes. The boundary layer disk model predicts that this transition takes place over a much
broader range of particle sizes. Capture efficiencies at given jet velocities and particle sizes are lower
for the disk model than the plate model.

Also shown in Figure 101 are predictions from a correlation for scrubbers suggested by Taheri and
Calvert [221]:
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e@d =1 - exp[-40 Stk(@i)]

where

e B e S R L
4 H

e(i) = efficiency of capture of particles of diameter dp(i), and

Stk) = %oy Viet C /9 #g Dy,

This correlation indicates an even broader size range of particle capture than the disk model. That is,
the transition from very inefficient particle capture to essentially cemplete particle captur 2 OCCULS Over
a larger range of particle sizes than is predicted by the plate modél. : . :

The SUPRA model describes particle capture within the formmg bubble due to inertial 1mpact10n from
circulating gases by: - 1

DE() =

7 _1 ) = exp[a * td]

i — 3 -

where

o« = Vi 7/ Dp(d),
— 2

T = pp dp(l) C/18 Pgs '

Dy(d) = spherical equivalent bubble diameter at the time of de:taél;lment, and

G-'
-

time required for a bubble to grow and detach from the orifice.

tq

Less attention has been given to the capture of aerosol particles durmg ‘the convectlve“&nass transfer
associated with bubble formation. Skelland and Minhas [222] suggest the mass transpott coefficient,
averaged over the period of bubble formation, can be obtained from:

9 0.089 5 -0.334
V. D
_ 0.0432 jet B Ko

tf Dp g tf D,q .Lj/p.g Dgop| ~. .

where Dy is the diameter of the bubble at the time it detaches and tf is the time required for the bubble
to grow to this size. Particle capture efficiencies, calculated with thJ’S -model are shbwn as ‘functions of
particle size in Figure 102. Very small particles (<O 1 /,Lm) are predicted to be removed quite
efficiently. Efficiency drops quite rapidly with increasing particle size because of the small diffusion
coefficients of larger particles. Particle removal efficiency decreases slowly for partlcles larger than
0.3 pm. This slow decrease reflects particle capture during the penod when the bubble was quite small.
Capture efficiencies for the larger particles decrease with increasing jet velocity ‘because the bubble
grows large.

~0.601
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The SPARC 90 code [6] has a much more involved description of aerosol removal during bubble
formation. This code attempts to account for impaction, diffusion, gravitational settling and the
circulation of gases within the bubble. Like the SUPRA code, impaction is treated in SPARC 90 in
analogy to impaction on fixéd plates. The efficiency expressions are.similag: - - ... .,

!

(33437 x 10°1)  for 0 < Stk() =< 03811595

£ 0.58323 + (5.9244 x 10‘3)5

In e = & 0.050532 + (4.2597 X 10_3)£ 1n(1.4173 X 10_6) for 0.811595 < Stk{) < 0.3365
§

-0.01005 for Stk(i) > 0.3363;

where !
£ = sk@)'/? |

Diffusion is treated by:

D) ¢ 172
i
DEG) = exp | 19 f
3D, T
where
D, = orifice diameter
P@) = particle diffusion coefficient
tp = time of bubble formation )
Gravitational settling is treated by:
A V(i t )
DF(i) = exp __S__,g(#c
V(glob)

where

A 2 V(glob) / 7D, + D02 (w/8 - 1/6) ,

S

V(glob) = gas bubble volume, and

Vg(i) = particle settling velocity.
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Aerosol trapping by gases circulating within a bubble is treated by:

DF(i) = exp[V,() / R]

where
Vo = V¥ V() / 1g

I, = curvature of the surface of the bubble

R = growth rate of the bubble

V in the above expression is a complicated expression for the gas flows in a prolate ellipsoidal bubble.
Bubble rise velocity appears in the expression. It is not immediately obvious how this value of the rise
velocity is determined for a bubble attached to the orifice.

It is evident that there is substantial uncertainty about decontamination that occurs during bubble
formation. There is no data base to clarify hypotheses about aerosol trapping during bubble formation.
Considering the general difficulty that has been encountered in obtaining data on mass transport during
bubble formation, it appears unlikely that a data base will soon be available to resolve the several issues
that arise concerning bubble formation and the associated aerosol removal. These issues include:

e the appropriate description of the removal of large particles by inertial impaction from the input
gas jet, and

e the removal of small particles by diffusion and convective mass transport to the growing bubble
surface.

There are also the issues of the thermophysical state of the carrier gas and the importance of
condensation or evaporation as an aerosol removal mechanism during bubble formation. If, as discussed
above (Section IVA-3), the carrier gas equilibrates during transport to the pool, then condensation and
evaporation processes will not be significant during bubble formation. On the other hand, aerosol
removal over the period during which equilibrium is achieved may be quite significant.
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V. Uncertainty in Predictions of Aerosol Removal by Steam Suppression Pools

In both Chapters III and IV uncertainties that will affect the predictions of aerosol removal by steam
suppression pools have been identified and discussed. To determine the cumulative effect of these
several uncertainties, a mechanistic model of aerosol removal by steam suppression pools is formulated
and used in a Monte Carlo uncertainty analysis. The mechanistic model is described in the subsection
immediately below.

The Monte Carlo uncertainty analysis is begun by defining parameters that describe each of the
uncertainties identified above. The range of possible values each parameter can assume is defined.
These ranges are defined from examination of accident analyses, experimental studies, bounding
analyses or, as a last resort, engineering judgement. Subjective probability distributions for values of
the parameters within their respective ranges are defined. The Monte Carlo uncertainty analysis is
carried out by randomly sampling values of the parameters, according to their respective probability
distributions, and using these sampled values in a calculation with the mechanistic model. Results of
the calculation are accumulated and the process repeated until a satisfactorily representative sample of
the distribution of results obtained with the mechanistic model has been acquired. Sampling and
calculations were repeated in this work until there is a 99 percent confidence that 95 percent of the
range of predictions by the mechanistic model has been sampled. Results of the many calculations are
then ordered and subjected to a nonparametric statistical analysis [see Appendix A of Reference 3] to
obtain estimates of the probability distributions for the predictions of aerosol removal by steam
suppression pools.

A. Mechanistic Model

The essential elements of the mechanistic model of aerosol removal by steam suppression pools are
shown in Figure 103. Most steps in the calculational sequence involve significant phenomenological
uncertainty. The phenomenological models are outlined in later sections of this chapter in connection
with the discussion of uncertainties. The mechanical features of the model are described in this
subsection.

1. Input

Because the model is used in a generic uncertainty analysis that includes uncertainties in the initial and
boundary conditions, the fixed input to the model is quite restricted. Only inputs that are likely to be
known with some certainty are supplied. These are the depth of the suppression pool and the phase of
a severe accident that is of interest. The accident phases are those defined in the revised severe accident
source term [3]:

e gap release phase

® in-vessel release phase

® ex-vessel release phase

¢ late in-vessel release phase
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1. INPUT
Submergence
Accident Phase

254

2. RANDOM NUMBERS 11. ACCUMULATE I‘{E‘S’ULTS
‘(‘}enerate” Statistical Test '~
Shuffle Repeat
3. SAMPLE the uncertain quantities 10. DECONTAMINATEuDURI*N’Gf
Random probabilities BUBBLE RISE - Function.of: .~
I Particle Size g
Plume Location
Bubble:Size &sShape’ 1< .
4, LIQUID PROPERTIES |

p], 01, ul, kth(l)’ Psat : — R T N 7 v e

9. HEAT & MASS TRANSFER;

TO RISING BUBBRES .

' © o
5. SECTIONAL AEROSOL SIZE

REPRESENTATION T,

8. NODALIZE PLUME '

6.  DECONTAMINATE DURING TP
FORMATION OF BUBBLES 7. DECONTAMINATE DLUJ WG
DETACHMENT COLLAPSE
EQUILIBRATION '~
Figure 103. Essential elements of the mechanistic model of aerosol removal by steam suppression
pools
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Other expected inputs to such a mechanistic model of aerosol removal by suppression pools such as
aerosol size distribution, gas flow rate and gas composition are uncertain quantities whose distributed
values are sampled by the computer code.

2. Generation of Random Numbers

Random numbers are generated by a linear congruential random number generator. Such generators
are known to produce cyclical sequences of pseudorandom numbers. To avoid this problem, the
random numbers are "shuffled" using an algorithm suggested by Knuth [269]. A subtle point about
linear congruential random number generators is that they can yield zero as a random number, but they
can never produce exactly ope as a random number. Thus, the random numbers are uniformly
distributed over the range [0,1) rather than (0,1) or [0,1].

3. Sampling Uncertain Inputs and Parametric Quantities
The random numbers defined above are used to sample the various uncertain inputs and parametric
quantities. As will be discussed further below, there are four types of probability density functions that

can be sampled:

e uniform,

log-uniform,
¢ lognormal, and
e Student’s t.
These density functions are compared in Figure 104.
The random numbers are used as probabilities that the true value of some uncertain quantity is less than
some critical value. Inversions of the uniform and log-uniform distributions to obtain the critical values
of the uncertain quantity at a randomly selected probability are quite obvious. For uniform and log-
uniform distributions over the interval [a,b], the critical value of the uncertain quantity, x, at a
probability R is found from:
x=a+ R(-2)

and

In x = In(a) + R[In(b) - In(a)]

Implicit equations are used to invert the lognormal and the Student’s t distributions. The critical value
of a quantity with a lognormal distribution is found from:

255 NUREG/CR-6153



Uncertainty

1 T 1l 5T 17T 15T ©°71T 501
; LOG-UNIFORM . TS

n
El u : LOGNORMAL
[a) e \\
: AT
= R
%I : ;' \\ STUDENTS t
< P Voo
8 = : / A \ '/ \\\ (=
4 P 1o ! 5
o b X \

E l' .'. ,"' \ \\\

: .o 4 \

': 4o\ \\ UNIFORM

s " ',l | * ‘\ \\‘
’l / . .\\. . \“
"I N N
/l \\\ "s\;
! g S \‘
' M T R T N O B T o S G

UNCERTAIN QUANTITY

Figure 104. Comparison of uniform, log-uniform, lognormal, and Student’s t probability density
functions
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R = 0.51 + erf(2))

where
z = In(x/p) / \/(2) Ino,
p = mean of the distribution,
o = geometric standard deviation, and

erf(z) is the error function of z defined by:

z
erf(z) = 2 I exp(—y2) dy

T 0

The Student’s t distribution specifies the cumulative probability that the absolute value of a quantity &
where

g o= |2,
v
= mean of the distribution,
x2 = chi-squared statistic, and
v = degrees of freedom

is less than some value t. The cumulative probability is given by:

Pr(¢<t) = 1 - I;(A,B)

where
A =2
B =12

z=v/(v+t2)
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and I,(A,B) is the incomplete Beta function:

t

_TA)I®  A-1, _B-1
I,(AB) = ToE !) yo T 1-y)° T dy

and I'(A+B) is the gamma function of A +B.

_— Y 2T . L
The inversions necessary to find critical values of (x - p / \/le ») in both the positive and negative
domains are: ' T ‘

e ForR<O0.5
1-2R=1- IZ(A,B)
e ForR =0.5

2R - 0.5) = 1-L(A,B) o I
These implicit equations are readily solved by Newton-Raphson techniques recognizing that the
derivative of 1 - L,(A,B) with respect to z is: .

rA)I®) A-1,_,B-1
Tam - 4T

4. Properties of the Liquid

Thermophysical properties of the liquid are calculated using the equations described in.Chaptes IV for
pure water. Explicit account for the effects of contamination on liquid properties is not taken. Any
uncertainty in the liquid properties caused by contamination is thought to be small in comparison to
other uncertainties considered here. This contrasts with- thé freatment of water pools overlying core
debris interacting with concrete [3] where the effects of contamination on water properties were taken
into account. Much of the contamination of water pools overlying core debris interacting with concrete
actually comes from the action of hot water on the concrete. Water pools overlying core debris’
interacting with concrete become very heavily laden with dissolved and suspended materials [270] —far
more so than is expected to occur in steam suppression pools. The effects of these dissolved and
suspended materials on the liquid properties are then much greater than the effects of contaminants on
properties of water in the suppression pool. The total aerosol mass produced during a _severe reactor
accident is typically about 4 x 109 grams. Suppression pools, typically, contain at least 2 x 109 grams
of water. Thus, mass loadings of the suppression pool by suspended materials will be less than
0.2 percent. Molar concentrations of dissolved species would be expected to be less than 0.05 moles/kg
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H,O. Such concentrations are not expected to affect substantially the physical properties of water that
are of interest here.

5. Discretization of the Aerosol Size Distribution

The size distributions of aerosols suspended in the gas flowing to a suppression pool are very uncertain.
It is assumed here that the size distributions are adequately approximated by lognormal distributions
with uncertain means and geometric standard deviations.

The efficiencies of the various processes that remove aerosols from the gas are quite dependent on the
aerosol particle sizes. Consequently, decontamination must be calculated as a function of particle size.
To do this, the aerosol particle size distribution is segmented into size classes. The size classes are
chosen such that initially each class has the same mass of aerosol particles. Decontamination of the size
class is calculated based on the behavior of a particle with a diameter representative of the size class.

Experience in previous studies of source term attenuation [1,2] indicates that lognormal distributions
can usually be adequately represented by 20 equal-mass size classes. Thus, the boundaries of the size
classes can be found from:

005+ (3-1)005=0501 + erf(zi))
where

z; = Infd,() / 4l / V@ In o

upper size limit of the ith size class

<
I

p = mean of the lognormal size distribution
o = geometric standard deviation of the lognormal size distribution.

The upper limit of the twentieth size class is, by the definition above, infinity. For practical purposes
this upper limit is defined by:

0.999 = 0.5 (1 + erf(zyp))

The particle diameter that is taken to be representative of the ith size class is the mass mean particle
size in the class given by:

0.025 + (i-1)0.05 = 0.5 (1 + erf(2)
The nondimensional particle sizes, In(d,(@) / p) / 4/(2) In o, that define and represent the size classes

of the aerosol are listed in Table 20. Also shown in this table are dimensional particle sizes that define
and represent size classes for some example particle size distributions.
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6. Formation of Bubbles and Decontamination During Bubble Formation

The model of bubble formation is selected depending on the accident phase. Aerosol laden gases during
the gap release and in-vessel release are assumed to always go through the quenchers. This is not
universally true, but seems to be the case for frequency-dominant accidents discussed in Chapter III.
Aerosol-laden gases produced in the ex-vessel and the late in-vessel phases of an accident, of course,
are discharged to the suppression pool through large diameter vents and downcomers.

Decontamination of the gas by inertial impaction from the gas jet and diffusion are poorly understood.
In the authors’ opinions, these are very important processes that have received insufficient study. They
are treated in the model by uncertain, size-dependent collection efficiencies. There will, of course, be
some aerosol removal as a result of steam condensation during bubble formation. This removal is
neglected in the model used for uncertainty analysis. All of the effects of steam condensation during
bubble formation, detachment from the orifice, collapse and equilibration with the steam suppression
pool are calculated in the model of decontamination during the equilibration of the bubble with the pool.

7. Detachment and Equilibration of the Bubble

The events that take place immediately after a bubble detaches from an orifice or vent are very
complicated. A mechanistic treatment of these processes is not attempted. Rather, it is assumed that
over a distance between 2 and 10 times the initial bubble diameter, the bubble disintegrates to a stable
size and that it comes into equilibrium with the pool at the local conditions of pressure and the bulk pool
temperature. Collapse and disintegration of the bubble are not thought to cause any significant
decontamination. Condensation of some fraction of the gas as the bubbles equilibrate with the pool is
assumed to remove a proportionate amount of the aerosol independent of particle size.

8. Plume Formation

The modified Milgram model described in Chapter IV with many of the parameters taken to be
uncertain is used to predict the behavior of bubble swarms. Each arm of a quencher is taken as a plume
source. Also, each downcomer is treated as a plume source. The plume model indicates that the rise
velocities of bubbles, and in some cases the slip velocities, vary both axially and radially. The rise
velocities dictate, of course, how long the rising bubbles are exposed to the actions of the suppression
pool. The slip velocities enter into the analyses of aerosol capture. Decontamination of bubbles should
then depend on radial location within the plume.

The plume geometry and properties are calculated using a fourth order Runge-Kutta differential equation
solver with an adaptive step-size controller configured to control errors to 1 part in 10%. This same
differential equation solver is also used to calculate mass transfer to the bubbles.

At each axial location, the plume is nodalized in the radial direction so that there is a constant fraction
of the gas flux through each ring node. That is, the total gas flux is given by:

oo}
Q@) = I [Uyr2) + Ugp(r.2)] e(r,2) 2ardr
0
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where . y _ .y
Uj(r,z2) = liquid velocity at radial location r and axial location z =
= Uj(@) exp [-r* / b(z)?]
Uslip(r,z) = F(e)Up
Upg = rise velocity of an isolated bubble, - o

e(r,z) = €(z) exp [-12 / A2 b(2)2]

1

1 - e(r,z) “
Fle) = or . Lo e e e
[1 - e(,2)]%

LRV

Nodes are defined by the bounding radial coordinates R(i=1) and R@) for i=1to N ch‘that:

RO - S
-QIEI_Z) = j- [Ul(l',Z) + Iﬁslip(r’z)]" E(I',Z)‘ 21rr’dr '
R@-1)

The Ntb radial coordinate is, however, taken to be such that:
R(N)
Q(Z) - 000l = j [U1G.2). + Ugjip(,2)] e;z) 2mrdr
R(N-1)
An example nodahzatlon for Ug Upg (1 - «(r, z)) at three elevatlons are hsted in Table 21 Some

sli
numerical tests showed that, for II.)he purposes of the uncertamty analysis, 5 Tadial ‘nodés at each ax1al
level was sufficient to characterize the plume.

: . ., : R [ ..__’. T P AT
Rise and slip velocities were taken to be the averages of these quantities across the node. - These
averages are:

NUREG/CR-6153 262



Uncertainty

NUREG/CR-6153

S ¥ I'1€ STL’LY 86°¥C 6'1¢ 656°SY 1€V¢ 9°T¢ L96'¥1 01

geve 0'6v ¥8T°6¢ €TV €'CS PEL'OT 8¢°1¢ €19 0L6’L 6

0T'¥¢ 009 S¥8'Te $6°€C 9°¢9 €6€°TT S1°61 9°GL $99°9 8 m
Y0'¥C L’89 801°8¢ 99°¢€C 1'eL pee61 80°LT y'L8 S9L’S L M
68°¢C VoL €8LVC 8¢°€C 918 L98°91 148! 6°'L6 620°S 9 .

PL'EC 9°'¢8 966°1T 01°¢€e €'68 0L9°¥1 1€°€l SLOT  SLEY S “

6S°€C 06 S0S°81 €8'CC 9°96 P65l 09°11 SOIT  96L°€ 14 S

127X v'96 €9v°C1 96°TC P'€0T  $¢S°01 70°01 0'STI  8ET'E € )
6T°¢C P01 1€TT 8C'TC 6'60T  PTE'8 6s'8 TEET  €8V'C (4

14 X 1'801  SOv'8 0°'TC 1911 1TL°S 61°L 0'T¥T  90L'1 I

Aﬁnwm > Awmm\mwv AMMMHV AAMAW—% > A%m\mmmv M“w-m AAM\—“MNV > A%\.-ﬁwwv Mﬁm #oPoN
D S(¢ = Z 10 D )0 = Z 10) un (9 = Z 10J

sum|d e jJo suopezifepou ojdurexy Y7 dqeL




Uncertainty

R(@)
J [U1@r2) + Ugipl2nrdr

Average Rise Velocity = <URjse> 5 3
w[RA" - RGE-1)T R{-1)

!
R(@)
Average Slip Velocity = <Ug;,> = —" IR(. > J;" slip 27T dr
7RG - RGE-1] RG-1)

The average liquid rise velocity is

. 12 2
<Upg> = b2UR) {exp [i(;;_l)_] _ exp [“IE(ZL;-]

b/ co? - RG-1?)

Then, the average bubble rise velocity is: - :

<URjse> = <Ujig> + <Uggp>

where
<Ugjp> = Up for Ugip(:2) = Up
242  1\2 2
<Ugip> =Up |1 - N D7 e@ 1 o [ RADT) o | RO
slip B 5 5 ) o)
R@)“ - RG-1) A°Db . A Db
for Uslip(r,z) = Ug( - €(r,2)) 3
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RG)? - RG-1)? 32 b2 32 b2

for Ugyy(r,2) = Up(1 - e(r,2))?
These average quantities for the example nodalizations are also listed in Table 21.

Note that nodalizations are fixed at the start of each spatial step and not altered in the Runge-Kutta
calculations for the step.

9, Mass Transfer to the Bubble

Mass transfer to the bubble were calculated using the thermodynamic model described in Chapter IV
(See Section IV-D). Heat transfer to and within the bubble was taken to be rapid. Numerical tests
showed that thermal gradlents were likely to be small enough that thermophoresis of aerosol particles
could be neglected in comparison to diffusiophoresis.

10. Decontamination During Bubble Rise
Decontamination of bubbles in each of the 5 nodes is calculated for each of the 20 size classes. These

results are summed to determine on overall decontamination factor. A mass-weighted mean particle size
is calculated from:

[\
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5
231 M(@,j) Indp()

j=
20
Y D MG

1= J:

i=1

<In dp> =
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where M(1,j) is the aerosol mass of size class i remaining in node j. A standard deviation of the size
distribution of aerosol particles emerging from the suppression pool is calculated using the expression:
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11. Accumulation of Results

The overall decontamination factor and the characteristics of the particle size distribution were
accumulated for subsequent statistical analyses. Results are accumulated until there was at least a
99 percent confidence that 95 percent of the range of these, output quantities had been sampled. The
accumulated samples were ordered and used to uncertainty distributions at 50 and 90 percent confidence
levels as described elsewhere [1].

B. Uncertain Models, Inputs and Parametric Quantities
A R s 12

Uncertainties that affect the predictions of aerosol removal by steam suppress1on pools include
uncertainties in the boundary and initial conditions-dictated by:accident progression, uncertainties imthe
aerosol properties, and uncertainties in phenomera -and processes. ..Many.off these. uficertainties:sare
readily expressed in terms of parameters that can assume ranges.of values. Piobabilityrdistributionsscan
be hypothesized to describe the distributions of the values'of these parametric- quantities within these
ranges.

BEEFD . . . ".b. ‘11.‘,1 . H
Especially in connection w1th the phenomena and processes respons1ble for the removal of aerosols from
gases sparging through a steam suppression pool,- there' is another type +of.uncertainty: - This is
uncertainty in the physical model used to describe the process or phenomenon.!. It is-netobvioushow
this type of uncertainty can be reduced to a parametric quantity with a range of valuesrand:ai distribution
of values within this range that can be sampled in the Monte Carlo uncertainty analysis. Yet, such
model uncertainty is very important to the overall uncertainty in predicting the decontamination that can
be achieved by a steam suppression pool. Thus, model uncertainty cannot be neglected in the Monte
Carlo uncertainty analysis.

Reduction of model uncertainty to a parametric quantity is done here in two ways. Consider two
models that purport to describe the same phenomenon. The prediction of the first model is designated
m(A). The prediction of the second model is'designated #(B). If the models are quite distinct, say
because they invoke different physics to describe the phenomenon, a parameter, 8, is defined to be
umformly distributed over the range from zero to one. The quantlty used in the mechanistic model, T,
is then derived from the two models by: : ’
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m(A) ifo < 0.5
m(B) ifé = 0.5

On the other hand, the two models might be quite similar. They may differ only by different
parameterization of a correlation for some set of data. Then, a parameter ¢ is defined to be uniformly
distributed over the range of 0 to 1. The quantity used in the mechanistic model is then found from the
two alternative models from:

7 =emA) + (1 - ¢) 7(B)

These two procedures for reducing model uncertainty to a parametric quantity are easily extended to
situations involving more than two alternative models.

In the subsections below, the various parametric quantities sampled in the Monte Carlo uncertainty
analysis including parameters used to represent model uncertainty are described. The emphases of the
discussions are to justify credible ranges for the values of these parameters and to define subjective
probability distributions for values of parameters within their respective ranges.

The authors are unaware of any algorithm for the definition of subjective probability distributions for
uncertain quantities within justifiable ranges. The authors are aware that some investigators [271,272]
develop fairly elaborate distributions for uncertain quantities. The very limited justifications offered
for these complicated distributions do not appear persuasive to the authors. Based on criticisms levelled
at these complicated distributions, it appears others in the technical community are also skeptical.

Here, simple, high-entropy probability distributions are ascribed to parametric values according to a set
of rules. These rules are:

1. Values predicted by correlations derived from least-squares fits of experimental data are taken to
be distributed according to a Student’s t distribution.

2. Uncertain quantities whose meaningful range of values spans less than an order of magnitude are
assigned a uniform distribution.

3. Uncertain quantities whose meaningful range spans more than one order of magnitude are assigned
a log-uniform distribution.

4. If there is a substantial basis to believe values of a parameter are better known than would be
reflected by the uniform or log-uniform distributions, this parameter is assigned a lognormal
distribution.

High-entropy distributions such as the Student’s t distribution, the uniform distribution, and the
lognormal distribution have been adopted primarily because the authors believe there is very little
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knowledge about the parameter values within their respective ranges. It is more defensible to further
decompose an issue into more fundamental parts than to attempt to define some highly structured
probability distribution for a parameter. There is, however, another advantage associated with the use
of high-entropy distributions. By restricting the distributions that can be assigned to values of a
parameter to high-entropy distributions, the results of the uncertainty analyses are not very sensitive to
the particular distributions assigned to the parameters. This relieves a question concerning the
sensitivity of results to the parameter distributions that nags-all probabilistic uncertainty analyses. Relief:
from this question comes about because of the peculiar similarities of high-entropy distributions«in the:
vicinities of the tails of the distributions. For nearly all of the high entropy distributions:-

xX(5) = p - 1.6(+0.05) ¢
x(95) = p + 1.6(+0.05) ¢
where
X(5) = 5th percentile value of the uncertain quantity x,
x(95) = 95th percentile value of the uncertain quantity x,

i = mean of the distribution, and
o = standard deviation of the distribution.
. * . Stk EEPN

Since the ranges assigned to values of a parameter -essentially fix 'both: the mean-:and the: standard
deviation of the distribution, all of the distributions become rathér similar. 'This s espécially truenear
the "tails" of the distributions. The tails of distributions in-the vicinities of the 5 and 95-percentilesiare
often of great interest in analyses of reactor safety:issuesibecause parametric values inthesertail regions
can produce the hazardous circumstances of accidents. It is usually the sensitivity of results to tails of
parameter distributions that cause the greatest controversies-when complicatedy structured disgributions:
are employed. Though there can still be some legitimate concern about the tails, of distsibufions<when
high-entropy distributions are employed, this concern is much attenuated relative to the situation when
other types of subjective distributions are used.

1. Input and Boundary Condition Uncertainties
The first class of uncertainties to be described are those that arise because of
e the variability in the designs of boiling water reactors, and
0N

e the variability of conditions that prevail during the various types of severe accidents hypothesized
to occur at boiling water reactors.

*The authors were made aware of this interesting property of high-entropy dlstnbutlons by A. N, Roumlantsev of the
Kurchatov Institute in Moscow, Russia.
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In the subsections below, ranges are defined and probability distributions are assigned to uncertainties
of these types.

Discussions in Chapter III show that conditions vary so significantly over the four phases of severe
accidents that it is useful to draw distinctions among the uncertainties that prevail during these accident
phases. Therefore in the discussions of many of the uncertainties in the subsections below, distinct
ranges are identified for the gap release phase, the in-vessel phase, the ex-vessel phase and the late in-
vessel phase of an accident.

It is also found that especially for the ex-vessel phase of an accident that it is useful to distinguish
between Mark I boiling water reactors and other types of boiling water reactors. Such a distinction is
also useful during the gap and in-vessel release phases of an accident because the submergence of
quenchers in the suppression pools are so different in Mark I reactors than in other types of boiling
water reactors.

The various uncertainties discussed in the subsections below are summarized in Table 22. Also shown
in this table are the ranges and the probability distribution functions ascribed to these uncertainties.

a. Pool Depths

The submergence of the orifices and vents in the suppression pools are assumed to be known by the
analyst. Calculations are done for submergences of 100 to 700 cm. The submergence depth is used
to correlate results of the uncertainty analyses to formulate simplified models are described in Chapter
VII.

b. Orifice Sizes

Orifices in quenchers are taken to have diameters uniformly distributed over the range from 0.993 to
1.27 cm. The number of orifices was fixed at 19056 which is characteristic of Mark I suppression
pools. Mark IT and Mark IIT suppression pools have between 17952 and 23936 quenchers orifices. This
range is small in comparison to the range of volumetric flows to the orifices. Consequently, it was
assumed that the uncertainty in the flow through an orifice would be dominated by the uncertainty in
the gas source and not very sensitive to the uncertainty concerning the number of orifices.

Downcomers vents were taken to have diameters between 59.7 to 69.8 cm. In Mark I and Mark II
suppression pools there are between 82 to 136 downcomers. It was assumed, however, that at the low
gas generation rates typical of the ex-vessel phase and late in-vessel phase of reactor accidents, there
would not be simultaneous flow through all these downcomers.

c. Wetwell Pressures

Boiling water reactors are susceptible to ATWS type sequences that cause pressurization of the drywells
and wetwells even before gap release can begin. They are also subject to station blackout accidents in
which pressure builds up, in some cases to failure, over the course of the accident. Consequently, the
ranges of gas pressures that can exist over the suppression pools are the same for all phases of the
accidents. This range is essentially from 1 atmosphere to the failure pressure.
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Table 22. Input uncertainties

bt

Uncertainty Range Distrilgution
a. Pool depth known quantity
b-1. Orifice diameter (cm) .
gap release 0.993 to 1.27 -uniform
in-vessel release 0.993 to 1.27 uniform
ex-vessel release 59.7 to 69.8 uniform
late in-vessel release 59.7 to 69.8 uniform
b-2. Number of Orifices
gap release 19056 fixed
in-vessel release 19056 - fixed
ex-vessel release 82-136 uniform
late in-vessel release 82-136 uniform
c. Wetwell pressure (atms)
gap release 1.1-9 ‘unifovnm.
in-vessel release 1.1-9 uniform
ex-vessel release 1.1-9 uniform
late in-vessel release 1.1-9 uniform
Mark II and III ,
gap release 1-5 uniform
in-vessel release 1-5 uniform,
ex-vessel release 1-5 uniform
late in-vessel release 1-5 unifonn
.d-1. Mean aerosol particle
diameter (um)
gap 2 =-366 +0.958 Q correlated with flow
in-vessel 0.5t05.0 lognormal (u=1.6, 0=2)
ex-vessel 1.1t07.0 uniform
late in-vessel 0.19t03.0 log upiform
d-2. Geometric standard deviation
of aerosol size distribution ,
gap 12t0 1.8 uniform’
in-vessel 1.8to0 3.8 unifo"rm'
ex-vessel 1.6 t0 3.8 uniform
late in-vessel 1.6t03.8 uniform
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Table 22. Input uncertainties (concluded)
Uncertainty Range Distribution
e. Aerosol material density
gap 2.8t06.1 uniform
in-vessel 3.25 to 10.96 uniform
ex-vessel 2.9 to 5.65 uniform
late in-vessel 3.15 to 2.65 uniform
f. Shape factors
¢ primary particle diameter 0.001 to 0.1 log-uniform
e fractal dimension 1.5t02.2 uniform
g. Steam Production Rates
(moles/s)
gap
in-vessel 2500 to 400 uniform
ex-vessel 500 to 50 uniform
Mark I 1to 10% uniform
Mark II/III of total gas correlated -
with gas production
e(x) 0-1 uniform
late-invessel
Mark I 10 to 35% of total gas Uniform
Mark II/TII correlated with gas -
production
&(y) 0-1 uniform
h. Hydrogen Production (moles/s)
gap 20 to 120 uniform
in-vessel 20 to 120 uniform
i. Total Gas Production (moles/s)
ex-vessel
Mark I 100 to 300 uniform
Mark II/IT1 150 to 1100 uniform
late-invessel
Mark I 20 to 80 uniform
Mark I/III 160 to 500 uniform
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There are radical differences in the failure pressures predicted for the various types of boiling water
reactors. The Mark I steel containments have been calculated to rupture at differential pressures up to
8 atmospheres. Mark III containments are not as strong and are thought to rupture at differential
pressures of about 4 atmospheres. Consequently, a distinction is drawn here between' the' tange of
wetwell pressures in Mark I containments and the range of wetwell pressures in “the Mark II and
Mark III containments. Wetwell pressures in the Mark I are considered to be uniformly distributed over
the range of 1.1 to 9 atmospheres. Wetwell pressures in the Mark II and Mark III reactors are taken
to be uniformly distributed over the range of 1 to 5 atmospheres. Again, the ranges of wetwell
pressures are taken to be the same for all phases of severe accidents.

d. Aerosol Particle Size

It is assumed for this work that aerosols reaching the steam suppression pool have 'aw'logg;cr)j‘fm,al size
distribution. Discussions above show that this can only be an approximation. The uncertainty in this
approximation is, however, confronted only through the uncertainties in the parameters that characterize
a lognormal distribution—the mean particle size and the geometric standard deviation of the distribution.
That is, the Monte Carlo uncertainty analyses done here do not consider size distgibutions .that differ
from the lognormal distribution. This is probably not a serious omission. It is quite likely:-that all
aerosols that reach the suppression pool have aged sufficiently long that coagulation and deposition
processes have eliminated any features of the distribution that deviate much from lognormal such as
bimodality in the distribution. The most likely discrepancy from an exactly lognormal dlstnbutlon is
probably a lack of aerosol mass at the larger, low-probability sizes.
‘ #

The size distributions of aerosol reaching the steam suppression pool are expected; to: bg, different in the
four phases of the severe reactor accident defined in the U.S. Nuclear Regulatory Commission’s revised
severe accident source term [1]. The aerosol size distributions are, however, not expected to vary
according to the type of boiling water reactor of interest.

d-1. Gap Release Size Distribution

Only small amounts of aerosol mass are introduced into large gas flows during the gap release phase
of the accident. There will be little opportunity for such dilute aerosol particles to grow. Any particles
that do coagulate or grow to a substantial size are very likely to be removed from the high velomty flow
stream by impaction in bends and flow discontinuities in the pathway to the steam - suppression pool.

For these reasons, aerosol reaching the steam suppression pool is expected to have a size distribution
with a small mean particle size and a small geometric standard deviation.

For all of the interest that has been paid to gap release, there is remarkably little experimental data on
particle size distributions to validate these theoretical predictions. Further, there has ﬁeen little
published information on particle sizes predicted by analysis. Jordan et al. [273] have argued that
aerosol particles nucleate from vapors such as those released from the fuel cladding gap to rapldly form
particles 0.05 pm in diameter. If it is further assumed that particle concentrations are qulckly reduced
to 10 partlcles/cm3 by coagulation. Then, final, mean particle sizes during gap release would be
expected to range from 0.05 to 0.25 um. These estimates seem consistent with results of calculations
with the Source Term Code Package reported by Gieseke et al. [27] for a station blackout accident at
a Mark III boiling water reactor.
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The analysis presented above suggests that the mean particle size will be correlated closely with the
molar flow. Here, this correlation is take to be:

p3 =-1448 + 3.78 Q

where

Il

¢ = mean particle size in ym, and

Q = flow through the reactor coolant system in moles/s.

The material released from the fuel cladding gap may be rich in CsOH and CsI. These are two very
hygroscopic materials. Though particles of CsOH and CsI may not grow by water adsorption in the
reactor coolant system itself, they will surely grow as the aerosol-laden gas cools within the piping
system leading to the suppression pool. Adsorption of water might be expected to continue until the
particles become saturated liquids. Then, particle sizes are given by the correlation:

p3 = 366 + 0.958 Q (moles/s)

which is the correlation adopted here.

The geometric standard deviation of the size distribution is much more difficult to predict. It depends,
among other things, on the heterogeneity of processes taking place during the release and transport of
the aerosol. It is expected here that the size distributions will be narrow. Geometric standard
deviations observed in flame vaporization processes are as low as 1.2 [274]. Consequently, the
geometric standard deviation for aerosol produced during gap release is taken to be uniformly distributed
over the range from 1.2 to 1.8. The upper end of this range has been selected because for larger values
of the geometric standard deviation, the aerosol would have a noticeable spread in particle sizes.

d-2. In-Vessel Release Size Distributions

In contrast to the case during the gap release phase of the accident, a very large amount of material is
aerosolized during the in-vessel release phase of the accident. Most of this aerosol mass will be non-
radioactive. A great amount of aerosol will come from vaporization of steel, tin from the zircaloy
cladding, and vaporization of UO,. Radioactive species will constitute a relatively small portion of the
total aerosol release. The aerosol that reaches the suppression pool will have a size distribution dictated
by the interplay of particle growth and particle deposition processes.

There has not been much information published on the sizes of particles that are predicted to be released
to the suppression pool during the in-vessel phase of an accident. Denning et al. [23] report, for an
ATWS accident sequence, mean particle sizes of about 13 um at the suppression pool. On the other
hand, another analysis [296] of the aerosol suddenly released to the drywell of a boiling water reactor
at the time of vessel failure indicates a nearly lognormal size distribution with a mean particle diameter
of 0.8 um. Distributions shown in Figure 13 similarly indicate a very broad uncertainty in the size
distributions of aerosols produced during the in-vessel release phase. Not all of the analyses that
produce the widely ranging size distributions have considered in detail opportunities for particle
deposition during transport to the suppression pool. The deposition processes are often quite dependent
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on the aerosol particle size and tend to preferentially extract-particles larger than 1 to 2 yum. Based on
this reasoning, the mean aerosol particle size during the in-vessel phase of an-accident is taken to be
lognormally distributed around 1.6 ym with a geometric standard deviation for the distribution of the
mean taken to be 2. Then, the 5 and 95 percentiles for the mean are at about 0.5 and 5.0 um,
respectively.

The geometric standard deviation of the aerosol size distribution is expected to be large. Here it is
assumed to be uniformly distributed over the range of 1.8 to 3.8.

d-3. Ex-Vessel Release Size Distributions

Considerably attention has been paid to the size distribution of aerosols produced during core debris
interactions with concrete. During the vigorous phase of interactiors when most of the release of
radionuclides occurs, predictions derived from correlations of experimental data indicate that: mean
particle sizes are between 1.1 and 2.2 pum. These predictions apply, however, to the aerosel
immediately above the core debris and not to the aerosol that enters the suppressionpool. Aerosel that
is produced by core debris interactions with concrete mixes with the drywell atmosphere and has an
opportunity to age. That is, the aerosol will coagulate to larger particle sizes before it passes to the
suppression pool. Again, notice should be taken of the wide range of aerosol particle sizes predicted
by the Source Term Code Package to be present in the drywell (See Figure 13).

Because of the aging of aerosol in the drywell, the mean particle size of aerosol produced by ‘core-debris
concrete interactions is taken to be the lower bound on the mean size of aeresol discharged to-the
suppression pool during the ex-vessel release phase of a severe accident: The upper-limit on:this:mean
size is taken to be 7.0 um based on accident calculations with the Source Term Code Package [14]::
The geometric standard deviation of the aerosol size distribution is, because of the mixing:and flow in
the drywell, expected to be large. Experimental studies of aerosols produced during. core debris
interactions with concrete have shown geometric standard deviations that vary from about 1.6 to 3.8.
Aerosol discharged to the suppression pool will probably have.a similarly large range .of geoinetric
standard deviations in its size distributions.

Aerosol produced during intense core debris interactions with concrete is expected-to 'be cherhieally
stable and not very hygroscopic. Certainly this is what Adams [248] found when he. produced: aeresols
from concrete and introduced them into a condensing steam atmosphere. Little particle growth' by
water condensation on the external surfaces of the particles is to be expected. (Intérmal voids are
expected to be filled with water when the aerosol reaches the suppression pool as discussed-above in
Section IV-K.1).

d-4. Late In-Vessel Release Size Distributions

Almost nothing is known about the release by revaporization of radioactive materials. that had been
deposited in the reactor coolant system during earlier phases of the accident. The matérialireleased
from the reactor coolant system will be relatively volatile. Cesium <odide, cesium hydroxide and
tellurium oxides are expected to be important constituents of the released material. The late insvessel
release is expected to be slow so that aerosol concentrations will be correspondingly low. Particle sizes
might also, then, be small.
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When aerosol (or vapors) produced by the late in-vessel release emerge into the reactor drywell, they
will encounter aerosols produced by the long-term core debris interactions with concrete. After the
initial, intense aerosol production marking the ex-vessel release phase of the accident, core
debris/concrete interactions settle into a quasi-steady state interaction that produces aerosols mostly from
constituents of concrete at rates of 1 to 10 grams per second. Though these are small rates of aerosol
production in comparison to rates of aerosol production during ex-vessel release, they are significant
rates in comparison to the rates of late in-vessel aerosol production. It is likely, then, that aerosol
reaching the steam suppression pool during the late in-vessel phase of the accident will have size
characteristics determined by aerosols produced by the quasi-steady state core debris/concrete
interactions. Model predictions of these aerosols indicate mean particle sizes of 0.19 to 0.30 um.
These predictions are based on an assumption concerning the nature of aerosol growth. This assumption
has not been validated by experimental studies. These mean particle sizes do not account for growth
of particles during residence in the drywell. Residence periods can be quite long during this late-stage
of the accident when gas production rates are low. To account for this growth, the mean aerosol
particle size during the late in-vessel phase of the accident is taken to be loguniformly distributed over
the range from 0.19 to 3.0 pm.

Size distributions of aerosol produced during the late stage of core debris interactions with concrete are
assumed to have geometric standard deviations of 2.3 [19]. This is an average of experimental
observations that have varied from 1.6 to 3.8. Consequently, the geometric standard deviation of the
size distributions of aerosol produced during the late in-vessel phase of an accident is taken to be
uniformly distributed over the range from 1.6 to 3.8.

The aerosol produced in the drywell during the late in-vessel phase of an accident might be quite
hygroscopic. Certainly CsOH and Csl vaporized from the reactor coolant system are hygroscopic.
Aerosols produced by core debris/concrete interactions at this late stage of the accident are rich in
hygroscopic oxides of sodium and potassium. On the other hand, the atmosphere will contain quite a
lot of carbon dioxide that will react with oxides and hydroxides to form decidedly less hygroscopic
bicarbonates.

e. Aerosol Material Density

Material densities enter into the descriptions of aerosol removal processes. The material densities are
expected to vary some among the four phases of the accident.

e-1. Gap Release

Room temperature densities of the materials expected to make up much of the gap release are shown
below:

Material Density (2/cm3)
Csl 4.510
CsOH 3.675
TeO 5.682
TeO4 5.075 - 6.1
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Cesium hydroxide and cesium iodide are so hygroscopic that they may be present as saturate solutions rather
than as solid particles. These densities would be reduced substantially to 2.8 to 3.2 i saturated ‘sélutions.
Consequently, the aerosol material densities during the gap release are taken to be umformly dlstnbuted over
the range 2.8 to 6.1 g/em’.

e-2. In-Vessel Release
Aerosol material densities during the in-vessel release will be determined primarily by the massive amounts

of nonradioactive materials released during this phase of the accident. Some typical densmes of these
materials are:

Material Density (g/cm’
Uo, 1096
U,04 . 830
U0, 7.29
Zx0, 5.6-5.89
710, *zH,0 3.25
Sn 5.75t07.28 "
SnO 6.446
SnO, 6.95
Fe,O, 5.18

o
Material densities during the in-vessel phase of a severe reactor accident are taken to be uniformly

distributed over the range of 3.25 to 10.96.

e-3. Ex-Vessel Release

. 'z
Examination of calculated results for a variety of severe accidents[25]sshowssthat material densities during
the period of intense aerosol generation in core debris interaction vary from about 5.65 to 2.9 g/em?.

e-4. Late In-vessel Release ' e

Again, the aerosol properties during the late in-vessel release will actually be determined: by the:aerosel
materials generated by the long-term, quasi-steady core debris interactions with concrete: Material:densities
during this phase of an accident are calculated [25] to be in the range of 3.15 to0 2.65 g/em’.

f. Uncertainty in Shape Factors

It is assumed here that there is enough water adsorption by aerosol particles that these particles become
porous spheres. The collision shape factor, v, and the dynamic shape factor, x, are equal for all particles:

x=v=1/a'?
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It is also assumed that shape factors are size dependent and this dependency is described by:

epp + (1-6)p,

a:
Pp
3-d
. YA f
€ =min |1, r

where z is the diameter of primary particles that make up agglomerated particles and dg is the fractal
dimension of agglomerates. This primary particle size is taken to be uncertain and has a log-uniform
distribution over the interval from 0.001 to 0.1 ym. The fractal dimension of the agglomerates was
taken to be uniformly distributed over the range from 1.5 to 2.2.

g. Gas Flow Rates

Gas flow rates to the suppression pool are expected to be quite variable over the course of the four
phases of severe accidents considered here. An assumption made in the analyses done here is that gases
flow to the quenchers during the gap release and the in-vessel release phase of the accident. Gases flow
to the suppression pool through downcomers and horizontal vents during the ex-vessel and late in-vessel
phases of the accidents. Possible bypass of the suppression pool is neglected throughout the analyses.

g-1. Gap Release Phase

Based on the discussions of accident sequences presented in Chapter III, the gas flows to the quenchers
for all types of boiling water reactors are taken to be uniformly distributed over the range of 2500 to
400 moles per second. Hydrogen generation rates are taken to be uniformly distributed over the range
of 20 to 120 moles/s.

g-2. In-Vessel Release Phase

Again, from the discussions in Chapter III steam flows to the quenchers during the in-vessel phase of
an accident are taken to be uniformly distributed over the range of 50 to 500 moles/s. The hydrogen
flows are taken to be uniformly distributed over the range 20 to 120 moles/s. No attempt is made here
to account for episodic eruptions of steam that accompany the relocation of core debris to the water-
filled lower plenum of the reactor vessel. '
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g-3. Ex-vessel Release Phase

Gas production during the ex-vessel phase of a severe reactor accident must be treated differently for
Mark I reactors than for Mark IT and Mark III reactors. The differences arise because in the Mark II
and Mark IIT reactors, degassing of the concrete introduces substantial quantities of water vapor into
the gases being discharged to the suppression pools. Consequently, molar flows to the suppression pool
in the case of Mark I reactors are taken to be uniformly distributed over the range of 100 to 300
moles/s. Molar flows to the suppression pool in the case of Mark II and Mark III reactors are taken
to be uniformly distributed over the range of 150 to 1100 moles/s.

The condensible portion of the gas produced during the ex-vessel phase of an accident in a Mark I
boiling water reactor would be calculated to be very small (<1 percent) if only core debris interactions
with concrete were considered. There is not much concrete exposed to heating that will degas to add
water vapor to the gas discharged to the suppression pool. The reactor pedestal is congrete that can
degas and there may be some evaporation from residual water in the reactor cgolant system.
Consequently, gas discharged to the suppression pool in an accident at a Mark I reactor, is taken to.have
a water vapor content uniformly distributed over the range of 1 to 10 percent.

Much of the gas discharged to the suppression pools during the ex-vessel phases of.amaccident,inMark
II and Mark III reactors can be water vapor. The water vapor content is taken here to be correlated

with the gas production rate: , .
m(total) - 0.8[100 + e(x)200]  for m(total) > 300 m‘!’;‘es
n(tH20) = I;fmles
0.2 m(total) for m(total) < 300.- T

where
m (I-120)

m (total) = total number of moles of water vapor discharged to the suppréssion podl per second, and

moles water vapor discharged to the suppression pool per second,

e(x) = uncertain number uniformly distributed over the rénge Oto 1.
g-4. Late In-vessel Release Phase

Similar reasoning to that discussed above in connection with gas generation dﬁriﬁg the Ex-Vessel
Release phase of an accident is used to draw a distinction between gas generation during the Late In-
Vessel Release phases of accidents at Mark I reactors and accidents at Mark II and Mark TII reactors.
Gas production during the Late In-Vessel Release phase of an accident in a Mark I reactor is taken to
be uniformly distributed over the range of 20 to 80 moles/s. As discussed in Chapter III, much more
of this gas can be water vapor. Here the water vapor content of the gas is taken to be uniformly
distributed over the range of 10 to 35 percent.
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On the other hand, during accidents at Mark II and Mark III reactors, the gas production is taken to be
uniformly distributed over the range of 160 to 500 moles/s. Water vapor production is taken to be:

m(H,0) = m(total) - [20 + 60 e(y)]

where e(y) is uniformly distributed over the range of 0 to 1.
2. Phenomenological Uncertainties in Bubble Behavior

In the subsections below, the phenomenological uncertainties in bubble behavior recognized in the
Monte Carlo uncertainty analyses are described. The uncertain parameters, the possible ranges of
values they can assume, and the distributions of values within these ranges are summarized in Table 23.

a. Uncertainty in Bubble Formation

It is apparent from the discussions above (see Section IVA) that there is no universally applicable model
of bubble formation. The two-stage model devised by Kumar and Kaloor [31] has the attractions of
validation by comparison to a wide variety of data and because it has explicit dependencies on orifice
geometry. The empirical correlation devised by Paul et al. [30] yields predictions that are different than
those obtained from the Kumar and Kaloor model. But, the empirical correlation is attractive because
it is based on data obtained from a simulated quencher orifice. Neither the Kumar and Kaloor model
nor the empirical correlation seems to have been thoroughly validated for steam-rich gases entering
steam suppression pools that are significantly sub-cooled.

To treat the uncertainty of bubble formation at quencher orifices, a parameter 6(b) is defined to be
uniformly distributed over the range 0 < 6(b) < 1. Then, the Kumar and Kaloor model is used when
randomly sampled values of §(b) are less than 0.5. The empirical correlation developed by Paul et al.
is used when é(b) = 0.5.

When the Kumar and Kaloor model is selected, the orifice orientation angle, v, is randomly selected
from the range 0 < y < 90°. When the correlation developed by Paul et al. is selected, the prediction
of the model is taken to be uncertain. The uncertainty in the natural logarithm of the normalized
volume is given by a Students’ t distribution with 15 degrees of freedom and a standard error of:

2 172
(In(We) - 7.6562)
145.952

standard error = 0.225 I:0.0588 +

where

We = Weber number = U2 p1 Dy / a1,
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4v | (o1 - pg) 172
VN = normalized volume = g g ,
D 2 0]
™o
U = 4mipy 7D > ‘
- mipg ™ Vg »
D0 = orifice diameter,
m = mass flow rate,

V = bubble volume,

pg = gas density at the orifice.

Data for bubble formation at large diameter horizbntal vents and downcomers are scarce. Though it
is not strictly applicable, the Davidson-Schuler model is used to predict the size of bubble formed at
these large diameter vents: ‘

3 -

The leading coefficient in the Davidson-Schuler model, C, is taken to be uncertain and is assumed 1o
be uniformly distributed over the range of 0.976 to 1.722.

b. Uncertainty in the Equilibration Distance

Bubbles that detach from orifices are large and may be steam-rich relative to the partial pressure of
water in equilibrium with the suppression pool. It was assumed that over an uncertaiix distance between
2 and 10 initial bubble diameters, the gas comes into compositional and thermal equilibrium with the
suppression pool. The most important effect of this equilibration is, of course, to remove aerosols by
the condensation of excess steam in the gas. Removal of aerosols during-this equilibration compensatés
for the neglect of aerosol removal by steam condensation during bubble formation.

The equilibration of steam-rich bubbles is a fairly violent process. Undoubtably, mechanisms; other than
condensation of steam may well remove aerosols from the gas during this equilibration process. It has
not been possible to identify these additional mechanisms quantitatively. It is an area meriting additional
experimental attention. S

c. Initial Size of Bubbles in the Plume

Experiments by Paul et al. [30] and by Hakaii et al. [69] show that bubbles rising ﬂlr,dugh; the p;ool have
a distribution of sizes. The experimental evidence is for bubbles that are formed above guencher
orifices. Presumably bubbles with similarly distributed sizes are formed when gas globules detach from
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downcomers and horizontal vents and then disintegrate. Experimental studies by Paul et al. [30] and
by Hakaii et al. [69] showed that the bubble sizes were lognormally distributed.

The mechanistic model of source term attenuation by steam suppression pools used for the Monte Carlo
analyses has been constructed for bubbles of a fixed size. Consequently, bubble size must be treated
as an uncertain quantity. The uncertain bubble size is taken to be lognormally distributed. The mean
of the bubble size distribution has been taken from a correlation of the experimental results obtained
by Paul et al. as described in Section IV-C. The mean size, u(B), is found from:

u(B) = 0.435 {1 + exp[-0.08789/Ql} exp[-0.5972 y2]

where

mean of the bubble size distribution,

p(B)

Q = volumetric flow rate through the orifice, and
y = mole fraction of steam in the gas flowing through the orifice.

The logarithm of the mean size is taken itself to have a Student’s t distribution with 10 degrees of
freedom, and a standard error given by:

2 2 172
0.0634 0.0833 + (y2 - 0.4434)2/1.1847)]

The geometric standard deviation for the bubble size distribution is only modestly uncertain. Based on
the experimental data obtained by Paul et al. this geometric standard deviation, o(B), is taken to be
uniformly distributed over the range 1.36 to 1.61.

d. Uncertainty in Bubble Shape

The mechanistic model used here for the Monte Carlo uncertainty analyses has been constructed for
ellipsoidal bubbles of eccentricity E. This eccentricity is a function of bubble size and behavior.
Eccentricities are recalculated at each time step. Models for the dependencies of eccentricity on bubble
properties are uncertain. The available data on eccentricities are scattered. There is at least some
evidence that bubbles in swarms are less distorted than are isolated bubbles. Proof of this speculation,
however, has not been found. Consequently two models for the eccentricities of bubbles are considered.
One is a correlation of data for isolated bubbles [82]:
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1§,

1 for Ta < 1
1/E(A) = | [0.81 + 0.206 tanh{2(0.8 - logjq. Ta)}I> for 1 < Tai< 39.8.
0.24 for Ta > 39.8 V" _ |

where

Ta = Re MO'23,
Re = p(l) U(slip) Dg / p(D,

U(slip) = slip velocity of the bubble, and

p = Morton number = gy.14 (pl-pg) / p12 0‘13.

The second model is an empirical correlation of experimental data obtained by Paul et al. f30]:

1 - for Dg < 0.15 con’

1/E@B) =
®) 0.68 - 0.57 exp [-Dg/0.26] for Dg > 0.15 cm

A parameter 6(E) is defined to be uniformly distributed over the range 0 to 1. The eccentricity model
used in a particular calculation, then, is found from:

E(A) for 6(E) <0.5

E=1E® tors® = 05

e. Bubble Slip Velocity

The slip velocities of bubbles in a rising plume depend on the void fraction of the plumes. Am:indppﬂl
treatment of this two-phase flow issues has not been attempted. ' Rather, the uncértainty:inv the! slip
velocity dependence on void fraction is reflected by the consideration of various:medels. -Ar parameter
0(¢) is defined to be uniformly distributed on the range from 0 to 1. Then, the slip velocity is found
to be:
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Ug for 8(e) < 1/3
UGslip) = 4 UB( - €(r;2) for 1/3 < 6(e) < 2/3
Upd - e(r,2)? for 8(6) = 2/3

where
Upg = rise velocity of an isolated bubble of the same size, and

€(r,z) = void fraction at axial location z above the orifice and radial location r away from the
orifice.

The rise velocity of an isolated bubble is found from:

0.735 ‘/gDB(cm) for H >1000

Ur(cm/s) =
M1 M-0149 (7 _0.857) for H < 1000

r1 Dp

where

M = Morton number

;= ] 094HYT  for2 < H < 593
3.42 HO*1  for 59.3 <H < 1000
H = 4/3 B, M0-149 (,; (poise) / 0.009)0-14
The correlations of J in terms of H were found by linear least-squares fitting of log J as a function of
log H. The uncertainty in the predictions of log J derived from the correlations are then given by

Students t distributions. For the regime pf 2 < H < 59.3 the parameters of the distribution are:

degrees of freedom = 62

2 12
(log H - 1.17945)

standard error = 0.0915 |0.01563 +
10.66
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For the regime 59.3 < H < 1000, the parameters are:

degrees of freedom = 51

2 172
(log H - 2.1655)
4.3305

standard error = 0.02693 [0.01887 +

The values of Uy for H > 1000 were found from linear least-squares ﬁttmg of Uy 2 values to Dg
values. The uncertainty in the predicted values of Up 2 fallows a Students’ t distribiition:s: -

degrees of freedom = 68

5o
[__B — 5.586
2

97.7

standard error = 527.8 |0.014286 +

f. Uncertainty in Plume.Parameters

Three uncertain parameters are used in the description of the bubble plumes rising through the
suppression pool:

e the entrainment coefficient, «
the momentum amplification factor, vy, and
* )\ which is the ratio of the size parameters for the void and liquid velocity distribution parameter

Milgram [44] provides a correlation for entrainment coefficients, ¢, derived from experimental values.
The correlation was derived by linear least squares fitting of the experimental va‘lue‘s. Consequently,
the uncertainty in the predictions of the correlation should have a Students’ t distfibution. Though
Tacke et al. [45] argue that the uncertainty is larger than this, this prescription is adopted here.

Milgram’s correlation for the momentum amplification factor proves to be computationally difficult to
use. Milgram’s arguments concerning the correlation of the momentum amplification factor are difficult
to follow. Detailed examination of the correlation derived by fittingian expression to,dataisuggests that
there may be little correlation. Consequently, the. momentum:amplification:fagtor.is trgated :as.an
uncertain parameter. Theoretical arguments suggest its value is. always greaterthan41:Q;and. perhaps
greater than 1.07. Comparisons to data suggest values in the range of 1.1 to 2.8 characterize properties
of bubble plumes reasonably well. Here the momentum amplification factor is.taken to be: + -+

=1+ §£
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where £ is an uncertain parameter with a lognormal distribution of values around a mean of 0.5 with
a geometric standard deviation of 3.28. Then, 95 percent of the values of - are greater than 1.07, and
94 percent of the values of v are less than about 4.6.

The distribution of liquid velocities with radial distance in the plume is taken to be exponential:
U _ 212
1@,2) = Up (@) exp(-r°/b%(2))
Void fraction is also taken to be exponentially distributed with radial distance:

e(t,2) = €2) exp(—r2/b62(z))

The plume model used in the mechanistic model has been constructed under the assumption that the
radial distributions of void fraction and liquid velocities are related by:

be(@)
@

where A is a constant that is independent of position, flow, etc. Milgram [44] argues that predictions
of the plume model are not especially sensitive to the values of A that is assumed. Values of A = 0.7
to 1.0 have been used by various investigators [45]. Here it is assumed that A\ is uncertain and that its
values are uniformly distributed over the range of 0.7 to 1.0.

g. Uncertainty in Bubble Growth

As bubbles rise through a pool they will grow as a result of both the loss of pressure head and the
vaporization of water into the bubble. Paul et al. [30] did not observe a significant amount of bubble
growth in their tests. Certainly, the developers of the SPARC code [6] took this as the justification for
treating the bubbles as though their sizes were invariant with axial distance. Certainly, the low ionic
strength medium used for the tests conducted by Paul et al. would be conducive to the establishment
of a dynamic equilibrium between bubble disintegration and coalescence. Dissolution of salts in the
pool, which would be expected in a reactor accident, might interrupt this equilibrium. On the other
hand, growth of bubbles may not have been detectable except near the very top of the pool.

The growth of bubbles as they rise through a water pool can reduce the efficiencies of processes such
as diffusion, inertial impaction, and sedimentation at depositing aerosol particles on the bubble walls.
A dynamic equilibrium that keeps bubble size about the same along the axial dimension of the plume
would certainly keep the deposition efficiency high. The dynamic equilibrium could have another effect
when the variation in the efficiency of aerosol removal with radial distance modeled here is recognized.
The dynamic equilibrium of coalescing and disintegrating bubbles would move aerosol-laden gases
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between regimes of maximal and minimal attenuation. In the model used here, bubble- growth is
recognized and calculated following the thermodynamic model described in Chapter IV. Heat:transfer
to and within the bubble is taken to be instantaneous. .There are no thermal gradients. near the surface
of the bubble that would inhibit aerosol deposition on the surface.

h. Radial Mixing in the Bubble Plume

Bubble within a plume. There can, in fact, be a dynamic equilibrium of bubbles coalescing and
disintegrating. This dynamic process has the effect of moving aerosol-laden gases from regions of low
aerosol removal rates in the plume into regions where removal is more rapid. Unfortunately, there is
not now an indication of how much mixing occurs. Consequently, it is assumed that at-the end of each
computational step a fraction of the bubbles in a radial node exchanges with bubbles in an adjacent
node. This fraction is taken to be uniformly distributed over the range of 0 to 1.

3. Phenomenological Uncertainties in Aerosol Behavior

Uncertainties that arise in the description of processes that remove aerosol from gas bubbles in the
suppression pool are described in the subsections below. The discussions address aerosol.removal
during formation of bubbles at orifices, downcomers and vents as well. as aerosol removal as; bubbles
rise through the suppression pool. Uncertain parameters defined in these discussions are summarized
in Table 24. Also shown in this table are the ranges of possible values theses parameters can assume
and subjective probability distributions for values within these ranges. Note that no uncertainties are
ascribed to the transition period between the time bubbles detach from the orifice and the formation of
a bubble plume. Aerosol mass removal during this period is taken to be proportional to the amount of
gas removed by condensation and the aerosol removal is taken to be independent of aerosol particle size.

a. Uncertainty in Aerosol Trapping by Inertial Impacﬁon

Inertial impaction of aerosol on the walls of rising bubbles.is a very important ‘mechanismy.for the
attenuation of aerosol source terms in suppression pools. This mechanism depends, of course, on the
circulation of gases within a rising bubble. The issue of the circulation- of:gases has been. much
discussed in the literature. In many of the earlier discussions, it has been assumed that there is some
critical dimension at which circulation of gases within a rising bubble:begins. Bubbles smallerithan this
critical dimension were found to rise through liquid as though they were rigid spheres. Larger bubbles
rose through the liquid as though they were fluid spheres.

More recently, attentions have been directed toward the accumulation-of surface. active,agents,present
as often minute impurities in the liquid, at the gas liquid interface. Immobilization-of the gas-liquid
interface by these impurities rather than simply the bubble-dimension is thought: to' be: responsible for
stagnation of gases within a bubble. Bubbles initially. released into-a pool may have circulating gases.
As they rise and accumulate impurities gas circulation is damped.

Arguments concerning the surface activity of liquid phase impurities are-quite sighificant with respect
to discussions of steam suppression pools. Though-it might be argued waters inthese pools are quite
pure at the start of an accident, these waters will surely become contaminated as-a séyere accident
progresses. The possibility that the contamination will immebilize the gas-liquid interface of:rising
bubbles and, consequently, inhibit circulation of gases within the bubble must be recognized.
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Table 24. Uncertainties in the phenomena affecting aerosol behavior

Uncertain quantity Range of values Distribution
Efficiency of Inertial Impaction
Vin (cm3/mole), molar volume of 40 to 1,000 log-uniform
surface-active agents
C(surf)(moles per liter), surface-active 10710 to 104 log-uniform
agent concentration
Diffusive Deposition
S*, Sherwood number for particle mass 14.6 to 17.66 uniform
transfer from Hill’s vortex
Momentum Accommodation Coefficient
oy =1- A exp(-300/T), A 0to0 0.6 uniform
Temperature Accommodation Coefficient
o = Oy [1- A’ exp(-300/T)], A’ Oto1l uniform
Oscillation Capture
C(o), criterion for the onset of 2.96 to 4.24 uniform
oscillations
8(osc), parameter for evaluation of Oto1l uniform
oscillation frequency
Capture During Bubble Formation
e(f), parameter to interpolate between Oto1l uniform
models of inertial impaction
(), parameter to select model of Oto1l uniform
particle mass transport within the
forming bubble

289 NUREG/CR-6153



Uncertainty

It is hypothesized here that bubbles are formed .with entirely. mopile interfaces.. As: they rise through
the pool, surface active contaminants accumulate at the mterface and progressive immobilize this
interface beginning at the - trailing boundary of the bubble and progressmg* perhaps, to eventually
immobilize the entire bubble interface. Thus, at an arbitrary position in the pool, a-bubble will have
its interface immobilized over polar angles from 0 to ¢. For analysis purposes the intéfface oVer polar
angles from ¢ to « radians is assumed to be entirely free of surface active agents. ' Efperimenital-dita
suggest that this may be only an approximate description of the actual nature of bubble surfaces [237].
Though accumulations of surface active agents necessary to immobilize the gas bubble interface. may
first develop at the trailing surface of rising bubbles, all surfaces may quickly be partially contaminated
with surface active agents at concentrations that at least affect interface mobility.

Sadhal and Johnson [238] have analyzed the circulation of gases within spherical buhbles- -with, partially
immobilized interfaces. It is assumed here that the proportionate reduction m partlcle deposition
calculated from gas flows in spherical bubbles with partially ithtiobilized® mterfaces* w1111‘app1y-as well
to ellipsoidal bubbles with partially immobilized interfaces considered in the ‘meéchanistic modél.! The
non-dimensional stream function fo;‘md by Sadhal and Johnson for gas flows jin, sphencalv bubbles with
partially immobilized interfaces is:

,t ’ 4

o ot o 1 |
P @ dx + ¥ Cg [gk+3 _ gk J L PP ) dx
k=1 cosf

1
v = 1.5¢% - £ |
cosf
where
¢ = 2r/Dg,
6 = polar angle,

Pox) = k! degree Legendre polynomial, V .

1 _ 1
*The integral j Pko(x) dx = sinf Tk 1(0080) where Tk (cosf)s an associate Legendre function.
cosf
Associated Legendre functions, which are integrals of classic Legendre polynomials, are not discussed as frequently as are
the derivatives of Legendre polynomials. The recurrence relationship for the first integrals is:

(n+1) T (cos0) =(2n-1) T 1(cos0) - (n-2) T 2(cos0)

Note that Ty L(cost) = 0.5 sin(6) and T, !(cost) = 0.5 sin(9) coss.
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c; = - 1L 26 +sing - sin2¢ - L 3¢] + 1
1 4 3

C = o bk - sinky + sinGk+Dg - sin(k-Dg

) sin(k+2)¢ . sin(k-1)¢
k+2 k-1

The velocity of the gas tangential to the gas-liquid interface is found from:

-1 oy

V(tangential) = T oF

g=1

Normalized tangential velocities are shown in Figure 105 as functions of polar angle for various values
of ¢. As immobilization of the interface progresses, the circulation of gases within the bubble becomes
confined into a smaller region near the leading front of the rising bubble. Particle deposition is
proportional to the angular acceleration:

V(tangential)>

ag = K D

where K is the proportionality constant. Total deposition of particles by inertial impaction over the gas-
liquid interface is given by:

.. [ wDp
Deposition o< I

(0]

sinf ag df

The variation in the deposition with ¢ is shown in Figure 106. There is a sharp reduction in the amount
of deposition as ¢ exceeds 30°. As ¢ exceeds 125° particle deposition approaches 0. This variation
in particle disposition by inertial impaction is given, approximately, by:

[1 - m@l/[1 + m@)] = z(¢)

where m(¢) = (1/27)[2¢ + sing - sin2¢ - 1/3 sin 3¢].
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Sadhal and Johnson find the angle of surface immobilization, ¢, to be related to the molar amount of
surface active agent, N(surf), by:

'/'rD2 .

N(surd) = Uggip =2 u() [26 - 46 cosé - sin2p + dsing]

Assume the surface active agent is present in the liquid at a molar concentration of C(si;irt). Then,

dN(surf) _ D b Sh C(surf) ;

T ~T000 Ugp
where
C(surf) = conceiltration Qf surface active agent (moles/liter), 3
Sh = Sherwood number for mass transport to the bubble,
b = diffusion coefficient of the surface active agent in water (cm: /s)
x = distance the bubble has risen in the pool (cm), and ‘
Uslip = slip velocity of the bubble in the bubble plume rising through the suppressmn pool

(cm/s).

Then, to a satisfactory level of approximation

-~

N(surf) = x 7 Dp B Sh C(surf)/Ug, 1000 - :

There is no information on what types of agents might be responsible for immobilizatigon of bubble
interfaces in a suppression pool: Trace concentration organic species are, of course, offen quite potent
surface active agents. The Wilke-Change method for the estimation of diffusion coefficients of such
species in water yields: h

-9 :"
P = S_ﬂ% cm2/s ‘
p® V o

where V, is the molar volume of the surface active agent at its normal boiling point. Such molar
volumes might vary from 40 to 1000 cm3/mole. Similarly, the concentrations of the surface active
agents are unknown, but can be imagined to be in the range of 10710 o 1074 moles per liter of water.
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Solution of the above equations for ¢ allows m(¢) to be found. Then, the deposition velocities of
aerosol particles by inertial impaction are found from:

2U123 sin2(y) VE2-1 E°3 «(¢) 7

572 5
Dp | cos(n) + — { yE2-1 - E2 tan‘l[\/Ez—1 ]}

E2_1

Vp(®) =

b. Uncertainty in Aerosol Trapping by Diffusion

Controversies concerning the proper description of aerosol trapping by diffusion of particles to the
bubble walls have been discussed above in Section IV-L.1.a. There are three models available. Fuchs
[148] has derived a model that is widely used. The derivation is based on vortex flows within the
bubble. But, Mills and Hoseyni [204] point out that the result of the derivation is more appropriate for
conditions in which the gas making up the bubble is well-mixed. They correctly note that for vortex
flows the Kronig-Brink model [88] of mass transfer is more appropriate. They also point to
Calderbank-Korchinski model [206] as being applicable. As noted above, vortex flows may be
substantially damped in a bubble due to contamination. As the gas in the bubble becomes stagnant there
is no convective enhancement of the diffusion of particles to the bubble walls. A complicated situation
can be imagined in which a substantial volume of the bubble is stagnant and the rest is involved in a
vortex flow or is well-mixed. But, for bigger bubbles shape oscillations (see below) may produce
mixing--even when otherwise the gas would be stagnant within a bubble.

The analyses presented above provide a definition for the region of a bubble that is involved in vortex
flows. Diffusive deposition in this region is calculated from:

Sh = S*
where S* is uncertain and is taken to be uniformly distributed over the range from 14.6 (the long time
limit of the Calderbank-Korchinski model) and 17.66 (the long time limit of the Kronig-Brink model).

The diffusive deposition of particles from stagnated gases in small bubbles that do not undergo shape
oscillations is found from:

Sh = 6.58
which is the long time limit of Newman’s solution for diffusion in a sphere. When shape oscillations
are predicted to occur are assumed here to mix well all regions of the bubble. The diffusive deposition

is calculated from Fuchs’ model:

Sh = f(E) Pel/?

295 NUREG/CR-6153

B A g AL S



Uncertainty

¢. Uncertainty in Slip Correction Factors

There have been a variety of empirical, slip correction factors used by various authors. Several of these
are described in Section IV-K.2. Despite the differences in the parametric values of the different
impressions, there are not great differences among the predictions derived from the express1ons With
the exception of the expression obtained by Allen and Raabe-[143] these various-expressions have been
obtained by fitting to the same or at least similar database. The functional form of the slip correction
factor expression is such that there is a great deal of correlation among the three-adjustable parameters.

Small differences in the procedure used to obtain parametric values produce fairly significant changes
in parametric values. But, because of the correlation the three adjustable parameters do not vary
arbitrarily. There is a compensation in the variations so that large variations in the predictions of the
expressions within the range of the database are not produced.

The empirical expressions are, however, based on a rather narrow database that does not seem closely
related to the conditions of interest here. Most of the data used in the fitting process™was obfained for
oil droplets at room temperature. The theoretical expression-obtained 'by Phillips [145] is more
attractive for the substantial extrapolation to be done in this work '

15 + 12C; K + 9(C;> '+ 1) Ku? + 18Cy(C;% '+ 2) Kn3’
C = : 2 = PRIV

15—3C1Kn+C2(8+1rat)(C12+2)Kn2 Lo

where

Ci = Q-oay) /oy,
C2 =1/@2- am),
o4, = momentum accommodation coefficient, and

o, = thermal accommodation coefficient. -
it
This theoretical expression was derived, of course, based on a variety of questionable assumptions:: It
does seem to predict well the slip correction factors in the regimes where the many empirical
expressions are applicable. Consequently, the Phillips model is taken here to be accurate (no
uncertainty). Uncertainty in the slip correction factors arises from uncertainty in the accommodation
coefficient to use in the theoretical expression. It is assumed here that this uncertairity i§"a much'bigger
effect than uncertainty that can arise because particles are slightly distorted from ‘perfect: spheres. °

d. Uncertainty in Accommodation Coefficients
All available data seem to suggest that momentum accommodation coefficients vary from perhaps as

low as 0.74 to 1.0. Most measured values are around 0.9. But, the available data are quite limited.
In particular, few measurements have been made at elevated temperatures in steam-rich atmospheres.
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Intuition suggests that the momentum accommodation coefficient should decrease with temperature.
Here, the momentum accommodation coefficient is taken to be

om = 1.0 - A exp (-300/T)

where A is an uncertain parameter uniformly distributed over the range from O to 0.6.

What data are available suggest that the temperature accommodation coefficient is no greater than the
momentum accommodation coefficient. Consequently, the temperature accommodation coefficient is
taken to be:

o = o [1 - A’ exp(-300/T)]

where A’ is an uncertain parameter uniformly distributed over the range of O to 1.

e. Uncertainty in Aerosol Capture by Bubble Oscillations

Bubbles rising through the pool can be big-enough that they do not rise smoothly. Rather, there are
sharp oscillations of the bubbles. These oscillations are assumed to sweep out aerosol particles. The
uncertainties that arise concerning this mechanism of aerosol capture deal with the onset of bubble
oscillations as well as the effectiveness of oscillations at aerosol capture.

Available information concerning the onset of oscillations of bubbles is really for isolated bubbles. It
is not clear such information is actually applicable to bubbles in swarms, but this is assumed to be the
case here. Oscillations are then assumed to occur when:

1 3

where C(o) is uniformly distributed over the interval from 2.96 to 4.24 (see Section IV-F).

The removal of particles by oscillations is described by:

1 dn(dy) —kp(osc)
T vy
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or

1 dn(dp) } ~km(osc)
A dx Uslip Vg

n(dp)

where
n(d.p) = number of particles of diameter dp in the bubble,

X = rise distance of the bubble,
- ent = 2¥ -8 Fpay
k. (0osc) = mass transfer coefficient = — /f D(dp) , and

¥ = uncertain parameter uniformly distributed over the interval 0 to,2.4. = . ,!

Other quantities in these equations are defined in Section IV-L.1.g. The frequency of bubble. o,s_cil_igtion
is calculated from ' '

f (27rt)2 ) 8n(n-A1) (n+1)4(n+2) dlv |

3 ,
Dy [(m+1) py + npg]

where n = 2.

f. Uncertainty in the Summation of Aerosol Capture Processes

The discussions of mechanisms of aerosol capture processes.were presented as though each of the
mechanisms was independent of the others. This, of course, is not the case. Treatment of the processes
as though they were independent is certainly a common approximation. The next level of approximation

is a vector addition of the deposition velocities. That is, the net deposition velocity, V(net), is given
in the BUSCA code [9] by: : ,

V(net) = V(impaction) + V(thermophoresis) + V(diffusiophoresis)
- V(settling)cosf + V(impaction) + V(diffusion)

and this is integrated over the surface of the bubble. In the SPARC code [6],

V(net) = V(impaction) + V(diffusion) - V(settling)cos¢ - V(vapor)
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where V(vapor) is the velocity of the vapor evaporating from the bubble surface.

Vector addition, appealing as it is, still does not fully correct for the full effects of coupling among
mechanisms. Physically, the additional coupling comes about because the various mechanisms affect
the concentration gradients in the boundary layers which has a strong effect on the diffusive
mechanisms. Derevich and Zaichik [251] formulate the net flux to the wall using the Fokker-Plank
equation to be:

_ p 12 1 dPn n
J—I:[_] D+ —(Uy+'ray)§

y=o0

where
J = particle flux to the surface,

y = distance from the wall,

)
I

diffusion coefficient,
7 = pp dy2 /18 g,
U, = gas velocity perpendicular to surface,
a, = accelerations on particle, and
n = particle conc':entration.

The gradient in the term Pn is the source of complicated coupling. Goldberg [251] bas solved the
Fokker-Plank equation for simultaneous gravitational settling and diffusive deposition of particles. The
fraction of particles that would be deposited by the coupled gravitational settling and diffusive deposition
mechanisms are shown in Table 25 for dimensionless times of £ = 2Vt / Dg and various values of
2P/ Vg Dg. also shown in the table are the fraction of particles that would deposit by pure diffusive
deposition and pure gravitational settling. Simply summing these pure deposition processes does, of
course, overpredict deposition (it even yields physically impossible values greater than 1).

Rosner and coworkers [252-5] have discussed the complicated coupling between thermophoresis and
other deposition processes. They find a complicated correlation of the deposition flux with
thermophoresis, and without thermophoresis that depend in complicated ways on the specifics of the
situation.

Here the vector addition procedure is utilized in the form:

V = V(impaction) + V(thermophoresis) + V(diffusiophoresis) - V(settling)cos$
+ V(impaction) + g V(diffusion) - V(vapor)
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where o is an uncertain parameter uniformly distributed over the range from 0.5 to 1.5. When
oscillations of the bubble become important, the mechanisms of aerosol deposition are taken to be
diffusion, oscillations, and gravitational settling and they are taken to be independent.

g. Uncertainty in Aerosol Capture During Bubble Formation

Three mechanisms of aerosol capture during bubble formation are consider here:

¢ inertial impaction from the jet,

* convective deposition from circulating gases, and

e (diffusiophoretic deposition due to the condensation of steam.

Uncertainty in the diffusiophoretic deposition of aerosol particles is assumed here to be dominated by
the uncertainty in heat transfer from the forming bubble and uncertainty in the gas composition. These
uncertainties have been discussed above. Uncertainty in the other two mechanisms are discussed here.
Most computer codes used as a model for inertial impaction from the gas jet a model appropriate for
stagnation flow against a fixed plate. This model predicts a rather abrupt variation in the efficiency of
particle capture with variations in particle size. Above, an alternative model is described. This model
shows much less variation in particle capture efficiency with particle size. Since there are not data to

guide selection between these models, a parameter e(f) is defined to be distributed uniformly over the
range from O to 1, and the particle capture efficiency as a function of particle size is found from

_e(dp) = ¢(f) E(plate) + [1 - E(f)] E(disk)

where
e(dp) = fraction of particles of diameter dp captured,
E(plate) = fraction of particles of diameter dp captured according to the fixed plate model, and

E(disk) = fraction of particles of diameter dp captured according to the alternative (disk) model.

The capture of pa