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ABSTRACT

Analytical needs for LMFBR HCDA source term assessment are outlined
and the physical events connected with the formation of an aerosol source
are discussed. The important features of the movement of hazardous
materials from the core site to the boundaries of the secondary contain-
ment are described, with accompanying brief reviews of prior work. The
overall problem is broken down into tractable parts and approaches for
attacks on the various problems are suggested. Topics include the
state of the disrupted core, interactions with intact above-core struc-
ture, HCDA bubble formation, heat exchange with the sodium pool, aerosol
formation by nucleation and fragmentation, attenuation effects, and

aerosol behavior in secondary containments.
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 SUMMARY

This outline of source term assessment needs follows the poss1ble
course of a core materlal—coolant mixture from the site of a hypothetical
disruption:to. the boundaries of -the secondary-containment. :-The high-
temperature,vhigh—pressure, multi—phase mixture of sodium and core mater1al
produced by the HCDA is assumed to.pass through the rema1ns of the upper.
core structure, through the sodium pool and into the cover gas reglon.:"v
This material is assumed to subsequently leak into the a1r—fi11ed secon—“
dary containment where it may undergo further changes. This is the
material which can potentially leak into the environmment. The composition
and state of this mixture are determined by the physical and chemical
events which take place along the way, as well as by the history of the
reactor up to the time of the accident. An attempt is made to point out
the important contributory phenomena and suggest ways in which they can
be studied; the ultimate aim is the preparation of practical engineering
calculational methods to characterize the properties of the aerosol
mixture in the secondary containment.

Sections of this report discussing the above topics were prepared by
individual staff members more or less independently of one another but
with overall guidance provided by the program coordinator. A list of
issues which are important to examine follows. (The parenthetical numbers
refer to the sections where the topic is discussed.)

1. What is the state of the core at the end of disassembly? (2)

2. What effect will fragmentation processes have on the potential
source? (3.1)

3. What changes occur to the disassembled core mixture of materials
as it moves through the above-core structure? (3.2)

4, What is the bubble's initial thermodynamic state? (3.3)

5. What effects are produced by heat exchange between the bubble and
the sodium? (3.4)

6. How does the aerosol suspension behave in the bubble and in the cover

gas region? (3.5)
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7. ‘What are the effects on aerosol-characteristics due to blockage? (3.6)

a. What alteration may be expected from plugging? (3.6.2)
b. What changes take place in the aerosol on free
expansion into the secondary containment? (3.6.3)

8. What is the behavior of aerosols in. the secondary containment? (3.7)

Those aspects of the-proposed énalyticai actibity that are connected to
the ART experiment programs in the CRI-II, CRI-III/CDV, NSPP, and FAST

facilities are indicated;
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SOURCE TERM ASSESSMENT CONCEPTS FOR LMFBRS:
AEROSOL RELEASE AND TRANSPORT (ART) ANALYTICAL PROGRAM

T. S. Kress, Program Co-ordinator

1. INTRODUCTION

M. L. Tobias

The preparation of this document has been guided in terms of re-

sponse to a basic practical problem which can be stated as follows:

Safety analysis reports prepared as part of the licensing.
process for LMFBRs must evaluate the radiological conse-
quences. of hypothetical core disruptive accidents. What-. : -
information must the regulatory staff have in order to
assess the validity and merits of these evaluations?

In response to th1s need a program of analytical studies has been °
outlined to assess the radlologlcal source resulting from an
HCDA.. .

To fix ideas, we refer now to Fig. 1, a schematlc based on recent
CRBR concepts. A person at point M is presumed to be exposed to a radio-
active dose originating from a core disruptive accident. The amonntlof
exposure will be a function of both position and time. The source of
this exposure arlses out of core materials which ‘have been released into
the reactor contalnment building and which escape . hrough the secondary
containment structures 3 and 4. The radioactive source material enters
tne reactor, containment building due to”openings~orfleaﬁs~inAthe reactor
enclosure system (deflned ‘as the reactor vessel, the closure head, and '
-the guard vessel) * The enclosure system has become a repository of
radioactive source material dispersed from the core as a result of acci-’
dents which may‘melt and ﬁaporize some portion of the fuel.

Various canses might bewhypothesized for the openings to exist in

the primary containment, such as melt-through due to core debris deposited

*The 'parallel design'" mentioned in Ref. 1 and the PSAR for the
CRBR also included a sealed head access area. This feature is not
included here.
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on the vessel, a power excursion energetic enough to open the pressure
vessel head,* or even eartﬂquakes or sabotage.’

At present it is not clear what events should be admitted as causes
or radioactive material releases. Thereforé, in the ART program it is
proposed thaﬁ leaks of unspecified size be considered without specifying
the sequence of events leading to the creation of the leaks. Calculational
procedures will then be developed to determine the release rates and the
behavior of the resulting aerosols for ranges of conceivable physical
conditions which might occur in an accident. (A similar approach.haslbeen
taken by others._)I+ Initiating accident mechanisms will‘Be considered for
background information only. The source characterization problem will be
broken into tractable parts by concentrating on the important physical
phenomena following the cessation of power generation.

Starting with arbitrary but representative values for the thermo-
dynamic states of the core following postulated power excursions, leaks
will be assumed to exist in the pfimary containment system that will
allow material to be released into the reactor containment building.

The principal questions to be addressed then are the following:

1. Reactor core material is assumed to be transported from
the drigihél core position in the form of a "bubble'
(or "bubbles") having seveéral components in various
formsf' solid fragments, aerosols, droplets, vapor, etc.
The initial composition, temperature and pressure are
related to the total quantity and distribution of
excess energy deposited in the molten fuel. How do the

mechanisms of formation of this bubble affect its

*There is considerable divergence of view concerning the likelihood
of such events, For example, Ref. 2 contains a statement that a hypo-
thetical core disruptive accident should not be considered as a design
basis accident. At the opposite (and anti-nuclear) extreme, Ref. 3
claims that explosive LMFBR accidents are conceivable which could re-
quire abandonment of a 150 000 sq. mile area.



initial composition and what changes will occur in the
bubble as it rises through the sodium and the structure

above the core into the cover gas.area?

2. What is the aerosol behavior of the material in the
bubble and the cover gas area before leakage to the

secondary containment?

3. What changes may be expected to occur as the material
in the primary containment enters the secondary con-
tainment through leakage paths of various lengths

and cross sections?

4. What is the behavior of the aerosols in the secondary
containment region arising from:
a. burning sodium;
b. release of mixed- oxide fuels;

c. release of fission products?

In particular what are the effects of the timing, magni-
tude, and rates of release into the secondary contain-
ment environment upon aerosol behavior? (By behavior

we mean aerosol composition and properties, rates of
coagulation, settling, wall deposition, and resuspen-

sion.)

In the light of the Original basic aim, this document has two pri-
mary purposes: first, to outline a proposed program of analytical studies;
second, to serve as a general guide to those physical phenomena which
occur during an LMFBR core disruptive_accident which we believe to be
of significance in the generation of an aerosol source and to list the
physical problems associated with these phenomena. Introductory material
is then followed by discussions of the individual phenomena by the staff
members directly concerned with each area. Suggested plans of analyses
are infendéd to reflect a basic philosophy that, for the purposes of a
'safety assessment, bounds, as well as best estimates, on the physical
phenomenon are appropriate. In developing this analytical program we

recognize that significant contributions are being made by other



participants for the Nuclear Regulatory Commission as well as in work
sponsored by ERDA. Our efforts are intended td be collaborative and

complementary rather than competitive.
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University of Massachusetts Press, Amherst 1976, p 118.

4. J. A. Gieseke et al., Analytic Studies of Aerosol Behavior Predic-
tions for Fast Reactor Safety, BMI-1932, March 19, 1975 Battelle
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2. THE HYPOTHETICAL CORE DISRUPTIVE ACCIDENT:
- THE END-OF-DISASSEMBLY STATE

J. S§. White

Recent efforts to develop mechanistic approaches for analyzing core
disruptive accident sequences for the CRBR and FFIF have led to the iden-—
tification of three accident progression paths (Fig. 2).2 Therfirst is

an early termination path due to negafiﬁe-reactivity effects. In other
| paths, the accident could proceed directly to an energetic disassembly
or, alternatively, enter a transition phase where shutdown may be caused
by either mild fuel dispersal or an énérgetic disassembly.

Accident sequences depend strongly on specific reactor configura-
tions. Thus, several differences,exist between the CRBR and the FFTF
which result in different:accident scenarios. It is difficult to suppose
realistic mechanisms for ehérgetic disassemblieé,for the FFTF, whereas
there are combinations of pessimistic assumptions that can be made for
the CRBR to produce a calculated hydrodynamic disassembly directly from
initiating phases. The mechanistic approach has been described in de-
tail in references (1) and (2) for CRBR accident scenarios of both tran-
sient undercooling (TUC) and transient overpower (TOP) initiating events
with failure of both primary and secondary safety systems. Four best
estimate base cases were analyzed using the current versions of SAS3A3s*
and VENUS-II ° based on the TUC and TOP accidents under both begin-
ning of equilibrium fuel cycle (BEC) and end—of—equilibfium fuel cycle
(EEC) conditions. Five parametric cases were run as variations from
these base cases to determine the effects of pessimistic assumptions on
total energy generétion. .

Hydrodynamic disassembly conditions were obtained in one of these
parametric SAS3A calculations for a TUC base case with a BEC core.

These conditions of high core temperatures, high power level, and a
large sustained ramp rate were used for a voided-core VENUS-II calcula-

tion and calculation of the fuel expansion work (Table 2.1).2
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Fig. 2. Comprehensive mechanistic accident analysis path structure.



Table 2.1. Initiating accident scenario — Summary
of disassembly calculation for beginning-of-
equilibrium-cycle transient undercooling accident

Initial Conditions

Core average temperature:

Reactivity

Power

Ramp

VENUS-II Results

Core average temperature

Maximum temperature

'Energy in molten fuel

.Fuel Expansion Work

Work-energy to 2.1 x 107 cm3

"Na-slug impact"'.

Work-energy to 1.atm

2992 K

107§

4,28 x 101! watts
(440 x nominal)

50 $/éecond

4150 K

5797 K

- 5560.MJ

72 MJ

350 MJ




Three_additional variations on this case were run with 75 and 100
dollars pér-secon& ramp rates. In addition the effect of increasing
the Doppler coefficient was examined. The VENUS-II results and the fuel
expansion wotk2 are summarized in Table 2.2.

The conclusions drawn from these accident scenarios were that a
highly energetic disassembly accident would requirereither postulated
large ramp rates or autocatalytic fuel compaction, neither of which is
currently thought probable. However, because of uncertainties in the
computer calculated results, a conservative approach should
be taken by using a range of values for the post-disassembly state in
the neighborhood of the CRBR bounding case as initial conditions for

subsequent source term analyses.
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Table 2.2. Summary of pataﬁetric diséssémbly calculations

a VENUS-II Results

. 75$/second 100$/sec§nd~ 100$/s¢cond# A

Core average

temperature (K) : 4483 -4802 - - . 4533
Maximum

temperature (K) - . 6300 - 6857 - .~ 6357

' Enérgy in ' ' ' '

molten fuel (MJ). - 6690 .- 7700 - - 6860

b Fuel Expansion Work

75$/second 100$/seéond iOO$/sééond*

Work—~energy to

2.1 x 107 cm3

"Na-slug impact" A
M) 126 194 131

Work-energy
to 1 atm (MJ) 591 974 632

*Run with increased Doppler as explained in the text.
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3. THE MOVEMENT OF CORE DEBRIS FROM THE ORIGINAL CORE
SITE TO THE LIMITS OF THE SECONDARY CONTAINMENT

3.1 Fragmentation of Molten Fuel During
Hypothet1cal Core D1srupt1ve Acc1dents

A, L Wr1ght

3.1.1 Introduction

For HCDA releases attr1butable to buoyant r1se of vapor bubbles,
the primary concern iswith fuel that . has ‘been vapor1zed along with vola-
t11e and gaseous f1ss1on products. ‘However, if mechanlsms ex1st whereby
quantities of liquid fuel can be fragmented into small sizes, these could
contr1bute to the rad1olog1c source term as well as 1nfluence the behavior
of the HCDA bubble. The goal of thlS sectlon, then, is to exam1ne postu—
lated fragmentation mechanisms and propose methods to estimate the sizes

of fuel fragments that might result.

3.1.2 Occurrence of Fragmentation and Its Impact on Source Term
Calculations

There seem to be two general fragmentation mechanisms postulated

for HCDAs:

1. '"Hydrodynamic" fragmentation, or liquid breakup due to
the relative motion of fluid across a liquid surface.

2. "Thermal'" Fragmentation, or breakup of fuel due to
stresses produced by solidification of liquid fuel
due to contact with sodium coolant.

Some of the situations during which fragmentation may occur are

shown in Fig. 3. These situations have been discussed by Reynolds, et

al.,2 Buttery, and Cronenberg and Grolmes: :13

a. Fuel may jet out of a ruptured fuel pin. Rayleigh1
showed that at a critical velocity, liquid jets become
unstable and break up; the resulting droplet radius is

Rdrop = 1.9 R jet (1)

b. Fuel drops may contact sodium coolant and freeze. The

fuel may then fragment due to thermal stresses.
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Fig. 3. Situations in which fragmentation may occur.
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c. After disassembly, the high pressure, high temperature
fuel mixture may rapidly evaporate, or "flash." The
accelerations and shear forces resulting from rapid
growth of vapor bubbles may efficiently fragment the
residual liquid.

d. Fuel vapor may condense as a film on the fission gas
plenum (see section 3.3). The vapor that streams
past the film can strip droplets from it.

e. The jetting of two—phase fuel out of the fission
plenum may result in small droplets of fuel being
formed. ‘

f. Liquid drops and aerosol particles jetting out of
a leak in the primary containment into the secondary
containment may break up.

Fragmentation could significantly affect- the mégnitude of the aerosol
source term. First of all,zit can influence ;he content of the rising
HCDA vapor bubble. If many small drops become well mixed with sodium
coolant in the core, the fuel may lose significant quantities of heat
to the sodium because of the large heat transfer area. Such a fuel-
coolant interaction may lead to larger peakipressures and result in a
bubble containiﬁg large amounts of sodium vapor.

If small aerosol-like fragments are formed during the fuel mixture
expansion, they may be carried up in the bubble and be a significant
part of the source term. Finally, if liquid or solid materials fragment
when passing through a primary containment leak, the nature and hazard

of the source may be altered significantly.

3.1.3 Previous Work

3.1.3.1 Hydrodynamic fragmeﬁtation

Hydrodynamic fragmentation kFig. 4) resﬁlts when hydrodynamic forces
exerted on a drop exceed the restoring surface tension force. Various
hydrodynamic mechanisms leading to fragmentation were described by
Buttery3 and further described by Reynolds et al.? Three dimensionless
parameters are important in detérmining how hydrodynamic~fragmeﬁtation

occurs:
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Weber Number: We = inertial forces/surface tension forces

We = p (s — u,)2D/o, 2)

viscous forces « viscous forces
surface tension forces inertial forces

Viscosity Number: Vi

Vi = ud/,/pdodD v (3)

Bond Number: Bo = acceleration forces/surface tension forces

- 2/5
Bo = p,a,D /crd (4)
and Bo = §C We
47D
CD = dfag coefficient for flow around a sphere of diameter D.

Four types of hydrodynamic fragmentation are illustrated in Fig. 5,
adapted from Buttery.3 Above a critical Weber number, drops distort and

break due to aerodynamic forces."

Liquid viscosity has a stabilizing
effect on this breakup: the viscosity number accounts for this. Aero-
dynamic breakup is characterized by "algebraic'" (i.e., continuous and
stable) drop deformation, as contrasted with iﬁstability breakup.

For greater Weber and Bond numbers, up to Bo 10, boundary layer
stripping and capillary wave breakup may occur. Boundary layer strip-
pings’6 results when liquid layers are stripped from the surfaces of
drops. An estimate of the boundary layer thickness, §,, and so the size

of stripped droplets can be obtained from the work of Ranger and
Nicholls:?

2mD(n,/p ) 1/2
51 - { d "d } (5)
' 3uf(ufof/udod)1/«3
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Capillary waves’»8 are Kelvin-Helmholtz waves generated on a liquid
surface due to a flowing gas. Mayer7 found that a minimum wavelength
could be excited to high amplitudes and break from the liquid; this mini-

mum wavelength is

A = 2n(16)1/3 [ud(c/pd)1/2 spfufZ] 2/3 )

B v .3

The mean fragment diameter is proportional to Am.

9 grow, but

For Bond numbers less thén 10°, Taylor instabilities
their growth is slow and they do not influence breakup. When Bo > 105,
however, these instabilities grow rapidly and shatter liquid drops
abruptly.s’10

Additionally, liquid fuel may be fragmented by flashing, due to
rapid growth of vapor bubbles within the liquid. Brown and Yorkl?
investigated'the break-up of flashing liquid jets and found that above
a critical superheat the jet shattered due to vapor bubble growth. The
mechanism of breakup is not clear, i.e., aerodynamic bursting, Taylor
instability, etc.

Conceivably, liquid fragment sizes could be calculated on the basis
of Bond and Weber numbers for a flow. Another means would be to use an

empirical correlation for drop sizes, valid for a wide range of condi-

tions, such as that developed by Isshikill

(D°/D)0%-25 = 1,9/ (We)?-25 + 0.315(pf/pd)0'5

CD(We)O'IZSQn(D/D‘) (7)

initial drop size

final drop size
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3.1.3.2 Thermal fragmentation

A thermal fragmentation process, following Cronenberg and Grolmes
description,!3 is illustrated in Fig. 6. When liquid sodium and liquid
fuel drops contact, fuel may ffeeze at -its outer surface. Large thermal
stresses may result which exceed:the fuel yield stress and fragment the
drop.

~ Calculations discussed by Cronenberg and Grolmes indicate that the
"homogeneous crystallization" temperature, below which U0, should solidify,
is 2373 K, about 700 K below the U0, melting point. If the interface
temperature that results on contact of liquid fuel and sodium is below
this value, interface solidification of the outer shell of the UO, droplet
should result. The thermal stresses produced due to severe thermal
gradients can be calculatéd using a known solution for the thermoelastic

stress produced in a moltenlsphere.11+

Such stresses calculated by
Cronenberg and Grolmes were large enough to fracture the drop; however,

no final drop sizes were predicted.

In the view of Cronenberg and Grolmes,13'if liquid fuel — liquid
sodium contact occurs, thermal fragmentation is the dominant break-up

mechanism, as opposed to hydrodynamic fragmentation.

3.1.4 Work Plan

To determine the particle sizes that result from fragmentation, the
following work appears to be necessary: _
a. Determine physical conditions existing dﬁ;ing various phases of
HCDA's: pressures, -jet velocities, bubble growth rates for
flashing, possibility of fuel-sodium liquid contact, drop sizes

before fragmentation, etc.

b. Using "a'" as input conditions, determine the mode of fragmenta-
tion that occurs, whether thermal or hydrodynamic fragmentation.
Use empirical correlations or develop schemes to calculate the

particle sizes produéed on the basis of Bond and Weber numbers.
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¢c. Compare caluclated drop sizes with those found in HCDA experi-
mental programs. Scaling may not be realistic in all cases;
for instance, fuel flashing at a few hundred atmospheres down
to 1—20 atmospheres in the primary containment may not be
analogous. to the flashing of water jets at much lower pressures.12
‘The CRI-~III and FAST experiments of the ART Program15 can be impor-
tant sources for HCDA particle size data. In CRI-III, UO, flashes in an
argon atmosphere; in FAST, liquid UO,-sodium contact may occur during
flashing. If measurements of the fragment sizes produced can be made,’
tﬁis would be most valuable in guiding developmenf of models, testing

their validity, and in determining the dominant fragmentation process

for liquid-liquid contact.
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3.2 Effects of the Passage of the Disassembled Core Fuel Mlxture
Through the Upper Core Structure

A. L, Wright

3.2,1 Introduction

Questions addressed in this section are related to mechanisms which
may attenuate or increase the aerosol source term as the disassembled
LMFBR fuel mixture expands through the upper core structure of the reactor.
This mixture can be assumed originally to be made up of molten fuel and
steel, sodium, and fission gases. The expansion process and composition
of the vaper bubble will be influenced by the heat exchange between molten
fuel and sodium coolant that may be still present in the core. In addition,
the upper core has been taken to be as much as four thousand degrees (°F)
cooler than the molten corel®, so possible energy losses from the expanding
core to the structure may strongly attenuate the source. Additions to the
source term may result if the expanding mixture entrains fuel fragments of
small size during the expansion process.

The physical processes that may occur during this initial expansion
stage will be discussed in greater detail and parametric models will be
outlined for use in- source term calculations. Some of the inputs to these
models w111 be based on analyses that have been performed at the University

of Virginia, the Argonne National Laboratory and elsewhere.

3.2.2 Description of Expansibn Throﬁgh the Structure

The disassembled core will be assumed to start out at some initial
state (1), as shown in Figure 7. This initial state consists of:
a. The masses of fuel, sodium, stainless steel, and fission

1£° Mls’ Mlss’ Mifp respectively.

b. The initial energy states E

products; M

1 of each of these components.
The actual core can be expected to have distributed initial properties.
Calculations will be performed assuming average states or treating distinct

distributed states independently.
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The amount of sodium in the core and upper structure before fuel
mixture expansion will be dependent on the history of the accident lead-
ing to disassembly. In the case of the transient over-power (TOP)
accident &ithoot scram, sodium remains in the core during disassembly of
fuei elements. ”For'a loss of flow (LOF) accident without scram, sodium
will void selectively from‘the central fuel channels outwardly (perhaps
leaving a thin film behind), with the limiting case being a core completely
emptf of 'sodium upon disassembly. It appears necessary to 1nvest1gate
not only these "11m1ting cases, but also 1ntermed1ate cases treatlng the
1n1t1a1 mass of sodlum in the core as a parameter of the model. .

The expandlng mater1a1 that becomes a vapor bubble may be mainly
sodium, mainly fuel, or some mixture of the two. For signlflcant sod1um
vaporization to occur, there must be an efficient m1x1nglof sodlum and 2
fuell to provide the large heat transfer area neededhto permitmsighifi— :
cant exchange of energy from the fuel to sodium. T

If the sodium and fuel are well-mixed, sodium vaporization rates
can'be large, with possibie accompanying fragmehtation_of fuel (Fig. 8).
This may result,in“a sodium bubble with small fuel drops suspended in it.

In the case of simple fuel expansion, (i.e. without fuel coolant inter-
action) a large amount of* fuel -vapor may be formed - estimates are of the
order of 8 per cent of the initiai'fuel mass, assuming isentropic expagsionz.
Fuel vapor production by rapid vaporization or "flashing", may result in
additional foel'of transportable size that is sgspended in the fuel vapor
bubble. - o |

While entrainment and fragmentation may increase the particulates
in the vapor bubble, heat losses to the '"cold" upper structure can reduce
the amounts of fuel and sodium vapor. There may be enough heat trans-
ferred to the steel clad to cause it to melt while fuel and/or sodium
condenses. |

The constraining effect of structure on the expansion process may
also be important in determining the character of the bubble. Rather
than a spherical expansion of fuel and sodium occurring, this mixture

may be constrained to jet out of the fission gas plenum zone into the

sodium pool. The velocity of the jet exiting the plenum may affect the
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27

rate  of entrainment of sodium from the sodium pool into the vapor bubble
and set up internal circulation patterns that affect subsequent heat
transfer and transport of particulates. . This entrained sodium can be a
heat sink, causing the vapor bubble to condense more rapidly during its

subsequent rise through the sodium pool.

3,2.3 Previous Work

- Previous work related to fuel mixture expansion through the upper
structure can be divided into two areas: studies related to fuel-
coolant interaction (FCI), and analyses of heat losses to the fission
gas plenum region. Previous work, when applicable, will be used

"input" to the source term calculation, as described in the next

as
section,

At present, fuel-coolant interaction models are parametric and
results obtained from experiments have not been well predicted. Padilla3 .
presents an excellent review of some of relevant theories. Models that
describe the expansion of heated sodium are divided into "thermodynamic'
(time independent) and "finite heat transfer rate'" models. Rate-limited
models are of primary interest because heat transfer and expansion
rates are important in determining fuel fragmentation and entrainment
effects, The rate model that has been in most use recently is the ANL
rate-limited FCI model“~6, Large peak sodium pressures are predicted
for very short fuel-sodium mixing times and mixed fuel droplet sizes of

7 and

the order of 100u. However, dropping experiments of U0, in sodium
many of the TREAT meltdown tests® with U0, and sodium have shown relatively
minor pressure generation.

Analyses of heat loss to cold structure indicate a significant
potential for cooling and condensing of the hot fuel mixture. In some
of this work, sodium is the expanding fluid;g_11 in others, fuel is the
working £f1uidl?~15, Much of the analysis assuming fuel condensation also
includes effects of the steel structure. Another phenomenon that may be
important is the choking of the flow through the fission gas plenum
regionls. This could affect bubble expansion rates and time available

for condensation of materials in the upper core structure.
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Experiments relevant to structural heat losses have been performed
at Stanford Research Institutel?, where high pressure, high temperature
steam was expanded through a simulated CRBR upper core. Peak pressures
were 22,.5% less than those produced when the expansion was performed with-

out simulated structure above the core.

3.2.4 Analysis Plan

Estimates are needed of the state of the fuel mixture as it leaves
the fission gas plenum. This '"final" state consists of the fuel mixture
energy state, velocity, and size of particles transported in the expanding
mixture,

The fuel mixture initial state is an input to these calculations.
The energy lost from fuel to sodium will be a parameter, and peak fuel
mixture pressures will be estimated using current FCI models. From these
peak pressures, expansion rates through the upper étructure will be found,
and these rates related to fragmentation parameters to determine the size
of fuel fragments produced (section 3.1).

Current models for heat loss from expanding fuel or sodium to struc-
ture will be used to find the amount of heat transferred to structure
during the transit time of the fuel mixture expansion through the fission
gas plenum. This transit time may be determined by assuming that choked
flow occurs, or by estimating it from the fuel mixture expansion rate.

It also may be important to estimate the effect of noncondensables on the

heat loss from expanding fuel.
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3.3 Expansion of the Core Bubble Just After Disassembly

3.3.1 Time-Independent Expansion Thermodynamics (H. W. Bertini)

3.3.1.1 Introduction As part of the evaluation of initial fuel

aerosol formation, it is necessary to characterize the core bubble -
its siZé, fuel vapof &ensity, fuel quality, pressure, and temperature -
as a starting point for further analyses which examine the bubble's
transport behavior as it risestﬁrough the sodium pool. "

A t1me-1ndependent thermodynamic approach can be used to make con-
servatlve estimates of those characteristics that mlght exist 1mmed1ately
above the core following a severe hypothetical core disruptive accident.
It will be assumed that the properties of the bubble will be established
before the bubble rises appreciably, and hence the calculation described
in this section will not include effects that result from the rise of

the bubble.
The approach will be tailored to scope the values of the quantities

of interest as a function of the initial condition which will be taken
as a parameter.

For the case of no sodium interaction with the fuel, Calculétions
for free adiabatic expansion (no work) as well as isentropic expanéions
will be carried out. The results from the adiabatic expansion with no
work will éive upper limit values for the bubble size and quality; The
-isentropic expansion calculations will give results that are expeéted
to be closer to the actual situation because the full measure of the
work required for the expansion must be extracted from the initial
internal energy. However, in the actual case processes may take place,
such as thermal losses to structure, which will reduce the energy avail-
able for vaporization. These processes will not be included in the
isentropié calculation and hence the results will not necessarily repre;
sent minimum values. -

When it is desired to include specific quantities of sodium to
interact with the fuel, the appropriate scoping calculations are not s0
apparent. The effecté of the thermal exchange in reducing the potential

for free vapor production should depend on the extent, timing, and nature
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of the mixing process. These are difficult to inclnde on a time-
independent basis. Appropriate thermodynamic relations can be developed
for bounding effects that should provide guidance and insight for com-

parison with experimental results.

3.3.1.2 Related Work: Mostiof the existing work on the expansion

of the fuel 1nclud1ng thermal exchanges with the sod1um has been done
with time- dependent computer code models. Some of the ex1st1ng computer
codes and previous analytical approaches to the bubble characteristics

will be briefly discussed.

2 were developed to determine

The REXCO-HT codel and its predecessors
the shocks and stresses to the primary containment vessel which night
result from an accident. The initial condition of the core must be esti-
mated, i.e., the temperatures and pressures must be supplied as innut,
and they are usually obtained by homogenizing the output from a VENUS-II
calculation. The REXCO-HT code then calculates the progress of the bubble
expansion and the shock and pressure waves as a hydrodynamic problem.

This procedure while it may be adequate for the intended purposes of the
calculation, does not necessarily supply information pertinent to bubble
transport of radionuclides. ‘

The FEXPAN code?’q uses time-dependent expansion calculations‘employ—
ing Lagrangian coordinates. Initial condition for each mesh cell in the
core at the end.of disassembly are obtianed from VENUS-II calculations._
Spherical, one-dimensional hydrodynamic expansion of the core is calculated
in short time steps assuming that the medium is a homogeneous fluid, the
expansion is adiabatic, and chat thermodynamic equilibrium exists at each
time step. Reference 4 includes, for comparison, a time-independent cal-
culation in which each initial cell of the mesh is allowed to expand
isentropically and independent to a final pfessure. In neither case was
the effect of the vaporization of sodium on the characteristics of the
bubble included. .

The SIMMER cc_>de5 being developed at Los Alamos should have the
capability to calculate the fuel vapor density of the bubble with and
without godium, However,-this code is large and developmental and its
existence should not obviate the need to calculate the max1mum values

of the bubble characterlstlcs in a simpler fashion.
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The last approach to be cited, Hicks and Menzies,6 is time indepen-
dent. They estimated the work potential of the sodium vapor in the adia-
batic expansion of an intimate mixture of sodium and liquid fuel, but no

information on the fuel vapor density is available from this work.

3.3.1.3 Work Plan A brief outline of the approach to be used is
given in this section. The method is applicable to that portion of the
fuel that is in the saturated liquid state following disassembly. It is
this portion of the fuel that, upon flashing, will substantially change
the quality from that at the end of disassembly.

Calculations will Be carried out for both adiabatic (no work) and
adiabatic-isentropic expansions without sodium. Then analogous calcul-
ations will be made for mixtures of sodium and fuel. The initial tem-
peratures of the fuel, as well as the final pressure, will be taken as
parameters.

For the adiabatic free expansion (no work done) of fuel the quality
of the fuel in the final state is given by

ug (Ti) = u, (Tf) * Xuy (Tf) (1)
where Ti and Tf are the initial aﬁd final temperatures, X is the quality,
and uz and “zg are ‘the specific internal energies of the saturated liquid
and the difference in internal energy between the saturated vapor and
liquid. The equations of state necessary for the calculation are given
in Ref. 3

Similarly, for an isentrobic expansion to some final pressure, the
governing equation involving specific entropy and quality is

| s, (Ti)_: éz (Tf) t Xsy <Tf> (2)

Expressions for the specific internal energy and entropy in the
saturated liquid state are also given in Ref. 3. Expressions for “zg
and SZg can be derived from standard thermodynamic relationships in

conjunction with the Clausius-Clapeyron equation.
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The éhalogous ékpressions are more complicatéd when sodium is in-
cluded in the calculation. The maximum reduction of fuel vapor w;vould~
seem to result if the selected quantity of sodium is calculated to
reach temperature eqﬁiliﬁrium with the fuel before any substantial
expansion occurs. At the high thermal state before expansion, the
sodium could remove the maximum amount of energy from the fuel which
would be at the expense of potential fuel vapor production that would
occur during the subséqueﬁt (isentropic?) expansion of the fuel.'

A "minimum" effect for complete thermal exchange with a given
amount of sodium might be bounded if the fuel is calculated to first
expand édiabaticaiiy to fhe end state where the fuel temperature is
substantiélly'lower, éﬁd thén interact with the sodium to reach a new
equilibrium conditionm. , A |

intermediéte effects can be included by modelling the process over
small expansion intervals allowing specified fractions of the total
éodium to interact to equilibriumnduring‘each increment of the expan-
sion. Such infermediate calculations would only serve to estimate
the rate of energy exchange between the fuel and sodium when compared
to actual measurements of the final fuel vapor quality and content of -

sodium vapor.

3.3.1.4 Results to be Obtained: The results from the calculation will;

be in parametric form and will be given for various initial and final
states, i.e., for the expansion to each assumed final pressure from an
initial saturation temperature of the fuel, the characteristics of the )
bubble (final diameter, fuel, vapor density and quality) will be calcu-
lated for varying masses of sodium for bounding conditions. The effect
of varying the initial témperature of the sodium can be included, and
the initial-fuel temperature‘and final pressurevwill be varied.
In the case of an HCDA in‘which the various regions of the core
are in different states folldwing disassembly,'én estimate of the final
bubble characteristics can then be readily obtained by superimposing .
the results from the expansions of each core region where the expan-
sions of each region are taken to be independent of each other. This
is equivalent to assuming that there is no mixing between regions during

the expansion and should yield the maximum quality.
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As discussed above, the isentropic calculations will yield results

expected to be more realistic but will not necessarily represent minimum

values of fuel vapor quality and bubble size. Differences between results

from the adiabatic and isentropic calculations will be of value in esti-

mating values where énergies greater than those accounted for in the

isentropic expansions are taken from the internal energy of the system.

3,3.1.5 References

J. C. Bratis, T. J, Marciniak, and J. Gvildys, REXCO-HT: A Hydro-

dynamic Containment Code Including Molten-Fuel-Coolant Interactions,

ANL-75-15, February 1975

Yao-Wen Chang, Joseph Gvildys, and Stanley H. Fistedis, Two-Dimen-
sional Hydrodynamics Analysis for Primary Containment, ANL-7498,

Noﬁember 1969, and reference cited therein.

M, Kirbiyik,‘P. L. Garner, J. G. Refling, and A. B. Reynolds,
"Hydrodynamics of Post-Disassembly Fuel Expansion," Nucl. Eﬁg. -
and Design 35, 441 (1975) ' .
A. B. Reynolds and S. R. Rao;'Analytical and Planning AsSistanée
for HNL Bubble-Behavior Experiments, ORNL-SUB-3980-1, Aug. 1975
C. R. Bell, P. B. Bleiweis, J; E. Boudreau, F. R. Parker, and

L. L. Smith, SIMMER-1: An Sn Implicit Multifield,‘Multicbmponent,

Euierian, RecriticalityvCode for LMFBR Core Disruptive Analysis,
LA-NUREG-6467-MS (Draft) ’

E. P. Hicks and D. C. Menzies, Theoretical Studies on the Fast
Reactor Maximum Accident, ANL-7120, p. 654, Oct. 11-14, 1965




36

3.3.2 Time Dependent Expan51on Follow1ng Disassembly (H W. Bertini
and J. S. White)

3.3.2.1 Introduction

Following disassembly shutdown, the high pressure, high temperature
molten regions of the core are presumed to. further expand against the
structural constraints and against the sodium inertia to form the HCDA
bubble at the exit region of the core. The mechanics of formation of
this bubble are uncertain. The core material may he ejeeted upwardly
through the upper regions of the core as a two-phase mixture in choked
flow to flash and grow as a vapor bubble in the sodium pool. The
pressure drop between the core melt region and the expanding bubble may
be very high, contributing to the choked flow condition. The "jet" of
material leav1ng the core reglon may enter the bubble at high velocity
inducing strong internal c1rculat10n rates which, coupled with the
expanding 1nterface, can lead to entrainment of large amounts of the
surrounding cooler sodium. The entrainment of this cooler sodium
(quantity and droplet sizes) and the establishment of internal
circulation as a result of the time dependent expansion processes are
believed to be of much 1mportance to the subsequent thermal behavior of
the bubble as it moves through the sodium pool. Consequently, as an
1n1t1al step  in examining the entrainment as well as in support of the
FAST experiments, we are examining the rates of bubble expansion, the

interface velocity, and the magnitude of internal circulation.

3.3.2.2 Related Work

The growth and collapse of bubbles under bodies of liquids have
been examined by many authors. An incompressible liquid, Rayleigh type
equation1 (R (P -P_)/Ro - 3R2/2R), often serves as the basic formula-
tion in which appropriate choices must be made for the variation of the
driving potential, (P - Pw), as it relates to the thermal conditionms,
bubble source material, equations-of-state, and dimensional changes.%%%i

Safety assessment codes®s7 have also been developed that treat the
extended expansion phases of the HCDA. These rely on numerical

solutions, for confined regions, of what are basically the compressible
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forms of the momentum and continuity equations on which the Rayleigh
equation is based.. O0f these, only SIMMER’ appears to have the potential
of examining entrainment processes, internal circulation, and internal

energy exchange.

3.3.2.3 Work Plan

An attempt will be made to avoid the‘use of elaborate computer codes
in trying to relateAthe expansion kinetics, the entrainment, and intgrnal
circuiatiqh,tp each other.. The-approach would be based on some'form of
the incompressible Rayleigh Equation, in which tﬂe driving potential,

(P - Pm), will be developed fhrough consideration of the equation-of-
state for fuel, the feed rate out of the core, and equilibriuh thermo-
dynamics. The complexity increases in trying to include multi-
constit@éhté in fheububble, internal energy exchanges between fuel and
coolant, and energy lbsses to the surroundings;‘ If éppropriate '
formulations can be developed, these effects will be included in

parametric fashion.
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3.4 Thermal Effects as the Bubble Rises
. Through the Sodium Pool

T. S. Kress, M. N. Ozisik*

3.4.1 Introduction

This section addresses the phase of an HCDA immediately following
the initiai expansion of fuel vapor (and/or sodium vapor) which is as-
summed to have created a bubble (or bubbles) at the exit section of the
fission gés plenum region. The compoéition of this bubble is uncertain
but is assumed to bé at a ﬁuch higher temperature than the surrounding
sodium pool and should rise toward the cover gas region by buoyancy. As
the bubble moves through the sodium, this higher temperature will provide
the poténtial for thermal exchange with the sodium and with other heat
sinks. |

The'objective of the thermal modeling of this phase of the HCDA is
to determine the quantities and states of potential source material (fuel
and fission products) that survive the transport to the cover-gas region.
This will serve as a basis for determining the effects of the thermal
exchange on the characteristics of the material that may subsequently be
released froﬁ the head region into the secondary containment.

Only two thermal analysesl’2 are known to exist that are aimed directly
at this phase of the HCDA. Theophanous and Fauske! considered the bubble
as being made up of sodium vapor. They treated heat and mass transfer
as a purely diffusional process and approximated the bﬁﬁble in a semi-
infinite domain., They included the effects of non-condensable gases and
applied a similarity analysis to solve the reSulting‘coupled mass and
heat transfer differential equations. Reynolds, Kennedy, and Honig2 also
assumed a sodium vapor bubble with slab geometry. They treated heat trans-
fer on the liquid side as a purely diffusional process, assigned a conden-
sation heat transfer coefficient for condensation onto the liquid-vapor
interface and solved~the,resﬁ1ting equations numerically. New works in
progress include that being done at ORNL in the ART program, additional
work at the University of Virginia3, at Los Alamos Scientific Laboratory
in the SIMMER program”, and the ERDA sponsored source attenuation work .

of General Electrics.

x )
North Carolina State University, Consultant to ART Program



40

Experimental data for these conditions are practically non-existent.
The observations at Stanford Research Institute® (SRI), in which explosive
mixtures were used to investigate the behavior of small scale, HCDA-like
bubbles under water, have revealed that the expansion process may estab-
lish considerable internal circulation that, along with the expansion
itself, appears to lead to entrainment of large amounts of the surrounding
liquid as droplets. In view of this, it appearskthat entrained sodium
droplets should be considered as a possible heat sink in addition to the
interface itself and any'internal structure in the path of the bubble.
Furthermore, if strong circulation rates do exist, as observed in the
SRI experimeﬁté, these can greatly enhance the thermal exchanges and,
should also be considered in analyses of this phase of the HCDA. It is
Stiil an open question whether the composition of the initial bubble is
primarily fuel vapor or sodium vapor.

An exact heat and mass transfer analysis of all the thermal phenomena
occurring in an HCDA bubble would be complicated, requiring perhaps a
large computerized model. Such an approach would not be appropriate
in the ART program for purposes of source attenuation evaluation
for it ié not clear that increased model complexity will neces-
sarily result in a more accurate description of the overall behavior.
Rather, simplifying assﬁmptions that reduce the models to forms amenable
to direct analysis seem calied for. With this view in mind, then, the
following models under development in the ART program represent what we

feel is an effective approach to source attenuation thermal modeling.

3.4.2 Proposed Simplified Thermal Model

In the following thermal model, an arbitrary HCDA bubble is considered
that consists of some definite but unspecified quantity of fuel vapor,
sodium vapor, entrained sodium droplets, internal surface, and non-
condensable fission gases. It will be assumed that sufficient internal
(in the bubble) and external (in the sodium) circulation exists that
heat and mass transfer can be described as being governed by turbulent
convection (although radiant heat transfer from the vapor phase to the

interface may also be important).
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Three heat sinks will be assumed to exist: intermnal structure
covered by a thin liquid sodium film, entrained sodium droplets, and
the bubble interface itself. The heat transfer processes will be char-
acterized by the simple use of appropriate condensation heat transfer
coefficients. It is intended that separate models be developed to deter-
mine the values for the different coefficients for the three heat sinks.
Consequently, the basic phenomenological equation in this model is:

hiATi
m, = i=1,2,3 (1)
i H
fg

where ﬁi are the condensation mass fluxes,

(m; = flux to the bubble interface

.y = flux to internal surface

mg flux to entrained droplets)

ATi are the temperature potentials

i are the heat transfer coefficients
and Hfg is the latent heat of condensation for the vapor.

A mass balance for the conservation of condensable vapor may be

stated as
Total rate of loss of - |Rate of condensation dqe to heat trans-
vapor from the bubble fer to the liquid-vapor interface

Rate of condensation Rate of condensation on

+
on internal surface ) entrained sodium droplets .

In terms of the assumed phenomenological equation, (Eq. 1), this

becomes

-dM (t) . . .

= + + A 2

—?ﬁ?—- A(t)mb 0LsAoms ’ 0Ld omd 2
Where Mv(t) = total mass of vapor in the bubble at time t

A(t) = surface area of_the liquid-vapor interface at time t

A0 = surfacearea of the liquid-vapor interface at t=o

us = the ratio, (internal surfacea.rea)/A0

ad = the ratio, (surface area of entrained droplets_)/A0

The above simplified model, Eq. (2), is arbitrary in the sense that
appropriate values must be provided for the surface areas, for the in-

dividual transfer coefficients and for the temperature potentials for

each heat sink. Further, in the actual solution of the equations which
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arise out of (2), only the liquid~vapor interface surface area A(t) is
allowed to vary with time, while time éhénges in internal and entrained

droplet areas are assumed negligible.

3.4.2.1 Temperature Potentials. The temperature differences

between the condensable fuel vapor and the three heat sinks will vary
over the bubble rise period (estimated to be of the order of 1-2 seconds).
Therefore, to permit easy solution of Equafion (2), it will be assumed
that appropriate average values can be used for each temperature differ-
ence and for each heat transfer coefficient. .
Consider, first, the mean temperature difference between the vapor

and the bubble interface itself. The maximum value that this temperature
difference could have is the difference between the initial bubble vapor

temperature, Tv’ and the initial bulk sodium temperature, T However,

L
if there is sufficient time to approach a steady state, a heat balance
would give
Ry, (Tb - TL) = By (Tv - Tb)
where hb = an average condensation heat transfer coefficient on the
vapor side

= an average liquid side heat transfer coefficient

hL

Tb = the interface temperature

TL = the bulk liquid sodium temperature
and Tv = the condensable vapor temperature.
Consequently,

h
= = L - = -
ATb (Tv Tb) h'L + h (Tv TL) Cb (Tv TL) (3)
b
Equation (3), perhaps, represents the minimum value for the interface
temperature potential. It would appear to be an appropriate value to
use for the averaged temperature potential where average values are to

be used for hL and h Similarly, such considerations appear appropriate

_ b’
for the temperature potentials for the internal surface and for entrained

sodium droplets, so that we have:
A a T - T
Ts = ( v TL) Cs

and aT, ;(TV—TL) c,
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hs hd
where C = ———"T—7T and C = —
+
s R thy d hig ¥ By
h,. and h, are averaged coefficients that include the thermal

1d 1s
responses for the droplets and the structure on the respective liquid

sides. With the above simplifications, the basic mass balance equation (2)

becomes
“dF;(t) = - % Alt) 4 ¢ (T - T)
—dc ‘ HngQO Ao bb v L
+ ahC (Tv - TL) + aghC, (Tv - TL> (4)

where F(t) is the fraction of condensable vapor left in the bubble at

any time, Mv(t)/Mvo'
Assuming a spherical bubble, we have

A(Y) [V(t) 2/3, | (5)

A v
o

Various equations-of-state can be used to establish the relationship
between V(t) and Vo' For simplicity in the present analysis it is
assumed that the vapor-gas mixture inside the bubble behaves as a
perfect gas and that the total pressure and temperature remains constant
during the rise. Therefore,

V)V, = ,(Mg + Mv(t)> / (,Mg + Mvo> = <xg + F(t)) / <xg + 1) (6)

where Mg = the mass of non-condensable gases present in the bubble

and X = the ratio, (M ™ ) .
g g vo
Substituting (5) and (6) into (4) and combining the coefficients
a C =8
s s s
adCd = Bd

gives for the final simplified model mass balance equation

- 2/3
dF(t) _ —thb (Tv TL) [%g + F(t)] / Cb + Bshs + Bdhd
dt H xg+1 . hy . (D

Equation (7) should lend itself to easy solution on a computer to deter-

fg Mvo

mine the fraction of vapor, F(t), surviving the rise through the sodium.
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3.4.2,2 Heat Transfer Coefficients. To apply the simplified model

presented above, additional modeling will be required to develop appro-

priate values to use for the various coefficients BS, Bd, h h hs’ and

s >
hd. The development of these coefficients will also be a pzrt gf the
thermal modeling effort. In addition, it is believed that the portion
of the ART experimental program designated FAST/ (the under sodium bubble
transport experiments) will be valuable in establishing empirical values
for the coefficients and in validating the simplified thermal model itself.
The coefficients Bs and hS relate to the amount of internal structural
surface encountered by the bubble and its thermal response over a short

time period. The coefficients Bd and h, involve the response of entrained

sodium droplets and will require droplei sizes and entrainment rates.

Of the remaining coefficients, perhaps the most difficult one to estab-
lish is hb, the coefficient for turbulent convective condensation of fuel
vapor onto the bubble interface in the presence of non-condensable fission
gases. The type of analysis discussed below can be used to establish

both hL'and h, (not including the effects of radiant heat transfer).

The condegsation of a large sodium HCDA vapor bubble containing non-
condensable fission gases has been analyzed by Theophanus and Fauske.!l
Their analysis, however, was for condensing sodium vapor under conditions
in which molecular conduction and diffusion were dominant. A preliminary
estimate has indicated that internal circulation in a HCDA bubble is likely
to be turbulent. Consequently, a boundary-layer type analysis will be
made, similar to that of Ref. 1, but which includes the effects of tur-
bulence.

Consider a plane interface having relatively cool sodium on one side

and a mixture of hot fuel vapor and noncondensable fission gases on the

other (see Fig. 9).
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ORNL—DWG 76—20546
INTERFACE

LIQUID SIDE VAPOR/GAS MIXTURE SIDE

Yly, t), GAS CONCENTRATION
FIELD

6(z, t), TEMPERATURE
FIELD

Fig. 9. Temperature and concentration fields at the interface of
an HCDA bubble.
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The appropriate turbulent equations that describe the temperature
field in the liquid and the noncondensable gas concentration field are
given below.

On the liquid side, the temperature field is governed by

36 (z,t) 3 [a*(z) 2381 , (8)
ot 29z 29z
where 0 =

(T - TL),

6 at z =0,
s

0 at z » =,
0 for t = O,
a+ 1 eh(z),

Pr
t

a*(z)

in which o is the molecular thermal diffusivity, eh(z) is a turbulent
eddy diffusivity for heat transfer that is some unspecified function of
position, and Prt is the turbulent Prandtl number.

On the gas-vapor side, the concentration of noncondensables is de-

scribed by

W(y,t) + D 3y
ot WS + X oy

w=3 [pry w], (9
yo ) B W oy

where ¢ = (x - xw)
= ws at y = 0,
= 0 as y > »,
= 0at t =0,
D*(y) = D+ 1 em(y),
’ Sct

in which D is the molecular coefficient for diffusion of the gas, em(y)
is a turbulent eddy diffusion coefficient for mass transfer that is
also a function of position, and Sct is the turbulent Schmidt number.
The implementation of the above model equations requires functions
for the eddy coefficients as well as for the turbulent Prandtl and
Schmidt number.
Suitable models for these parameters are being selected to include
the effects of the flux of condensing vapors and the internal and exter-
nal velocity patterns. Then, using appropriate boundary conditions and

state equations, the turbulent condensation model can be solved numerically
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to determine the temperature field, the concentration field, the conden-
sation rates, and average values for heat and mass transfer coefficients
over some specified short time period. The averaged values developed
hL and hb can be used directly in the simplified model represented by
Equation (7).

3.4.2.3 Effects of Radiant Heat Transfer. If the HCDA bubble is

composed chiefly of fuel vapor, its temperature is likely to be in excess
of 4000°K where radiation heat transfer can be quite effective for con-
densing the vapors.’ . '

In keeping with the simplified model approach, it is desired to
include the effects of radiant heat transfer in an approximate, but
representative, manner. Consequently, is assumed that condensation of
fuel vapor as a result of radiative heat losses to the sodium interface
can be approximated by an equation of the form

| mr=%f_ <T‘;'+—Tb"‘>.

fg

If TV >> Tb’ this may be further approximated as

m_ v o€ <T3><T—T>
r = -— -\'v v b
H
fg
= hbr | | o ' i
= T. =T , (10)
Hfg ( v b> ‘

which is.identical in form to the basic phenomenological Equation (1).
In the case of tho HCDA bﬁoble, T 1is not sufficiently greater.fhan Tb
to warrant thé aporoximation, <IV” - T ”) T 3 (? - Tb> However, the
terms that are neglected in this approx1mat10n would increase the effect—
ive hbr if included. The use of Eq. (10) would be conservative since
less fuel vapor condensation will be predicted than if the additional
terms are included. 1In addition Eq. (10) assumes black body conditions.
The effective hbr will have to be made smaller to account for reflections
at the sodium interface where the effoctive emissivity is uncertain.
Consequently more precise treatment of the effects of radiant heat
transfer are felt to be unwarranted at this time, and it is believed

that radiant heat transfer can be included in the formation of Equation
(7) by merely adjusting the value of hb to include a contribution due

to radiation.
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3.4.3 Source Considerations Related to Thermal Modeling

The above simplified thermal model is intgnded to determine the rate
of condensation of fuel vapor during the HCDA bubble rise. It has been
tacitly assumed that condensed fuel vapor and a proportionate amount of
solid fission products are essentially removed from consideration as part
of the HCDA source term: There is no real justification for this assump-
tion. It is conceivable that the condensed fuel merely becomes entrapped
aerosol to be carried along with the bubble and still may constitute a
portion of the source to be released into the secondary containment.

The determination of the actual disposition of condensed fuel vapor must
rely on experimental observations like those planned in the FAST facility
of the ART program.

Consequently, additional modeling may be required to couple the
thermal models to aerosol nucleation and attenuation models that will
analyze the characteristics and transportability of fuel aerosols within
the bubble. _

Similar thermal-aerosol models can be applied to the cover-gas space
transient if the leakage paths are established to be small enough to
provide éignificant hold-up of the vapors, gases, and aerosols in the
cover-gas region before releasé into the secondary containment. It is
apparent that a cover—gas region thermal model can be quite similar to
the Simplified model developed above for the bubble although tﬁe various
coefficients may have quite different values and a leakage term would

have to be included in the mass balance equation.
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3.5 Aerosol Formation and Attenuation in the Rising Bubble
and the Cover Gas Region

M. L. Tobias

Once the bubble has been formed and is rising it is important to know
to what extent aerosol formation occurs within it and what particle and
droplet removal mechanisms there may be. To our knowledge, although the
problem has been approached, there exists no explicit treatment in the
literature of in-bubble aerosol formation mechanisms. Attenuation in-
formation is less limited but still scanty. Epstein and Cho! discuss
aerosol formation criteria in connection with condensation of steel or
U0, vapor on subassembly duct walls and also when contacting liquid ‘
sodium. Fog formation is predicted in both cases at sufficiently low
termperatures at the interface between the vapor and the condensate
film. They also point out that radiation heat fluxes are highly signif-
icant in the case of a condensing sodium fog at 1100K. Kennedy and
Reynolds? utilized the size distribution obtained from the UO,-sodium
drbpping experiments of Armstrong et al3 in order to calculate the
attenuation of aerosol particles from a rising bubble. It is not clear
that the dropping experiment size distribution results are necessarily
appropriate to this situation.

Fuchs" discusses aerosol attenuation in a rising bubble but offers
nothing concerning aerosol formation under such circumstances. He gives
simple formulas for inertial, sedimentation and difference deposition.
Aside from these, he notes that absorption in bubbling is generally
poor, strongly reduced by increasing temperature due to flow of vapor-
gas mixture away from the surface.

Once the bubble has penetrated the surface, aerosol should be produced
there composed not only of fuel but also of sodium by the film drop and
jet drop mechanisms.5’®*7 Fuel aerosol formation by nucleation from the
vapor state should continue and there is some possibility that aerosols
might be generated, analogously to ocean aerosols, by evaporation of
sodium droplets leaving behind the residue of dissolved material, but

nothing has been found concerning this conjecture. 1In any case the be-

havior of the aerosol should be calculable by procedures similar to
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those used for the secondary containment, making allowances, for the
widely different condition of concentration, containment volume
temperature, pressure, nucleation and the lack of a chemically active
atmos_phere.8
The work plan for analysis of the mechanism of aerosol géneration and
attenuation in the rising bubble should consist of the following aspects
of the subject: .
1. A brief literature review to continue and complete what has been
reported here.
2. Development of simple models, related to the thermal models dis-
cussed in Section 3.4 to represent conceivable mechanisms.

3. The planning and proposal of experiments based upon these models

using the existing experimental facilities.
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3.6 Formation and Attenuation of Aerosols
as a Result of Containment Leakage

‘M. L. Tobias

3.6.1 General Remarks

Following a core disruptive accident, it may be supposed that the
portion of the core which has vaporized, including fission products and
'gaéeous sodium, rises to the top 6f the containment vessel and exists
there above the sodium at a pressure and temperature that will depend upon
the amount of leakage caused by damage to the vessel head. From there it can
be imagiﬁed to leak for some period of time through an opening of some
size into the secondary containment. Two important questions then arise.
First, if the opening is small, can plugging occur due to the presence
of airborne particulate fuel aerosols or nucleation during passage which
would attenuate the release and therefore reduce potential hazard? Sec-
ond, what are the effects on the aerosol on passing from a high-pressure,
high temperature region into a relatively cold, low pressure region?
This information is necessary for using computer codes to characterize
the behavior of the aerosol in the secondary containment, such as HAARM-21
or PARDISEKO2*3., These codes require such input as the initial particle
number concentration or a source rate, the variance and mean radius of
the initial assumed log normal distribufion, dynamic and collision form
factors, and other properties which would depend on the nature of the

material released as a function of time.

3.6.2 Attenuation of Aerosols Due to Plugging

!

Previous plugging studies, both experimental and analytical, have
dealt mainly with phenomena associated with an existing aerosol-gas
mixture passing through cracks and fissures in the secondary containment.
Nelson et al" describe experimental studies® at Atomics International
which show that leaks through holes as small as 1 mm are quickly plugged
by sodium oxide aerosols. The aerosols were generated by sodium pool
fires and pressure differentials were < 0.68 atmospheres. While consid-

erable qualitative and experimental observations have been made, Nelson
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et al, note that no quantitative theory for plug formation is presently
available, An earlier review® exists however, which deals to some extent
with theoretical issues. General Electric analytical work is described
in refs. (7,8). Ref. 7 starts with an expression, easily derived from
a mass balance relationship,

co/c = Exp (vazlAv)
Where Co is the entering particle concentration, C is the average leaving
concentration from a leak path of constant cross section A, perimeter P,
and deposition length %, for a gas stream moving at velocity v. The
quantity v is the deposition velocity for particles, and it is on this
quantity that further analysis concentrates. Factors affecting v include
gravitational settling, electrostatic scattering, thermal mechanisms,
inertial mechanisms (such as the effects of obstacles, bends or obstruct-
ions), and adhesion forces. A survey of experimental data on deposition
of such aerosols as Al,03, cigarette smoke, sodium oxide®, iron, and
zinc sulfide is also reported for both laminar and turbulent flow. These
ideas were implemented in the GALP code, reported in the review by Huang.8

"extremely con-

He observes however that the code embodies a number of
servative" assumptions, including neglect of aerosol agglomeration,
smooth, straight, constant cross section leakage paths, and no entrance
plugging. On. this basis, he observes that further development is needed
to place the attenuation calculation on a more realistic basis. While
the review reports a few GALP sample calculations, no mention is made

of either an experimental program to test calculational methods, nor is
there a discussion of comparisons with such data as given in the survey

of ref. 7.

3.6.3 Aerosol Generation During Free Expansion

The literature of aerosol generation emphasizes the formation of
monodisperse types for testing purposes,g’lo’11 such as by the Sinclair-
LaMer generator. An extensive and rather abstract theoretical discussion
is presented by Hidy and Brock!? and a more empirical treatment is given
by Green and Lane!3 for the formation of polydisperse aerosols. However,

it is clear that nothing quite like the combined set of circumstances
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characteristic of the HCDA is to be found in the literature except in
Buttery's review!" As might be expected, his study of aerosol production
in choked flqw is a synthesis of results from related physical phenomena,
e.g. use of Hinze's citerion (Sec. 3.1.3.1) for aerodynamic breakup to
compute maximum stable drop size. The aerosol resulting from a leak in
the primary containment would have many components having a variety of
cheﬁical reaction possibilities not only with air but with each other.
Obviously, the principal component would be sodium vapor oxidizing
rapidly in the air of the secondary containment. There is therefore a
relationship with the Atomics International sodium fire studies alluded
to earlier® but it would seem that only a theoretical program aimed at

developing suitable experiments would afford satisfactory information.

3.6.4 Work Plan

The analysis of .formation of aerosols through a leak should be con-
tinued along the lines which Buttery has indicated. Experimental data
from existing and planned sodium spray fire experiments at AI, HEDL, and
ORNL will form a valuable, if partial, testing ground for such theories.
However, such experiments will offer no direct testing of the behavior
of uranium or plutonium oxides under such circumstances nor of the var-
ious fission product elements which may offer significant hazard. The
analytical program will be directed toward the planning of experiments
for these materials.

Aerosol attenuation by plugging deserves particular attention, expec-
ially to determine the opening size beyond which it is unimportant. The
ideas in the work described in section 3.6.2 need to be brought together
into a conservative calculational scheme in order to create a standard
approach. Such a study would naturally reveal areas of uncertainty

which would suggest appropriate experiments.
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3.7 Aerosol Behavior in the Secondary Containment

L. F. Parsly, Jr.

3.7.1 General Remarks

Any aerosol which exists in the secondary containment is a potential
source for leakage to the environment. The source term for subsequent
dispersion/dose calculations will therefore depend on calculations of the
concentration vs time behavior plus leakage vs time behavior in the sec-
ondary containment.

In the case of an HCDA release in the manner described in the previous
sections, the aerosol source for the secondary containment consists of
fuel, fission products and sodium which have leaked from the cover gas
region. The fuel and fission products will be in the form of dispérsed
particles and gases, while the sodium might be initially in the form of
vapor, liquid droplets, or bulk liquid. Each of these forms of sodium
will burn in its characteristic way: instantaneously for vapor, as a
spray if in the form of droplets, or as a pool if bulk liquid or droplets
are too big to burn completely in the atmosphere. The pressure and tem-
perature history of unvented containment buildings will depend to a large
extent on the course of the sodium fire. )

The aerosol in the containment is a dynamic system. Aerosol particles
collide with each other and stick together, due either to Brownian move-
ment or to the larger particles falling faster and overtaking and capturing
smaller ones. Thus the number density tends to decrease and the particle
size to increase with time. Particles may diffuse to surfaces due to
Brownian motion and stick to the surfaces due to van der Waals forces.
Where temperature gradients exist, thermophoresis, that is? the net move-
ment of particles down the temperature gradient, occurs. Particles tend
to settle on the floor due to gravity. The net result is that the aerosol
concentration in any confined space in the absence of a continued source
will decrease with time. '

A number of computer codes have been written to model both sodium
fires and aerosol behavior in containment vessels. Some of these are
described below. These existing models will be used and validated with
the experimental results. Where appropriate, recommendafions for modifi-

cations to these models based upon analyses and experiments will be made.
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The approach will be to use the appropriate computer codes with suit-
able input assumptions to predict the course of both sodium fires and
aerosol behavior in the ORNL containment vessel experiments, and to compare
the results of the experiments with the pre-test predictions. Experiments
will be designed to validate the models under mixed aerosdl conditions

with particular attention to features related to vessel size.!

3.7.2 Computer Codes for Secondary Containment Analysis

Computer codes available to describe sodium burning include SOFIRE—IIZ,
SPRAY-II3, SOMIX" and CACECO®. SOFIRE-II calculates sodium burning and
associated heat transport effects during pool fires. The model assumes
that the rate of burning is controlled by diffusion of oxygen to the
sodium surface. The code appears adequate to describe pool fires, except
possibly in a case where significant vgporization of sodium form the pool
surface occurs.

Sarma et al.® report that SOFIRE-II gives good results for pool fire
analysis. However, they point out the need for providing good values of
the monoxide/peroxide ratio, mass transfer coefficients and emissivity
view factors in the input. These parameters can strongly influence the
calculated results.

SPRAY-II analyszes sodium spray fires in up to 21% oxygen atmospheres.
It uses the assumption that the burning rate is controlled by oxygen
diffusion for 4-21% oxygen and by sodium vapor diffusion for 0-4% oxygen.
Sarma et al. state that reasonable results are obtained for a non-venting

situation.
SOMIX is being developed by Atomics International to calculate con-

vective patterns and pressure and temperature histories in inerted
(< 2% 0,) spaces in LMFBR power plants. The code is still under develop-

ment and has not been released.
It is planned to use SOFIRE-II and SPRAY~II separately or in combi-

nation to provide sodium fire source term predictions for this 'study. Alter-
natively, it may be assumed that sodium leaked into the secondary contain-

ment is completely converted to sodium oxide aerosol and treat this as
material initially present.
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Aerosol anaiysis codes presently available in this country include
HAARM-2, other variations of HAA-3 énd PARDISEKO-III. All of these
codes undertake to solve an integro-differential equation which describes
the behavior of an aerosol in a containment volume. The equation in

conceptional form is:

dn(r,t) = [Bn(r!t)]
ot ot Brownian Agglomeration

+ Bn(r,t)]
ot Gravitational Agglomeration

+ [Bn(r,t)]
ot Settling

+ [an(r,t)-
at | Plateout

+ [an(r,t)'
ot Sources

+ [Bn(rzt)-
at Leaks

+ etc.

which must be integrated over the entire size range to describe the it

dynamics of an aerosol. Obvously such an equation is difficult to solve,
and different workers have used various solution techniques.

The approach taken in HAA-37 is to take the aerosol particle size
distibution to be log-normal distribution, the integro-differential
equation is reduced to a system of three ordinary differential equations
which are integrated directly by rapid numerical procedures. Brownian
and gravitationai agglomeration, plating due to Brownian diffusion, set-
tling and leakage are included as possible removal mechanisms; an existing
aerosol, a source or both can be treated. Leakage from a-primary contain-
ment vessel can be used as a log-normal source for a secondary containment
calculation. A density correction factor and a boundary layer thickness
are input parameters. Of the several variations of HAA-3 which exist, the
the HAARM-28 will be used. In this code, the density correction factor is
treated by a built in formalism originally due to Stober?, A thermophoresis
optionbased on Brock's formulationl!® has been included. Options are avail-
able to input thermal gradient, source, pressure, temperature, and leakage

rate as functions of time.
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PARDISEKO-III!! uses an iterative procedure in which the initial
size distribution is fed into the right-hand side of the integro-
differential equation (in the form of a series of size increments) the
integration is performed and the time derivative of the new size dis-
tribution is used to propagate the distribution to a later time. With
this code, there is no constraint to maintain the distribution log-normal,
and bimodal distributions are calculated in some cases. However, the

use of this code is limited by the fact that it is still being developed.
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