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ABSTRACT

Discharge of the molten core debris from a pressurized

I
reactor vessel has been recognized as an important accident
scenario for pressurized water reactors. Recent high-'

pressure melt streaming experiments conducted at Sandia
National Laboratories, designed to study cavity and contain-
ment events related to melt ejection, have resulted in two
important observations:

1. Expansion and breakup of the ejected molten jet.

2. Significant aerosol generation during the ejection
process.

The expansion and breakup of the jet in the experiments are
attributed to rapid evolution of the pressurizing gas
(nitrogen or hydrogen) dissolved in the melt. It has been
concluded that aerosol particles may be formed by condensa-
tion of melt vapor and mechanical breakup of the melt and
that the extent of melt disruption influences the aerosol
generation. It was also shown that the above stated
phenomena are likely to occur in reactor accidents.

This report provides results from analytical and experimental
investigations on the behavior of a gas supersaturated molten
jet expelled from a pressurized vessel. Aero-hydrodynamic
stability of liquid jets in gas, stream degassing of molten
metals, and gas bubble nucleation in molten metals are rele-
vant problems that are addressed in this work.

Models are developed for jet expansion, primary breakup of
the jet, and secondary fragmentation of melt droplets resul-
ting from violent effervescence of dissolved gas. The jet ,

expansion model is based on a general relation for bubble
growth, which includes both inertia-controlled and diffusion-
controlled growth phases. The jet expansion model is able
to predict the jet void fraction, jet radius as a function
of axial distance from the pressure vessel, bubble size, and
bubble pressure. The number density of gas bubbles in the
melt, which is a basic parameter in the model, was determined

10 /m3 of liquid. The pri-8experimentally and is about !

mary breakup of the jet produces a spray of droplets, about )
2 to 3 mm in diameter. ;

Parametric calculations for a TMLB' reactor accident sequence I
show that the corium jet is disrupted within a few initial i

jet diameters from the reactor vessel and that the radius of !

corium spray at the level of the reactor cavity floor is in )
.he range of 0.8 to 2.6 m. |

Three possible mechanisms of secondary fragmentation have
been investigated: acceleration induced fragmentation resul-
ting from gas expansion when gas bubbles burst, fragmentation
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due to droplet explosion, and fragmentation resulting from
collapse of gas-inflated melt droplets. Predicted fragment
sizes are in reasonably good agreement with experimental
data.

Calculations of aerosol generation show that vaporization of
iron may produce significant amounts o'! aerosol during pres- |

surized melt ejection.

1The average size of particles produced during the breakup of I

a corium jet is estimated using the concept of overall jet
breakup efficiency. The Sauter mean diameter (D32) and
mass mean diameter are in the 75- to 630-ym and 220- to ;
1400-um-size range, respectively, depending on initial con- ;

ditions. In accordance with experimental results, the par-
ticle size distribution is lognormal with geometric standard
deviation of about 3.5.
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(All dimensional variables are in SI Units.)
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A - jet cross-sectional area, constant, surface area,

or parameter (Equation 188)

a - chemical activity or interface acceler& tion

- distortion amplitude (Equation 186)a

B - constant

5 .5 ,5 - dimensionless parameters
7 g IK

C - concentration, integration constant, or velocity
of sound

y

C - droplet drag coefficient9
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D - initial droplet diametero
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E - activation energy for diffusion stepg

F - Helmholtz free energy

f - volume fraction
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G - mass flux

g - gravitational acceleration

h - distance, specific enthalphy, or thickness of
the liquid shell (Figure 27)

i - number of molecules in critical bubble
J - nucleation rate

Ja - dimensionless parameter or Jakob number for
supersaturated liquid

K. K' - equilibrium constants

k - Boltzmann constant, effective surface-dilational
viscosity, or wave number

M - mass of gas in the bubble or total melt maso

; m - molecular mass or mass
N - number density of nuclei
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n - exponent, number of fragments, or disturbance

growth rate parameter

n - molecular density
g

n* - number density of critical bubbles

- number of molecules absorbed at the bubblens
surface

"
On - Ohnesorge Number,

(pod )1/2
n

P - pressure

p - nondimensional jet radius

R - bubble radius

R - universal gas constant

R - gas constant

k - bubble wall velocity

k - bubble wall acceleration

R+ - dimensionless bubble radius

oD
Re - Reynolds Number,

r - radius

r - radial distance

s - Boltzmann transformation variable or specific
entropy

T - temperature or dimensionless total breakup time

t - time

t+ - dimensionless time

u - liquid velocity

V - volume, velocity, or free stream velocity
(Equation 141)

v - velocity

W - work

o D
We - Weber Number,

x - parameter (Equation 191)

x - mass fraction of component iy

2 - Zel'dovich nonquilibrium factor

z - axial distance '
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i

,

z - volume fraction of component ig

a - void fraction, mass transfer coefficient,

parameter (Equation 150), or accommodation
coefficient

8 - growth constant

y - initial supersaturation or isentropic exponent
6 - diffusion boundary-layer thickness

,

p
- accuracy or E (density ratio)c

At
n - breakup efficiency or disturbance amplitude

0 - contact angle or half-angle of the jet spread
K - disturbance wavelength

u - chemical potential, dynamic viscosity, or

parameter in lognormal distribution

v - kinematic viscosity

( - dimensionless bubble radius
n - 3.14159

p - density

o - surface tension or parameter in lognormal

distribution
o - geometric standard deviation

o - electrostatic energy densityg

T - time
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$ - normalized concentration driving force

$(8) - bubble growth tunction

9 - variable defined in Equation 31

0 - molecular volume

o - frequency of addition of a single molecule to
unit area of critical bubble

4

Subscripts
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d - droplet
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| 1. INTRODf1CTION
1

l
1

1.1 Backcround and Objective

! In the event of certain postulated core meltdown accidents in
light water reactors, part of the reactor fuel, fuel clad-
ding, and internal structures will melt and slump into the
lower plenum of the reactor pressure vessel (RPV). This
material, if still molten, could be discharged from-the RPV
as a high velocity jet if an in-core inctrumentation tube
penetration fails and if the primary system pressure is sig-
nificantly above containment pressure. Probabilistic Risk
Assessment studies have concluded that pressurized water
reactors (PWR) have a relatively high probability for a core
meltdown accident.

The in-vessel phenomena of a severe accident are currently
being studied through intensive research and computer model-
ing such as the MELPROG project.1 in this study, we are
mainly interested in the final stage of the in-vessel acci-
dent progression, namely vessel failure and melt transport
from the RPV to the containment building. Our attention is
limited to the PWR, which means that molten material, often
called corium, will be :eleased from the reactor vessel to
the reactor cavity region.

The amount of melt, its composition, temperature, and content
of dissolved gases, as well as the primary system pressure
and temperature at the instant of vessel failure, are depen-
dent on the prior events of the accident. The detailed
analysis of the accident initiating events and various acci-
dent sequences is carried out in a probabilistic manner.
Well-known examples of such studies are the WASH-1400
report and Zion Probabilistic Safety Study (ZPSS).32

For our purpose, it is enough to note that in.. vessel accident
progression and vessel failure can occur under various pres-
suces in the primary system, ranging between 0.1 MPa and full
system pressure, i.e., about 17 MPa.

If the accident is initiated by a large break of one of the
reactor cooling circuits, the primary system pressure will
rapidly decrease and eventually come to equilibrium with con-
tainment pressure. However, if the accident is initiated by
the small break or transient event, the primary system pres-
sure may be above that of containment at the time of vessel
melt through. How the accident is initiated needs to be
known to determine how the corium will be relocated from the
reactor vessel to the reactor cavity and the subsequent
cavity phenomena.

We can distinguish between two modes of corium transport in
this connection; so-called gravity drop when the primary
system pressure is equal to the containment pressure, and

,
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forceful melt ejection, schematically illustrated in
Figure 1, when there is a substantial pressure difference
between the reactor vessel and the containment building. The
ZPSS found that in the 18 cases analyzed, all but one showed
the vessel failure to occur through failure of the welds
around the instrument tubes. In this case, the debris will
be dispersed through the hole created by the instrument tube
ejection. The failed in-core instrumentation tube will cause
an initial vessel breach 4 cm in diameter. The size of this
hole will, according to ZPSS, increase substantially d ring
the period of melt discharge because of the ablation of the
steel structure surrounding the breach. The final breach
size is calculated to be approximately 40 cm.

*
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Figure 1. Schematic of Pressurized Melt Ejection in PWR

The *2PSS shows that the way in which debris enters the cavity
region is of crucial importance for the accident progression
in the containment building. It was predicted that ejection
of molten core material while the primary system is pressur-
ized, followed by the blowdown of steam and hydrogen, will
cauce the debris to enter into the containment region. This
scenario was considered as favorable regarding containment
integrity because debris dispersed over a large area of the

2-
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containment floor would be easily quenched, On the contrary,
the effective quenching of debris in the cavity could be dif-
ficult, thus leading to the possibility of concrete erosion
and hydrogen generation.

The ZPSS does not give a detailed description of the config-
uration of the jet stream emanating from the breach in the
reactor pressure vessel. The analysis predicts that the jet
will be composed entirely of liquid core material with a
diameter equivalent to the breach dimension. Additionally,
the stream does not expand from the point of discharge until
contact with the cavity floor.

The ZPSS investigation concerning melt ejection from the
pressurized primary system and behavior of high-temperature
materials in confined geometries was mainly analytical and
experimental confirmation was desired. To provide this, two
experimental programs were undertaken; small-scale experi-
ments at the Argonne National Laboratories 4 and large-
scale experiments at Sandia National Laboratories (SNL).5
Results of both the Argonne and SNL experiments indicate
that, indeed, the debris can be removed from the reactor
cavity into the containment building in the case of melt
ejection from the pressurized primary system.

The experimental program at Sandia, called the High-Pressure
Melt Streaming (HIPS) program, was initiated by the small-
scale experiments (SPIT tests) to study high-velocity jets,
jet-water. interactions, and 1/20th scale cavity geometries.5
The results from the Phase I SPIT tests have shown that the
ejected melt is not a coherent, stable stream. These results
have been recently confirmed by the JETA-B jet characteriza-

! tion tests.

Two important observations have been made:

1. Expansion and breakup of the ejected molten jet
occurs.

2. Significant aerosol generation accompanies the ejec-
tion process.

The expansion and breakup of the jet in the experiments are
attributed to rapid evolution of the pressurizing gases
(nitrogen in SPIT tests and hydrogen in JETA-B tests) dis-
solved in the melt.

It was also concluded that aerosol particles may be formed by
condensation of melt vapor and mechanical breakup of the melt
and that the extent of melt disruption influences the aerosol
generation. These observations and conclusions, if appli-
cable to a reactor accident, would draw attention to new and
important aspects of cavity and containment phenomena not

-3-
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considered ;n previous safety studies. The disruption of a
coriua jet could affect (1) aerosol generation and through
this the source term, (2) concrete erosion in the cavity
region, (3) molten fuel-coolant interactions if water is
present in the cavity, (4) removal of core debris from the
cavity region, and (5) direct containment heating.

Figures 2 and 3 show flash X-ray photographs of the melt
stream taken during two SPIT tests. The experiments were
conducted at the same conditions except for the type of
gas. Thc SPIT-8 test was charged with nitrogen, while
carbon dioxide was used in SPIT-12 test. Solubility of
carbon dioxide in liquid iron is low compared to that of
nitrogen in liquid iron.

Table 1 shows the values of nitrogen solubility in molten
iron for conditions typical for SPIT ;ests, Nitrogen concen-
tration is expressed in units of peteent nitrogen by weight.

For SPIT-8 test conditions (i.e., temperature approximately
2000 K and pressure 7.5 MPa) the amount of dissolved nitrogen
is 367 cm3 at STP per 100 g of iron. Considering that
100 g of iron will occupy about 14.3 cm3, it shows the r-
great potential for disruption of the jet by nitrogen evolu- L
tion from the melt.

On the X-ray photograph of N -driven jet (Figure 2), the2
expansion of the jet (half-angle about 10*) and voids within
the stream are visible. The photo from SPIT-12 test
(Figure 3) shows the appearance of a CO -driven jet. In2
this case, the jet appears as a nearly coherent stream with
ligament-type instabilities emanating f rora the surface. No
large voids or lower-density areas are obvious within the
stream, as would be expected without gas in the solution.

The crucial question is whether or not the expansion and
breakup of the molten jet by the violent evolution of dis-
solved gas are typical for a reactor accident. The pressur-
izing gases in the reactor case are principally water vapor
and hydrogen. It is estimated that the solubilities of these
two gases in molten corium are of the same order as the solu-
bility of nitrogen in iron.

| Table 2 gives the solubility of hydrogen in molten iron, and
Table 3 the estimated solubility of hydrogen and water vapor
in oxidic melt.

I
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Table 1
l

(From Powers 6)

I Estimated Nitrogen Solubility in Molten Iron 1

1

|- -

|

N
Temperature Pressure N 2 )3(K) (atms) % 1_qm (STP)/100 o Fe)

1810 150 0.547 477
1810 75 0.387 338
1810 41 0.206 250 |

1810 0.65a 0.036' 31.4

2800 150 0.596 520 |
2000 75 0.421 367
2800 41 0.311 271
2800 0.65a 0.039 34

aPartial pressure of N2 in air at one Albuquerque
atmosphere.

Comparing values from Tables 1 and 2, we can see that
hydrogen solubility in the molten iron at a range of
conditions representative of a reactor accident is of the
same order as nitrogen solubility in the SPIT tests.
Therefore, in a postulated reactor accident, the behavior of
the corium jet caused by gas evolution would be expected to
be similar to melt behavior in experiments using nitrogen.

As a result of the information and insights gained from the
SPIT experiments and from theoretical considerations, an
analytical and experimental effort was undertaken aimed at
the development and validation of a model describing the
behavior of a gas-supersaturated liquid jet expelled from a
pressurized vessel.

It was also realized that an understanding of physiochemical
processes responsible for jet behavior in high pressure melt
ejection is necessary for a meaningful interpretation of
experimental results and their extrapolation to reactor
accident situations.

1.2 Applicability

The nature of the jet emanating from the reactor vessel will
have a direct influence on the subsequent behavior of the
melt within the cavit/.
As stated in the preceding section, the configuration of a
corium jet entering the reactor cavity region could affect
the following phenomena: ,7,

. _ -________-. _ _ _



Table 2
(From Powers 6)

Dissolved Hydrogen in Molten Iron

.,

l 3Temperature "2 2 2
3(STP)/100 o Fe 3(STP)/cm3(K) (MPa) cm em Fe

1810 15.0 383 26.8
7.5 271 19.0
4.1 200 14.0
0.1 31 2.2 -

*

2800 15.0 800 55.9
7.5 565 39.5
4.1 418 29.2 ()
0.1 65 4.5

.

.

Table 3

Solubility of H2 and H O in an Oxidic Melt2

Concentration
p"2

p
HO H NOTemperature 2 2 2

(K) (MPa) JMPa) (1 STP/l of oxide)

2800 7.5 7.5 3.27 0.59
1.5 13.5 0.65 1.06 -

0.2 14.8 0.07 1.17
, ,

1800 7.5 7.5 3.11 0.22
1.5 13.5 0.62 0.39
0.2 14.8 0.06 0.43

(I
.

-8-
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l. Aerosol generation

2. Concrete erosion in the cavity region

3. Molten fuel-coolant interactions
:

4. Removal of core debris from the cavity region

5. Direct containment heating

Aerosol generation*

The implication of aerosol generation for accident pro-
gression and consequences is quite obvious and will not~

be discussed here.

Concrete erosion in the cavity region*

The concrete erosion refers to the thermal decomposition
caused by contact with high-temperature jet. According
to Reference 5 "the rate and extent of erosion in the
HIPS tests are important aspects of the ex-vessel debris
behavior. Concreto erosion may influence the develop-
ment and magnitude of the key hydrodynamic processes
being studied in the tests." It was shown that the
rate of concrete erosion will be proportional to the
imposed heat flux which in turn depends on stream
diameter, d, as d1/2,

,

Parametric study of jet expansion for the TMLB'
sequence, presented in Section 2.7, shows that the diam-
eter of the fragmented jet at the level of the reactor

.

'

cavity floor may be 40 to 130 times the breach diameter.
In this case, the concrete erosion rate would probably

,

be reduced by several orders of magnitude.'

Molten fuel-coolant interactions*

A molten fuel-coolant interaction of an explosive !
character, known as a steam or vapor explosion, is an
important issue in connection with postulated core melt-
down accidents.2,3,7 The ZPSS postulates that a steam
explosion will occur when the melt stream exits the

j reactor pressure vessel, penetrates the water pool, and
contacts the cavity floor. The molten fuel-coolant
interaction may displace the water and a portion of the
debris from the cavity region.

It is possible to distinguish four phases of an effoc-
tive' vapor explosion. They are:,

t

1. Coarse premixing of fuel and coolant
:

2. Triggering

-9-
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3. Fragmentation and propagation

4 -, Expansion

it is very difficult to assess which, and to what
extent, each of these four phases will be affected by a
particular jet configuration. However, it is likely
that phases one and three are strongly dependent on the
melt configuration before water contact. An extensive
fragmentation and dispersion of molten jet before water
contact would probably make a large-scale coherent
explosion difficult for the following reasons:

1. Separation of corium particles.

2. Solidification and crust formation on the surface of
fuel particles that could hinder the direct-liquid-
liquid contact, which is a necessary condition for
triggering an explosion.

3. Crust formation, which also can prevent hydrodynamic
fragmentation.

4. Gas evolution from the melt, which can shield it
from the water.

Another phenomenon that should be considered in this
context is hydrogen generation from fuel-water contact.
The hydrogen is produced by the chemical reaction
between steam and metallic components of the fuel: Zr or
Fe. The blanket of hydrogen surrounding the fuel parti-
cle has a hindering effect on the explosion.8

It has lieen observed 9 that no large-scale explosions
occurred when a stream of molten aluminum was broken
while pouzed into water. A recent uncertainty study of
PWR steam explosions 10 has found that among the most
important uncertainties is the jet pour diameter. The
study was concerned only with consequences of in-vessel
steam explosions, but this result should also apply to
ex-vessel steam explosions.

* Removal of core debris from the cavity region

According to Reference 5, "the average pressure exerted
by the jet on the concrete floor provides the driving
force that induces the radial movement of the debris
and subsequent splashout" and that "this pressure is
inversely related to the area of the jet." Thus the jet
expansion and breakup would alter the conditions for
debris removal from the cavity region.

-10-
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Direct containment heating )e

Direct containment heating refers to the situation in
which fragmented core debris is ejected from-the cavity
region into the main containment volume. If the melt
droplets ate small the capid liberation of thermal and
chemical energy (oxidation of the metallic constituents
of the cotium) can directly heat and consequently pres- i

sutize the containment. Disruption of the cotium jet j
is, however, only one of the mechanisms which will l

affect the direct containment heating problem. 1

1.3 hoproach

The problem breaks up naturally into the following four

tasks:

1. Aero- hydrodynamic stability of the molten jet.

2. Jet behavior due to evolution of dissolved gases.

3. Comparison of model predictions with experimental
observations.

4. Model predictions for reactor accidents.

A thorough investigation of jet behavior due to evolution of
dissolved gases should include analysis of the following
phenomena:

1. Nucleation of gas bubbles

2. Bubble dynamics

3. Jet er.pansion due to growth of gas bubbles

4. Jet breakup and fragmentation

This report consists of four majot sections: Section 1 is
this introduction: Section 2 addresses jet expansion and
primary breakup: Section 3 addresses secondary fragmentation
of melt droplets, the resulting particle size distribution,
and aerosol generation; and Section 4 is the summary and
conclusions.

Aero-hydrodynamic stability of a liquid jet in gas is dis-
cussed in Section 2.1. Time-scales for jet breakup by the
aero hydrodynamic forces in experimental and reactor accident
situations ato presented.

A review of relevant literature on jet disruption due to dis-
solved gases is presented in Section 2.2. It is shown that
stream degassing of liquid steel has much in common with our'

problem.

-11-
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An important and difficult issue is nucleation of gas bubbles
in a liquid metal. Nucleation theory and its application to
experimental and reactor accident situations are addressed
in Section 2.3.

The jet expansion model is developed in Section 2.4. Dynamic
of gas bubble growth in supersaturated liquid plays a major
role in this model. An appropriate mode of gas bubble growth
is developed in Section 2.5.

Experimental results from relevant SPIT and JETA-B tests and
analyses using the jet expansion model are presented in |

Section 2.6. Number density of gas bubbles in the molten ;

jet, which is a basic parameter, is determined. 1

In Section 2.7 parametric calculations for a high pressure
reactor accident scenario are presented.

Section 3.1 presents three models of secondary fragmentation !

of melt droplets. The models are (1) acceleration induced
fragmentation resulting from gas expansion, (2) fragmentation
due to droplet explosion, and (3) fragmentation resulting
from droplet inflation followed by collapse of the liquid
layer.

The size distribution of the debris collected from the JETA-B
tests is described and characterized in Section 3.2.

Aerosol generation by condensation of iron vapor and film
fragmentation when gas bubbles burst is addressed in Section '

3.3.

Section 3.4 shows how the mean diameter of corium particles
generated by jet fragmentation can be estimated from the con-
cept of overall efficiency of jet breakup process,

i

e

-12-
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2. JET EXPANSION AND PRIMARY BREAKUP

2.1 Liquid Jet Stability in Gas
,

'

2.1.1 Introduction

Results of SPIT and JETA-B tests indicate that effervescenceof dissolved gas is responsible for jet expansion and frag-
mentation. Before we will attempt to develop models of these

| processes it is necessary, however, to investigate stability,

of a high-velocity liquid jet in gas in order to compare
|

|
time-scales for jet breakup by the aero-hydrodynamic forces
and gas effervescence.

Stability and breakup of liquid jets have been the subject of
extensive experimental and theoretical studies due to the
importance of jet disintegration phenomena in technological
applications, such as atomizers, internal combustion engines,
and fire fighting equipment. Several literature reviews have
been ublished on the subject, e.g., Schweitzerll- and
Reitz.p2 Most recently Pilchl3 and Ginsbergl4 have
addressed the jet stability problem. In this section we will
restrict ourselves to brief investigation of jet breakup
length and size of the fragments produced by jet breakup.
Predictions for experiments and reactor accident are
presented.

2.1.2 Breakup Regimes
J

Jet breakup data are usually correlated with Weber Number
(We), Reynolds Number (Re) and Ohnesorge Number (On).

Weber number is the ratio of the inertia force to the force
of surface tension:

D
We = (7),

t

Here p is the density of the jet or the flow field sur-
rounding the jet, V is the relative velocity between the gas
and the jet, D is the jet diameter, and o is the surface ,

,

tension.
,

l

The Weber number may be based on either the gas density, and'

then is called ambient Weber number (Wea), or on the jet

|
density, and then is called jet Weber number (Wej):

'
l

.1

pVD
(2) |a

Wea" o
,

:

f-13-
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pVD
g

We) (3)= .,

Here a and j refer to the ambient gas and jet, respectively.

The Reynolds number (Re), which is the ratio of the inertia
force to the friction force, is defined as

p VD
g

(4)Re)
= .

Here uj is the dynamic viscosity of the jet.
The Ohnesorge number (On), which expresses the viscous
effects is defined as

"On = (5).

1/2
}

The Neber number, Reynolds number, and Ohnesorge number are
related:

We
g

on = (6).

Re j

Four breakup regimes are usually identified;12,14 they are
schematically illustrated in Figure 4. The regimes are:

1. Rayleigh Breakup

In this regime, first treated by Rayleigh,15 the
breakup is caused by the growth of an axisymmetric
disturbance due to capillary force. The effect of
ambient atmosphere is negligible. Jet velocity is
low and the size of the droplets is on the order of
jet diameter.

It is assumed that Rayleigh breakup occurs when
Wea < 0.4.

The breakup length, i.e., coherent portion of the
jet, is given by

-14-
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fa C We)
+ 3 (7)'e

or

-4 CWe (1+3 On) (8),

|

where the constant C is approximately 12.'

I I

! |
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Figure 4. Schematic Description of Jet Breakup Regimes

2. Wind Induced Breakup (long wavelength waves)

3. Wind Induced Breakup (short wavelength waves)

These two regimes can be viewed as a transition
region between the Rayleigh and the Atomization
regimes. The action of ambient atmosphere becomes
more and more important for jet stability. Also

'

nozzle geometry and jet Reynolds Number play a role
in jet behavior.

-15- ,



It is assumed that the jet is in Regimes 2 and 3 if

0.4 < Wea < 50-300 .

According to Reitzl2 the transition between
Rayleigh and Wind Induced Breakup occurs when

3.41 On0.9 (9)We 1.2 +=a ,

The breakup length in Regimo 2 is not well defined.
In Regime 3, which is sometimes called Turbulent Jet
Regime, the breakup length is given by Grant and
Middleman:16

f=8.51fWe
0.32

(10).

This formula seems to give reasonable results for
Wej numbers of up to about 200.

No correlations for the size of fragmento generated
,

in Regimos 2 and 3 were found. The drop size seems'

to be in the range from jet diameter to much smal-
1er, but still relatively coarse fregments.

4. Atomization Breakup

In this regime, a large number of small droplets are
formed and the disintegrated jet resembles a spray.
According to Levichl7 the jet is broken up into a
few relatively large droplets which subsequently are
atomized in a cloud of small droplets by the dynamic
effect of surrounding medium. Most data and obser-
vations in Atomization Regime is for high-velocity.

| small-diameter jets.

The criteria for transition between the Wind
Induced. Turbulent Regime, and Atomization Regime
is not clear. As stated above, the reported ambient
Weber number is in the range 50 to 300, thus indi-
cating large uncertainty.

,

'

The intact length of the low viscosity (i.e., small
| On number) jet was calculated by Levichl7 and is

given by

|

-16-
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1/2

D)Z (11)-- =J .

D pg al

We observe that the breakup length is independent of
the jet velocity.

Levichl7 also estimated the size of droplets sepa-
rated from the jet surface. The size is given by
the length of the unstable wave.

For short waves:

#
d~ (12)

.

2pVg

For long waves:

d ~ 8D (13).

Droplets produced by primary jet breakup may be sub-
ject to secondary breakup by the action of aero-
dynamic forces. The maximum stable fragment size in
this case was given by Pilch:18

1/2 -2

1- 8.94 (14)= ,

e
a

where Do is the initial drop diameter.

It is necessary to emphasize that the above correlations and
data apply strictly speaking only to small diameter jets and
nozzles with large length-to-diameter (L/D) ratio so that
flow is turbulent. There is strong experimental evi-
dencel3,19 that jets emanating from orifice or nozzle with
small L/D ratio (<5) are much more stable.

2.1.3 Application to Experiments and Reactor Cases

The parameters pertinent to the experimental (SPIT and JETA-B
tests) and reactor conditions are listed in Tables 4 and 5
for three system pressures and in the reactor case also for

-17-
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Table 4.

'

Jet Breakup Parameters Pertinent to
SPIT and JETA-B Experir .s

op V D L/D Re We We# On
[MPa] LLab [m]

1 23 0.0254 1 7.5x105 5.2x104 13 3.0x10-4

7 60 0.0254 1 .l. 9x106 3.5x105 91 3.0x10-4

16 91 0.0254 1 3.0x106 8.0x105 210 3.0x10-4
--

,1

Table 5

Jet Breakup Parameters Pertinent to
Reactor Cases

op V D L/D Re. We. We On
[MPa] [m)s) [m] J J a

_

1 15.8 0.04 3.5 1.7x106 1.6x105 20 3.2x10-4

7 41.8 0.04 3.5 3.3x106 1,1xto6 140 3.2x10-4

16 63.2 0.04 3.5 5.0x106 2.6x106 320 3.2x10-4

1 15.8 0.40 0.35 1.7x107 1.6x106 200- 3.2x10-4

7 41.8 0.40 0.35 3.3x107 1.1x107 1400 3.2x10-4

16 63.2 0.40 0.35 5.0x107 2.6x107 3200 3.2x10-4

1

1

,

I
:
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two jet diameters. The smaller diameter (4 cm) corresponds
to the initial size of the reactor vessel breach at the time
of vessel meltthrough and the larger diameter (40 cm) corre-
sponds to the final breach size, enlarged by the ablation
process.

The following material properties data were used:

Experiments: Fe/A12 03 melt:
33843 kg/mp =

o= 1 N/m
u = 3 x 10-3 Paes

Reactor case: Corium (67.2 w/o UO2, 16.4 w/o Fe, 8.2 w/o
Zr, 8.2 w/o ZrO2):

38000 kg/mp =

o = 0.5 N/m
u=4 x 10-3 Paes

Tables 4 and 5 show that with exception of experimental jet
at 1 MPa pressure and reactor case jet at 1 MPa pressure and
D = 0.04 all jets are in the atomization regime according to
ambient Weber number criteria.

The breakup lengths calculated according to the Levich
formula are:

Experiments:

1/2
E- 62|

~-D~ '

\p )a

thus 2~ 1.5 m .

Breakup time is given by

(15)T = ,

and we have

t ~ 17 ms - 65 ms .

Reactor case:

1/2
I# T

-
I

_j.
|

2 89" = ,

(#aj

-19-
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thus Z ~ 3.6 m - 36 m

and for breakup time we get
-

T ~ 57 ms - 2 s .

The size of the fragments produced by various hydrodynamic
breakup processes is on the order of 1 to 20 mm (see Section
3.1.1).

2.1.4 Conclusions

Even if calculated breakup lengths and breakup times are only
estimates it is quite evident that jet breakup and fragmenta-
tion observed in SPIT and JETA-B tests cannot be explained in 1

terms of aero-hydrodynamic jet theory. X-ray photographs of
melt jets of the SPIT 8, JETA-B2, and JETA-B3 tests clearly
show that jets uniformly expand and are disrupted in a few
milliseconds or within less than 10 jet diameters. These
times and distances are much smaller than those calculated
above and the difference would be even larger for jets ema-
nating from orifice or nozzle with small length-to-diameter
ratio, as in the experiments and reactor cases. Moreover,

experiments showl4 that the breakup length in the Atomiza-
tion Regime is greater by a factor of 3 to 16 than the
breakup length given by Equation ll.

2.2 Review of Relevant Literature

2.2.1 Introduction

The problem of breakup of gas-supersaturated liquid metal
stream has been studied, to some extent, in connection with
stream degassing of steel. Stream degassing is one of the
methods employed in the steel industry for removal of impuri-
ties dissolved in liquid steel, mainly gaseous, such as
hydrogen, oxygen, and nitrogen.20,21,22 This particular
method belongs to a broad class of so-called vacuum degassing

22,23 in which molten metal is exposed to a lowprocosces
pressure in vacuum chamber.

The mechanism of removal is by transport of solute from a
liquid phase to a gas phase, and therefore the rate of the
process is, in general, a function of total interfacial area
and a driving force for the mass transfer, which is the dif-
ference between gas concentration in a liquid and gas space.
The most effective degassing is achieved when a significant
bubble nucleation takes place in the bulk of a liquid, in
that way increasing the gas-liquid surface and stirring the
taelt.

,

-20-
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In stream degassing a stream of steel is discharged into a
vacuum chamber. The behavior of the stream depends on a
nucleation rate and rate of gas bubble growth. These, in

turn, are functions of vacuum chamber pressure, gas super-
saturation, and nozzle design. To obtain effective degassing
it is necessary that the stream of molten metal breaks up
into a spray of droplets, because the main part of degassing
takes place from the droplets. Sometimes the evolution of
dissolved gases is so vigorous that the molten stream is
disrupted in an explosive manner.

2.2.2 Stream Degassing of Steel
s

As mentioned above, transport of gas from liquid to gas
phase across the interface is one of the factors which con-

| trols the rate of the gas removal. The kinetic aspects of

| the process are reviewed and discussed by Bradshaw,24
26 and Winkler.27Bradshaw and Richardson,25 Bogdandy'

in this connection isir.terfacial
Richardson.2ghenomenaAccordingto Bradshaw, three

The role of
discussed by
steps can be distinguished in the transfer of gas from one
phase to another, namely:

1. Transfer of the species to the interface from the
bulk of the liquid

2. Transfer across the interface

3. Transfer from tne interface to the bulk gas

Step 2 can be subdivided into:

a. Adsorption at the interface

b. Reaction at the interface

c. Desorption from the interface

The rate of mass transfer can be controlled by one or more of
these steps and the problem is very complex. For example, as

discussed by Richardson,28 nonreacting surface active
interfacial

Epstein2phenomenaunder
solutes may significantly affect

consider thecertain circumstances. Rosner and
effect of chemical kinetics on the growth of nitrogen bubble
in liquid iron. Robertson and Ogunleye30 concluded in
their study of stream degassing of molten iron that chemical
kinetics was a controlling factor in the growth of nitrogen
bubbles. The systematic investigation of what influence
interfacial phenomena may have on the dynamics of bubble
growth 10 ceyond the scope of the current work. Such an
investigation would probably be difficult considering that
experimental data for liquid metals seem to be sparse and
the involved mechanisms are not fully understood.

-21-
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However, according to Szekely and Themelis31 the diffusion
in the , liquid is a rate-controlling factor in many bubble-
liquid systems of interest to metallurgists. Moreover,
according to Bradshaw,24 the major resistance in the
removal of hydrogen from steel lies in the liquid phase.

1

Next, we shall account for the observations and results from
stream degassing of liquid metals.

According to Belk22 the liquid metal' breaks up during
stream degassing into a stream of droplets, thus giving a
very effective degassing. The stream expands due to the gas
evolution and breaks up into droplets with diameters between
10 and 10-3 mm.

Sharp 20 discusses removal of hydrogen and oxygen from drop-
lets. No information is given regarding the mechanism of ,

droplet formation, which probably occurs mainly just outside |

the nozzle. High-speed photography reveals that the bubbles |
form within the droplets and that very small liquid droplets i

are produced when these bubbles collapse. According to the
author, the bubble collapses due to the cooling of the steel
film. The bubble size is primarily controlled by the type
of nozzle, the pressure in the chamber, and the surface ten-
sion of the steel. It is reported that "stream degassing
offers an extremely rapid method of hydrogen removal."

An experimental study of stream breakup of molten steel and
silver containing dissolved oxygen has been performed by
Warner.32 The author also propoced a kinetic model for
the primary mechanism of the stream breakup. Experinents
with molten steel were carried out initially with the
nitrogen-melted charge and no breakup of the jet was
observed. In subsequent experiments, the gas content of the
melt was increased by bubbling a CO/CO2 gas mixture through
the melt and explosive disintegration of the steel jet was
observed. Because of difficulties in handling molten steel,
the steel was replaced by silver.

Some relevant observations made by Warner during his experi-
ments are:

1. Jet disintegration was greater when more gas was
dissolved in the melt, as expected.

.

2. The extent of breakup of oxygen-saturated silver (at |
1 atm and 1100*C) is larger when discharged through )
a parallel-cided orifice compared with discharge l
through a sharp-edged orifice. '

1

,

-22-
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3. Maximum jet disintegration did not occur a ', the
highest vacuum.

4. After the main stream disintegrated, secondary
explosions were observed.

The author has discussed the possible mechanisms for bubble
,

nucleation and growth. Homogeneous nucleation was ruled out
because of low equilibrium pressure of CO. Then Warner con-
sidered four different possible initial sites of bubble
growth. It was concluded that the initial sites for bubble
growth in the main stream are small bubbles at vacuum chamber
pressure entrained in the nozzle.

|

| In concluding the review of Warner's article, we would like
to note that in the introduction to his article the author
emphasizes that according to practical observation made dur-
ing stream degassing of steel, the molten metal is erupting
violently as it enters vacuum chamber due to the rapid evolu-
tion of gas bubbles.

21 have investigated the expansion andOlsson and Turkdogan
breakup of streams of oil, mercury, and liquid steel by

injection of argon gas bubbles into the liquid stream before
it passes through a nozzle. Very fine sprays were produced
due to the rapid expansion of these bubbles in the low pres-
sure chamber. The authors have analyzed the mechanism of
stream breakup by expansion of entrained argon bubbles.
Based on the stream velocity, the angle of spread of the
spray, and estimated (from photographs) droplet size, the
bubble pressure before bursting was calculated.

The authors concluded that, according to what is generally
believed, the breakup of the steel stream during degassing
is a result of evolution and expansion of dissolved gases.
It was also stated that the bubble nucleation in the free
stream is not likely due to the high surface tension of mol-
ten steel and that the gas bubbles must be present in the
stream as it leaves the nozzle.

The experimental and theoretical study of flow conditions !

during the degassing process have been performed by ,

Mizoguchi, Robertson, and Bradshaw.33 The authors have j

studied the behavior of molten silver streams saturated with
oxygen at 0.2 and 1 atm, or degassed, and discharged into a
tank at pressures between 500 and 2 mm Hg absolute through
4.75 and 2.38 mm nozzles. The streams of silver saturated
with 1 atm oxygen behaved differently depending on pressure
in the tank. At high pressure the stream behaved like
degassed silver, i.e., no expansion, contraction, or breakup
was observed. At a lower pressure the stream had a foamy l.
appearance. When tank pressure was further decreased the
stream diameter just outside the nozzle was appreciably
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greater than the nozzle diameter, and at the very low pres- I

!sure (10 Torr) the stream was completely disrupted.

These observations were interpreted in terms of the homo-
geneous, two-phase compressible flow in the bubbly regime and
it was postulated that gas bubbles probably nucleated on the
nozzle walls. Below certain tank pressures no increase in
mass flux was observed when backpressure was reduced, i.e.,

critical conditions at the nozzle exit were reached (choked
flow). The critical. exit nozzle pressure and void fraction
were calculated according to the theory of compressible two-
phase flow. The theoretical predictions are reported to
agree with experimental observations. It should be pointed
out that the authors have not discussed the postulated bubble
nucleation mechanism.

Mizoguchi, Robertson, and Bradshaw34,35 have continued
their study of behavior of oxygen supersaturated molten
silver under stream degassing conditions. In Reference 34,
the measurements of pressure at the nozzle exit for the
choked two-phase flow, described in Reference 33, are
teported. The authors have ensured that the previous
observations were confirmed by pressure measurements, i.e.,
that the pressures at the nozzle exit wore much higher than
that of downstream in the tank and agreed with theoretical
prediction.

In Reference 35, the authors have analyzed the bubble growth
outside the nozzle for the same experiments as reported in
References 33 and 34. A simple jet expansion model was pro-
posed based on the two basic assumptions that bubble growth
is diffusion controlled and that bubble nucleation occurs in
the nozzle at a constant rate. Comparing the observed stream
expansion with model predictions, the authors were able to
confirm both mentioned assumptions and also calculate the
nucleation rate. The rate of nucleation was on the order of
3000 bubbles per second (corresponding to about 108 bubbles

3 of liquid).per m

The calculated nucleation rate was higher at the lower super-
saturation (i.e., for experiments at higher tank pressure),
which is contrary to what one would intuitively expect. The
authors were not able to explain this fact, but speculated
that the bubble growth constant, on which calculations were
based, could be affected by bubble interaction and that this
interaction was more likely to occur at the lower tank
pressure.

The inertial effect on bubble growth was found to be small in
these experiments 2 cm from the nozzle exit. However, it was
pointed out that inertial forces could contribute to growth
retardation in the earlier stages of growth.

|

i
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30 have investigated the behavior ofRobertson and Ogunleye
molten iron saturated at 1 atm pressure with nitrogen, hydro-
gen, and carbon monoxide and discharged into a vacuum chamber
through various nozzles with different L/D ratios and surface
roughnesses. The nozzles were 2 mm in diameter and 2 to
10 mm long. The streams were observed using high-speed

photography.

The nitrogen-saturated streams exhibited little breakup,

contrary to hydrogen- and CO-saturated streams, which were
vigorously disrupted. As in Reference 35, it was postulated

that the bubbles were nucleated on the nozzle wall and thestream was interpreted in terms of two-phase bubble flow in
the nozzle.

1 The extent of stream breakup has altered with nozzle type.
For short-smooth nozzles little or no stream breakup was
observed for nitrogen and hydrogen-saturated streams. The

situation was much different for long-rough nozzles where
there was extensive breakup of hydrogen-saturated streams
but mainly "Rayleigh-type" breakup (due to capillary forces)
of nitrogen-saturated streams.

It is interesting to note that when jet breakup was vigorous
the fragmentation was extensive, since about 60 percent of
the charge was found in the form of powder. It was concluded
that growth of the nitrogen bubbles was controlled by chemi-
cal kinetics and that inertial effects were important.
Growth of the hydrogen bubbles was very rapid with a life-
time of about 1 msec. The fragmentation of the hydrogen-

'n the rough nozzle; up tosaturated jet was very extensive i

80 percent of the discharged material was collected as a
powder with 50 percent passing 250 um. Finally, the

authors reported that surface tension forces were important
in the case of nitrogen bubbles.

In the opinion of the present autho'r, it is not clearly and
convincingly explained how important are the inertial and
surface tension forces and also their connection with the
growth controlled by chemical kinetics.
A short discussion concerning the hypothesized bubble nucle-
ation on the nozzle wall is given by Ogunleye.36 The
author, after short presentation of work reported in Refer-
ence 30, is asking why nitrogen-saturated iron streams did
not break up even in long-rough nozzles and at the very low
tank pressure, especially considering that nitrogen has a
more pronounced effect in lowering the surface tension of
molten iron. It is suggested that heterogeneous nucleation
at gas-filled crevices on the nozzle wall is easier in the
hydrogen case due to its significantly higher diffusivity,

2
cm /s for hydrogen and 6 to 8 x 10-5 cm /s) for(150 x 10-6 2

nitrogen.

-25-
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36 also reports that experiments with Fe-- N- S anuOgunleye '

Fe-C-0, i.e., with surface active species that reduce sur-
face tension, have not necessarily resulted in vigorous
stream breakup.,

2.2.3 . Summary

We chn summarize the insights gained from literature review
as follows.

1. There is very convincing industrial and experimental
evidence that a gas-supersaturated stream of molten
iron can be disintegrated by the rapid evolution and
expansion of the dissolved gas.

2. The gas evolution occurs in two steps; nucleation of ,

gas bubb1'es and their subsequent growth.

3. Breakup of the hydrogen-supersaturated stream can be I

very vigorous and even of the explosive character.
Breakup of the nitrogen-supersaturated stream is
less vigorous.

4. In cases where breakup of the hydrogen-
supersaturated atteam is vigorous, more than 50 per--
cent of the metal charge undergoes fragmentation to
a sub-mm size.

5. After disintegration of the main stream, secondary
fragmentation of liquid particles is possible.

6. Nucleation of gas bubbles in the free stream' is
unlikely and is hypothesized to occur at the cavi-
ties on the nozzle wall.

7. Less pronounced breakup cf "nitrogen streams" com-.
pared to "hydrogen streams" can be due to lower dif-
fusivity of nitrogen.

8. Growth of hydrogen bubbles in molten iron is mainly
limited by gas transport in the liquid, phase, ;

whereas growth of nitrogen bubbles may be limited i

by interface kinetics.

9. Nozzle shape may be important to stream behavior.

10. Addition of surface tension-lowering elements to

the molten iron seems to have no effect on the
extent of stream breakup.

Statements from six to ten can be subject for discussion.
The nucleation of gas bubbles in a supersaturated liquid
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metal is not well understood. For example, what i s' the

mechanism for the secondary fragmentation? If it is attti-

,

buted to the bursting of gas bubbles then the possibility of
spontaneous nucleation ,( i . e . , due to spontaneous density

fluctuations) within liquid droplets is implicitly assumed,
contrary to the "general belief" that spontaneous nucleation '

in the main stream la not possible.

The likely mechanism of the preferent'ial nucleation at the
cavities on the nozzle wall has not been investigated to the

| knowledge of this author. This will be discussed in the next
| chapter. Finally, the role of chemical kinetics in growth

of nitrogen bubble is not clear.

.2. 3 Nucleation of Gas Bubble in Liquid _ Metals

2.3.1 Introduction

Nucleation, defined as a process in which a stable phase is
preexistin_g metastable phase, can be classi-formed Ctcm a

fled, following Bankoff,37 as follows: ,

1. Spontaneous nucleation

2. Preferential nucleation

Spontaneous nucleation is due to statistical density fluctu-
ations and can be homogeneous or heterogeneous. Nucleation
is homogeneous i. f it occurs spontaneously in-the bulk phase
and heterogeneous if it occurs spontaneously at the interface
with a second phase, such as a solid wall, inclusions, or

liquid-liquid interface. Preferential nucleation ref ers ~to
a condition when a stable nucleation embryo already exists
in the form of, for example, microscopic,qas bubbles.

Nucleation in liquids has been extensively studied becauce
of its importance for boiling and cavitation processes.
Recently, the nucl6ation theory has found an important appli-
cation in liquid-liquid systems in connection with investiga-
tion of vapot explosions.38 Bankoff37 and Skripov39 have
reviewed theory, its applications, and experimental confirma-
tion. The agreement between theoretical predictions and
experimental observations for organic liquids is reported to
be excellent. Agreement for water is not very good, which
is due to some local pseudocrystallinity.37

The nucleation theory, in its "classical" shape, has been
used in investigation of gas bubble nucleation in super-
sdturated liquid metals. Agreement between theory and
observation is, however, poor.
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It was mentioned in Section 2.2 that homogeneous nucleation
of gas bubbles in the free, supersaturated stream of liquid

! iron is considered practically impossible due to the high
surface tension of . iron. Supersaturations corresponding to
equilibrium gas partial pressure on the order of 40,000 atm
would be requited. On the. other ha'd, according to
Richardson,40 it appears to be possible to obtain
nucleation of gases in liquid metals under conditions that
seem to preclude heterogeneous nucleation, with gas super-
saturations in the range of 20 to 100 atm.

Results of nucleation theory applied to nucleation of gas
bubbles in molten iron are presented next.

'
2.3.2 Homogeneous Nucleation

The following considerations are based on presentations by
Hirth and Pound 41 and Skripov.39 Nucleation theory was
developed by Volmer, Becker, D6 ting, Zel'dovich, and
others. A review and applications of the theory relevant to
our problem may be found in References 42 through 45.

The frequency of spontaneous nucleation of bubbles per unit
volume of superheated liquid is given by

J = ZoA*n* (16),

where Z is the Zel'dovich nonequilibrium. factor,

(W*/3nkTi*2)l/2 (17)Z = ,

Here o is the rate by which the critical embryo (nucleus)
gains a single molecule per unit area.

This rate is obtained from kinetic gas theory assuming the
Maxwell-Boltzman velocity distribution:

o = P*/(2nmkT)l/2 (18) i.

In Equation (16) A* is the area of the nucleus, )
i

A* = 4ur*2 (19),

"
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and n* is the number density of critical bubbles at

metastable equilibrium,

exp(-W*/kT) (20)n* = no ,

is the molecular density of the liquid. Inwhere noEquation ( 17 ) ' i * is the number of molecules in the critical
bubble:

i*=f"*3 . (21)
9

O is the molecular volume of the gas in theHere
bubble. g Assuming perfect-gas behavior we have

o =M ,

g P g

thus

P

=hr*3 (22)i* ,

where k is Boltzmann's constant.

In above expressions, W* is the work required (in an iso-
thermal, reversible process) to form a spherical nucleus,
i.e., a critical bubble, within a large homogeneous mass of
mother phase. This work was calculated by Gibbs46 and
interpreted by him as a measure of phase stability.

The work of formation of a spherical bubble at constant
temperature and pressure is

3!P-P\+[(u-u
!M2 4 (23) |f g g f gW = 4 Tr r a + pr ,j

where r is the radius of the bubble, o is the surface
tencion, P is the pressure, u is the chemical potential,
and M is the mass of the gas in the bubble. Subscripts f l

and g refer to liquid and gas phase, respectively. 1
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The first- term in this expression is the. work of forming a
surface, the second term is pV work and the last term
represents the change of free energy when bubble is formed.

The work -W has a maximum, W*, at r* and P*. The
bubble, which is now a critical embryo, is 'then in mechan-
ical and chemical equilibrium with surrounding liquid and we
have

g+ (24)P =P

and

ug(Pg,T) = ur(Pg,T) (25).

Thus, combining Equations (23), (24), and (25), we get
I
i

#
W" (26)= .

2
3 P -Pg g

Co.hbining Equations (16), (17), (18), (19), (20), (21), (22)
and (26) we obtain '

_ -

16 aJ (27)= n exp -

2
.g

3kT P -Pg g

The mean waiting time, t, for the critical bubble to appear
in a volume V is

|
|

=h. (28) |
t

|
|

When Equation (27) is used in connection with nucleation
procons in gas-supersaturated liquid, then no is a j
molecular concentration of solute. Inspection of Equation
(27) reveals that surface tension has a strong ef f ect- on J,
but m and n are relatively unimportant.o
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The supersaturation necessary to nucleate a gas bubble in a
given liquid volume can be calculated from Equation (27).
At the critical supersaturation the rate of homogeneous
nucleation will change rapidly from a very small to a very
high . value. According to Lothe and Pound 47 the critical
supersaturation can be defined to be that at which the
logarithm of the nucleation rate equals zero, i.e., J = 1.

Let us consider nucleation of the nitrogen bubble in liquid
iron. The estimated nitrogen concentration in iron for

3conditions of the SPIT-8 test is 26 kgN/m Fe, which corre-
sponds to the nitrogen equilibrium pressure of 7.5 MPa at
2800 K. From Equation (27) we have

* 16no

(P -P \ 2
=- .

( 3 \ (29)g g/ 3kT in
n (20/nm)1/2ifg

The following data have been used:

= 1,12 x 1027 atoms N/m3peno

1.2 N/mo =

* 9m= " *26
6.02 x 10

1.38 x 10-23 gg-1k =

T = 2800 K

J 1 m-3s-1 |=

We obtain

. .

P -Pt = 8.21 x 1018 N /m422g
- .

and
,

P -Pg = 2.86 x 109 N/m2 2.86 x 103 MPa=g .
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Thus the supersaturation corresponding to the partial
equilibrium pressure of nitrogen on the order of

3 x 103 MPa would be required to achieve any substantial
nucleation rate.

The result would be essentially the same if J or n wereo
increased by a factor of 10. Similar results were obtained
by Bradshaw24 for the case of hydrogen bubble nucleation
in liquid steel and by Levine 8 for the case of nucleation4

of gas bubbles in the licri.d Zr-O-N system.

For the reactor case with hydrogen concentration in iron of
2.25 kqH/m3Fe, corresponding to the hydrogen equilibrium
pressure of 6.4 MPa at 2500 K, we would obtain
P* - Pg =3 x 103 MPa.

7.5 MPa then nucleationIf we were to calculate J for P
g = he waiting time,t accord-rate would be essentially zero and

ing to Equation (28), infinite. As mentioned earlier, it

seems possible to nucleate gas bubbles in liquid metals with
gas supersaturations in the range of 2 to 10 MPa. It has
been speculated 40 that classical theory of. homogeneous
nucleation is not applicable for liquids with very high
surface tension, like liquid metals, or for solutions.

The only serious attempt known to this author aimed at
explanation of homogeneous nucleation in liquid metals is
due to Levine.48,49,50 Levine has analyzed the mechanism
of bubble formation in Zr-O-N and Fe-C-O melts and the study
was initiated by observation of explosion and sac formation
in Zr-O-N systems.51 The reversible work of formation of
critical bubble was modified by including the electrostatic
terms involved in forming a layer of chemisorbed oxygen.

ions. In consequence, the barrier to the phase change may
be greatly reduced due to the electrostatic expansion pres-
sure caused by the chemisorbed layer. According to Levine
the maximum change in Helmholtz free energy oF* (which
corresponds to W*) is

# 7 (30)6F* = ,

2
3 P -P g |i\g /

where

7=1 - 3 (0o/0)2 + 2(c /c)3 (31)o ,

is the electrostatic energy density of the inter-and oo
1 then 7 and 6F*face region. Thus, if c /o ==o

0. Levine has analyzed bubble formation in Fe-C-O systems
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and concluded that critical bubble nucleation conditions are
determined almost entirely by the oxygen content of the

' melt. Critical concentration of oxygen was found to be in
the 0.001 to 0.003 w/o range at 1823 K, i.e., for these
values o /a 4 1 and V * 0.o

The oxygen concentration in thermite melts and in corium is
certainly higher than 0.001 w/o. Hence, Levine's modified
theory of homogeneous nucleation would permit bubble nucle-
ation in the free molten stream even in the absence of
active nucleation sites.

The surface tension of liquid iron and steel is signifi-
cantly reduced by additions of oxygen and sulfur, which are

.
highly surface-active elements in iron. According to

| Swisher and Turkdogan,52 addition of 0.1 weight percent

oxygen lowers the surface tension of iron at its melting
point (1537'C) f rom 1.8 N/m to 1.0 N/m. The surface tension
decreases also with increasing temperature. According to
Allen,53 the temperature coefficient of the surface ten-
sion of iron at its melting point is -4.9 x 10-4 1 2.5 x
10-4 N/m*K. Assuming that the surface tension of iron
contaminated with oxygen is 1 N/m at its melting point, we
obtain the following equation:

o = 1.76 - 4.9 x 10-4(T-273) (32),

where T is the temperature in degree Kelvin. The similar
approach to account for temperature effects was used by
Ostensen, et al.54

Nikolopoulos and OndracekSS investigated interfacial
energies between uranium dioxide and liquid metals. The
following formula for the surface tension of molten stain-
less steel was extracted from this reference:

s

o = 1.19 - 0.57 x 10-3(T-1690) (33).

It should be emphasized that the above formulas are only
approximations.

If we use Equation (32) for the experimental and reactor
conditions, we obtain:

Experiment: T= 2800 K, c = 0.52 N/m

Reactor Case: T = 2500 K, o = 0.66 N/m .
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The critical supersaturation for these values of surface
tension is:

Experiment: Pg-Pt = 7.7 x 102 MPa

1.2 x 103 MPaReactor Case: P* - Pg =

Hence the critical supersaturation is reduced by a factor of
4 for the SPIT case and by a factor of 2.5 for the reactor
case. However, the supersaturation required to achieve any
substantial nucleation rate is still very high. If surface
tension . of liquid iron is reduced to 0.1 N/m, a critical
supersaturation of ' about 70 MPa is obtained. Even if sub-

~

stantial uncertainty exists regarding temperature dependence
of surface tension, its reduction below 0.1 N/m seems un-
likely. However, the surface tension decrease with
increasing temperature nay allow for spontaneous hetero-
geneous bubble nucleation, because the work of critical
bubble formation is substantially reduced in this case in ,

comparison with spontaneous nucleation in a bulk phase. l
I

2.3.3 Heterogeneous Nucleation

Heterogeneous nucleation in melts at a flat liquid-solid
interface has been analyzed by Bradshaw.24 Kaplan and
PhilbrookS6 have studied nucleation at liquid-liquid
interface. In this case the wetting conditions, i.e., the
contact angle between phases, is of crucial importance.
According to Bradshaw,44 the nucleation rate at flat
liquid-solid interface is

. .

/ 2c 16uo
f(0) (34)d

(um(2-cose)
"s exp -

* 2" l ,

3kT P -P
,

g
- .

where

(2-cose) (1+cos0)2
f(0) (35)=

Here 0 is the contact angle and ng is the number of
molecules adsorbed on the surface. Figure 5 shows the
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Figure 5. Heterogeneous Nucleation of Ilyd r ogen in Steel on
a Flat Substrate. Excess pressure in ~ bubble
versus contact angle.24

relationship between critical supersaturation and contact
angle for the case of hydrogen bubble nucleation in liquid
steel.

Figure 5 shows that in order to significantly reduce the
critical supersaturation the contact angle corresponding to
almost complete nonwetting is required. The situation is

'

similar for other gases and other metals. The contact angles

on the order of 160* have been reported for Al 03 and2 .

pure iron systems with low content of sulfur and oxygen.
For steel on silica or alumina refractories the reported
contact angle is in the 100* to 150* range. ,

Kaplan and PhilbrookS6 have calculated the rate of

homogeneous and heterogeneous nucleation of CO bubbles
within the levitated Fe drop at temperatures of 1900 and
2200 K. Heterogeneous nucleation was calculated at iron-

iron oxide interface. The rate of homogeneous nucleation
was found to be escentially zero.- Although the critical
work of CO bubble formation at the liquid-liquid interface
was reduced, the nucleation rate was essentially zero even
in this case.
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2.3.4 Preferential Nucleation

Preferential nucleation f rom ' gas or vapor filled surface
cavities controls the. incipient boiling superheat and
therefore is of large importance in studies of pool and.

forced convection nucleate boiling. The pa rame t e'r of
greatest interest in this connection is the number of active
nucleation sites. The surface condition, for example,
number and shape of cavities or cracks, surface wetability
by liquid, liquid properties, and flow hydrodynamics, are
controlling factors which have been investigated by many.
In principle the mechanism of preferential nucleation in the
case of gas-supersaturated liquid is identical to nucleation
from superheated liquid.

In the reactor case, there is a possibility of preferential
bubble nucleation in the melt at the sites created by y, 8
and perhaps also a radiation due to the local energy depo-
sition. This nucleation mechanism is operative in solid
fuel due to the local energy deposition by finsion products.

Bradshaw24 and Richardson 40 have discussed the nucle- |

ation of gas bubbles in molten metals at gas-filled
cavities. It was shown that a cavity of 10-3 cm radius in
contact with molten steel (o 1 N/m) and for a contact=

angle less than 90 could be an active nucleation site if
the supersaturation pressure exceeded 2 atm. Under the same
conditions but for a larger contact angle, the required
supersaturation would be reduced. The required cavity
radius will also decrease with increasing supersaturation.

2Bradshaw 4 has also briefly discussed the possibility of
bubble formation at the cavities in suspended solids. The
size of suspended particle will depend on the minimum

,

: required cavity size. which in turn is a function of contact
angle and gas supersaturation. However, nucleation experi-
ments with water show that suspended solid particles are
completely wetted in pressurized system. Thus, it appears
unlikely that preferential nucleation on suspended solid
particles could play a role in experiments and reactor
accident.

2.3.5 Discussion and Conclusions

The mechanism of gas bubble nucleation in supersaturated
molten metals is obviously not well understood. This
applies particularly to the case of spontaneous nucleation.
This author is not aware of any study of bubble nucleation
at surface cavities for the flowing, gas supersaturated
molten metal. Considering these facts, the quantitative
analysis of bubble nucleation in the free jet of super-
saturated molten metal would be very difficult, if at all
possible. Such an analysis could be a subject for separate
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study and is beyond the scope of the present work. We would
like to discuso, however, in qualitative manner some aspects
of bubble formation in connection with stream degassing and
experiments and reactor accidents.

There is some experimental evidence, as discussed earlier,
that shape and surface conditions of the discharging nozzle
affect the breakup of gas-supersaturated jets. Similar
observations have been made for jets of superheated
liquids.57 However, Fedoseev58 has reported that the
extent to which the superheated water jet is disintegrated
is only a function _of nozzle diameter, not the shape. Some

|
researchers postulate that bubble nucleation occurs on the

I nozzle wall and that these bubbles ultimately shatter the
| jet. A question which one can ask is what happens to these

bubbles after they have detached from the nozzle wall. When
the flow is turbulent, the bubbles may be transported toward
the jet centrum because of the tu r billent diffusion. If the
flow is laminar, the bubbles should be found in the boundary
region near the jet surface, and one would expect the
"erosion" of only the outer layer of the jet, if there is no
nucleation in the bulk of the stream.

In all experimental studies on jet disruption known to this
author, the nozzle diameter was very small, normally in the
range of tenths of millimeters to a few millimeters. Under
such circumstances, only a few gas bubbles can disrupt the
jet. The situation is quite different in SPIT and JETA-B
tests and in reactor accident situations. The initial jet
diameter in the tests is 2.5 cm and in the reactor case,
4 cm. In the latter case the jet diameter will increase
substantially due to the ablation process. Thus, if bubble
nucleation on the nozzle wall is postulated then the turbu-
lent diffusion of microbubbles towards jet centrum is

required.

Ablation of the nozzle wall, also observed in some tests, is
an important consideration since gas-filled cavities on the
nozzle wall, which can act as nucleation sites, will be
quickly dectroyed.

X-ray photographs of SPIT-8, JETA-B2 and JETA-B3 jets (see
Figures 3, 6, and 7) show that void is more or less uniform
throughout the jet close to the orifice. This observation,
ablation of the nozzle wall, and the fact that nozzle flow

|in tests and reactor case is most likely not turbulent (L/D
~1) contradicts the hypothesis that jet disruption is j
caused by gas bubbles that are formed on the nozzle wall.
However, regardless of what is the mechanism of bubble
nucleation it appears that the nozzle geometry is an impor-
tant factor since it determines the flow conditions inside
and outside the nozzle.
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Figure 7. Flash X-Ray Photograph of H -Driven Jet of the JETA-B3 Test2
! Taken 15 ms Af ter ' Start of Melt Ejection. The jet length is
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the melt generator exit is 8 cm.
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From above considerations we condlude that the possibility
of spontaneous nucleation in the bulk of the melt stream
cannot be disregarded. As stated earlier, the theory of
Levine explains spontaneous nucleation in liquid metals.
Another possible explanation, relevant to jet flow, was
advanced by Kaskiwa and Mjolsness.59 Based on analysis of
some experimental data for flashing water jets, they proposed
that strong flow acceleration, caused by the sudden depres-
surization, may lower the superheat required for spontaneous
nucleation. As a result of flow acceleration, the relative
motion between microbubbles and the liquid is induced which
may cause normally stable bubbles to become unstable, thus
lowering the required superheat, or supersaturation.

As mentioned earlier, experimental observations clearly
indicate that gas bubbles are formed in the nozzle or just
outside it. Therefore, it is interesting to compare the
characteristic nucleation time with time it takes for the
flow to pass through the nozzle. The characteristic time of
spontaneous homogeneous nucleation in case of bubble nucle-
ation due to diffusion of dissolved gas was obtained by
Hijikata, Mori and Nagatani.60 It is

i

n
'

( 6)t = 4nNDR ,

c

is the number of molecules in the critical bubble,where nc
Rc is the critical bubble radius, N is the number of mole-
cules per unit volume of the dissolved gas and D is the
coefficient of diffusivity.

For SPIT, JETA-B, and reactor accident conditions the order
of magnitude of the characteristic nucleation time obtained'

from the above expression is about 10-3 s. The time it
takes the flow to pass through the nozzle is on the order of
10-3 to 10-4 s. Hence the spontaneous homogeneous nucle-
ation would take place either inside the nozzle or within a
short (< 10 cm) distance from the nozzle exit. This result
is in agreement with observations.

We conclude finally, that we are not able to calculate che
rate of bubble formation in experiments and reactor accident
situations. Therefore, the number density of gas bubbles in
the molten jet will be treated as a parameter in the model
and determined experimentally.

2.4 Jet Expansion and Primary Breakup

2.4.1 Introduction

Our objective is to develop a model of jet expansion and
primary breakup as a result of effervescence of dissolved

-40-
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gas. In particular, we want to be able to predict the jet
spread angle, the jet void fraction, size of the gas
bubbles, and the bubble pressure as a function of time.
This information is needed for comparison with experiments
and fragmentation calculations.

A general description of jet behavior used in this work,
along with all relevant variables, is shown in Figure 8.

The molten jet in an experiment or reactor accident is

characterized by temperature, T, average density, p,

composition, xi, equilibrium concentration of dissolved
gas, Co, and velocity, vj. For reasons given in

Sections 2.6 and 2.7, we consider only one gas, nitrogen or
hydrogen, dissolved in the iron component of the melt.

Secondary fragmentation of melt droplets, indicated in

! Figure 8, is studied in Section 3 of this report.

In Section 2.4.2 a model of jet expansion is developed.

2.4.2 Jet Expansion Model

A schematic of a jet expansion model is shown in Figure 9.

The following assumptions are made and additional assump-
tions will be introduced in the course of the presentation.

3 of liquid are formed at the1. N gas bubbles per m
same time. The bubbles have uniform size and are
uniformly distributed in space.

These assumptions are often made in studies of
nonequilibrium vapor generation in flashing flows.
In reality there will be a distribution of bubble
sizes and the bubbles will nucleate in a flow zone
of finite dimensions. Leslie61 investigated the
effect of initial bubble radius on the growth ex-
pression for a vapor bubble growing in a super-
heated liquid. The growth was diffusion controlled.
He found that the bubble radius becomes independent
of initial radius when the bubble has grown to a
few times its initial radius.

According to Saha et al.,62 the nucleation zone
is short and the contribution of the bubbles nucle-
ated downstream of this zone can be neglected.

2. The assumption of spherical bubbles is quite
accurate for small bubbles because of the surface ,

tension forces and is a reasonable approximation !

for larger bubbles in the free jet. Bubble inter- !
action and turbulent motion in the jet will cause i

departure from sphericity, but these effects are
neglected.

-41-
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3. Bubble coalescence or bubble / bubble interactions
are not accounted for.

4. Constant liquid properties are not assumed.

5. The jet velocity is assumed constant in the axial
direction.

6. One-dimensional axial flow is assumed. The impor-
tance of changes in radial direction should be
investigated and included in the more detailed
model. For example, it is now assumed that the
pressure across the jet is uniform and accordingly
the void fraction is not a function of radius.

7. Steady-state, or at least quasi-steady conditions ;
'

are assumed. We consider the jet to be a homo-
geneous, bubbly, two-phase flow with no relative i

|velocity between liquid and gas phase (i.e., slip =

1).

Given these simplifying assumptions, the equation of
continuity of mass takes the simple form of

ivjA = const (37),

where p is the mixture (or mean) density, vj is an axial
jet velocity, and A is a jet cross-sectional area.

According to assumption 5,

(38)vj = const .

The mixture density i is given by

i= p a + pg(1-a) (39).g

Here a is the void fraction; subscripts g and 1 refer to
gas and liquid phase, respectively.

In our case pg >> pg; hence

i - pg(1-a) (40).
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Equation (37) can be written as

v (41)pvjA(z) = po jAo ,

whace o refers to initial conditions inside the orifice.
Combining Equations (40) and (41), we obtain

1-a
A (42)A(z) =y_q g .

Br.t

= nr (z)A(2) ,

and

A = nr *g N

Thus we get

Il-a ) # (43)=I f Nr)(2) (1-a j
,

of

] [1-a)1/2g
(44)P .

k 1~" /r
N

where p is the nondimensional jet radius and rN is the
nozzle radius,

i The instantaneous jet spread angle (half-angle) is obtained
from Equation (43):

dr$ (43a)tan O = dz .

-45-
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Neglecting the- initial void fraction, ao, since the
initial bubble radius is negligibly small (Ro = 10-7 m;
see Section 2.6.3.1), we obtain by differentiation of
Equation 43

.

d = f.r
~

da(zl (45)y_,(g) .- 4

N

The jet void fraction is determined as follows. From
definition

V
c s volume c (46)a = total volume , V 4 V

.

9 g

!

Assuming that number density of nuclei is N, the bubble
radius at the inception of jet expansion Ro, and the
change in liquid volume as a result of gas evolution is
negligible, we can write

= f nR NVV ,

g

and

=V-fnRNV=V1-fnRNV >
.g

liere V is the total mixture volume and R the bubble radius.
Substituting expressions for V and VL into Equationg
(46), we obtain the general expression for void fraction:

4/3 nNR {47),

1+ 4/3 nN(R -R3) .

Now, drj/dz can be obtained,

da da dt 1 da

" v) dt (48)d2 * dt dz

and from Equation (47), assuming again that Ro = 0,

-46-
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4nNR (47a)= . .

,1 + 4/3 nNR ,

Finally, combining Equations (43a), (45), (47a), and (48),
we get

dr$ N
- -r 4nNR dR @):an 0 = dz 2v) . .

14 4/3 nNR
1-"I*) - -2 E" '

3
.

f[R(t)] is given by Equation (47) and Rowhere a(z) =

= 0.

In order to calculate 0, the jet velocity, vj, number
density of nuclei, N, and bubble radius as a function of
time, R(t), must be known.

The primary jet breakup is expected to occur when the jet
void fraction is about 50 percent because at this void
fraction the gas bubbles are very close to each other
(assuming that they are arranged on a simple cubic lattice).

Considering that the melt volume per bubble is approximately
1/N, the average size of the melt droplet, D, pro-Vt =

duced by the primary jet breakup can be obtained:

nD _ J. .

6 'N
/6 \ 1/3

Theref ore D :: knNI *

The method of calculating bubble radius as a function of
time is presented in the next section.

2.5 Dynamics of Bubble Growth in Supersaturated Liquid

2.5.1 Introduction

The rate of bubble growth is a major variable in the jet
expansion model. We have found that in order to correctly I
model behavior of hydrogen supersaturated molten jet a
general model of bubble growth, covering various growch
stages, is required. Before presenting this model it will
be useful to briefly review and discuss some elements of the
bubble growth theory.

Bubble dynamics have been extensively studied because of the
importance of this subject in understanding boiling and
cavitation. Similarly as in the case of bubble nucleation

-47-

-- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .



$

these studies are mainly concerned with superheated ordinary
liquids. Investigations of bubble growth due to gas dif-
fusion in the supersaturated liquids are rather scarce,
especially in molten metals. Fortunately, the methods and
results of studies of bubble problem in superheated liquids
can be directly employed for gas supersaturated liquids,
including molten metals.

Bankoff63,64 has reviewed in detail theoretical and exper-
mental works on bubble dynamics and also various applica-
tions as, for example, in nuclear reactor safety. In a
general case the bubble growth is controlled by a rate at
which the energy and/or mass is transported to the bubble |
wall, liquid inertia, and viscous and surface tension ,

forces. The problem is very complex because of the coupling |
between transport equations and equations of motion (the !
position of the moving phase boundary is not known a priori) !

and the exact simultaneous solution of governing equations j

is not available. A number of approximate solutions are
available that yield a reasonable agreement with experi-
mental data and numerical solutions of the exact problem.

Analytical efforts have been concentrated on the early stage
of bubble growth when the liquid inertia is a dominating
factor and on the late, so-called asymptotic, stage when
hydrodynamic effects are negligible and growth is controlled
solely by energy and/or mass diffusion. Solutions that
cover the entire growth process, except the very early stage
in which the surface tension forces are important, based on
an interpolation procedure between inertia controlled and
asymptotic stage, have been proposed.

The problem of inertia controlled bubble dynamics was solved
by Rayleigh.65 Plesset and Zwick 66,67 Forster a r.d
Zuber,68 Birkhoff et al.,69 Scriven,70 and Bankoff71
have proposed solutions for tne bubble growth due to heat
diffusion in a uniformly superheated liquid. Interpolation
solutions were obtained by Mikic, Rohsenhow, and
Griffith,72 and Theofanous and Patel.73 Prosperetti and
Plesset obtained a general, approximate solution using
scaled variables.74

Most of the mentioned studies, and many others, were
concerned with bubble growth in superheated liquids. We
are, however, interested in the growth due to the mass
diffusion in gas supersaturated liquid. This particular
problem was investigated by Szekely and Martins,75,76
Martins,77 Szekely, Martins, and Fang,78 Rosner and
Epstein,29 Szekely and Fang,79 Barlow and Langlois,80
and Langlois.81 These studies are mainly an adaption of
ideas and results originally developed by Plesset and Zwick,
Birkhoff and Scriven.

In Sections 2.5.2 and 2.5.3, we briefly present the general
and nondimensional formulation of the bubble growth problem
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due to mass diffusion. The solutions to inertia and dif-
fusion controlled growth stages are given in Section 2.5.4
and 2.5.5, respectively.

In Section 2.5.6 we develop an interpolation model of bubble

9rowth due to mass diffusion. This bubble growth model is
used in the jet expansion model presented in the previous
section. Finally, in Section 2.5.7 we discuss some aspects
of bubble interaction.

2.5.2 General Formulation

The model of spherical bubble growth in a gas rupersaturated
liquid is shown in Figure 10.

i

N:

!!L10UID + DISSOLVED GAS!!

iiC = C (P )f.o o

!! .!!

GAS BUBBLE
, . . . . . . . . . . IIh b:.;,,

.

-

. .::d.C, = C,(P,);jj! ;r ,
W . .... ..

|

:i.r.sr
.

4P,. T, /j
,

f

g/j+:
:::.

/ i:;g T, A Xi :.;.

T P,
,

j!!

! C, = C,(P )|| !

C, > C,

::!:p

Figure 10. Model of Gas Bubble Growth in a Supersaturated
Liquid

Tne following assumptions are made:

1. Spherical symmetry regarding bubble geometry and
concentration field surrounding the bubble.

2. Single bubble in a quiescent, supersaturated liquid
of infinite extent. This means that bubble spacing
is large enough to avoid competition for solute and
interaction of velocity fields. These assumptions
are discussed in Section 2.5.7.
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3. No relative motion between the bubble and liquid.

4. Chemical equilibrium at the bubble-liquid interface.

5. Thermodynamic _ equilibrium between - the gas in the
bubble and the liquid at the bubble wall.

.s
6. Isothermal system.

7. Incompressible liquid.

8. Constant properties of the liquid.
.

9. Constant diffusion coefficient.

10. Newtonian fluid.

Additional assumptions will be introduced in the course of
presentation. ,

i

Equation of Continuity*

IEquation of mass continuity for sphetical symmetry
takes, in this case, the folicwing form:82

f-(ru) =0 (50).

Thus

22 f(t) = R u(R,t) (51)r u(r,t) = ,

where u(r,t) is the radial liquid velocity, R is the
bubble radius, and f(t) is a function of time. Since
the term r2u is not a function of- the radial
coordinate, it has been evaluated at the bubble wall.
From mass balance at the bubble surface,70

f- fvR p = 4nR pg[R - u(R,t)] (52).

g

The gas density varies slowly with time compared to the
bubble volume and therefore one can write

pq-p . .

q
R= cR (53)u(R) = ,

#2

-50-
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's. q _
. . ,

pq-pq
where c = .

At

Hence Equations (51) and (53) give

(54)u(r.t) = .

r

|

Equation of Motion*

The equation of motion (Navier-Stokes equation) for this,

'

case is 28

- - - .

b+u b E- Vu- (55)
Br] = ar + up1 at

.

2
r

It is interesting to note here that the term in the
bracket on the right hand side of Equation (55) vanishes
when velocity, u, is substituted from Equation (51).
'I' hu s , it appears that there is no difference between
viscous and nonviscous fluid. This "paradox" was dis-
cussed by Poritsky.83 We will see in a moment that
liquid viscosity does not disappear from the problem
because of boundary conditions at the bubble wall.

Employing Equation (54) and integrating Equation (55)
from the bubble wall to infinity, we obtain

p(R) - p,/ c *2
(2 - g' R (56)RR+ = ,

i

where p(R) is the liquid pressure at the bubble wall.
,

it can be shown84 t. hat the balance of normal, radial
stresses at the bubble wall yields

-fa4 2k - 4pc (57)p(R) =p .

g
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'

,
,

is the gas pressure in the bubble, o is theHere pg
surface tension, n is the liquid dynamic viscosity and
k is the effective surface-dilational viscosity.

2kR/R, which accounts for the dynamic, surf aceThe term
- tension and may be important for very small bubbles,84
is normally neglected and we get

,

(58)P(R) = p - - 4pc .g

Combining Equations (56) and (58), we obtain

=RN+2 - h2 +49 (59)
*

+ ,g

i

where u is tne kinematic viscosity.

In our case c ~ l and we have

Rk+fg2 + +4 (60)p - p, = pg .g

Diffusion Equation*

The gas concentration in the liquid is given by Fick's
law of diffusion:82

DV C (61)= .

D
where g is the substantial derivative and D is the

diffusion coefficient.

For spherical symmetry Equation (61) becomes

E-D (62)+ u + .

at ar 2 r BrBr

'

.; -52-
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\
,

R /r2, assuming c = 1,2RFrom Equation (54), u =

and we obtain

SS ' , p 8C 2 8g _hR lQ (63).

at 2 r ar 2 ar
_a r _ r

Boundary Conditionse

A't the interface, ,

h 4nR DI '(64)Rp = .

g

|

Again, because the gas density varies slowly with time
compared to the bubble volume, this equation simplifies
to

D (65)A = .

g

At infinity (r 4 m),

(66)C(r,t) = Co ,

where Co is the initial, uniform gas concentration.

Initial Conditions*

R = Ro
'

k=0 (67)

C(r 0) = Co

' Assuming local thermodynamic equilibrium at the bubble
'

wall, we can write

(68)C(R) = f(Pg,T) .
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If the gas solubility obeys Henry's or Sievert's law, we-
have

,

'

C(R) = K(P ) 1/U (69)g .

'

Here, K is the equilibrium constant and n = l for Henry's"

law, n = 2 for Sievert's law. ='

The mathematical formulation of the-problem is completely
described by Equations (60), (63), and (69), along with
boundary and initial conditions.

As mentioned earlier, this system of differential equa-
tions has not been solved exactly.

Finally, we want to point out that because of the
assumption of an isothermal system, the energy equation
was not considered.

2.5.3 Nondimensional Formulation
"

The effects of liquid inertia, viscosity, and surface, tension
on bubble growth due to mass diffusion have been studied by
Szekely and Martins 75 and Martins 77 using nondimensional
formulation of governing equations and numerical calcula-
tions. Later, the effect of surface kinetics was also
included by Szekely and Fang.79 The following dimension-
loss parameters have been defined:

- AC
Ja = reference value of Jakob number

Eg(p,)

'
R op.

pressure parameter, diffusionG =
7 2pDg

'aR 6Cg
G pressure parameter, surface reaction
g = Dpg(p,)

. ,

= g

I
;
,

j -54-
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( a)25 growth rate parameter, surface reaction=

K

5
5 1 relative importance of inertia and

IK = E surface kinetics effects,
g

w'here

AC = Co - Caat = Co - C(p.) ,

|
|

6p = p(Co) - pm

and

interface mass transfer coefficienta= .

After solving numerically the general system of equations
for different values of parameters BI, Bg, and neglect-

ing surface tension and viscous effects, Szekely and
79 found that ifFang

1. BI, Bg << 1; growth is diffusion-controlled
2. BI >> 1

Bg << 1; growth is inertia-controlled

3. Bg >> 1

BI << 1; growth is controlled by surface kinetics
B g large; growth is inertia-controlled4. I

B g small; growth is limited by surface kineticsi

These recommendations are useful as a first test of which
effects may play a role in particular bubble growth case.

; 2.5.4 Inertia-Controlled Growth

For large liquid superheat or supersaturation and/or low'

,,

ambient pressure (i.e., low gas density) the velocity of the

-55-
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bubble wall will be high and growth will be inertia-
controlled.

Normally, the effect of viscosity is neglected, except for
polymeric or other highly viscous liquids, and Equation (60)
becomes

op = p Rh + f k +fE
'

(70)g ,

where Ap = pg - p. .

'2Multiplying by RR and assuming that op is constant,
Equation (70) may be integrated from Ro to R to give85

s

- - . .

33 2

g2 2 Ap fg _ 20y_ y , _a [g g2 (77)+,
,3p R pR R R og

- - . .

g

If growth begins at equilibrium, we have

and k=0op = f .g

When R >> Ro, we obtain

k=3 bE (72),

pq

k = -- E (73),

i

EbE\and R= t (74).

A\ ll

These are the results originally obtained by Rayleigh.65

1
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Assuming that op is constant implies that the temperature
or concentration gradient at the bubble wall is small.
Initially, when the bubble is still relatively small this is
a permissible assumption. However, considering that volume-
to-surface ratio is proportional to the bubble radius, the
requirement to supply enough heat or mass to the bubble wall
in order to maintain initial pressure will eventually . lead
to the establishment of an appreciable temperature or con-
centration gradient. Thus, after the initial growth period,
controlled practically by liquid inertia, the bubble will
first enter the intermediate stage when inertia and dif-
fusion controls occur and later the _ final stage in which
diffusion effects practically control the growth rate.

| We would like to note that, according to Equation (73),

i during inertia-controlled growth period the bubble wall

velocity is constant.

2.5.5 Diffusion-Controlled Growth'

The diffusion-controlled phase of bubble growth (also called
asymptotic or late) has been thoroughly studied by many
researchers. Two methods of solution have been most widely
used; one is based on the assumption that temperature or
concentration variation occurs in the thin boundary layer
surrounding the bubble wall (Plesset and Zwick67) and the
second employs self-similar solution (Birkhoff, Margulies,
and Horning 69 and Scriven 0),7

|

' The self-similar solutions are exact, but their drawback is
that the following simplifying assumptions are required:

a. The initial bubble radius is zero,

b. Inertial and surface tension effects have to be
neglected,

c. The vapor density in the bubble is constant.

Additionally, the bubble must grow in unif orm)y superheated
or supersaturated liquid.

'

It will be shown later that, if the driving force is not
small and the bubble radius is approximately 10 times

'

greater than initial radius, the self-similar solution
merges with the solution based on the thin boundary layer
assumption.

Now, following Scriven,70 we will outline the method and '

results of the self-cimilar solution. For details, the
reader is referred to original works by Birkhoff et al. and
Scriven or to Bankoff's review of diffusion-controlled
bubble growth.63

-57- -
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It is assumed that the solution has a form

C*(r,t) - C*(s) (75). ;,

where

C - C(r,t) o
g

C" *

C, - C,

and

Es= (76),

2)Dt .

C(p.), i.e., equilibrium gas concentrationwhere Cs =

at ambient pressure and s is the Boltzmann transformation
variable. This implies that

|

|

(77) |2 8)DtR = ,

'I
4

where B is the growth constant.

Substituting Equations (75), (76), and (77) into Equation
(63) we obtain

* d* ~1 3+ 8 g-2 (78)2 -s - s=
.

ds

The growth constant 8 is evaluated by integrating this
equation twice and applying boundary and initial condi-
tions. The result is

"

-1)dx3 2 -2 2 3$(8) = 28 exp(38 ) 7 x exp -x - 28 x (79),

8 '

where
>

s , Ag$(8) (80)= ,

P Ag g ,

!
f
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and x is a dummy variable.

Scriven has shown that if 8 4 0, then

= 282 (81)4(B) .

Hence

[2 bS (Det)1 (82)R=
( 9/

i
,

j and

I

h = 1/2 [2fS
1#D (83).

1/2
( 9/ t

If 8 is large (>10), then

e S (84)$(8) .

Hence

R=2 S (Dt) (85)y
9

'
and

k =3! -f/2 (86)D .

i

This result is identical with the leading term of the
Plesset-Zwick solution, based on the thin concentration
boundary layer approximation for the asymptotic growth phase.

This fact is not surprising considering the following. The
thickness of diffusion boundary layer is approximately

,
~ 6 - 4ybt. Thin boundary layer assumption requires that

-59-
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f<<1 .

Taking R from Equation (85) We get

6 4M 2
*

(87)= -- =- ,

BR gg g

where B=E .

#g

Thus if 8 is large, the assumption g& << 1 is justified.

The parameter 8 is often called the Jakob number, Ja, for
mass transfer by analogy with a similar dimensionless number
describing the driving force for vapor bubble growth in
superheated liquid.

Martins 77 has analytically and numerically investigated
the relationship between self-similar solution and Plesset-
Zwick type solutions. According to him, we can write

+f-3 (88)TM=7 .

This is a result of Plesset-Zwick type solution applied to
the mass-transfer case. Here'

:
!

g $ Ja
2

t-[otT , ,

Rg

t

la = --( p.)and .

E g
,

;a

Scriven's solution (Equation (85)) may be written as
,

, ,

( = /3TM (89) t.,

!

!

6
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Thus, for large (, Equation (88) approaches Equation (89).
Martins has compared results given by Equations (88) and(89)
and the numerical solution for Ja = 100 and found good -

agreement. It was also shown that for Ja 100 and ( > 10=

the difference between ( predicted by Equation (88) and
Equation (89) is negligibly small.

2.5.6 General Relation for Bubble Growth

In many cases of practical interest when large times are
involved the diffusion-controlled solution agrees well with
observations. For small times the inertial effects. are

always important. There are situations when both inertial
and dif fusional ef f ects are important. The problem can- be
solved numerically or by approximation methods.

One of the approximative methods is based on the thin

thermal boundary layer approximation, and solutions have

been obtained by Plesset and Zwick,67 using matched
asymptotic expansions, and by Murdock,86 using an integral
technique.

The second method, the result of the work of Mikic,

Rohsenhow, and Griffith,72 is based on interpolation
between two limiting solutions, inertia-controlled for small
times and diffusion-controlled for large times. It was
shown that the interpolation solution agrees well with
numerical solutions and experimental observations of vapor
bubbles growing in superheated liquids. .

The method of Mikic et al. has not been used for bubble
growth due to mass diffusion. We have found that their
approach will suit our purpose, and therefore, the inter-

.! polation model has been developed and is presented next.
.

For inertia-controlled growth we have

p - p 1/2. /2 q (90)Ri= ,

For diffusion-controlled growth, when 8 > 10--Equation*

(86)--we have

I91}! Rd" p 1/2
'

|
g t

i

,

because/qg~l .
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By assuming thermodynamic equilibrium at the bubble wall,'

one can cee from equation of motion (Equation (60)] that the
bubble growth rate is a function of concentration at the
interface.

For Sievert's law of solubility, which nitrogen and hydrogen
obey when in solution with iron, we have

.

*

Ceq = K [pg ,

or

c

p = K'C (92),

g q

I

1/Kwhere K' = .

I
The relationship between C and p for this particular case is

'

depicted in Figure 11. The equilibrium concentration at the
bubble wall changes from the initial concentration. Co, to
the final concentration, Cs, which corresponds to the,

ambient pressure, p.. Thus the bubble pressure changes
from po to p. according to Equation (92). Also, the

'gas density changes from pg(po) to pg(p.)
because, assuming ideal-gas behavior

p
q

I")#g"RT '

, g ,

where R is the gas constant.g

We can then say that the bubble growth is a function of
normalized concentration driving force, $. given by .

4

i

I Cg-C Cg-Cg g
(94)&=C -C 6C

"
*"

.

o s

Ci(t) is the interface concentration. ThusHere, Ci -

- f($).both pg = f(4) and pg

Co. andWe can see that for small times, t 4 0, Ci *

$ * 1; for large times, t*m, Ci * Cg, and 4 * 0.
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SIEVERTS' LAW
P = K'C2 .

P. . , _ _ . _ . , , , , , , , , _ , , , _ . _ , , _ , , , , _

uI i
cc i

D I

g P ----------g

0 I

I'

E:
U

|p, - - - . -

l It i
| I

.

|

|

C (P ) C C (P )i

GAS CONCENTRATION, C
,

; Figure 11. Bubble Pressure as a Function of Gas
Concentration at the Bubble Wall for Equilibrium
Conditions

i

p is constantIn the following development we assume that
analyt$ cal solutionand only pg f(Ci). This makes ana

possible, but introduces an error that we will correct later.
:

i We can write Equation (86) in terms of 4 as follows:

"

h=0 I 1

d/2 = BD (1 - $) (95)D ,

i 1/2p g g t

C -Cg g
where B= .

1 p
q

B D1/2, which is a constant, (it was assumedPutting B =

is constant) we havethat pg

'
4
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hl - B 2(1 - &) (96).

When t 4 m, & 4 0 and Equation (96) approaches Equation
(91).

,

To express inertia-controlled growth rate in terms of $.
We use Equation (92). We get

f(C)=K'C (97)P =
g ,g

and

2p, = f (C ) = K ' C (98).g

Therefore,

2 2 2p - p, = K'C - K'C = K' C -C (99).g

From Equation (94), Ci - Cs = $6C, and we have

(Cg-C Cg+C = $6C Cg+CC -C (100)=
.s s g

Since Ci = $6C + C we obtains,

C - C = $ (AC) 2&(6C)C (101)+ .g

Therefore,

p - p, = K'(6C)2 2
4 + 24 I (102).g

P".Finally, noting that K' Equation (102) becomes after=
,,

some manipulations *s

P - P. = OP (T-1)j +$y y (103),g o

.
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I,

:

where {
<

..

OPo = Po - P = Po(Co) - P.

;

and

y=[C '

= initial supersaturation .

s
!

Equation (73) for inertia-controlled growth becomes

,

f. y1/2.

+4fy (104)R=A $ ,

Y

,

where

!

1/2fop - 2p,(y-1)J2 1 o (105)A= 3( p j s

! is a constant depending only on the initial conditions.
|

Now, consider Equations (95) and (104) as a system
3

,

ht = B 1
(1 - $) (95)

1/2

,

i and

.

1/2.

R=A& +4 (104).y
.i :

The interpolation between these two limiting solutions is ,i

carried out by eliminating & from the above system.
'

;

:
By solving for $ from Equation (95), and substituting the
result in Equation (104), we obtain the following result:

,

t

-65-.
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4

t-i l ht2_ l/2 2 2R+A 1 + Y_1 =0 (106)g 1 2I + Y,7 .

Following Mikic et al.,72 we introduce dimensionless time,
t+, and dimensionless radius, R+,

)

t+ t (107)= ,

B

and

R+ R (108)= ,

B l

i
In order to simplify the notation, we put

'

2e= .

1

After solving Equation (106) and expressing the result in a
dimensionless form we obtain

dR* (E + 2)(t+) [(E + 2)2 + - 4(E + 1)(t* - 1))t-

dt+ 2(t* - 1) (lb9)

It may be easily shown that for t+ << 1 the above
expression reduces to Equation (73) and 'for t+ >> 1 to
Equation (91).

Integration of Equation (109) yields

.

~1R* = y 2 h + in -2 (t* - 1) < Yy

M+1 '

- -

' +* ~T~

- Y In +C (110)
/( t * - 1) +Y + Y

#

.
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where C is the integration constant evaluated from condition
0 at t+ =0R+ =

-1~*
1+Y in (111)C=2Y .-

/y _ y,Y2

Equation (110) is shown in Figure 12 for three values of y.
*

Acceleration of the bubble wall has been calculated by

differentiating Equation (109) with a rather lengthy and ,

|
complicated result. For a rapidly growing hydrogen bubble,

; the bubble radius is smaller by about 10 percent when the
! acceleration term is disregarded. In analyses of experiments

and reactor accidents, presented in Section 2.6, the

acceleration term was not included.
The derivation of the general relation for bubble growth was

is constant. Thecarried out with the assumption that pg
gas density is a pertinent factor in growth analysis of

diffusion-controlled stage because 8 = AC/pg.
As stated earlier, the gas density may be expressed as a
function of normalized concentration driving force, 4,

i.e.,

pg = f($) .

It was pointed out by Theofanous and Patel,73 that using
growth constant evaluated at ambient pressure leads to

significant error for large superheats. They showed, by
comparison with experimental data and numerical simulations
of vapor bubble growth in superheated liquid, that the

method of Mikic et al. is acceptable if changes of gas
density during growth period are accounted for. For small
superheats, the Mikic et al. solution is satisfactory.
Therefore, the general relation for gas bubble growth, given
by Equation (110), is useful in cases when changes of gas

4

; density during growth period are not too large.

For large changes of gas density, which is the case here,
one can easily correct the previous solution in the

I
following way:

The diffusion-controlled growth rate is given by Equation
(95)

! 1/2 -1/2-

R = SD t (1-$)

where

-67-

t



. - . . - .

i

i
i

./

8=
.

G

with

P
,_g. ,

p =

g RT
.

,

is the bubblo pressure..where pg

Thus
..,

|| 8=E RT .

! P
'

g

Using Sievert's law for solubility, C = Kp /2, and relation |l

Cg-C s ,

#" 6C
*

we obtain, after some manipulations,

2
C AC-

n=,

g(P.)($oc + Cs)p

i' Hence the diffusion-controlled growth rate is given by

* l~# -1/2
= B' t

(46C + C ) -

g

|

Where .

2
.

C AC, 1/2
B' D= .

Eg(P )
4

i .

!'

The general relation for bubble growth is obtained by
j eliminating $ between equations for diffusion- and !

'
j inertia-controlled growth, i.e., from the following system:

.
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Figure 12. General Relation for Bubble Growth. The bubble growth
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,
,

k=B' -# -

t

(46C 4 C,)

and

k=Af& .4 4 t .y

This system is solved numerically.,

We have used, however, a different procedure to account for
changes in gas density. This procedure is somewhat faster
and gives results that are virtually identical with those
obtained by the method outlined above.

We start calculations with p =pq(p,) =9 and .the initial |
0

,q,

growth constant is calculated using this value, i.e., SO ,

bC/pg.

i

When Ro has been calculated from Equation (110), the bubble'

0pressure p is evaluated from the equation of motion and
0j finally p = p /R T is obtained. Then the new growthg

constant 8 is calculated based on p and the cycle is

repeated until'

p i+1 - p i
q

(112)p i ic ,

g

.! where c is required accuracy.

I The last calculated growth constant is thus the effective
growth constant for the entire bubble growth period.

] To summarize, a model of bubble growth due to mass diffusion
i has been developed that covers the entire range of bubble

growth, including inertia-controlled and diffusion-controlled
stages. An important feature of the model is that it allows

; us to calculate the bubble pressure as a function of time.
This information is needed for fragmentation analysis.

:

In Section 2.6, we will see that predictions for the nitro-
gen bubble growth under experimental conditions differ very
little from predictions based on Scriven's relation, i.e.,
for purely diffusion-controlled growth. The situation is,

-70-
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,

however, different in the case of the hydrogen bubble growth
where inertial effects are important.

2.5.7 Bubble Interaction
When the bubble density in the liquid is large, the bubble

'

interaction during growth process is possible. The assump-
tion that the liquid pressure far from the bubble wall is
constant and equal to ambient pressure may not be fulfilled
due to the interaction of velocity fields. Also, the

dssumption that solute Concentration far from the bubble is
constant and uniform in time may be violated leading to

competition among bubbles for available solute. These
problems are very difficult and this author is not aware of
any studies in this connection except the works of Reiss and
La Mer,87 concerning growth of colloidal particles, J. . d

Chahine and Liu,88 concerning growth of a bubble cluster
in a superheated liquid. The latter work is more relevant

! to our problem. Chahine and Liu developed a singular-
perturbation theory for the growth of a cloud of interacting
bubbles (under an assumption of low void fraction) in a
superheated liquid following a sudden depressurization. It
was found that the bubble growth rate is reduced somewhat
due to the bubble interaction. This result was expected to'

remain valid and become more significant for larger void
*

fraction. Thus, it is possible that the present model over-
predicts the expansion of the molten jet which in turn would
mean that the experimentally determined number density of
gas bubbles is underpredicted. We believe, however, that

i the deviation is not significant since the drop fragmentation
Cdlculations (Section 3), in which the number density of gas
bubbles is an important parameter, give results which are la
reasonably good agreement with experimental data.

The possible reduction of the bubble growth rate in our case
would most likely be a result of interaction of velocity
fields rather than concentration fields. To show this we ;

propose the following simple method which provides an indi-
cation when completion for the solute becomes important.

,

I We assume that the number density of bubbles is N and that

!
the bubbles are uniformly distributed in the liquid. Then

I the liquid volume per bubble is

-f (113)V
f

and the thickness of the liquid film surrounding the bubble l

is given by
,

?

f 1 (114)i h * '

!
g = 4nR2 24nR N

l

: ,
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Where R is the bubble radius.

We may say that the competition for the solute is negligible
if, for all time, hg is much larger than the thickness of
diffusion boundary layer in which significant concentration
gradient takes place.

,

The thicknea.s of the diffusion boundary layer is

6 = [6 t '(115)_,

and we have

<< 1 (116).

,

Substituting Equations (114) and (115) into Equation (116)
we get

onR N M << 1 (117)2
.

Employing Scriven's formula f or it, if S > 10

R = 28 %

and we can write

4n(28)2N(Dt)3/2 << 1 (118).

The expression for void fraction a (Equation (47),
assuming Ro = 0) is

A 3
uNR

3a= (1M).

4 3
1 + y uNR

-72-

_ _ _ _ _ _ _ _ _ -



_. _, _

Upon substituting Equation (05) into Equation (119) we obtain

fnN(28) (Dt)
(120)a= .

1+fnN(28)3(Dt)

Combining Equations (118) and (120) we obtain the simple
expression

P'

a << H 8 > 10 (120 -

.y,g g

For small 8 we have, according to Equation (82)

R= (28)l/2[t (87).

Proceeding as above, we obtain

'/I5a << if B < 10 (122).

2+h

The growth constant B, evaluated at 1 atm, io for experi-
ments and reactor conditions about 200 or urger.

Thus from Equation (118) We get

a << 200 1. 5 - 0 . H .

The maximum void fraction we expect is a 0.5 because at~

this value the bubbles are very close to each other
(assuming that they are arranged on a simple cubic lattice)
and breakup of the jet will occur. Therefore, the competi-
tion among the bubbles for solute should not be'a problem in
our case.

Even if it is not relevant to our problem it is interesting
to see what happens for small B. Let us consider the
following case taken from an article by Birkhoff et al.69
For water saturated with N2 at 20*C and heated suddenly to i
just below the boiling point tite growth constant 8 is equal
to 0.021.

~73-

. - - _



j From Equation (122)

'

a << = 0.07

2 + /0.021
Thus, for void fractions on the order of a few percent the
concentration fields around the bubbles start to 16ceract.

2.6 Experimental Results and Analyses

2.6.1 Introduction

In this section experimental results and analyses are pre-
sented for three jet characterization experiments: SPIT-8,

JETA-B2 and JETA-B3. Several SPIT and four JETA-B tests
have been performed but only relevant tests are used here.
Some important observations from the SPIT-8 test were
described in Section 1 of this work. In the SPIT-8 test, |

Where nitrogen was used to pressurize the melt generator, |
the aerosol particle size distribution was measured using |

samples taken from the aerosol cloud as it drifted over the
samples. The debris was not, however, collected and
therefore the debris size distribution is not available.
The JETA-B tests have been designed to investigate hydrogen
supersaturated molten jet and aid in the validation of the
jet expansion and fragmentation model. Therefore the debris
was collected and size distribution data were obtained by
sieve analysis. On the other hand, the aerosol particle
size distribution was not measured in the JETA-B tests. The
debris and aerosol size distribution data will be described
and used in Sections 3.2 and 3.3.

2.6.2 Experimental Results

Test Apparatus*

The melt generators used in the SPIT and JETA-B tests
have been designed to create a high-temperature melt
within a pressurized confined volume. A schematic de-
scription of the melt oenerator used for the SPIT series
tests is shown in Figure 13. The gas line was connected
to an accumulator vessel in order to mitigate the pres-

'>sure increase during the thermite reaction. The melt
crucible was a mild steel pipe section (9-cm inner
diameter and about 90 cm long) capped by graphite platec
on each end and placed inside the pressure vessel. More
detailed information on the melt generator and instru-
mentation is given by Tarbell et al. in Reference 5.

The melt generator used in the JETA-B tests was practi-
cally identical to that used in the SPIT tests except
that the additional gas volume was created between the
crucible and the pressure vessel. This modification was

.
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necessary since the accumulator was not used in the
JETA-B tests. The total gas volume in the JETA-B melt
generator was, however, smaller than in the SPIT
generator.

Instrumentation*

Instrumentation used to study the- jet behavior and the
aerosol and debris size distribution included the
pressure transducer, high-speed video camera, flash
X-ray, aerosol samplers in the SPIT tests, and a large
aluminum pan in the JETA-B tests.

The pressure gauge inserted into the expansion volume of
the melt generator measured the gas pressure in the free
space above the melt pool. The location and protection
of tne pressure gauge made it poesible to measure the
initial gas pressure, the pressure increase during the
thermite reaction, and the blowdown history following
melt ejection.

The high-speed video camera was used to monitor the
appearance and general behavior of the melt stream.
However, the brightness of the aerosol cloud around the

!

melt stream prevents resolution of any details other I
than the outer shape. The behavior within the cloud is
not discernable and therefore the X-ray photography was
used to characterize the melt stream. The flash X-ray
photography was particularly useful because the short
exposure time (70 ns) froze the motion of the molten
jet. The X-ray units were triggered by means of a
breakwire located across the bottom of the fusible
plug. Figure 14 shows a schematic of the melt generator
and test diagnostics used in the SPIT tests.

The instrumentation used in the SPIT tests for aerosol
measurement included a number of cascade impactors and
filters.

A large aluminum pan was placed beneath the JETA-B melt
generator to collect the debris particles. The pan
contained a mixture of water and a water soluble
gelatinous material, so that the debris particles could
be recovered by dissolving the matrix material. Debris
size distribution was determined by sieve analysis.

Initial Conditions.

The melt in the tests was generated by an iron oxide -
aluminum metalothermic reaction that yielded iron -

aluminum oxide melt, (55 wt percent iron to 45 wt percent
aluminum oxide).
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The initial test conditions for the SPIT-8, JETA-B2 and
JETA-B3 tests are summarized in Table 6.

Table 6

Initial Conditions for the SPIT-8, JETA-B2, and JETA-B3 Tests

-

SPIT-8 JETA-B2 JETA-B3

Melt Mass [kg] 10,3 10,3 10,3

Thermite Composition Iron Oxide (Fe304) - 7.63 kg plus
Aluminum (Al) - 2.37 kg

Melt Composition Iron (Fe) - 5.66 kg plus
Aluminum (Al O3) - 4.64 kg2

Gas Nitrogen Hydrogen Hydrogen |
l

Gas Volume [m ] 3.0x10-2 1.44x10-2 1,44xio-23

Initial Pressure (MPa] 7.5 0.98 7.2

Fusible Plug Diameter (cm] 2.5 2.5 2.5

The iron oxide and aluminum were obtained in powder form
and mixed just prior to the experiments. The iron-oxide
powder was heated in an oven for about 12 hours at 600*C
to drive off absorbed water. This process was designed
to minimize gas generation and associated flaring during
the thermite reaction.

Test Procedure*

The test procedure is, in summary, the following. The
thermite powder is gradually poured into the melt
crucible and lightly tamped to improve settling. When
the thermite powder is in place, an igniter wire is
embedded into the top surface.of the powder. After the
top flange cover is bolted onto the pressure ~ vessel the
melt generator is charged to the desired pressure. Then
the thermite reaction is initiated by the igniter. The
burn front propagates downward with a typical velocity
of 2.5 cm/s.

When the reaction front reaches the bottom of the
crucible the fusible plug, located in the lower flange
cover of the melt generator, quickly fails and the melt
is ejected under pressure. The time period between
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ignition of thermite to melt ejection is typically 15 to
30 s.

Experimental Observations*
,

Figure 15 is a series of photogr.aphs taken during a
typical melt ejection test (pressurized with nitrogen at
4.1 MPa). The times stated are from the first appearance '

of the melt stream. The melt jet-at 0.05 s is highly
luminous, divergent cone (about 40* half angl'e)

emanating from the vessel. The material within the

cloud appears to be vaporized melt. On the following
photographs the vapor cloud expands, darkens,- and
finally the aerosol cloud completely obscures the test
apparatus.

The flash X-ray photographs of the melt jets of the
SPIT-8, JETA-B2 and JETA-B3 tests are shown in Figures
2, 6, and 7, respectively.

The X-ray photograph of the SPIT-8 test shows slightly
over half of the melt jet 30 ms after start of

ejection. The length of the jet portion shown on the
photograph is 20 cm. The half-angle of the jet stream
is about 10*. A small area, 71 x 71 mm, of the X-ray
image 15 cm downstream the orifice was computer
processed.

Figure 16 shows some results of this. process. An
average calculated area of gas "bubble" is 2.1 mm2,
Assuming that the disrupted jet consists of spherical
melt droplets, their average size is estimated to be
five to seven times the average "bubble" size. This
gives the average size of the melt droplet on the order
of 2 mm.

The X-ray photographs of the JETA-B2 and JETA-B3 tests,
shown in Figures 6 and 7, were taken 15 ms after start
of ejection. The length of the portion of the jets

shown in the photographs is 30 cm. The distance from
the top ' edge of the photographs to the melt generator
exit is 8 cm. Only about half of the JETA-B2 melt jet
is shown (the jet axis is parallel to the right edge of
the page). The half-angle of the jets is 20* and 28*
for JETA-B2 and JETA-B3, respectively. Not surp' rising,

expansion and disruption of molten jets in JETA-B2 and
JETA-B3 tests are larger than in SPIT-8 test. This is
in agreement with observations from stream degassing of
liquid metals and with calculations presented in

The es.imated (from the photograph) sizeSection 2.6.3. e

of the melt fragments 20 cm from the orifice is on the
same order for both JETA-B2 and SPIT-8 tests. The
fragments seem to be smaller in the JETA-B3 t e_s t . As
mentioned earlier, the debris size distribution data for
the JETA-B tests is presented in Section 3.2.
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2.6.3 Analyses

2.6.3.1 Introduction

The experimental observation described in the preceding
section will be used to determine the number density.of gas
bubbles in the melt jet and to verify model predictions.
The number density of gas bubbles will be determined for the
' SPIT-8, JETA-B2 and JETA-B3 tests. Calculations of the jet
void fraction and the jet radius are presented only for the
SPIT-8 test. Predictions for the JETA-B tests are qualita-
tively the same and very similar to predictions for the
reactor accidents which are presented in Section 2.7.

isWe will assume that the initial jet void fraction, ao,
negligible, because the equilibrium bubble radius is very
small for the experimental and reactor conditions. For
example, when the equilibrium gas pressure is 7.5 MPa, we get

x .0 ~

m=~3 x 10R = dp = 74 5
x 10

Here the surface tension of liquid iron at 1550 C containing
a small amount of oxygen was used.52

The mixture density, p, and the volume fractions of melt
components, zi, are calculated from the following formulas:

- 1 (123)P = g x jp
i

and

x (124)zi= g
.

Here xi is the mass fraction and pi the density of

component i.

The solubility of hydrogen and nitrogen in liquid iron obeys
Sievert's law 89 and their solutions are described by the
following expressions:
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* *H2 [H] + [H]
#

N2 [N] 4 [N] .

,

The reaction constant is given by i

2
a
H

2
K'' = ,p

H
2

where a is the activity of hydrogen in iron and P is the
H H

2 2

hydrogen partial pressure above the melt. Assuming that
activity is proportional to concentration we can write

|
'

[%H]2 , g,E '

H
2

that is,

[%H] = K/p (125),

H
2

where K = (K')l/2,

The identical expression is obtained for nitrogen:

[%N] = Kyb (126).

N
2

The solubility is also a function of temperature. Accor' ding
to Reference 6, we have

4 +2.3126+flogplog (10 %H] ( }=-
H

2

and
. .

188 1
log [%N] =- + 1.246 +3 log p (128).T N

2- -
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,

h

Here P is in atms, T in Kelvin, and concentration in weight
percent. Equations (127) and (128) are used in the model.

Powers 6 has shown that gas content in iron melts approaches
equilibrium concentrations in a few seconds under experimen->

tal conditions, see Figure 17.

The melt is assumed to be. an- inhomogeneous mixture of pure
iron and in experiments, aluminum oxide or in the reactor
case, other components of the corium. This assumption is an
extrapolation of the results of the elemental analyses of
the particles from the SPIT tests.

The dependence of gas diffusivity on the temperatuqe has
been accounted for in the following way. According to
Richardson,40

;

Eg

D=De~E (129),

9

I

where E is the activation energy for the diffusion step Io
and D is independent of temperature. 1o

For hydrogen in liquid iron at 1600 C, the following values
are reported:40

-3 cD = 3.2 x 10 ,

g

kcal
E 3.3= .

o mol

Values of D and E for nitrogen in the liquid iron haveo o
not been found. Therefore, it was assumed that an increase
of nitrogen diffusivity with temperature is proportionally
the same as for hydrogen.

It was shown in Reference 5 that the adequate estimate of
the jet velocity is obtained using Bernoulli's equation with
assumption that the discharge coefficient of the orifice is
unity.

.
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Thus
~ ~

1/22(p-p,)g
V= -

,
, (130)
p

_

Where po = pressure in the melt generator at the moment of
melt ejection,

p. = ambient pressure (0.086 MPa in Albuquerque),

p = mixture density.

The contribution of iron vapor pressure to the bubble
pressure was neglected in the bubble growth calculations.

2.6.3.2 Model Results

The melt composition and some of its properties are given in
Table 7. Table 8 contains some important parameters and
dimensionless numbers for the conditions of the SPIT-8 test. I
Corresponding data for the conditions of the JETA-B tests |
are not given here; they are very similar to the data for '

the reactor cases presented in Section 2.7.

The effect of surface kinetics on nitrogen bubble growth was
estimated by the method proposed by Szekely and Fang.79
The surface kinetics effects are important when the bubble
is small, and therefore should be compared with inertial
effects. This comparison is made by calculating the dimen-
sionless parameter H IK. In order to do this, we have to
determine the interface mass transfer coefficient, n.
According to Reference 29, the rate constant for the iron-
nitrogen system, when the oxygen mass fraction in iron is
below 10-4, is

k(T) = 3.52 x 105 exp (-31900/RT) [cm/s] ,

where R, the universal gas constant, is 1.99 cal /mol K.

For T = 2800 K, we obtain k = 11.5 m/s. Hence

2n = kpg, = 11.5 x 6156 = 7.0 x 104 kg/m s
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Table 7

Composition and Properties of the Thermite Melt
at 2000 K

Component

Fe A1 032

Mass fraction [%) 55 45

Volume fraction [%) 34 66

Density [kg/m3) 6156 2627

1
3Mixture density [kg/m ] 3843'

2Coefficient of diffusivity [m /s)

Nitrogen 1.4x10-8

Hydrogen 1.7x10-7

Surface tension [N/m] 1.2 0.36

Viscosity [cP] 2.0 4.6

Bg (also 5 and 5g) are given inThe parameters
~

I 1
Table 8. Since Bg is very large, the surface kineticsI

effects may be neglected when compared to the inertial
effects.

It was assumed that the oxygen concentration was very low,
which is probably not the case for .the SPIT melts.
According to Reference 29, the nitrogen removal rate
constant, k, decreases with increasing oxygen concentra-
tion. Thus the "real" Bg may be smaller but still, wei

believe, large enough to disregard surface kinetics effects
for the SPIT conditions.

The growth of nitrogen bubbles in the SPIT tests is mainly
diffusion controlled, as illustrated in Table 9.
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Table 8

Values of Some Relevant Parameters and Dimensionless Numbers
From the SPIT-8 Test

Psystem [Pa] 75x105
Tmelt [*K) 2800
o(Co) [Pa] 75x105
p. [Pa] 0.86x105

,

[m] 2.7x10~R =
g

Co = C(po) [kgN/m3pe) 26.0

Cs = C(p,) [kgN/m3Fe] 2.8

6C = Co - Cs 23.2

Y = Co/Cs 9.3
1

6C5 Ia = 223
pg(p.)

R op
o 5G 4.5x10=

y 2pDg

- Ja
09I"O 1/2

I

aR 6C
g 8O 3.1x10K " Dpg(p,)

x=le' -4g 1.ex10
K

5
1,=p 53.7x10

1

K

Where op = p - p,g
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Table 9

Comparison Between Diffusion-Controlled and
General Relation Models of Nitrogen Bubble Growth

in Molten Iron for the SPIT-8 Conditions,
1 ms After Start of Rapid Growth.
Ambient pressure is 0.086 MPa.

General Relation

R+ = f(t+)

Diffusion Based on Based on
Controlled pg(p,) p = f($)g

p (MPa) p I )N N j
2 2

Bubble Parameter 7.5 16 7.5 16 7.5 16 (

R [mm) 1.70 2.55 1.59 2.40 1.51 2.15 I

dR/dt [m/s) 0.84 1.20 0.87 1.20
|

p [MPa) 0.08 0.086 0.090 0.094

3p [kg/m ] 0.104 0.104 0.11 0.12
|
l
i

In the case of hydrogen bubble growth in the JETA-B tests,
the inertia effects are very important. If they were |
neglected, the jet expansion would be significantly over- 1

predicted and the bubble overpressure could not be cal- |
culated. The importance of the inertia effects for hydrogen !
bubble growth is illustrated in the next section.

The half-angle of the melt jet was calculated as a function
of number density of gas bubbles for the SPIT-8, JETA-B2 and
JETA-B3 tests. The result is presented in Figure 18.
Taking the observed half-angle of the jets we obtain the
interesting result that the number density of gas bubbles in
all three tests is approximately 108,

This result could imply that the nucleation rate is very
high approaching, practically the same in all. cases, maximum
rate determined by pre-exponential factor in expression for
nucleation rate (see Equation (27)). In this case the
density of microbubbles is so high that they coalesce and
form a population of larger bubbles. The number of bubbles
in this population would then correspond to the number
density of bubblez obtained from experiments.
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Considering that gas solubility in aluminum oxide is very
small,6 the number density of gas bubbles per m 3 og
liquid iron is

N
NFo "Z (131)

Fe >

'

where Zye is the volume fraction of iron in the melt.
Thus, Nye is approximately 3 x 108 This number is of
the same order of magnitude as that reported by Mizoguchi et
al.,35 for oxygen bubble nucleation in molten silver under
stream degassing conditions.

Fragmentation calculations performed for another stream
degassing experiment,36 in which the fragment size (but
not the jet spread was reported, indicate that N lies

angle)9 m3in the neighborhood of 10 /

Figures 19 and 20 show the jet void fraction and the
nondimensional jet radius for the SPIT-8 test as a function
of the distance from the point of inception of rapid bubble
growth. For our purpose this distance may be considered as
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a distance from the melt generator exit.. We see that void
fraction is significant 20 cm from the orifice which is in
qualitative agreement with observations. The jet radius is
about three times the initial radius at 15 cm from the -

108). The curves in Figure 19 are trun-orifice (f or 'N =

cated at the distance where void fraction is approximately
50' percent.

Having det ermined the number density of gas bubbles,; the.

average size of the molten droplet produced by the primary
jet breakup may be calculated:

hfD (132)= .

Therefore

1/3
D~/6 \

(133)g; ,

where D is the droplet diameter.

108Taking N 2.7 mm. This result is inwe obtain D= =

reasonable agreement with observations.

2.7 Model Predictions for Reactor Case

Extrapolation of the experimental results to reactor accident
conditions requires consideration of only hydrogen solubility
in the iron component of the corium melt. Neglecting other
gases and other melt components could result in the under-
prediction of jet expansion and breakup. However, this
underprediction should be negligible considering that solu-
bility of other gases in iron 'and other melt components is
two to three orders of magnitude smaller than solubility of
hydrogen in liquid iron.6 Furthermore, the diffusivity of
hydrogen in liquid iron is at least 1 order of magnitude
larger than diffusivity of other gases in liquid metals.

The melt composition and some of its properties are given in
Table 10.

Parametric calculations have been performed for a high
pressure reactor accident scenario. It is assumed that the
primary system pressure is 16 MPa and the containment pres-
sure is 0.1, 0.2, or 0.4 MPa. The number of gas bubbles in

IO /m37the core melt mixture was assumed to be 6 x
This number was obtained by extrapolation of experimental
results to reactor conditions assuming that the number of
nuclei in the iron component of the melt is the same as in
the experiments and accounting for the fact that the volume
fraction of iron phase in the melt is different for each
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Table 10

Corium Composition and
Properties at 2500 K

Component
,

UO2 Fe Zr ZrO2

Mass fraction (%) 67.2 16.4 8.2 8.2

Volume fraction [%] 56 21 11 12

| Density (kg/m3) 10.CxlO3 6.4x103 6.5x103 5.8x103

Mixture density 8365

Coefficient of
hydrogen
diffusivity [m /s] 1.7x10-72

Surface tension [N/m) 0.5 1.2 1.4

Viscosity (cP) 4.6 2.0

case. The gas concentration in the melt is determined by
the equilibrium hydrogen partial pressure above the melt,
chosen to be 3.2, 6.4, 9.6, or 16 MPa. These hydrogen
pressures can exist locally (at the melt surface) due to the
reaction'of various metallic components of the melt with the
steam. The hydrogen pressure may be written as

p
tot

p(H2) " l + 1/k '

where ptot is the total system pressure [ptot P(H )2=

p(H O)] and k is the ratio between the partial pressures+ 2
p(H )/P(H O). This ratioof hydrogen and water vapor, 2 2

is obtained from the chemical equilibrium equation at the
given temperature. The evaluation is simple for the
reactions that involve only pure condensed phases. For
instance when Zr, Fe, or Ni react with HO at 2500 K, the2
values of k are, approximately, 104, 2, and 0. 01, respec-
tively. This covers the range of hydrogen pressures used in
the parametric study. The situation is more complicated if
the reacting components are in solution. It should be
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pointed out here-.that substantial hydrogen pressures may
exist globally in the primary system due to the oxidation of
Zr and Fe.

Some important parameters and dimensionless num'bers pertinent
to the problem here considered are given in Table 11. Table
12 shows ' some bubble parameters calculated with Scriven's
formula and general relation for the bubble growth. We see
that, as mentioned earlier, inertial effects are very
important.

Model predictions for the re' actor case are presented in
Figures 21 through 25. Figures 21 and 22 show the jet void
fraction and nondimensional radius as a function of the
distance from the point of inception of rapid bubble growth.
For our purpose this distance may be considered as a dis-
tance from the reactor pressure vessel. Containment
pressure is 0.2 MPa, which is a pressure expected prior to
reactor vessel meltthrough for a TMLB' sequence in a large,
dry PWR containment.90

The expansion of the jet is much more vigorous than in the
SPIT-8 case because of the significantly higher diffusivity
of hydrogen in liquid iron and lower density compared to
nitrogen. The jet void fraction reaches about 50 percent
within a few centimeters from the point of inception of
rapid bubble growth. Thus, bubble bursting and jet frag-
mentation are expected to occur within a very short distance
from the reactor pressure vessel.

The containment pressure, which is a portinent parameter,
has a strong effect on the jet expansion via its role in the
bubble dynamics.

Figures 23 and 24 show the effect of containment pressure on
jet behavior. The number density of nuclei is again 6 x 107
The equilibrium partial pressure of hydrogen is 6.4 MPa and
containment pressures are 0.1, 0.2, and 0.4 MPa.

The jet expansion is significantly hampered at the elevated
containment pressures, because the bubble growth constant
decreases as gas density increases. However, even at the
containment pressure of 0.4 MPa the void fraction reaches
50 percent about 15 cm from the point of inception of rapid
bubble growth.

In reactor safety considerations it is important to inquire
what is the jet radius when the jet contacts the reactor
cavity floor. We cannot use the present model for more
exact predictions of the jet, or spray, behavior in the
breakup and fragmentation zone.

It is possible, however, to estimate the jet radius aft.r
the breakup point using the present model. The spread angle
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Table 11

Reactor Case.
Values of some parameters and dimensionless numbers.

Containment pressure is 0.1 MPa.

Hydrogen Partial Pressure (MPa)
3.2 6.4 16.0

Po(Co) (MPa) 3.2 6.4 16

-7
[m] 6.5x10- 3.2x10 1.3x10-R =

g

3Co (kgH/m Fe] 1.59 2.25 3.56
,

Cs (kgH/m3Fe] 0.28 0.28 0.28

oc = Co 3pe)Cs 1.31 1.97 3.28
[kgH/m

Y = Co/Cs 5.66 8.00 12.60

6CB = Ja - 135 203 338
Pg(P.)

R op
o

G 5420 2669 1112-
7 2

PgD

B * * N=
y 12g

where op = p (Cg) - p,g

-

|

1

i

-95-

I
l

- . . .. 1
.



T'ble 12

Comparison Between Diffusion-Controlled and
General Relation Models of Hydrogen Bubble Growth
in Molten Iron for the Reactor Accident Conditions,

1 ms After Start of Rapid Growth.
Containment pressure is 0.1 MPa.

General Relation

R+ = f(t+)

Diffusion Based on Based on
Controlled pg ( pao) pg = f($) _
p (MPa) p ( }H H

2 2

Bubble Parameter 3.2 16 3.2 16 3.2 16

R [mm) 3.52 0.81 2.85 6.76 2.30 4.34

dR/dt [m/s] 1.76 4.41 1.50 2.59

p [MPa] 9.7 9.7 0.13 0.18
x10-3 xio-3

p [kg/m3] 9.7 9.7 1.26 1.67
x10-3 xio-3 xio-2 x10-2

of the fragmented jet is assumed to be equal to the spread
angle at the moment of jet breakup and this angle can be
calculated with the present model. The actual spray angle
may be larger due to the radial velocity that jet fragments
will acquire after bubble bursting.

The extrapolated nondimensional jet radius, based on the jet
spread angle at the point where void fraction is 50 percent,
is shown in Figure 25. The number density of bubbles is
again 6 x 107, the containment pressure is 0.2 MPa, and
the equilibrium partial pressures of hydrogen are 3.2, 6.4,
9.6, and 16 MPa. The distance between the bottom of the
reactor pressure vessel and the cavity floor is, for Zion
containment, about 4.5 m. The spray radius is in the range
of 0.8 m to 2.6 m for the hydrogen equilibrium pressures
here considered. Hence, the diameter of the fragmented jet
at the level of the reactor cavity floor is predicted to be
40 to 130 times the discharge diameter.
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3. SECONDARY FRAGMENTATION, PARTICLE SIZE DISTRIBUTION, AND
AEROSOL GENERATION

3.1 Models of Secondary Fragmentation of Melt Droplets

3.1.1 Introduct.) on

In Section 2 of this work we showed that breakup of the
molten jet resulting from effervescence of dissolved gas
produces a spray of droplets. _ The size of the droplets is
determined by the number density of gas bubbles, N, in the
expanding jet and is approximately 2 to 3 mm, both in the
experiments and reactor accident, for N 108 m-3 These
droplets may undergo breakup into smaller particles - a
procecs which we call secondary fragmentation.

The process of so-called Weber breakup, resulting from the
action of the ambient gas on the droplets produced by
primary jet breakup, is not likely to produce the fragment
sizes observed in the experiments. An estimate of the
stable droplet size can be made using concept of the
critical Weber number. According to Pilch,18 the critical
Weber number is the Weber number below which breakup does
not occur by acceleration of the liquid globule. For
gas-liquid systems, the critical Weber number is 12 when the
viscosity effect is small as in the situations considered
here (see next section). The Weber number, Fe , is

pVdq
We = ,,

is the gas density, V is the relative velocitywhere pg
between droplet and gas, d is the droplet size, and o is
the liquid surface tension.

The stable droplet size is therefore

#
d = 12 .

pVg

1 kg/m3Assuming that V is equal to jet velocity, pg =
,

1 N/m and 0.5 N/m for experiments and reactorand a =

case, respectively, we obtain for 'a lowest and highest jet
velocity.

Experiments:

V = 23 m/s d = 22.70 mm,
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V = 91 m/s d= 1.45 mm,

Reactor case:

V = 15 m/s d = 26.70 mm ),

V = 63 m/s d= 1.51 mm,

We will see later that the average observed fragment size is
a few hundred micrometers.

In this section we will investigate three fragmentation
mechanisms that are likely to be operative in the experi-
ments and reactor accidents (pneumatic atomization, which is
an important fragmentation mechanism when most of the melt
has been ejected, has been studied by Pilch and Tarbel191).
Relatively simple, and essentially mechanistic, fragm30tation
models will be developed and predictions for experimeats and
reactor conditions presented. In Section 3.1.2 We present a
model describing acceleration induced fragmentation of melt
droplets in a rapidly expanding gas flow field resulting
from bursting gas bubbles. In Section 3.1.3 a fragmentation
process due to droplet explosion is analyzed. Finally, in
Section 3.1.4 we study droplet fragmentation resulting from
collapse of liquid layer.

3.1.2 Acceleration Induced Fragmentation Resulting From Gas
Expansion

3.1.2.1 Introduction

As stated in Section 2 of this report, the bubble pressure
at the moment of primary jet breakup is above the ambient
pressure. In general, this overpressure is a function of
the initial gas supersaturation, gas density, gas diffusi-
vity in the melt, melt density, and the number density of
gas bubbles. However, we will restrict ourselves to
consider only hydrogen gas and then the bubble overpressure
in cases here analyzed is mainly a function of the initial
supersaturation.

The calculations have been performed for JETA-B2 and JETA-B3
tests and for two reactor cases assuming that the primary
system pressure is 16 MPa, containment pressure is 0.1 MPa
and the equilibrium hydrogen partial pressure above the melt
is 3.2 MPa and 16 MPa, respectively. These two reactor
cases may be considered as an envelope to particle sizes
produced by gas expansion during jet breakup in High Pres-
sure Melt Ejection.
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Calculated hydrogen bubble pressures, pb, at the moment of
primary breakup of the jet are:

J3TA-B2: pb = 0.11 MPa
JETA-B3: pb = 0.16 MPa
Reactor Case (pH2 3.2 MPa): pb = 0.14 MPa=

Roactor Case (PH2 = 16.0 MPa): pb = 0.20 MPa

In this section (3.1.2) we present a simple mechanistic
model describing acceleration induced fragmentation of melt
droplets in rapidly expanding gas flow field resulting from
bursting of gas bubbles.

In Section 3.1.2.2 the gas field parameters and the initial
Weber number are , obtained from the one-dimensional shock
tube model. In Section 3.1.2. 3 the maximum stable fragment
diameter is calculated using theory for acceleration induced
droplet fragmentation.

3.1.2.2 Shock Tube Model

A schematic of the model is presented in Figure 26. An
interstitial droplet is subject to a dynamic gas pressure
when the gas bubbles burst. The parameters of the gas flow
field are obtained from the relations for the shock tube i

assuming that the pressure on the left-hand side of the )
diaphragm is equal to the hydrogen bubble pressure and on )
the right-hand side of the diaphragm to the ambient pres-
sure. We assume that the gas on the right-hand side of the
diaphragm is hydrogen and that the gas temperatures are
alike on both sides of the diaphragm. We think that these
assumptions are reasonable considering that hydrogen will
evolve from the outer surface of the jet during expansion
period.

The relevant shock tube relations are:92

~

p 2y
2

1 Y-1-

1
T-

(134)
"

= ,p p 2Yb 2 1 f b _ y,j1+Y +

2Y \ p,
_

j
.

(y 1)|] \Y2. -1 |

*
and (135)r ,

A 19m 2 \ f \
1 l Y- l + 2Y| -

i

Y* } \ }
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1~

V p"
(136),

( $ _ 1\y 1Y +1=

2y p, j

where y is the isentropic exponent (Y 1.4 for=

hydrogen), V2 is the gas velocity and c. is the sound
velocity,

/YR T (137)c = gm ,

and p, is obtained from perfect-gas law,

p.
(138)p, = R T .

g
|

First, the ratio p /P is calculated from Equation (134), |2
then p fr m Equation (135), and finally V2 from Equa-

2

tions (136) and (137).
The initial Weber number, based on the initial diameter,
Do, of the interstitial droplet, is given by

#VD2 g
We = (139).g

D is a function of the number density of gas bubbles, N,9
since droplet volume is approximately 1/N,

(140)D = .g

3.1.2.3 Acceleration Induced Fragmentation

flaving determined the initial Weber number, the maximum
stable fragment size diameter may be calculated. We will
use the fragmentation model proposed by Pilch,18 who
extensively studied acceleration induced fragmentation of
liquid droplets. The diameter d of the largest stable
fragment is given by the following expression:
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Here Weg is the critical Weber number, V is the free

stream velocity, and Vd is the drop velocity when all- |
'

breakup processes cease. The critical WEser number is the
Weber numbe r below which breakup does not occur. For

gas-liquid systems,

c=12(1+ 1.077On1.6) (142)We ,

,

where On is the Ohnesorge number,

"
On = (5).

|pad
g

In our case the ohnesorge number is very small (~ 10-3)
and the critical Weber number is approximately 12.

For Vd, Pilch proposed the following expression,

Vd = Vc C T + 3BT (143).d\ /

Here c is the light to heavy density ratio, Cd is the
drag coefficient, D is a constant, and T is the
dimensionless total breakup time,

1/2yg
T =t {144)'D

o

where t is the dimensional time.

For compressible flow Cd= 1 and B = 0.116.

The total breakup time is a function of Weber number. If
45 5.We 5 351 then according to Pilch,

. T= 14.1 (We - 12)-1/4 (145)
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Knowing the We number, which is given by Equation (139),
velocity Vd may_ be calculated and subsequently the maximum
stable fragment size.

Pilch noted that the ratio of maximum to mass median
fragment size has a constant value of 2.04 regardless of the
Weber number.

'

Number median fragment size, d, is estimated by

-1/2
g = 0.168 We for We 1 300. (146),

3.1.2.4 Model Predictions and Discussion

Model predictions for JETA-B2 and JETA-B3 tests and two
reactor cases are presented in Table 13. For JETA-B2 test
no acceleration induced breakup .is . predicted since the. ,

initial Weber number is smaller than 12. Th'e. maximum stable
particle sizes for the JETA-B3 test and for two reactor
cases (pH2 3.2 MPa a'nd pH2 16 MPa) are 561, 354,- =

and 149 um, respectively; the mass mean diameters are half
of these values, i.e., 280, 177, and 75 um, respectively.

Table 13

Acceleration Induced Fragmentation Resulting
From Gas Expansion in JETA-B2 and JETA-B3

Tests and Reactor Accidents

Maximum
Initial Stable Total
Particle Weber Fragment Breakup
Diameter Number Diameter Time

Case D (m) We d(m) (s)g

JETA-B2 2.7x10-3 11 No breakup

JETA-B3 2.7x10-3 69 561x10-6 5.3x10-3

Reactor

3.2 MPa 3.0x10-3 111 354x10-6 8.6x10-3pH2 =

pH2 = 16.0 MPa 3.0x10-3 253 149x10-6 4,7xto-3

-108-



~

The total breakup time in a uniform flow field lies between
4.7 and 8.6 ms, 'as indicated in Table 13. A very crude
estimate of the time scale during which the droplet is

exposed to the flow field in experiments is the time it

takes the sound wave to travel across the gas bubble or
across the jet. In the former case, this time is signifi-
cantly smaller than the predicted total breakup time.
Therefore, the results presented here should be treated with
caution. One could envisage that the droplet mass is

reduced by boundary layer stripping, but that breakup is not
complete. The size of the fragments produced by drop

breakup as a result of .the boundary layer stripping is

estimated to be about 1- percent of the initial droplet

diameter.18 Hence, in our case, the fragment sizes would
be in the range of 20 to 30 um (i.e., 1 percent of 2 to
3 mm) and the mass mean diameters of the residual droplets
between the mass mean diameters given above and 2 to 3 mm.

We should also mention that the droplet breakup times seem
to be different in a dense droplet dispersion. There are
studies, discussed in Reference 18, in which contradictory
conclusions have been reached; that is, breakup times are
longer or shorter when the droplet is part of a dense
dispersion.

3.1.3 Fragmentation Due to Droplet Explosion

3.1.3.1 Introduction

The amount of gas evolved during jet expansion, up to the
moment of jet breakup, is only on the order of a few percent
of the initial gas content of the melt. Consider, for
example, the reactor case with the hydrogen equilibrium
pressure of 7 MPa. The corresponding hydrogen concentration
in the iron component of the molten core debris is

2.36 kg-H/m3Fe. Assume further that the containment
pressure is 0.2 MPa and the number density of the gas
bubbles is 108 The calculated bubble diameter and its
internal pressure at the moment of bubble bursting (i.e., at
void fraction of approximately 50 percent) are 2.6 mm and
0.23 MPa, respectively. The amount of liquid per bubble is

V=f, (147)

and the amount of gas per bubble in the iron phase of the
corium is

m = 0.21 1 C = 4.96 x 10-9 kg-H / bubble2 ,

g
N
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since the volume fraction of iron in corium is 21 percent.

The amount of gas in the bubble is

"

0
m= , = 2.0 x 10 kg-H / bubble .

2
g

?
l

|

Thus the amount of gas 1volved at primary breakup is only |

about four percent of the initial gas content of the melt. |
This means that the melt oroplets generated at that moment
will have practically the same degroo of supersaturation as
the original, coherent. melt stream. Therefore, secondary (
fragmentation is'possible, similar to the explosive disinte- |

gration of iron droplets observed during vacuum degassing |

and decarburization p r o c e s/ s e s . 3 6, 9 3 , 9 4 In both cases the )
explosive fragmentation is attributed to a very rapid growth i

'

of a gas bubble inside the melt droplet. An analogous
mechanism has been used to explain the fragmentation of
droplets of superheated water (so-called boiling fragmenta-
tion).59,95 The mechanism of bubble nucleation in the
interior of the droplet is, however, unclear. It is reason-
able to assume that the bubble nucleates in the centrum of |

the droplet since the gas concentration should be highest I

there. It has been proposed,96 as one of the explanations
of melt fragmentation in vapor explosions, tnat homogeneous
nucleation in the melt droplet could be impulse-initiated by I
the impulsive pressure transient. In our case the impulsive |

load on the drop is likely during the primary jet breakup
when pressurized gas bubbles are bursting.

3.1.3.2 Rayleigh - Taylor Instability'

Out model of melt droplet fragmentation is based on the
observation that the interface between a growing gas bubble
and the surrounding liquid shell should be subject to
Rayleigh - Taylor instability since the acceleration of this
interface is directed from the lighter to the heavier
fluid.97,98 A similar approach in principle, although
considerably different in its treatment of the instability
aspect of the problem, has been used by Kashiwa and
Mjolsness in their study of the atomization of superheated
water jets.59

The development of instability is characterized by the wave
amplitude, n, and wavelength, K, (see Figure 27). The
basic idea of the model is to calculate the time at which
the wave amplitude is approximately equal to the thickness
of the liquid shell around the growing gas bubble, i.e., the
time of fragmentation.
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Figure 27. Schematic of Droplet Fragmentation Resulting
From Rapid Expansion of Internal Gas Bubble

Given this time, the wavelength and bubble diameter at the
instant of fragmentation may be calculated.

The diameter of the fragments is then given by

ud 2,h h (148),

where d is the fragment size, K is the wavelength of the
wave that first penetrates the liquid shell, and h is the
thickness of the liquid shell at penetration. The total
number of fragments is obtained from mass balance. In order
to calculate the thickness of the liquid shell, the wave
amplitude and the wavelength as functions of time, the rate
of bubble growth and acceleration of the liquid shell must
be known. These are obtained by solving the equation of
motion for the liquid shell.

We will neglect forces due to surface tension and ambient
pressure and assume that bubble pressure is constant and
equal to the equilibrium gas pressure. The equation of
motion for the liquid shell becomes
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m = 4n p r (149),

dt.

where m is the -liquid mass, e sis the bubble radius, pb is,

the bubble pressure and t is time.

Putting

4n pb ' '=a (150)

we have

,

d r 2
= ar (151).

dt

This differential equation is solved by multiplying both
sides by dr = i dt, i.e.,

2e r dt = ar dr (152)

and

21/2 d(r2) = ar dr (153).

v, the solutionWith initial conditions r = to and v = o
is

e * (154)t = ,7,2. .,

r

v + $(Z)
.

where

2 3 3rdr=fa r - r (155)4(z) = 2a .

r
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Therefore,

r
# (156)t =

-/ I
.r 1/2

2 2 3 2 3
I vg 7 arg + 7 ar-

- -

This is an eliptic integral and in order to sol $fe it

analytically we assume that

2 3v - ar =0 (157).

This assumption in discussed in Section 3.1.3.4. Solution
of Equation (156), in terms of r(t), becomes

r

r(t) = :--- (158)
7 3 2

1- 1/2 ar tg
. .

1/2or, if we put 1/2 ar ,Y ,g

r
0 (159)r(t) =

(1 - Yt)2

Velocity and acceleration of the liquid shell are obtained
by differentiating Equation (158) with respect to t, i.e.

2r Y.

(160)r(t) -

(1 - Yt)3

I and

6r Yg
r(t) (161)= .

(1 - Yt)4
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Equation (158) shows that r(t) 4 = when

1/2
1/2 ar t= 1 (162).g

Thus time when r 4 m is

1/2r6
t (163)c" ar

.

g

Having determined r and f, we proceed as follows. Thickness
of the liquid shell surrounding gas bubble is approximately

'' 1h= (164),

24nNr i

since the liquid volume per bubble is 1/N, where N is the !
number density of gas bubbles. ;

As stated it is assumed that fragmentation takes place when
liquid shell is penetrated by the fastest growing wave. In
the linear growth phase of Rayleigh - Taylor instability,
the amplitude of an initial disturbance of the form n -

Do cos(kx) is given by97,98

9 = [q cosh (nt) + fi /n sinh ( nt )] cos (kx) , (165)g g

and ho are the initial disturbance amplitude andwhere no
velocity respectively, k is the wave number (k = 2n/K), and
n is the growth rate parameter.

The above equation is often simplified assuming ho 0.=

Furthermore, since we are interested in the maximum wave
amplitudes, the term cos(kx), which represents the spatial
dependence, is omitted.

We have

D = Do cosh (nt) (166)
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e-nt) We can write1/2(entConsidering that cosh (nt) +=

for sufficiently large nt,

et (167)n
9 = Do ,

The growth rate parameter, n, is given by

- 1/ 2-

3

f-# ak - (168)na ,g)
- -

where a is the acceleration of the interface, o is the
surface tension, and c is given by c = p /pg.g

The interf ace is unstable when n is a real number; thus,

|
according to Equation (168), there is instability if

o < k < kc e

where

~ p a' 1/2g
Il-') (169)k *

e . o.

The wave number k* of the most unstable waves is

k.

(170)k =-

O

Thus

-

Pa 1/2. g
(1-c) (171)k =

30
- -

In our case c * O and we get

- -1/2

n= ak - (172)
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and

- 3/2 1/2
(173) ]2n = ,

*where n is the growth rate parameter of the most
unstable, fastest growing waves.

It is reasonable to assume that the amplitude of initial
disturbance n is given byl3o

no = 0.01 Ke (174),

where

2n
~ -1/2o

A
= ( = 2n (175)-

.

apg(1-c)c
. .

Waves with wavelengths larger than he are unstable.

Acceleration of the interface, a, given by Equation (161),
is a function of time. Here, acceleration evaluated at

0.5 te has been used as an average.t =

Time when the fastest growing wave penetrates the liquid
shell is obtained from the fo11cwing equation by iteration:

* 1
n =ne" (176)= ,

o 24nNr

where r = r(t) is given by Equation (157).

Knowing the time of penetration, the size of the fragments
is obtained from Equation (147).

3.1.3.3 Model Predictions

Fragmentation calculations have been performed for the
,

flashing jets of superheated water, vacuum degassing, carbon'

'

boil, JETA-B2 and JETA-B3 tests, and reactor case. The
results are summarized in Tables 14, 15, and 16. In Table'

14 the comparison between predicted and measured fragment
size is given for flashing water jets (Brown 57 and
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Gooderum and Bushnel199), vacuum degassing (Ogunleye36)
and carbon boil (Ellis and Glover 93 and Robertson and
Jenkins94). The number density of gas bubbles is a
parameter in all calculations, except carbon boil, since the
initial droplot size depends on it.

The calculations for Table 14 were carried out with input
data shown in Table 17.

Table 14 illustrates that for flashing water jets, the
best-fit is obtained with a bubble density, N, of 109 to
1010 This best-fit bubble density is in good agreement
with the data obtained in some other studies of flashing
phenomena.62,100 For the vacuum degassing case, the
best-fit is obtained with a bubble density close to
109 sites /m3 We note also that variation in N by 1
order of magnitude changes fragment size by less than a
factor of 2. Table 14 shows that the fragmentation model
developed in this section gives reasonable results.

Model predictions for JETA B2 and JETA-B3 tests are
presented in Table 15. Assuming that bubble density is
10 /m3 the predicted particle size for JETA-B2 is8

i

149 um and for JETA-B3, 109 um. Table 16 shows that in j
the reactor accident, fragmentation of corium droplets is '

predicted to produce particles in the 50- to 150-um-size
range.

|We can also see that the predicted fragment sizes are not a
strong function of bubble pressure. |

Breakup efficiency*

It is interosting to estimate the efficiency of the
breakup process. In our case, it is adequate to define
efficiency as the ratio of the total surface energy of
all fragments produced by droplet breakup to the work ,

which could be performed in isentropic expansion of I

dissolved gas from the equilibrium to ambient pressure. i

The total surface energy of n particles with uniform
diameter D is

2Es = nnD a (177),

where n is obtained from mass balance,

(178)p. = *
3

wND
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Table 14

Fragmentation Due to Droplet Explosion.
Comparison of fragmentation calculations

with experimental data.

Fragment Gize i

(um)

Predicted ,

Number of Gas Bubbles
(m-3)

1
Reference 10 10' 10 10 Measured

F_lashina Water Jets
Brown 68 45 27 62

99Gooderum & Bushnel1 170 96 56 100

' y_acuum Delay in_q
36

Ogunleye 400 237 120 250

Cat _ bon _ Boil

Ellis & Glover'
94Robertson & Jenkins 5-10 < 3

Table 15

Fragmentation Due to Droplet Explosion.
Predicted fragment size for
JETA-B2 and JETA-B3 tests.

(um)

Number of Gas Bubbles
(m-3)

8 0
Test ,10 10' 10

c

JETA-B2 149 85 49
JETA-B3 109 60 26
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Table 16 ,

Fragmentation Due to Droplet Explosion.
Predicted fragment size for. reactor case.

(um)
(Containment pressure = 0.2.MPa)

,

Number of Gas Bubbles
(m-3)

I
Case 10 10' JO

3.2 MPa 143 84 50p(H )2 =

p(H ) = 16.0 MPa 64 50 30
2 '

(

|
,

Table 17

Fragmentation Due to Droplet Explosion
(Input Data to Fragmentation Calculations)

- - - - -

Liquid Bubble Ambient Liquid Surface.
Temperature Pressure Pressure Density Tension

3Reference (k) (MPa) (MPa) (kg/m ) (N/m)
"

EJashina
Water Jets

Brown 57 417 o,4 o,1 1,oxio3 0.07

Gooderum &
Bushnel199 339 0.025 2.6x10-4 1.0x103 0.07 .

Vacuum4

Degassing

I Ogunleye36 1900 0.1 2.6x10-4 7.5x103 1,o

Carbon Boil

'

Ellis &
Glover 93"

Robertson &
Jenkins94 2000 10.0 0.1 5700-7500 0.5-1.0

|
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Here N'is the number density of gas bubbles.
,

Thus

E (179)* *
s

Isentropic expansion work per droplet is given by the'

following expression:

. -

CHT (p, (Y-1)/Yg q
W=f 1- (180).N W l)

. .

Here f is the volume fraction of the melt component in i

which dissolved gas has concentration Co.
1

Hence '

- -

_1
s 60(Y-1) /p.) (Y-1)/YE >

(181)I |TI = g = fC DR T
'

.

o 9 (p )b,

. .

Breakup efficiency was calculated for JETA-B experiments
and two reactor cases with hydrogen equilibrium pressure
of 3.2 MPa and 16 MPa. respectively. We have determined
that 0.4 percent < n < 1 percent.

3.1.3.4 Discussion

The fragmentation mechanism described in this section cannot
be operative in SPIT experiments where nitrogen has been
used as drivina gas. This is because the nitrogen dissolved
in the melt droplet is not able to support the bubble
pressure during fragmentation process. The situation is
different in the case of hydrogen due to its low density.

We return now to the assumption stated in Equation (157)
which imposes the following relation between the initial
velocity and bubble radius:

,

l#3
2

i 3_ h )i (182).

r -
o (2 a / ,

,
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This relation is justified in the following way. The bubble

growth prior to explosive escalation is mainly inertia

controlled. It was shown in Section 2 that the Jakob number"

and paramet.er By for bubble growth are high, thus

indicating inertia dominated growth.

Another way of determining which growth regime dominates is
to calculate the time for transition between inertia- and
diffusion-controlled growth. The transition occurs when
growth rates for both regimes are approximately equal.

Using Equations (73) and (86), we find that transition time
is

2
68 00 (183)t =

OP

and the transition radius is

R = 68 Dlf )yl/2
( (184).

\

For JETA-B2 and JETA-B3 tests and reactor conditions, this
radius is of an order of 1 mm. For the same conditions, the
bubble radius at which acceleration of the liquid shell
commences, i.e., to in Equation (158) (determined from the
force balance) is approximately 0.1 mm. Therefore, the

initial velocity may be obtained from inertia-controlled
growth. Now the initial bubble radius, given by Equationr

( (183), is also approximately 0.1 mm.

|
obtained from the

| Therefore, the difference between to
force balance and from Equation (183) is small. This means,
however, that our calculations of droplet explosion start
from an initial bubble radius, which is not exactly the
right one, but since we are interested here in an elementary
investigation of a possible fragmentation mechanism the
refined calculation is not necessary.

The same argument, i.e., our interest in an elementary
investigation of a possible fragmentation mechanism, applies
to the assumption that the bubble pressure is constant and
equal to the equilibrium gas pressure thus neglecting
diffusional limitations to mass transport. However, we have
seen that bubble growth is dominated by liquid inertia, and
furthermore, that predicted fragment size is not a strong
function of bubble pressure.

Applying Rayleigh - Taylor instability theory the following
assumptions have been made: (1) linear growth phase,
(2) infinite fluid depth, (3) cosh (nt) may be approximated

-121-



,

t

r

by 0.5 ent, and (4) the theory for a plane interface is
valid. To verify these assumptions we need to know accel-

,

eration of the interface, a, wavelength of the fastest
growing wave, Kc, the growth rate parameter, n, product
nt, and the thickness of the liquid shell at the instant of
fragmentation, h.

The values of these parameters for the most unstable wave
differ little between analyzed cases - except carbon boil -

5 x 10-5 m,105 g, Kcand are on average: a = =

n* = 105 s-1, n*t =4, and h = 10-4m.

We see immediately that cosh (nt) can f>e approximated by
0.5 e t,n

Changeover from the linear phase to the nonlinear phase*

According to Pilchl8 it is reasonable to assume that
changeover from the linear phase to the nonlinear phase
occurs when the computed linear phase growth rate i

equals the computed nonlinear phase growth rate. This j
raeans that the lower of the two growth rates should be i

used. I

The growth rate in the linear phase is given by
(spacial dependence is neglected):

ng = no n sinh (nt) + no cosh (nt) (185)

101and for nonlinear growth phase we have

n = 0.24 ((1-c)ak)1# (186)n

and using above parameter values weTaking no = 0.01 Kc
obtain ng < n , but difference is small.n

The effect of finite fluid depth*

The effect of finite fluid depth on the instability
growth was investigated by Taylor.97 Assuming that
the thickness of a liquid sheet is h, he obtained the
following expression describing behavior of the
instability in case of the small amplitude waves:

cosh (nt) _- e cos(nt)
, - cos(kx) (187)

1-e
, ,
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Thus the correction to the case when h -+ = is e-2kh,
The wave amplitude exceeds that pre'dicted by the classic
theory only by eight percent when h = 0. 2K. Therefore,

it was justified to neglect the influence of finite
fluid depth.

Instability in spherical geometry*

Acceleration induced instability of spherical interface-
was studled by Birkhoff,102 Plesset and Mitchell,103

and Plesset and Prosperetti.104 It was shown that
under certain circumstances the interface is stable when
on the basis of the Rayleigh - Taylor theory for a plane
interface it would be unstable. Also the opposite is
possible but in this case the instability growth is

algebraic and not exponential as in the plane case.

The stability of a small-amplitude distortion of a

| spherical interface is determined by the following
| equation:
1

a + 3 -A -0 (188)
n n n

is the distortion amplitude of order n and ifHere an
c -+ 0 then

- -

'" '" #
A= (n-1) -

ER{
(189)

. g ,

'he interface is unstable if A > 0 or, if A < 0, when
6AR 4 $R > 0.

In all cases analyzed in this section A > 0 so that
expanding spherical gas bubbles are unstable.

3.1.4 Fragmentation Resulting From Droplet Inflation
Followed by Collapse of the Liquid Layer

3.1.4.1 Introduction

In studies on the disruptive burning of free droplets,105
it has been observed (using a high-speed movie camera) that
disintegration of the liquid droplet is the result of the j
following process. A short time after ignition the droplet I

diameter increases by about a factor of three until the !
outer liquid layer of the inflated droplet bursts with |
subsequent release of the interior gas and the outer layer !

collapse toward the center of the droplet resulting in the
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fragmentation of the liquid into many small droplets. The
size of the fragments is not reported and no fragmentation i

model war, proposed, j
|

It has been concluded that droplet inflation is the result i

of the homogeneous bubble nucleation within the interior of
,

tne droplet and the spontaneous formation, growth and i

bursting of a single vapor bubble.

The analogous mechanism of the secondary fragmentation to
that deccribed above is also possible in the case of gas
supersaturated liquid droplet. A simple fragmentation model

)
is proposed in Section 3.1.4.2.

3.1.4.2 Model

In the model describing fragmentation because of droplet
explosion (Section 3.1.3), it was assumed that bubble growth
in the interior of the melt droplet is intertia controlled
and the bubble pressure was taken to be equal to the initial
equilibrium gas pressure. Here, we will assume that bubble
growth is diffusion controlled which means that the bubble
pressure is close to the ambient pressure.

A schematic of the model is shown in Figure 28. The work of
expanding gas is transformed into surface energy of the
liquid layer surrounding the gas bubble. In order to
calculate the fragment size it is assumed that during the
fragmentation process the surface energy is conserved. This
means that the efficiency of energy transformation is 100
percent and in consequence the calculated average fragment
size is the smallest attainable by this fragmentation
process.

|
'The surface energy of the liquid layer is approximately

2 (190)Es = 2Ac = 2nD a ,

Here D is the outer diameter of the inflated droplet and o
is the liquid surface tension.

Assuming that the diameter of the inflated droplet is x
times the initial, undisturbed droplet diameter, Do we get

Es = 2n(xDo)2 a (191),

The surface energy of all fragments is

2EEs = n1Td 0 (192),
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Figure 28. Fragmentation Resulting From Droplet Inflation
Followed by Collapse of the Liquid Layer
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where n is the total number of fragments and d is the
fragment diameter,

l

| From mass balance we obtain
!

i

ID \
n=| (193).

|

|
'

From condition Es = EEs it follows, therefore, that

d=D (194)0 22x
|

|
or, noting that

( 6 \ l|
D (195)Ig/= | ,g

\

where N is the number density of gas bubbles in expanding
jet,

,

1d=
| 7 (196).

2x

3.1.4.3 Model Predictions

108, 109, and 1010, and x =Model predictions for N =

| 2, 3, and 4 are illustrated in Table 18. We assume that the
actual value of the parameter x lies between 2 and 4.

3.2 Debris Characterization

3.2.1 Introduction

in this section, the size distribution of the debris col-
! lected from the JETA-B2 and JETA-B3 tests is described and
I characterized. The resulta obtained here are used in the
'

next section to estimate the fraction of the melt aero-
solized in the testo.

The large fragments (a few hundred micrometers to two or
three millimeters) recovered from the JETA-B tests consists
of roughly spherical particles. Some of these large
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Table 18

Fragmentation Resulting From Droplet
Inflation Followed by Collapse of the

Liquid Layer

Predicted Fragment Size
(um)

Number of Gas Bubbles
(m-3)

8 9 10
x 10 10 1o

2 334 155 72

i
'

3 149 69 32

4 84 39 18
__

particles are punctured and partially void. The composition
of the collected particles was not analyzed, as was done in
the SPIT tests. However, since the melt composition and tne
postulated fragmentation mechanisms are the same it is '

reasonable to assume that the composition of particles is*

identical in the SPIT and JETA-B tests.

For the SPIT tests Brockmann and Tarbell 106 have reported
that the composition of the collected particles appears to
be size dependent. The small mode particles (< 1- to i

'

3- um) are predominantly iron. This suggests that they
are formed by iron vapor condensation. The large size
fraction particles (> 1- to 3- um) are predominantly iron,
predominantly aluminum oxide, or a combination of the two.
This indicates that large particles are formed by mechanical
breakup of an inhomogeneous melt of aluminum oxide and iron. '

3.2.2 Particle Size Distribution

Size distribution of the debris collected from the JETA-B2
and JETA-B3 tests was obtained by sieve analysis. The )
particle size distribution plotted on log-normal paper is

.

; shown in Figure 29. The data were fitted by the log-normal )
distribution. It has been found that the log-normal
distribution correlates most of the size data for particles
obtained by fragmentation.107 ]

; Kottler 108 presented theoretical basis why log-normal l
'distribution applies to fragmentation processes. If it is

s assumed that the relative rate of change of particle size in
j !
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fragmentation is independent of the absciute quantity of
material present, then

= -kD (197),

where D is the particle diameter, t is time, and k is a rate
constant.

Integrating Equation (197) we get

D=De- (198),
g

,
where Do is a constant of integration.

1

Equation (198) may be written in the following form

t = a+beln(D) (199),

where a and b are constants.

Equation (199) expresses time as a function of size, D. The
time available for fragmentation of each particle will be
different and random. It was shown that it is justified to
assume that the distribution of times is normal. The
distribution of D which follows from the assumed normal
distribution of times is called log-normal.

For a random positive varig91e, in this case the particle
size, that is log-normally distributed, the log-normal
distribution function is

exp -
'1" ~" (200)f(D) =

/2'ii Do ( 20 /

wh&te u and o are distribution parameters.

3.2.3 Particle Size Distribution Parameters
1

The geometric mean diameter, denoted D50, is given by

D50 = e4 (201).
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The geometric standard deviation, og, is characterized
by ed

D
U 84 50 (202)og =e ,=D ,

50 16

where D16, and D50 and D84 are the 16, 50 and 84
percent points of the distribution. Since the log-normal
distribution plots as a straight line on log-normal paper,
the paraneters u and o can be determined directly from a
plot.

In practical applications of the particle size data it is
desirable to use the average diameters that have some
physical meaning. The various average diameters have been
defined by Mugele and Evans 109 by the following expression

q-p a

b D f(D)dD D f(D)dD (203)9 p
= .

qp
j -m-m

Some of the mean diameters most often used are number mean I

(D o), surface mean (D20), volume mean (D30), and j
i

volume-surface, or Sauter mean, (D32)

Sauter mean is given by

._3

3 ( }" *
32

D20
,

A very convenient property of log-normal distribution is
that it can be written on surface, volume or surface-volume
basis. This leads to the following useful relations between
means:ll

2InU InD o + 2 In cg (205)i20 =

InU o + 3 In og (206)2InU l30 =

2InU o + 2.5 In ag (207)inU l32 =

,
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Particle size distribution parameters for the JETA-B2 and
JETA-B3 tests, obtained from Figure 29 and from Equations
(205), (206), and (207), are presented in Table 19.

Table 19

Particle Size Distribution Parameters
for JETA-B2 and JETA-B3 Tests

s

Geometric
Mass Mean Standard _ _ _

Do D20 D32Diameter Deviation i

Test (um) og (um) (um) ( m)

| JETA-B2 700 3.57 5.43 138 310

JETA-B3 160 3.44 1.64 115 75

3.2.4 Discussion and Conclusions

Experimental particle size distribution for JETA-B2 and
JETA-B3 tests rather broad distribution (o ~3.5).g
For comparison, le distribution of particles produced by
pneumatic atori?.ere is characterized by og~1.3.
As expected, the mass mean diameter for JETA-B3 is 9maller
than for JETA-B2 due to higher hydrogen concentration in the
melt. Comparison within Section 3.1 calculated fragment
sizes suggests that acceleration induced fragmentation
resulting from gas expansion could be a dominating fragmen-
tation mechanism, at least in cases when equilibrium
hydrogen pressure is high. The maximum stable fragment size
calculated for JETA-B3 is 561 um, see Table 13. According
to Pilch,12 the mass mean fragment size is one half of

maximum fragment size, regardless of the Weber number.
280 um to compare withThts, for JETA-B3 we have Dmass =

160 um obtained experimentally.

Regarding JETA-B2 test, the calculated Weber number is close
to 12 indicating that some acceleration induced fragmen-
tation (from the initial fragment size of approximately 2 to
3 mm) could be possible producing fragment sizes of the,

order of 1 mm.

In summary, even if we were not able to analytically predict
particle size distribution, the fragment sizes determined
from the models of primary breakup and secondary fragmenta-
tion fall into the particle size range determined experi-
mentally, i.e., u 100 um to 2 to 3 mm.
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3.3 Aerosol Generation

3.3.1 Introduction

As mentioned in Section 1 of this report, a significant
amount of aerosol was generated during pressurized melt
ejection in the SPIT and JETA-B' jet characterization experi-
ments. The aerosol measurements were performed in the SPIT
tests. Brockmann and Tarbell 106 estimated the mass
fraction of melt aerosolized to be 0.6 to six percent. The
following three mechanisms that could produce melt particles
smaller than approximately 60 pm have been proposed:

1. Condensation of iron vapor; particles < 1 um.

2. Film f ragmer.ta tion as a result of bubble bursting;
particles 1 to 10 pm.

3. Pneumatic atomization; particles 10 to 60 pm.

Pneumatic atomization occurs' When liquid and gas are
simultaneously accelerated through an orifice. This
mechanism of melt "ragmentation has been reviewed by Pilch
and Tarbell.91 For the reactor accident conditions, they
predicted that the mass median size of particles produced by

.

pneumatic atomization could range from 20 to 300 pm. |

In the next two sections, we will address mechanisms 1 and 2
above. Due to large uncertainties and complexity of the
phenomena involved only simple estimates will be raade.

3.3.2 Vaporization of Iron

The vapor pressure of iron is high at the temperature of,
thermite and corium melts. It is significantly higher than
the vapor pressure of aluminum oxide whi~h explains why inc
SPIT tests the particles in the small size fraction are
predominantly iron.106

The aerosol is formed when iron vapor condenses. An upper
bound estimate of the iron aerosol mass produced in high
pressure melt ejection is obtained in the following way.
The total mass of condensed iron vapor, m, is

m = gat, (208)

where G is the mass flux of iron atoms across a plane
surface, A is the total surface of iron and t is time
available for vaporization.

An estimate of G can be derived from the kinetic theory of
gases. Assuming a Maxwell-Boltzman velocity distribution
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the average positive x-component of velocit'y for a

monoatoraic ideal gas 1s 111

kT 'I/
(209)ua l ,

2nm j

where k is the $3oltzman constant, T is the temperature, and
m is the mass of the atom.

A more convenient expression for u is obtained from Equation
(209) using standard thermodynamic relations,

u=(RT (210),

2 /
,

where R is the gas constant.g

Tne mass flux G is

G = pu (211),

where p is the gas density.

For ideal gar we have

P ,

(212)P=RT .

g

.

Substituting Equations (210) and (212) into Equation (211)
we get

u= __
(213)

/2nR Tg

Here p is the equilibrium vapor pressure corresponding to
temperature T.

Equation (713) gives an upper bound for the evaporation or
condensation rate. In reality, the rate of mass flux is
given by
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G' = aG (214).

Here a is the condensation or evaporation coefficient (also ,

called the accomodation coefficient). In condensation a
is the fraction of the molecules striking the surface that
condenses. The evaporation coefficient is defined.similarly.

,

Under equilibrium conditions the condensation and - evapora-
tion fluxes are equal. The net evaporation flux under
non-equilibrium conditions is obtained by substracting
evaporation mass flux from condensation mass flux. Assuming
that evaporation and condensation coefficients are equal and
neglecting a correction term resulting from the mean
.nolecular velocity toward the interface, we obtain

. .

1/2

f- (215)G P - p= .

et g g
/2nR T g

g
- - .

Here subscripts s and g refer to the equilibrium conditions
at temperature T and to gas conditions at the interface.

In evaporation T ~ T and we getg

' "
' y)[P

G (216)-t= .

net s/2nR T

This expression is sometimes called the Hertz-Knudsen
equation.41

The total area of the iron interface is given by the total
area of melt droplets multiplied by the ratio, f, of the
area occupied by iron to the total area:

Fe = fu Df ,A (217)

where D is the droplet diameter.

The area per unit melt volume is

,
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n[D
i 6e,g ,g (218),

V (n/6)[D Dg 32
l' ,

since

[D
auter d ameter=D '= .

2 32
[D y
i

.
Thus

l'
,

1

AFe = 6fV (219)
32

or

AFe = 6fM _
, (220)

pD
32

where M is the total melt mass and p is its density.

Finally, the time, t, for vaporization is estimated by the
time it takes for the jet to travel from the orifice to the
ground:

h
t =- (221),

j
where h is the distance and vj is the jet velocity.
Substituting Equations (216), (220), and (221) into (208) we
have

-%sm = 6 ctf hM (222)_

pv)D32 g2nR T

Calculations have been performed for the conditions of the
JETA-B2 and JETA-B3 tests. According to von Bogdandy,26
the accomodation coefficient for liquid metals is usually e

between 0.1 and 1; we have used a = 0.5. The vapor
was neglected since it is not known. The |pressure, pg,
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temperature of the melt is an important variable since vapor
pressure of iron is a strong function of it. Unfortunately,
we don't know exactly the temperature of the melt droplets.
We have assumed that T 2200 and 2500 K. These tempera-=

tures allow for some incompleteness of the thermite reaction
and cooling of the droplets. The vapor pressures of iron

to these temperatures are 5 x 102 Pa andcorresgonding
5 x 10 Pa, respectively.

Finally, the ratio, f, was assumed to be equal to the volume
fraction of iron in the melt. With these assumptions the
following results have been obtained:

,

* T= 2200 K

JETA-B2: m = 0.27 kg
JETA-B3: m = 0.28 kg

The fraction of melt aerosolized is 2.6 and 2.7 percent
for JETA-B2 and JETA-B3, respectively.

* T = 2500 K

JETA-B2: m = 2.7 kg
JETA-B3: m = 2.8 kg

The fraction of melt aerosolized is 26 and 27 percent
for the JETA-B2 and JETA-B3, respectively.

Equation (222) shows that at a given temperature the
fraction of iron aerosolized is a function of the
product vjD32 It turns out that in cases here con-
sidered the value of this product differs little and is
independent of pressure. This is reasonable considering

p /2 (from Bernoulli's equation) andlthat vj ~

that B32 should be inversely proportional to the
initial hydrogen concentration in the melt, D32 ~

1/Co, or, applying Sievert's law of solubility, D32~ p-1/2,

We want to emphasize that above results are estimates.
The actual fraction of iron aerosolized may be smaller
because the iron vapor pressure in gas phase, p,g
should reach a saturation value quickly, if the vapor ~
is not effectively removed. However, it is interesting
to note that results for T = 2200 K fall into the range
of estimated fraction of melt aerosolized in SPIT tests
(0.6 to 6 percent).

3.3.3 Aerosol Generation Resulting From Bubble Bursting

One possible mechanism of aerosol generation during
pressurized melt ejection is breakup of melt film when gas
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bubbles burst. The literature on this mechanism has been
il2 and Powers et al.ll3reviewed by Ginsberg

Experimental water data show that film breakup is the

dominant aerosol generation mechanism for bubbles larger

1 mm in diameter. Considering that gas bubbles inthan ~

3 to 4 mm in diameterexperiments and reactor case are ~

when they burst, the aerosol generation by film breakup may
be operative in experiments and reactor case. However, it

is not clear if direct extrapolation of water data to

thermite melt and corium is allowed.
A number of estimates of the volume of droplets produced per
hubble burst has been presented. It appears that most data
may be approximated by

V
10~ < l < 10~ .

b

Here Va is the volume of aerosol produced per bubble burst
and Vb is the volume of bubble at instant of burst.
Taking the average of t.he above range we get

-6
V = 5 x 10 V (223).

a

|
| The total mass of aerosol produced in experiments may be.

iculated from Equation (223) since bubble volume at.

u.ttant of burst and number of gas bubbles are known.

10 /m3, and 10.3 kg melt (V83 mm, NThus for D ===

32.7 x 10-3 m) we obtain

Va = 1.9 x 10-8 m3

and

m = Vap = 7.3 x 10-5 kg .

I

Hence the fraction of melt aerosolized by postulated film
breakup mechanism is 7 x 10-4 percent. |

1
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3.3.4 Conclusions
,

,

The results,obtained in Sections 3.3.2 and 3.3.3 lead to the
following conclusions:

1. Vaporization of iron may produce significant amount
-i of aerosol during pressurized melt ejection.

2. Aerosol generation resulting from film breakup is
probably negligible during pressurized melt
ejection.

3.4 Overall Jet Breakup Efficiency and, Size of Corium
Fragments

3.4.1 Introduction

In this section we propose a simple method that, makes it
possible to directly estimate the size of particles produced
by jet fragmentation due to effervescence of dissolved gas.
The method is based on the observation that the overall jet
breakup efficiencies, defined in next section, differ
relatively little .for three investigated hydrogen super-
saturated jets even if the initial conditions are quite
different. More confidence was attached to the proposed
method when we found that for some investigated cases of th'e
flashing superheated water the overall breakup efficiencies
lie in a rather narrow range.

In Section 3.4.2 we show how breakup efficiency is obtained
from the initial conditions for melt ejection and particle
size distribution. The breakup efficiency for a few cases
of the flashing water is briefly investigated in Section
3.4.3. Predictions for reactor accident situations are
presented in Section 3.4.4.

3.4.2 Overall Jet Breakup Efficiency

It is appropriate to define the overall jet breakup
efficiency as a ratio of the total surface energy produced
by jet breakup to the work available for fragmentation.
Under assumption that jet disruption is caused by energetic
effervescense of dissolved gases, this work is calculated as
the mechanical work which could be performed by dissolved
gas in an isentropic expansion process.

Hence

s
(224)71 ={ .
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Here it is the breakup efficiency, Es is the total
surface energy of the droplets, and W is isentropic work.

The total surface energy, Es, and the isentropic work, W,

are given by
.

(275)
= TrofD

E
s

and

mR T
'

(pg (Y-1)/Yq
1 (226)W= l- 1pY-1 ( g

_

j
,

Here D is the droplet diameter; o is the surface tension;
m is the mass of the dissolved gas at equilibrium pressure,
P and temperature, T; and p, is the ambient pressure.g,

The mass of the dissolved gas is given by

(227)m = CoVye ,

where Co, is the equilibrium gas concentration
iscorresponding to the gas partial pressure po, and VFe

the volume of iron in the melt. As stated earlic;, C iso
obtained from the Sievert's law of solubility.

It is convenient to express Es and W per unit volume of
the melt. In a similar way as in Section 3.3.2, we obtain

=b#- , (228)
32

where D32 is the Sauter mean diameter.
Dividing Equation (226) by V and using Equation (227) we get

fC R T fpg (y-1)/y'y g g
1- I (229)G= Y-1

,

,
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,

where f is the volume f raction of iron in the. melt (f =

Vyefy),

Hence

E's 6c(Y-1)
U "W - (230)*

'

_
(y.1)/f

fC R TD l- p /p
g g 32 o

_ _

.

Thus, knowing initial conditions for melt ejection and
particle size dictribution, the breakup efficiency may be
determined from Equation (230). Also, knowing n, 032
may be calculated from Equation (230).

The experimental data base available to us, which is

required to calculate breakup efficiency, is rather limited
and comes from three experiments, namely Robertson and
Ogunleye,30 JETA-B2, and JETA-B3. The initial conditions

32 for the JETA-B2 and JETA-B3 experiments were givenand 5
earlier.

For the experiment by Robertson and Ogunleye we have i

Co = 0.19 kgH/m3pe

po ' O.1 MPa

p, = 266 Pa

T= 1873 K

c = 1.0 N/m.

Robertson and Ogunleye have reported that up to 80 percent
of the discharged material was collected as a powder with 50
percent passing 250 um. Assuming log-normal distribution

with og - 3.5 we get

_

= 114 umD32 .

We have obtained the following results for the considered
experiments:

Robertsor and Ogunleye n = 1.4 percent
JETA-B2 a = 0.5 percent
JETA-B3 a = 0.6 percent
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This is an interesting result considering, as mentioned
previously, that initial conditions for these three exper- !

imente were considerably different.

3.4.3 Breakup Efficiency for Flashing Water

Experimental data base for breakup of liquid jets due to
effervescence of dissolved gases is quite limited. This

applies especially to the particle size distribution. The
situation is somewhat better regarding breakup of the

flashing superheated water. In this case, breakup of the
liquid is caused by nucleation and subsequent rapid growth
and bursting of vapor bubbles. The driving force for vapor
nucleation and bubble growth is superheating of the liquid.
A considerable amount of work was done in this area because
of the importance of the subject in the analysis of loss-of-
coolant accidents in light water reactors.62,100,114-120
Disintegration of liquid jets due to the flashing mechanism
has also been studied. 57-59,95,99,121-130

Since the mechanism of liquid breakup caused by either

effervescence of dissolved gas or liquid superheat is

principally the same, we have decided to investigate the
overall breakup efficiency in the latter case.

The overall breakup efficiency was defined in the similar
way as in the previous section. The work available for
liquid breakup was taken, following Lienhard,131 as work
that the system could do upon its surroundings in returning
to equilibrium-

.

| W= (ho - hg) -T at (So - sg) (231)s

Here h is the specific entalphy, s is the specific entropy,
Tsat is the saturation t e m p e r a tirr e at ambient pressure and
subscripts o and f denote the locally superheated conditions
and saturated liquid, respectively.

The mean drop size for sprays formed by flashing water jets
emanating from small nozzle (D < 1 mm) was measured by
Brown 57 and Gooderum and Bushnell.99 Anderson, Erdman
and Reynolds 120 measured drop size distribution from bulk
flashing.

Brown studied breakup of superheated jets eminating from
three nozzle types: sharp-edged, rough and extremely
rough. We have not analyzed all experiments reported by
Brown but found that in four experiments--two in sharp-edged
nozzle and two in rough nozzle, where the temperature of the
water was the same but the jet Weber number and nozzle
diameter were slightly different--the breakup efficiency was
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about 0.05 percent. Efficiency for the extremely rough
nozzle was significantly higher since, as reported by Brown,
much smaller droplets were produced by mechanical breakup of
liquid inside the nozzle where surface roughness was very
high (c/D = 0.1).

Calculations for experiments reported by Gooderum and
Bushnell could not be exact since the ambient pressure
varied between 2 and 98 Torr. However, we have found that
breakup efficiencies lie between 0.01 and 0.08 percent.

Breakup efficiency in experiment reported by Anderson,
Erdman and Reynolds is about 0.02 percent.

These results seem to suggest that breakup efficiencies lie
in a rather narrow range.

3.4.4 Predictions for Reactor Case

Sauter mean diameter was calculated from Equation (230)
assuming that the overall jet breakup efficiency is 0.6
percent. The result is presented in Figure 30 where Sauter
mean diameter, D32, is plotted as a function of hydrogen
equilibrium pressure in the iron component of the corium
melt. Calculations were performed for containment pressures 1

of 0.1 and 0.2 MPa. We see that the fi32 is in the range I
of 75 to 630 um for hydrogen equilibrium pressure in the |

range of 0.1 to 16.0 MPa. This particular size range is in |

reasonable agreement with results obtained from the models
of secondary fragmentation presented in Section 3.1

3.4.5 Conclusions

The method of calculating particle sizes proposed here is
based on a very limited experimental data base. It seems,
however, that it may be used in cases where the properties
of the liquid metal are similar and the effervescing gas is
the same.

Inspection of Equation (230) and the fact that breakup
efficiencies differ little suggest a relationship between

since6 and initial gas supersaturation, Co/Cs,32
according to Sievert's law of solubility Co/Cs is

proportional to (po/pm)l/2 However, in order to investi-
gate this more experimental data are needed.
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4. SUMMARY AND CONCLUSIONS |

Discharge of the molten core debris from a pressurized I
reactor vessel has been recognized as an important accident j

scenario for pressurized water reactors.. Recent high- |

pressure melt streaming experiments conducted at Sandia i

National Laboratories, designed to study cavity and con- |
tainment events related to melt ejection, have resulted in

,
'

two important observations:

1. Expansion and breakup of the ejected molten jet.

2. Significant aerosol generation during the ejection j

process. |

IThe expansion and breakup of the jet in the experiments are
attributed to rapid evolution of the pressurizing gas
(nitrogen in SPIT tests and hydrogen in JETA-B tests)
dissolved in the melt. It has been concluded that aerosol
particles may be formed by condensation of melt vapor and 1

mechanical breakup of the iael t and that the extent of melt |

disruption influences the aerosol generation.

It was shown that above phenomena are also likely to occur
in reactor accidents. The disruption of a corium jet could
affect (1) aerosol generation and through this the source
term, (2) concrete erosion in the cavity region, (3) molten
fuel-coolant interaction, if water is present in the cavity,
(4) removal of core debris from the cavity region, and
(5) direct containment heating.

As a result of the information and insights gained from the
experiments and from theoretical considerations, an
analytical and experimental effort was undertaken, aimed at
the development of a model describing the behavior of a
gas-supersaturated liquid jet expelled from a pressurized
vessel. The results of this effort are described in this
report.

The investigation of jet behavior during pressurized melt
ejection was divided into two parts. First, a one-
dimensional model of jet expansion and primary breakup was
developed and employed in analysis of experimental data and
teactor accidents. This work is described in Section 2 of
this report where we also address aero-hydrodynamic
stability of liould jet in gas, stream degassing of molten
metals, and gas bubble nucleation in molten metals.

We have shown that the aero-hydrodynamic jet stability
theory cannot explain jet behavior observed in experiments.
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Review of nucleation theory has led us to the conclusion
that possibility of spontaneous nucleation under conditions
prevailing in experiments and reactor accidents cannot be
disregarded.

The jet expansion model is based on an appropriate bubble
growth model. We have found that inertial effects are

important for fast growing hydrogen bubble in highly

supersaturated liquid metal. Therefore, a general bubble

growth model was developed that includes both inertia-
controlled and diffusion-controlled growth phases.

The jet expansion model is able to predict the jet void
fraction and jet radius as a function of axial distance from
nozzle exit, bubble size and bubble pressure. Breakup of

the jet is assumed to occur when jet void fraction is about
50 percent. Jet breakup produces spray of melt droplets;

f
these droplets may undergo secondary fragmentation.

A crucial parameter in the model is the number density of
gas bubbles in the molten jet. We were not able to

calculate this parameter, but we determined it experi-

mentally. An interesting result was obtained: namely, the
same inapproximatel{ thenumber density of gas bubbles is

810 /m of liquid.aboutall experiments and equal to

The primary jet breakup produces a spray of relatively

coarse droplets, about 2 to 3 mm in diameter, both in

experiments and reactor accidents.

Parametric calculations have shown that for a TMLB' reactor
accident sequence (the Zion reactor) the corium jet is

disrupted within a few initial jet diameters from the

reactor vessel. The calculations also show that the radius
of corium spray at the level of the reactor cavity floor is
in the range of 0.8 to 2.6 m for a the hydrogen concentra-
tion in the iron component of corium corresponding to a

hydrogen equilibrium pressure in the range of 3.2 to

16 MPa. The containment pressure has a strong effect on the ,

!jet expansion through its role in the bubble growth.
I

In Section 3 of this report we (1) developed models of j

secondary fragmentation of melt droplets, (2) characterized
the debris collected in JETA-B tests (3) presented calcula-
tions of aerosol ganeration due to condensation of iron
vapor and film breakup, and (4) investigated the overall jet
breakup efficiency and from it estimated the size of corium
fragments produced in reactor accident situations.

Three possible mechanisms of secondary fragmentation have
been investigated, namely acceleration induced fragmentation
resulting from gas expansion when gas bubbles burst, fragmen-
tation due to droplet explosion and fragmentation resulting
from collapse of gas-inflated melt droplet. Predicted |
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fragment sizes arel in reasonable agreement with experimental
data. We have concluded that acceleration induced breakup
of melt droplets may be a dominating mechanism of secondary I
fragmentation. I

Particles generated by secondary fragmentation of corium
melt are predicted to be in 70-to 350-um-size range. !

'

.

Considering aerosol generation we have concluded that
vaporization of iron may produce significant amount of
aerosol during pressurized melt ejection and that aerosol $

production resulting from film breakup is probably j

negligible.

We have found that the overall jet breakup efficiencies
differ relatively little for the three molten jets
investigated even if the initial conditions'are considerably
different. Average particle size may be calculated if J
breakup efficiency is known. In this way the average size I

of particles produced by breakup of corium jet was
estimated. For the hydrogen equilibrium pressure in the
iron component of the corium in the range 1.0 to 16.0 MPa,
the Sauter mean diameter (D32) and mass mean diameter _ are
in the 75- to 630-um and 220- to 1400-um-size range,
respectively. In accordance with experimental results it
was assumed that the particle size distribution is lognormal !

with geometric standard deviation of about 3.5. j

,

1
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This report provides results from analytical and experimental investigations
on the behavior of gas supersaturated molten jet expelled from a pressurized
vessel. Models are developed for jet expansion, primary breakup of the jet,
and secondary fragmentation of melt droplets. The jet expansion model is
based on a general relation for bubble growth which includes both inertial-
controlled and diffusion-controlled browth phase. The model is able to
predict the jet void fraction, jet radius as a function of axial distance
from the pressure vessel bubble size, and bubble pressure. Predicted
fragment sizes are in reasonably good agreement with the data.

Parametric caluclations for a TMLB' accident show that the corium jei. is

disrupted within a few initial jet diameters from the vessel. The radius
of the corium jet at the level of the reactor cavity floor is predicted to
be in the range 0.8m - 2.6m.
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