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A B S T R A C T

Discharge of the molten core debris from a pressurized reac-
tor vessel has been recognized as an important accident sce-
nario for ?»_-23S'.'.ri:?ed Watt-t Reactors. Recent High Pressure
Melt Streaming Experiments conducted at Sandia National La-
boratories, designed to study cavity and containment events
related to melt ejection, have resulted in two important ob-
servations:

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 (nit-
rogen or hydrogen) dissolved in the melt» It has been con-
cluded 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 genera-



tion. It was also shown that the above phenomena are likely
to occur in reactor accidents.

This report provides results from analytical and experimen-
tal investigations on the behavior of a gas supersaturated
molten jet expelled from a pressurized vessel. Aero-hydro-
dynamic stability of liquid jets in gas, stream degassing of
molten metals and gas bubble nucleation in molten metals are
relevant problems which 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 deter-
mined experimentally and is about 108 per m3 of liquid. The
primary breakup of the jet produces a spray of droplets,
about 2-3 mm in diameter.

Parametric calculations for a TMLB1 reactor accident se-
quence show that the corium jet is disrupted within a few
initial jet diameters from the reactor vessel and 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.

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

Calculations of aerosol generation show that vaporization of
iron may produce significant amount of aerosol during pres-
surized melt ejection.

The average size of particles produced during the breakup of
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 ym to 630 urn and 220 ym to
1400 ym size range respectively, depending on initial condi-
tions. In accordance with experimental results, the particle
size distribution is log-normal with geometric standard de-
viation of about 3.5.

Descriptors: Corium jet, Molten jet, Gas effervescence, Jet
breakup, Jet stability, Gas bubble nucleation, Gas bubble
dynamics, Droplet fragmentation. Aerosol generation. High
pressure melt ejection, Core meltdown accidents, Severe nu-
clear reactor accidents, Nuclear reactor safety.



A B S T R A C T

Discharge of the molten core debris from a pressurized reactor
vessel has been recognized as an important accident scenario
for Pressurized Water Reactors. Recent High Pressure Melt
Streaming Experiments conducted at Sandia National Labora-
tories, designed to study cavity and containment 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 (nitro-
gen or hydrogen) dissolved in the melt. It has been 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. It was
shown that the above phenomena are also 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 relevant
problems which are addressed in this work.

Models are developed for jet expansion, primary breakup of the
jet and secondary fragmentation of melt droplets resulting
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 experimentally and is
about 108 per m3 of liquid. The primary breakup of the jet
produces a spray of droplets, about 2-3 mm in diameter.

Parametric calculations for a TMLB1 reactor accident sequence
show that the corium jet is disrupted within a few initial jet
diameters from the reactor vessel and 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.
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Three possible mechanisms of secondary fragmentation have been
investigated: acceleration induced fragmentation resulting
from gas expansion when gas bubbles burst, fragmentation due
to droplet explosion and fragmentation resulting from collapse
of gas-inflated melt droplet. Predicted fragment sizes are in
reasonable agreement with experimental data.

Calculations of aerosol generation show that vaporization of
iron may produce significant amount of aerosol during pressur-
ized melt ejection.

The average size of particles produced during the breakup of
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 ym to 630 ym and 220 ym to 1400 pm
size range respectively, depending on initial conditions. In
accordance with experimental results, the particle size dis-
tribution is log-normal with geometric standard deviation of
about 3.5.
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NOMENCLATURE

(All dimensional variables are in SI Units).

Part I

Symbols

A - jet cross-sectional area

A - constant

a - chemical activity

B - constant

BT,Bv,BTir - dimensionless parameters

C - concentration

C - integration constant

D - diffusion coefficient
D - initial droplet diameter

d - maximum stable droplet size

E - constant

E - activation energy for diffusion step

F - Helmholtz free energy

g - gravitational acceleration
*
i - number of molecules in critical bubble
J - nucleation rate

Ja - dimensionless parameter; Jakob number for
supersaturated liquid

K, K1 - equilibrium constants

k - Boltzmann constant

k - effective surface-dilational viscosity

M - mass of gas in the bubble

m - molecular mass

N - number density of nuclei

n - exponent

n - molecular density

n* - number density of critical bubbles

n - number of molecules absorbed at the bubble
surface
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On - Ohnesorge Number ; =
(paD ) 2

P - pressure °

p - nondimensional jet radius

R - bubble radius

R - universal gas constant

R - gas constant

R - bubble wall velocity

R - bubble wall acceleration

R - dimensionless bubble radius

Re - Reynolds Number ; -^—

r - radius

r - radial distance

s - Boltzmann transformation variable

T - temperature

t - time

t - dimensionless time

u - liquid velocity

V - volume

v - velocity

W - work 2

We - Weber Number ; p

x. - mass fraction of component i

Z - Zel'dovich nonequilibrium factor

z - axial distance

Zf - volume fraction of component i

a - void fraction

a - mass transfer coefficient

B - bubble growth constant

Y - initial supersaturation

<S - diffusion boundary-layer thickness

e - accuracy

0 - contact angle
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0 - half-angle of the jet spread

JJ - chemical potential

]i - dynamic viscosity

v - kinematic viscosity

£ - dimensionless bubble radius

v - 3.14159

p - density

a - surface tension

a - electrostatic energy density

x - time

xM - dimensionless time

4> - normalized concentration driving force

<|>(0) - bubble growth function

¥ - variable defined in Equation 4-15

ft - molecular volume

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

Subscripts

a

f

g
i

i

j
K

1

N

o

s
s
CO

- ambient

- liquid

- gas

- inertia

- interface

- jet

- surface kinetics

- liquid

- nozzle

- initial value

- surface

- saturation (equilibrium) value

- value at large r
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Superscripts

i - iteration parameter

+ - dimensionless

* - value at critical condition

Overscore

- average value

- value at ambient conditions (corresponding to

Brackets

( ) - concentration

Part II

(Symbols not appearing in Part I)

Symbols
A
A

a
an
CD
C
d

E

f

f (D)

G

h

h

h

k

M

- surface area

- parameter (Eq. 9-55)

- interface acceleration

- distortion amplitude (Eq. 9-55)

- droplet drag coefficient

- velocity of sound

- fragment size

- energy

- volume fraction

- distribution function of fragment sizes

- mass flux

- distance

- specific entalphy

- thickness of the liquid shell (Figure 9-2)

- wave number

- total melt mass
-XX-



m - mass

n - number of fragments

n - disturbance growth rate parameter

s - specific entropy

T - dimensionless total breakup time

V - velocity

V - free stream velocity (Eq. 9-8)

W - work

x - parameter (Eq. 9-58)

a - parameter (Eq. 9-17)

a - accomodation coefficient

V - isentropic exponent

p
e - —2 ; density ratio

H - breakup efficiency

x] - disturbance amplitude

A - disturbance wavelength

y - parameter in log - normal distribution

a - parameter in log - normal distribution

a - geometric standard deviation

Subscripts

b

c
d

eq
00 —

Superscripts

bubble

critical

droplet

equilibrium

ambient

- fastest growing disturbance
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1. INTRODUCTION

1.1 Background and Objective

In the event of certain postulated core meltdown accidents in

Light Water Reactors, part of the reactor fuel, fuel cladding,

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 velo-

city jet if an in-core instrumentation tube penetration fails

and if the primary system pressure is significantly above con-

tainment pressure. Probabilistic Risk Assessment studies have

concluded that this accident has a relatively high probability

for Pressurized Water Reactors (PWR).

The in-vessel phenomena of a severe accident are currently

being studied through intensive research and computer modeling

such as the MELPROG project. In this study we are mainly

interested in the final stage of in-vessel accident progress-

ion, namely vessel failure and melt transport from the reactor

pressure vessel to the containment building. Our attention is

limited to the Pressurized Water Reactor, which means that

molten material, often called corium, will be released 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 dependent on

the previous accident history. The detailed analysis of the

accident initiating events and various accident sequences is

carried out in a probabilistic manner. Well-known examples of

ie
3

2
such studies are the WASH-1400 report and Zion Probabilistic

Safety Study (ZPSS) .'
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For our purpose, it is enough to note that in-vessel accident

progression and vessel failure can occur under various pres-

sures 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 would be initiated

by the small break or transient event, the primary system

pressure may be above that of containment at the time of

vessel meltthrough. This fact is essential for the way in

which corium will be relocated from reactor vessel to reactor

cavity and subsequent cavity phenomena.

We can distinguish between two modes of corium transport in

this connection; so-called gravity drop when the primary sys-

tem pressure is equal to the containment pressure, and force-

ful melt ejection, schematically illustrated in Figure 1-1,

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 via failure of the welds around 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 during the period of melt dis-

charge due to the ablation of the steel structure surrounding

the breach. The final breach size is calculated to be approxi-

mately 40 cm.

The ZPSS 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 pressurized,

followed by the blowdown of steam and hydrogen, will cause the

-2-
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Figure 1-1 Schematic Illustration of Pressurized Melt Ejec-
tion in PWR.
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debris to enter into the containment region. This scenario was

considered as favorable regarding containment integrity be-

cause debris dispersed over a large area of the containment

floor would be easily quenched. On the contrary, the effective

quenching of debris in the cavity could be difficult, thus

leading to the possibility of concrete erosion and hydrogen

generation.

The ZPSS does not give a detailed description of the configu-

ration of the jet stream emanating from the breach in the

reactor pressure vessel. The analysis predicts that the jet

will be composed of completely liquid core material with a

diameter equivalent to the breach dimension. Additionally, the

stream does not expand from the point of discharge until con-

tact 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 experiments
4

at Argonne National Laboratory and large-scale experiments at

Sandia National Laboratories (SNL). Results of both 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 sys-

tem.

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 l/20th scale cavity geometries.

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.

-4-



Two important observations have been made:

1. Expansion and breakup of the ejected molten jet.

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) dissolv-

ed 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 applicable

to a reactor accident, would draw attention to new and impor-

tant aspects of cavity and containment phenomena not con-

sidered in previous safety studies. 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 interactions, if water is present in the

cavity, (4) removal of core debris from the cavity region and

(5) direct containment heating.

Figures 1-2 and 1-3 show flash X-ray photographs of the melt

stream taken during two SPIT tests. The experiments were con-

ducted at nominally the same conditions except for the type of

gas. The 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 1-1 shows the values of nitrogen solubility in molten

iron for conditions typical for SPIT tests. Nitrogen concen-

tration is expressed in units of percent nitrogen by weight.

-5-



Figure 1-2 Flash X-Ray Photograph of N2-Driven Melt Jet Taken
30 ms After Start of Melt Ejection.
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Figure 1-3 Flash X-Ray Photograph of C02~Driven Melt Jet
Taken 30 ms After Start of Melt Ejection.
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Table 1-1

(from Powers )

Estimated Nitrogen Solubility in Molten Iron,

Temperature

(K)

1810
1810
1810
1810

2800
2800
2800
2800

Pressure

(atms)

150
75
4 1 *
0.65

150
75
4 1 *
0.65

(N)

%

0.547
0.387
0.286
0.036

0.596
0.421
0.311
0.039

(cnr (STP)/100gFe)

477
388
250
31.4

520
367
271
34

*
Partial pressure of N2 in air at one Albuquerque atmosphere,
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For SPIT-8 test conditions (i.e, temperature approximately

2800 K and pressure 7.5 MPa) the amount of dissolved nitrogen

is 367 cm at STP per 100 g of iron. Considering that 100 g of

iron will occupy about 14.3 cm , it shows the great potential

for disruption of the jet by nitrogen evolution from the melt.

On the X-ray photograph of N~-driven jet (Figure 1-2) , the

expansion of the jet (half-angle about 10°) and voids within

the stream are visible. The photo from SPIT-12 test

(Figure 1-3) shows the appearance of a CO2~driven jet. In this

case, the jet appears as a nearly coherent stream with

ligament-type instabilities emanating from 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 pressuriz-

ing 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 1-2 gives the solubility of hydrogen in molten iron, and

Table 1-3 the estimated solubility of hydrogen and water vapor

in oxidic melt.

Comparing values from Tables 1-1 and 1-2, we can see that

hydrogen solubility in the molten iron at a range of condi-

tions 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

due to gas evolution would be expected to be similar to melt

behavior in experiments using nitrogen.
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Table 1-2

(from Powers )

Dissolved Hydrogen in Molten Iron.

Temperature

(K)

1810

2800

PHH2
(MPa)

15.0
7.5
4.1
0.1

15.0
7.5
4.1
0.1

(H2)

cm3(STP)/100gFe

383
271
200
31

800
565
418
65

(H2)

cm3(STP)/cm3Fe

26.8
19.0
14.0
2.2

55.9
39.5
29.2
4.5

Table 1-3

(from Powers )

Solubility of H2 and H2O in an Oxidic Melt.

Temperature

(K)

2800

1800

PHH2
(MPa)

7.5
1.5
0.2

7.5
1.5
0.2

PH2O

(MPa)

7.5
13.5
14.8

7.5
13.5
14.8

(H2)

(1 STP/1 of

3.27
0.65
0.07

3.11
0.62
0.06

(H2O)

oxide)

0.59
1.06
1.17

0.22
0.39
0.43
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As a result of the information and insights gained from the

SPIT experiments and from theoretical considerations, an ana-

lytical and experimental bflort 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 physiocochemical

processes responsible for jet behavior in high pressure melt

ejection is necessary for a meaningful interpretation of

experimental results and their extrapolation to reactor acci-

dent 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 cavity.

As stated in the preceding section, the configuration of a

corium jet entering the reactor cavity region could affect the

following phenomena:

1. Aerosol generation

2. Concrete erosion in the cavity region

3. Molten fuel-coolant interaction

4. Removal of core debris from the cavity region

5. Direct Containment Heating

Aerosol generation

The implication of aerosol generation for accident progression

and consequences is quite obvious and will not be discussed

here.
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Concrete erosion in the cavity region

The concrete erosion refers to the thermal decomposition caus-

ed by contact with high-temperature jet. According to Refer-

ence 5 "the rate and extent of erosion in the HIPS tests

are important aspects of the ex-vessel debris behavior. Con-

crete erosion may influence the development and magnitude

of the key hydrodynamic processes being studied in the tests."

It was shown that the rate of concrete erosion will be propor-

tional to the imposed heat flux, which in turn depends

on stream diameter, d, as d2.

Parametric study of jet expansion for the TMLB1 sequence, pre-

sented in Section 8, shows that the diameter 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 interaction

A molten fuel-coolant interaction of an explosive character,

known as steam or vapor explosion, is an important issue in
2 3 7connection with postulated core meltdown accidents. ' ' The

ZPSS postulates that a steam explosion will occur when the

melt stream exits the 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 effective

vapor explosion:

1. Coarse premixing of fuel and coolant

2. Triggering

3. Fragmentation and propagation

4. Expansion
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It is very difficult to assess which, and to what extent, each

of these four phases will be affected by a particular jet con-

figuration. However, it is likely that steps one and three are

strongly dependent on the melt configuration before water con-

tact. An extensive fragmentation and dispersion of molten jet

before water contact would probably make a large-scale coher-

ent 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 liq-

uid-liquid contact, which is a necessary condition

for triggering of explosion.

3. Crust formation can also prevent hydrodynamic frag-

mentation.

4 Gas coming out of the melt can shield it from the

water.

Another phenomenon that ought to be considered in this context

is hydrogen generation from corium-water contact. The hydrogen

is produced by the chemical reaction between steam and

metallic components of the corium; Zr or Fe. The blanket of

hydrogen surrounding the corium particle has a hindering

effect on the explosion.

g

It has been observed that no large-scale explosions occurred

when a stream of molten aluminum was broken while poured into

water. A recent uncertainty study of PWR steam explosions,

has found that among the most important uncertainties is the

jet pour diameter. The study was concerned only with conse-

quences of in-vessel steam explosions, but this result should

also apply to ex-vessel steam explosions.
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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.

Direct Containment Heating

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 are small

the rapid liberation of thermal and chemical energy (oxidation

of metallic constituents of the corium) can directly heat and

consequently pressurize the containment. Disruption of the

corium jet is, however, only one of the mechanisms which will

affect the Direct Containment Heating problem.

1.3 Approach

The problem breaks up naturally into 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

-14-



A thorough investigation of jet behavior due to evolution of

dissolved gases should include analysis of the following phe-

nomena:

1. Nucleation of gas bubble in liquid metal

2. Bubble dynamics

3. Jet expansion due to growth of gas bubbles

4. Jet breakup and fragmentation

This report consists of two parts. Part I (Sections 2 through

8) addresses jet expansion and primary breakup. Part II

(Sections 9 through 13) addresses secondary fragmentation of

melt droplets, the resulting particle size distribution and

aerosol generation.

Aero-hydrodynamic stability of a liquid jet in gas is dis-

cussed in Section 2. Time-scales for jet breakup by the aero-

hydrodynamic forces in experimental and reactor accident

situations are presented.

A review of relevant literature on jet disruption due to dis-

solved gases is presented in Section 3. It is shown that

stream degassing of liquid steel has much in common with our

problem.

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 4.

The jet expansion model is developed in Section 5. Dynamics of

gas bubble growth in supersaturated liquid plays a major role

in this model. An appropriate model of gas bubble growth is

developed in Section 6.
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Experimental results from relevant SPIT and JETA-B tests and

analyses using the jet expansion model are presented in

Section 7. Number density of gas bubbles in the molten jet,

which is a basic parameter, is determined.

In Section 8 parametric calculations for a high pressure reac-

tor accident scenario are presented.

Section 9 presents three models of secondary fragmentation of

melt droplets. The models are (1) acceleration induced frag-

mentation 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 JETA-B

tests is described and characterized in Section 10.

Aerosol generation by condensation of iron vapor and film

fragmentation when gas bubbles burst is addressed in Section

11.

Section 12 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.
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2. LIQUID JET STABILITY IN GAS

2.1 Introduction

Results of SPIT and JETA-B tests indicate that effervescence

of dissolved gas is responsible for jet expansion and fragmen-

tation. Before we will attempt to develope 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
11 12

been published on the subject, e.g. Schweitzer and Reitz.
13 14

Most recently Pilch and Ginsberg 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.
2.2 Breakup Regimes

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:

We = *p> (2-1)
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Here p is the density of the jet or the flow field surrounding

the jet, V is the relative velocity between the gas and the

jet, p is the jet diameter and a is the surface tension.

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

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

density, and then is called jet Weber number (We.):

p V2D
We = _S (2-2)

a a

p.V2D

V (2-3)

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

The Reynolds number (Re), is the ratio of the inertia force to

the friction force:

p.VD

Here y. is the dynamic viscosity of the jet.

The Ohnesorge number (On), which expresses the viscous effects

is defined as:

On = a—; {2_5)
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The Weber number, Reynolds number and Ohnesorge number are

related:

(We.)2

On = ~r~— (2-6)

Four breakup regimes are usually identified; ' they are

schematically illustrated in Figure 2-1. The regimes are:

1. Rayleiqh breakup

In this regime, first treated by Lord Rayleigh, the breakup

is caused by the growth of an axisymmetric disturbance due to

capillary force. The effect of ambient atmosphere is neglig-

ible. 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 We < 0.4.
a

The breakup length (i.e., coherent portion of the jet) is

given by

l = C ( W e j 2 + 3 Rij) <2"7)

or

| = C We. (1+3 On) (2-8)

where the constant C is approximately 12.

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 Regime and the Atomization Regime. The action of
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Figure 2-1 Schematic Description of Jet Breakup Regimes.
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ambient atmosphere becomes more and more important for jet

stability. Also nozzle geometry and jet Reynolds number play a

role in jet behavior.

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

0.4 < We, < 50-300a

12According to Reitz the transition between Rayleigh and Wind

Induced Breakup occurs when

We = = 1.2 + 3.41 On°'
9 (2-9)

a

The breakup length in Regime 2 is not well defined. In Regime

3, which is sometimes called Turbulent Jet Regime, the breakup

length is given by Grant and Middleman:

z 0.32
g = 8.51(Wej) (2-10)

This formula seems to give reasonable results for We. numbers

of up to about 200.

No correlations for the size of fragments generated in Regime

2 and Regime 3 were found. The drop size seems to be in the

range from jet diameter to much smaller, but still relatively

coarse fragments.

4. Atomization Regime

In this regime, a large number of small droplets is formed and

the disintegrated jet resembles a spray. According to Levich

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

observations in Atomization Regime concern high-velocity,

small-diameter jets.
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The criteria for transition between the Wind Induced, Turbu-

lent Regime and Atomization Regime is not clear. As stated

above the reported ambient Weber number is in the range 50 to

300, thus indicating large uncertainty.

The intact length of the low viscosity (i.e., small On number)

jet was calculated by Levich and is given by

i

(2-11)

We observe that the breakup length is independent of the jet

velocity.

Levich also estimated the size of droplets separated from the

jet surface. The size is given by the length of the unstable

wave.

For short waves:

d - -2-5. (2-12)

For long waves:

d ~ 8D (2-13)

Droplets produced by primary jet breakup may be subject to

secondary breakup by the action of aerodynamic forces. The

maximum stable fragment size in this case was given by

Pilch: 1 8

-••"(S?)'l
where DQ is the initial drop diameter.
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It is necessary to emphasize that the above correlations and

data apply strictly speaking only to the small diameter jets

and nozzles with large length-to-diameter (L/D) ratio so that
13 19flow is turbulent. There is strong experimental evidence '

that jets emanating from orifice or nozzle with small L/D

ratio (<5) are much more stable.

2.3 Application to Experiments and Reactor Cases

The parameters pertinent to the experimental (SPIT and JETA-B

tests) and reactor conditions are listed in Table 2-1 and

Table 2-2 for three system pressures and in the reactor case

also for two jet diameters. The smaller diameter (4 cm) corre-

sponds to the initial size of the reactor vessel breach at the

time of vessel meltthrough and the larger diameter (40 cm)

corresponds to the final breach size, enlarged by the ablation

process.

The following material properties data were used:

Experiments: Fe/Al- 0., melt

p = 3 843 kg/m3

a = 1 N/m

\i = 3x10 Pa«s

Reactor case: Corium (67.2 w/o U02, 16.4 w/o Fe, 8.2 w/o Zr,

8.2 w/o ZrO2)

p = 8000 kg/m3

a = 0.5 N/m

u = 4x10 Pa-s
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Table 2-1

Jet Breakup Parameters Pertinent to
SPIT and JETA-B Experiments .

Ap

(MPa)

1

7

16

(m/s)

23

60

91

0

0

0

D

(m)

.0254

.0254

.0254

L/D

1

1

1

7

1

3

Table

Rej

•5xlO5

.9xlO6

.OxlO6

2-2

5

3

8

We.

,2xlO4

.5xlO5

.OxlO5

We,

13

91

210

3

3

3

On

.OxlO"4

.OxlO"4

.OxlO"4

Jet Breakup Parameters Pertinent to
Reactor Cases .

Ap

(MPa)

1

7

16

1

7

16

V3
(m/s)

15.8

41.8

63.2

15.8

41.8

63.2

0

0

0

0

0

0

D

(m)

.04

.04

.04

.4

.4

.4

L/D

3.

3.

3.

0.

0.

0.

5

5

5

35

35

35

1.

3.

5.

1.

3.

5.

7xlO6

3xlO6

OxlO6

7xlO7

3xlO7

OxlO7

1.

1.

2.

1.

1.

2.

We.

6xlO5

lxlO6

6xlO6

6xlO6

1x10 7

6xlO7

We,

20

140

320

200

1400

3200

3

3

3

3

3

3

On

.2xlO"4

.2xlO"4

.2xlO"4

.2xlO~4

.2xlO"4

.2xlO"4
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Table 2-1 and Table 2-2 show that with exception of experimen-

tal 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 Levich formula

are:

Experiments;

thus Z s 1.5 m

Breakup time is given by

T = |_ (2-15)

and we have

T z 65 ms - 17 ms

Reactor case;

. k
\ = 89

a '

thus Z z 3.6 m - 36 m

and for breakup time we obtain

T z 57 ms - 2 s
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The size of the fragments produced by various hydrodynamic

breakup processes is on the order of one to twenty millimetres

(see also Section 9.1).

2.4 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

terms of aero-hydrodynamic jet theory. X-ray photographs of

melt jets of SPIT 8, JETA-B2 and JETA-B3 tests clearly show

that jets uniformly expand and are disrupted in a few milli-

seconds or within less than ten jet diameters. These times and

distances are much smaller than those calculated above and the

difference would be even larger for jets emanating from ori-

fice or nozzle with small length-to-diameter ratio, as in the

experiments and the reactor cases. Moreover, experiments show

(mentioned in Reference 14) that the breakup length in

Atomization Regime is greater by a factor of 3 to 16 than the

breakup length given by Equation (2-11).
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3. REVIEW OF RELEVANT LITERATURE

3.1 Introduction

The problem of breakup of the 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 hydro-
20 21 22gen, oxygen, and nitrogen. ' ' This particular method

belongs to a broad class of so-called vacuum degassing
22 23processes ' in which molten metal is exposed to a low

pressure in vacuum chamber.

The mechanism of removal is 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 difference

between gas concentration in 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 melt.

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 supersaturation,

and nozzle design. To obtain effective degassing it is necess-

ary 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.
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3.2 Stream Degassing of Steel

As mentioned above, transport of gas from liquid to gas phase

across the interface is one of the factors which controls the

rate of the gas removal. The kinetic aspects of the process
24

are reviewed and discussed by Bradshaw, Bradshaw and
p c o f\ on

Richardson, Bogdandy and Winkler. The role of inter-

facial phenomena in this connection is discussed by
28

Richardson. According to Bradshaw, three 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 the 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
28

discussed by Richardson, nonreacting surface active solutes

may significantly affect interfacial phenomena under certain
29

circumstances. Rosner and Epstein consider the effect of

chemical kinetics on the growth of nitrogen bubble in liquid

iron. Robertson and Ogunleye concluded in their study of

stream degassing of molten iron that chemical kinetics was a

controlling factor in the growth of nitrogen bubbles. The sys-

tematic investigation of what influence interfacial phenomena

may have on the dynamics of bubble growth is beyond the scope

of the current work. Such an investigation would probably be
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difficult considering that experimental data for liquid metals

seem to be sparse and the involved mechanisms are not fully

understood.

However, according to Szekely and Themelis the diffusion in

the liquid is a rate-controlling factor in many bubble-liquid

systems of interest to metallurgists. Moreover, according to
24Bradshaw, the major resistance ii

from steel lies in the liquid phase.

24Bradshaw, the major resistance in the removal of hydrogen

Next, we shall account for the observations and results from

the stream degassing of liquid metals.

22According to Belk the liquid metal breaks up during stream

degassing into a stream of droplets, thus giving a very effec-

tive degassing. The stream expands due to the gas evolution

and breaks up into droplets with diameters between 10 and

10 mm.

20

Sharp discusses removal of hydrogen and oxygen from drop-

lets. No information is given regarding the mechanism of drop-

let 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 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 tension 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
32Warner. The author also proposed a kinetic model for the

primary mechanism of the stream breakup. Experiments with

molten steel were carried out initially with the nitrogen-

melted charge and no breakup of the jet was observed. In
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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-sided orifice compared with discharge

through a sharp-edged orifice.

3. Maximum jet disintegration did not occur at 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 is ruled out

because of low equilibrium pressure of CO. Warner then 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 empha-

sizes that according to practical observation made during

stream degassing of steel, the molten metal is erupting vio-

lently as it enters vacuum chamber due to the rapid evolution

of gas bubbles.
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21
Olsson and Turkdogan "nave investigated the expansion and

breakup of streams of oil, mercury, and liquid steel by injec-

tion 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 pressure

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 the

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 molten 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,
33

Robertson, and Bradshaw. The authors have studied the behav-

ior 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 be-

haved differently depending on pressure in the tank. At high

pressure the stream behaved like degassed silver; i.e., no ex-

pansion, contraction, or breakup was observed. At a lower

pressure the stream had a foamy appearance. When tank pressure

was further decreased the stream diameter just outside the

nozzle was appreciably greater than the nozzle diameter, and

at the very low pressure (10 Torr) the stream was completely

disrupted.
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These observations were interpreted in terms of the homogene-

ous, two-phase compressible flow in the bubbly regime and it

was postulated that gas bubbles probably nucleated on the

nozzle wall. Below certain tank pressures no increase in mass

flux was observed when backpressure was reduced, i.e., criti-

cal conditions at the nozzle exit were reached (choked flow).

The critical exit nozzle pressure and void fraction were cal-

culated 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.

34 35Mizoguchi, Robertson, and Bradshaw ' 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 reported. The authors have en-

sured that the previous observations were confirmed by press-

ure measurements; i.e, that the pressures at the nozzle exit

were 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 propos-

ed 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 con-

firm both mentioned assumptions and also calculate the nuclea-

tion rate. The rate of nucleation was on the order of 3000
8 3

bubbles per second (corresponding to about 10 bubbles per m
of liquid).
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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 press-

ure.

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.

Robertson and Ogunleye have investigated the behavior of

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 2-10 mm

long. The streams were observed using high-speed photography.

The nitrogen-saturated streams exhibited little breakup, con-

trary to hydrogen- and CO-saturated streams, which were vigor-

ously disrupted. As in Reference 35, it was postulated that

the bubbles were nucleated on the nozzle wall and the stream

was interpreted in terms of two-phase bubble flow in the

nozzle.

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 extens-

ive breakup of hydrogen-saturated streams but mainly

"Rayleigh-type" breakup (due to capillary forces) of nitrogen-

saturated streams.
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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 chemical

kinetics and that inertial effects were important. Growth of

the hydrogen bubbles was very rapid with a lifetime of about

1 msec. The fragmentation of the hydrogen-saturated jet was

very extensive in the rough nozzle; up to 80 percent of the

discharged material was collected as a powder with 50 percent

passing 250 jam. Finally, the authors reported that surface

tension forces were important in the case of nitrogen bubbles.

In the opinion of the present author, it is not clearly and

convincingly explained how important are the inertial and sur-

face tension forces and also their connection with the growth

controlled by chemical kinetics.

A short discussion concerning the hypothesized bubble nuclea-

tion on the nozzle wall is given by Ogunleye. The author,

after short presentation of work reported in Reference 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
—5 2significantly higher diffusivity (150 x 10 cm /s for hydro-

—5 2gen and 6-8 x 10 cm /s for nitrogen).

Ogunleye also reports that experiments with Fe-N-S and Fe-C-O,

i.e., with surface active species that reduce surface tension,

have not necessarily resulted in vigorous stream breakup.
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3.3 Summary

We can 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 bubbles and their subsequent growth.

3. Breakup of the hydrogen-supersaturated stream can be

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-supersatu-

rated stream is vigorous, more than 50 percent 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 un-

likely and is hypothesized to occur at the cavities

on the nozzle wall.

7. Less pronounced breakup of "nitrogen streams" com-

pared to "hydrogen streams" can be due to lower

diffusivity of nitrogen.

8. Growth of hydrogen bubbles in molten iron is mainly

limited by gas transport in the liquid phase, where-

as growth of nitrogen bubbles may be limited by

interface kinetics.

-37-



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 6 to 10 can be subject for discussion. The

nucleation of gas bubbles in a supersaturated liquid metal is

not well understood. For example, what is the mechanism for

the secondary fragmentation? If it is attributed to the burst-

ing of gas bubbles then the possibility of spontaneous nuclea-

tion (i.e., due to spontaneous density fluctuations) within

liquid droplets is implicitly assumed, contrary to the "gene-

ral belief" that spontaneous nucleation in the main stream is

not possible.

The likely mechanism of the preferential 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

Section. Finally, the role of chemical kinetics in growth of

nitrogen bubble is not clear.
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4. NUCLEATION OF GAS BUBBLE IN LIQUID METALS

4.1 Introduction

Nucleation, defined as a process in which a stable phase is

formed from a pre-existing metastable phase, can be classi-
37

fied, following Bankoff , as follows:

1. Spontaneous nucleation

2. Preferential nucleation

Spontaneous nucleation is due to statistical density fluctuat-

ions and can be homogeneous or heterogeneous. Nucleation is

homogeneous if 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 refers to a condi-

tion when a stable nucleation embryo already exists in the

form of, for example, microscopic gas bubbles.

Nucleation in liquids has been extensively studied because of

its importance for boiling and cavitation processes. Recently,

the nucleation theory has found an important application in

liquid-liquid systems in connection with investigation of
38 37 3 9

vapor explosions. Bankoff and Skripov have reviewed

theory, its applications and experimental confirmation. 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
37

local pseudo-crystallinity.

The nucleation theory, in its "classical" shape, has been used

in investigation of gas bubble nucleation in supersaturated

liquid metals. Agreement between theory and observation is

however poor.
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It was mentioned in Section 3 that homogeneous nucleation of

gas bubbles in free, supersaturated stream of liquid iron is

considered practically impossible due to the high surface ten-

sion of iron. Supersaturations corresponding to equilibrium

gas partial pressure on the order of 40 000 atm would be
40required. On the other hand, according to Richardson, it

appears to be possible to obtain nucleation of gases in liquid

metals under conditions that seem to preclude heterogeneous

nucleation, with gas supersaturations in the range of 20 to

100 atm.

Results of nucleation theory applied to nucleation of gas

bubbles in molten iron are presented next.

4.2 Homogeneous Nucleation

The following considerations are based on presentations by
39 41

Skripov and Hirth and Pound* Nucleation theory was devel-

oped by Volmer, Becker, Doring, 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 = ZwA*n* (4-1)

where Z is Zel'dovich nonequilibrium factor:

2
Z = (W*/3-nkTi* ) (4-2)

Here u is the rate by which the critical embryo (nucleus)

gains a single molecule per unit area.
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This rate is obtained from kinetic gas theory assuming the

Maxwell-Boltzman velocity distribution:

a) = p*/(2TrmkT) 2 (4-3)

In Equation (4-1), A* is the area of the nucleus

A* = 4irr* (4-4)

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

equilibrium given by

n* = nQ exp(-W*/kT) (4-5)

Here n is the molecular density of the liquid. In Equation

(4-2) i* is the number of molecules in the critical bubble:

, * 4 Tir*
1 " 3 ITT (4-6)

Here Ji is the molecular volume of the gas in the bubble.

Assuming perfect-gas behavior we have

n - —

thus

i* = *vr* — (4-7)
3 fcrp

Here k is Boltzmann's constant.
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W* in Equations (4-2) and (4-5) is the work required (in an

isothermal, 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 Gibbs and inter-

preted by him as a measure of phase stability.

The work of formation of spherical bubble at constant tempera-

ture and pressure is

2 4 3W = 4nr" a + ̂ irr (Pf-Pa) + (u -uf)M (4-8)
j z y g r y

where r is the radius of the bubble, a is the surface tension,

P is the pressure, n is the chemical potential, and M is the

mass of the gas in the bubble. Subscripts f and g refer to

liquid and gas phase, respectively.

The first term in the above expression is the work of forming

a surface, the second term is pv work and the last term repre-

sents 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 mechanical and chemical

equilibrium with surrounding liquid and we have

p* - p 1 2 q

P9 ' Pf + r* (4-9)

and

lig(Pg,T) = pf(Pf,T) (4-10)

Thus, combining Equations (4-8), (4-9) and (4-10) we obtain

w* =
 16™ (4-11)

* 23(P*-Pf)
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Combining Equations (4-1), (4-2), (4-3), (4-4), (4-5), (4-6),

(4-7) and (4-11) we get

The mean waiting time, t, for the critical bubble to appear

in a volume V is

* " 3v (4"13)

When Equation (4-12) is used in connection with nucleation

process in gas-supersaturated liquid, then n is a molecular

concentration of solute. Inspection of Equation (4-12) reveals

that surface tension has a strong effect on J, but m and n

are relatively unimportant.

The supersaturation necessary to nucleate a gas bubble in a

given liquid volume can be calculated from Equation (4-12). At

the critical supersaturation the rate of homogeneous nuclea-

tion will change rapidly from a very small to a very high
47

value. According to Lothe and Pound the critical super-

saturation 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 condi-
3

tions of the SPIT-8 test is 26 kgN/m Fe, which corresponds to
the nitrogen equilibrium pressure of 7.5 MPa at 2800 K. From

Equation (4-12) we have

-p*_p j2 = 16Trg3 (4-12a)

3kT j-iii 1/2

io(2a/T7m)-
L/^
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The following data have been used:

n Q = 1.12 x 10
2 7 atoms N/m3Fe

a = 1.2 N/m

m _ 28 _ 4 > 6 5 x 1 Q -26
6.02 x 1O410

k = 1.38 x 1 0 ~ 2 3 JK" 1

T = 2800 K

J = 1

We o b t a i n

and

( P * - P f j 2 = 8 .21 x 1 0 1 8 N2/m4

P*-Pf = 2.86 x 10
9 N/m2 = 2.86 x 103 MPa

Thus the supersaturation corresponding to the partial equilib-

rium pressure of nitrogen on the order of 3x10 MPa would be

required to achieve any substantial nucleation rate.

The result would be essentially the same if J or n were in-

creased by a factor of 10. Similar results were obtained by
24Bradshaw for the case of hydrogen bubble nucleation in liq-

48
uid steel and by Levine for the case of nucleation of gas

bubbles in the liquid Zr-O-N system.
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For the reactor case with hydrogen concentration in iron of

2.25 kgH/m Fe, corresponding to the hydrogen equilibrium

pressure of 6.4 MPa at 2500 K, we would obtain

* - P
g pf
P* - P£ = 3 x 10

3 MPa.

If we were to calculate J for P* = 7.5 MPa then nucleation

rate would be essentially zero and the waiting time, according

to Equation (4-13), infinite. As mentioned earlier, it seems

possible to nucleate gas bubbles in liquid metals with gas

supersaturations in the range of 2-10 MPa. It has been specu-
40lated 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 expla-

nation of homogeneous nucleation in liquid metals is due to
48 49 50Levine. ' ' Levine has analyzed the mechanism of bubble

formation in Zr-O-N and Fe-C-0 melts and the study was initi-

ated by observation of explosion and sac formation in Zr-O-N

systems. 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 pressure caused by the chemisorbed

layer. According to Levine the maximum change in Helmholtz

free energy AF* (which corresponds to W*) is

where

AF* = _l£l<li_ y (4-14)
3(P*-Pf)

2

1 - 3(a /or)2 + 2(o /a) 3 (4-15)
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and a is the electrostatic energy density of the interface

region. Thus, if oQ/a = 1 then ¥ and AF* = 0. Levine has ana-

lyzed bubble formation in Fe-C-0 systems and concluded that

critical bubble nucleation conditions are determined almost

entirely by the oxygen content of the melt. Critical concen-

tration of oxygen was found to be in the 0.001 to 0.003 w/o

range at 1823 K, i.e. for these values a /a •> 1 and ¥ -*• 0

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 nuclea-

tion in the free molten stream even in the absence of active

nucleation sites.

The surface tension of liquid iron and steel is significantly

reduced by additions of oxygen and sulfur, which are highly

surface-active elements in iron. According to Swisher and
52Turkdogan, addition of 0.1 weight percent oxygen lowers the

surface tension of iron at its melting point (1537°C) from

1.8 N/m to 1.0 N/m. The surface tension decreases also with

increasing temperature. According to Allen, the temperature

coefficient of the surface tension of iron at its melting
_4 _4

point is -4.9 x 10 i 2.5 x 10 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:

a = 1.76 - 4.9 x 10~4(T-273) (4-16)

where T is the temperature in Kelvin. The similar approach to
54account for temperature effects was used by Ostensen et al.
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55Nikolopoulos and Ondracek investigated interfacial energies

between uranium dioxide and liquid metals. The following for-

mula for the surface tension of molten stainless steel was

extracted from this reference:

a = 1.19 -0.57 x 10"3(T-1690) (4-17)

It should be emphasized that the above formulas are only

approximations.

If we use Equation (4-16) for the experimental and reactor

conditions, we obtain

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

Reactor Case: T = 2500 K, a = 0.66 N/m

The critical supersaturation for these values of surface ten-

sion is

Experiment: P* - Pf = 7.7 x 10
2 MPa

Reactor Case: P* - Pf = 1.2 x 10
3 MPa

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 substant-

ial uncertainty exists regarding temperature dependence of

surface tension, its reduction below 0.1 N/m seems unlikely.

However, the surface tension decrease with increasing tempera-

ture may allow for spontaneous heterogeneous bubble nuclea-

tion, because the work of critical bubble formation is sub-

stantially reduced in this case in comparison with spontaneous

nucleation in a bulk phase.
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4.3 Heterogeneous Nucleation

Heterogeneous nucleation in melts at a flat liquid-solid
24interface has been analyzed by Bradshaw. Kaplan and

Philbrook have studied nucleation at liquid-liquid inter-

face. In this case the wetting conditions, i.e., the contact

angle between phases, is of crucial importance. According to

Bradshaw, the nucleation rate at flat liquid-solid interface

is

J -f 22 ) 1 / 2
n expl iiH^L- f(0)j (4-l8)

[irm(2-cos0)J s V\ 3kT(P*-Pf)
2 J

where

f/0) - (2-cose) (l-fcos0)2 (4-19)
4

Here 0 is the contact angle and n is the number of molecules

adsorbed on the surface. Figure 4-1 shows the relationship

between critical supersaturation and contact angle for the

case of hydrogen bubble nucleation in liquid steel.

Figure 4-1 shows that in order to significantly reduce the

critical supersaturation the contact angle corresponding to

almost complete nonwetting is required. The situation is simi-

lar for other gases and other metals. The contact angles on

the order of 160° have been reported for Al-O- and 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.
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Figure 4-1 Heterogeneous Nucleation of Hydrogen in Steel on a
Flat Substrate. Excess Pressure in Bubble vs Con-
tact Angle (from Bradshaw^4).
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Kaplan and Philbrook have calculated the rate of homogeneous

and heterogeneous nucleation of CO bubbles within the levi-

tated Fe drop at temperatures of 1900 and 2200 K. Hetero-

geneous nucleation was calculated at iron-iron oxide inter-

face. The rate of homogeneous nucleation was found to be

essentially zero. Although the critical work of CO bubbles

formation at the liquid-liquid interface was reduced, the

nucleation rate was essentially zero even in this case.

4.4 Prefer ential-^Nucleation

Preferential nucleation from gas or vapor filled surface cavi-

ties controls the incipient boiling superheat and therefore is

of large importance in studies of pool and forced convection

nucleate boiling. The parameter of greatest interest in this

connection is the number of active nucleation sites. The sur-

face 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 prefe-

rential 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, 3

and perhaps also a radiation due to the local energy deposi-

tion. This nucleation mechanism is operative in solid fuel due

to the local energy deposition by fission products.

24 40

Bradshaw and Richardson have discussed the nucleation of

gas bubbles in molten metals at gas-filled cavities. It was

shown that a cavity of 10 cm radius in contact with molten

steel (a = 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.
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The required cavity radius will also decrease with increasing

supersaturation.

24Bradshaw 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 experiments with

water show that suspended solid particles are completely wett-

ed in pressurized system. Thus, it appears unlikely that pre-

ferential nucleation on suspended solid particles could play a

role in experiments and reactor accident.

4.5 Discussion and Conclusions

The mechanism of gas bubble nucleation in supersaturated mol-

ten metals is obviously not well understood. This applies par-

ticularly 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 supersaturated molten metal

would be very difficult, if at all possible. Such an analysis

could be a subject for separate study and is beyond the scope

of the present work. However, we would like to discuss in

qualitative manner some aspects of bubble formation in connec-

tion with stream degassing and experiments and reactor acci-

dents.

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 obser-

vations have been made for jets of superheated liquids.
58However, Fedoseev 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 nozzle wall and that
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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 towards the jet centrum due to the

turbulent 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 turbulent 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 quick-

ly destroyed.

X-ray photographs of SPIT-8, JETA-B2 and JETA-B3 jets (see

Figures 1-2, 4-2 and 4-3) show that void is more or less uni-

form throughout the jet close to the orifice. This observa-

tion, ablation of the nozzle wall and the fact that nozzle

flow in tests and reactor case is most likely not turbulent

(L/D s 1) contradicts the hypotesis that jet disruption is

caused by gas bubbles that are formed on the nozzle wall. How-

ever, regardless of what is the mechanism of bubble nucleation

it appears that the nozzle geometry is an important factor

since it determines the flow conditions inside and outside the

nozzle.
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Figure 4-2 Plash X-ray Photograph of H2 - Driven Jet of the
JETA-B2 Test Taken 15 ms After Start of Melt Ejec-
tion. About Half of the Jet is Shown. The Jet
Length is 30 cm and the Distance from the Top Edge
of the Photograph to the Melt Generator Exit is 8
cm.
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Figure 4-3 Flash X-ray Photograph of H2 - Driven Jet of the
JETA-B3 Test Taken 15 ins After Start of Melt Ejec-
tion. The Jet Length is 30 cm and the Distance
from the Top Edge of the Photograph to the Melt
Generator Exit is 8 cm.
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From the above considerations, we conclude that the possibili-

ty of spontaneous nucleation in the bulk of the melt stream

can not be disregarded. As stated earlier, the theory of

Levine explains spontaneous nucleation in liquid metals.

Another possible explanation, relevant to jet flow, was
59advanced by Kashiwa and Mjolsness. Based on analysis of some

experimental data for flashing water jets, they proposed that

strong flow acceleration, caused by the sudden depressuriza-

tion, may lower the superheat required for spontaneous nuclea-

tion. 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 indi-

cate 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 nucleation due to

diffusion of dissolved gas was obtained by Hijikata, Mori and

Nagatani. It is

t = £ — (4-20)
4irNDR

Here n is the number of molecules in the critical bubble, Rc
is the critical bubble radius, N is the number of molecules

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
_ 3

the above expression is 10 s. The time it takes the flow to

pass through the nozzle is on the order of 10 s to 10 s«

Hence, the spontaneous homogeneous nucleation would take place
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either inside the nozzle or within a short (< 10 cm) distance

from the nozzle exit. This result is in agreement with obser-

vations.

We conclude finally, that we are not able to calculate the

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.
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5. JET EXPANSION AND PRIMARY BREAKUP

5.1 Introduction

Our objective is to develop a model of jet expansion and pri-

mary breakup as a result of effervescence of dissolved 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 cal-

culations.

A general description of jet behavior used in this work, along

with all relevant variables, is shown in Figure 5-1. The

molten jet in the experiments or reactor accident is charac-

terized by temperature, T, average density, ~p, composition,

x., equilibrium concentration of dissolved gas, C and velo-

city v.. For reasons given in Sections 7 and 8 we consider

only one gas, nitrogen or hydrogen dissolved in the iron com-

ponent of the melt.

Secondary fragmentation of melt droplets, indicated in Figure

5-1, is studied in Part II of this report.

In Section 5.2 a model of jet expansion is developed.

5.2 Jet Expansion Model

A sketch illustrating jet expansion model is shown in Figure

5-2. The following assumptions are made and additional assump-

tions will be introduced in the course of presentation:

3
1. N gas bubbles per m of liquid are formed at the

same time. The bubbles have uniform size and are

uniformly distributed in space.
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Figure 5-1 Schematic Illustration of Jet Expansion and Break-
up.
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These assumptions are often made in studies of non-

equilibrium 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. Leslie investigated the

effect of initial bubble radius on the growth

expression 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.

62According to Saha et al. the nucleation zone is

short and the contribution of the bubbles nucleated

downstream of this zone can be neglected.

2. The assumption of spherical bubbles is quite accu-

rate for small bubbles because of the surface ten-

sion forces and is a reasonable approximation for

larger bubbles in the free jet. Bubble interaction

and turbulent motion in the jet will cause departure

from sphericity, but these effects are neglected.

3. Bubble coalescence or bubble/bubble interactions are

not accounted for.

4. Constant liquid properties are 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 could 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-state, condi-

tions are assumed. We consider the jet to be a homo-

geneous, bubbly, two-phase flow with no relative

velocity between liquid and gas phase (i.e.,

slip = 1).
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Given these simplifying assumptions, the equation of conti-

nuity of mass takes the simple form

iav-A = const. (5-1)

where "p is the mixture (or mean) density, v. is an axial jet

velocity and A is a jet cross sectional area.

According to assumption 5:

v. = const. (5-2)

The mixture density p̂  is given by

"p = Pga + p^d-a) (5-3)

Here a is the void fraction; subscripts g and ft refer to gas

and liquid phase, respectively.

In our case p,, >> p ; hence

p = pA(l-«) (5-3a)

Equation (5-1) can be written as

•pv.A(z) = £oVjAQ (5-la)

where o refers to initial conditions inside the orifice. Com-

bining Equations (5-la) and (5-3a) we obtain

1 - a
A(z) = A (5-4)

1 - a °
But

A(z)
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and

% - «i
Thus,

/ l -o o > 1 / 2

r .

or

P - ^ 2 <w>

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

The instantaneous jet spread angle (half-angle) is obtained
from Equation (5-5)

dr.
tan Q = dz (5"6)

Neglecting the initial void fraction, a . since the initial
-7bubble radius is negligibly small (R s 10 m; see Section

7.3.1) we obtain by differentiation of Equation (5-5):

i ^ "Sfc~ 1- ^ — • J . * - * 1 *J J • * ~ ^ * *

dz

The jet void fraction is determined as follows. From defini-

tion

a = gas volume o Xg
total volume V + VT

 K '
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Assuming that number density of nuclei is N, the bubble radius

at the inception of jet expansion R and the change in liquid

volume as a result of gas evolution is negligible, we can

write

V = | 1TR3NV (5-9)

and

VT = V - 4 TTR3NV = V ( l - 4 TTR3N) ( 5 -10 )
JLJ JO J O

Here V is the total mixture volume and R the bubble radius.

Substituting expressions for v and V, into Equation (5-8) we
g ij

obtain the general expression for void fraction

a = 4^3 ™ R , - (5-11)
1 + 4/3 TTN(R ~RQ)

Now, dr./dz can be obtained. We have

da _ da dt _ 1_ da (5-12)
dz dt dz v. dt

and from Equation (5-11), assuming again that R = 0

2
da 4TTNR dR (5-13)
dt ~ - 2 d t

(l + 4/3 TTNR )
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Finally, combining Equations (5-6), (5-7), (5-12) and (5-13)

we get

*»
-3/2

L f t1ISEL-~ ft
(1 + 4/3 TTNR3)

where a(z) = f(R(t)) is given by Equation (5-11) and R = 0.

In order to calculate 9, the jet velocity, v., 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

Vf = 1/N, the average size of the melt droplet, D, produced by

the primary jet breakup can be obtained.

1 D 3 . 1 (5-15)
6 ~ N

Therefore

/6 \1/3

~ (iNJ (5"16)

The method of calculating bubble radius as a function of time

is presented in the next Section.
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6. DYNAMICS OF BUBBLE GROWTH IN SUPERSATURATED LIQUID

6.1 Introduction

The rate of bubble growth is a major variable in the jet

expansion model. We have found that in order to correctly

model behavior of a hydrogen supersaturated molten jet a gene-

ral model of bubble growth, covering various growth 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 cavi-

tation. Similarly as in the case of bubble nucleation these

studies are mainly concerned with superheated ordinary liq-

uids. Investigations of bubble growth due to gas diffusion 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.

Bankoff ' has reviewed in detail theoretical and experimen-

tal works on bubble dynamics and also various applications 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 is not available. A number of

approximate solutions are available that yield a reasonable

agreement with experimental data and numerical solutions of

the exact problem.
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Analytical efforts have been concentrated on the early stage

of bubble growth when the liquid inertia is a dominating fac-

tor and on the late, so-called asymptotic, stage when hydro-

dynamic 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 inter-

polation procedure between inertia controlled and asymtotic

stage, have been proposed.

The problem of inertia controlled bubble dynamics was solved

by Rayleigh. Plesset and zwick, ' Forster and Zuber,
69 70 71

Birkhoff et al., Scriven, and Bankoff have proposed

solutions for the bubble growth due to heat diffusion in a

uniformly superheated liquid. Interpolation solutions were
72

obtained by Mikic, Rohsenhow, and Griffith, and Theofanous
73

and Patel. Prosperetti and Plesset obtained a general,74approximate solution using scaled variables.

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 investi-

gated by Szekely and Martins, ' Martins, Szekely,
7B 29 79

Martins, and Fang, Rosner and Epstein, Szekely and Fang,
80 81

Barlow and Langlois, and Langlois. These studies are

mainly an adaption of ideas and results originally developed

by Plesset and Zwick, Birkhoff and Scriven.

In Sections 6.2 and 6.3 we briefly present the general and

nondimensional formulation of the bubble growth problem due to

mass diffusion. The solutions due to inertia and diffusion

controlled growth stages are given in Section 6.4 and 6.5,

respectively.
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In Section 6.6 we develop an interpolation model of bubble

growth due to mass diffusion. This bubble growth model is used

in the jet expansion model presented in the previous section.

Finally, in Section 6.7 we discuss some aspects of bubble

interaction.

6.2 General Formulation

The model of spherical bubble growth in a gas supersaturated

liquid is shown in Figure 6-1.

The 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 6.7.

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.

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.
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Figure 6-1 Model of Gas Bubble Growth in a Supersaturated
Liquid.
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Equation of Continuity

Equation of mass continuity for spherical symmetry takes in
8282this case the following form:

Thus

(r2u) = 0 (6-1)

r2u(r,t) = f(t) = R2u(R,t) (6-2)

where u(r,t) is the radial liquid velocity, R is the bubble
2

radius and f(t) is a function of time. Since the term r u is

not a function of the radial coordinate it has been evaluated

at the bubble wall.

70From mass balance at the bubble surface:

ft (|irR3p ) = 4TTR2pa(R - u(R,t)} (6-3)

The gas density varies slowly with time compared to the bubble

volume and therefore one can write

p£ " Pa '
U (R , t ) = - S _ - a R = £R (6-4)

pJl

where

Hence Equations (6-2) and (6-4) give

• 2
u(r,t) = -^f— (6-5)

r
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Equation of Motion

The equation of motion (Navier-Stokes equation) for this case
is 8 2

<6-6,

It is interesting to note here that the term in the bracket on
the right-hand side of Equation (6-6) vanishes when velocity,
u, is substituted from Equation (6-2). Thus, it appears that

there is no difference between viscous and nonviscous fluid.
83This "paradox" was discussed by Poritsky. 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 (6-5) and integrating Equation (6-6) from
the bubble wall to infinity, we obtain

e *2 P(R) ~ P<
R R + (2 - I) R =

2 £pJl

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

It can be shown that the balance of normal, radial stresses
at the bubble wall yields

P(R) = Pg - | ( a + 2k| ) - 4ye | (6-8)

Here p is the gas pressure in the bubble, a is the surface
tension, u is the liquid dynamic viscosity and k is the effec-
tive surface-dilational viscosity.
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The term 2kR/R, which accounts for the dynamic surface tension

and may be important for very small bubbles , is normally

neglected and we get

P(R) = Pg - ̂ f - 4\ie | (6-8a)

Combining Equations (6-7) and (6-8a) we obtain

= R R + ( 2 - 4 ) R
2 + L. iS. + 4v § (6-9)

2 P£ Re R

where v is the kinematic viscosity.

In our case e s 1 and we have

i + 4u | (6-9a)

Diffusion Equation

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

diffusion

§| = D72C (6-10)

where ^r is the substantial derivative and D is the diffusion

coefficient.

For spherical symmetry Equation (6-10) becomes
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• 2 2From Equation (6-5), u = R R /r , assuming e = 1, and we

obtain

3C _ _./ 32C , 2 3C\ R R2 3CD ( + J
_ _./ 32C , 2

" D( "£l + F

Boundary Conditions

At the interface

:*R (6-13)

Again, because the gas density varies slowly with time com-

pared to the bubble volume, this equation simplifies to

R = D(H)PR
g

At infinity (r •*• «)

C(r,t) - Co (6-14)

where CQ is the initial, uniform gas concentration.

Initial Conditions

R - Ro

R - 0

C(r,0) - CQ (6-15)

Assuming local thermodynamic equilibrium at the bubble wall,

we can write

C(R) - f(Pg,T) (6-16)
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If the gas solubility obeys Henry's or Sievert's law, we have

C(R) = K(Pg)
 1 / n (6-17)

Here, K is the equilibrium constant and n = 1 for Henry's

law, n = 2 for Sievert's law.

The mathematical formulation of the problem is completely

described by Equations (6-9a), (6-12), and (6-17), along with

boundary and initial conditions.

As mentioned earlier, this system of differential equations

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 con-

sidered.

6.3 Nondimensional Formulation

The effects of liquid inertia, viscosity and surface tension

on bubble growth due to mass diffusion have been studied by
75 77

Szekely and Martins and Martins using nondimensional

formulation of governing equations and numerical calculations.

Later, the effect of surface kinetics was also included by
79

Szekely and Fang. The following dimensionless parameters
have been defined:

P_(P_) reference value of Jakob number

I 2 pressure parameter, diffusion
PD
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G = . °, . . pressure parameter, surface reaction
K °Pg (PJ

- -Ja>2

I " T~7Z growth rate parameter, inertiaB, - -G«

_ 2
BK = G growth rate parameter, surface

K reaction

_ BT relative importance of inertia and
B „ > —• surface kinetics effects
IK BR

where

A c - co " Cs " Co - C(P«)

Ap - P(CO) - pw

and

a • interface mass transfer coefficient

After solving numerically the general system of equations for

different values of parameters B_, Bv, and neglecting surface
79

tension and viscous effects, Szekely and Fang found that if

1. B_, BR << 1 ; growth is diffusion-controlled

2. Bj >> 1

BK << 1 ; growth is intertia-controlled
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3. BR » 1

B_ << 1 ; growth is controlled by surface
kinetics

4. B „ large ; growth is inertia-controlled

B I K small y growth is limited by surface kinetics

These recommendations are useful as a first test of which

effects may play a role in particular bubble growth case.

6.4 Inertia-Controlled Growth

For large liquid superheat or supersaturation and/or low

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

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 (6-9a)

becomes

where Ap = pg - p w

2*
Multiplying by R R and assuming that dp is constant, Equation

85
(6-18) may be integrated from RQ to R to give

If growth begins at equilibrium, we have

Ap = i£ and R = o
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When R >> R , we obtain

R * I pj (6-20)

and

'(IP7) <6"21>

Thus,

R =(# fE)* t (6-22)

These are the results originally obtained by Rayleigh.

Assuming that Ap 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 permiss-

ible 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 estab-

lishment of an appreciable temperature or concentration

gradient. Thus, after the initial growth period, controlled

practically by liquid inertia, the bubble will first enter the

intermediate stage when inertia and diffusion control and

later the final stage in which diffusion effects practically

control the growth rate.

We would like to note that, according to Equation (6-21),

during inertia-controlled growth period the bubble wall veloc-

ity is constant.
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6.5 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 con-

centration variation occurs in the thin boundary layer sur-

rounding the bubble wall (Plesset and Zwick ) and the second

employs self-similar solution (Birkhoff, Margulies and
69 70

Horning and Scriven ).

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 neg-

lected.

c. The vapor density in the bubble is constant.

Additionally, the bubble must grow in uniformly 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 , we will outline the method and

results of the self-similar 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

It is assumed that the solution has a form

C*(r,t) = C*(s) (6-23)
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where

* C - C(r,t)
C =

Co " Cs

and

s = •£=- (6-24)
2 VDt

Here C = C(p_), i.e., equilibrium gas concentration at ambi-

ent pressure and s is the Boltzmann transformation variable.

This implies that

R = 2 3\/5t (6-25)

where B is the growth constant.

Substituting Equations (6-23), (6-24), and (6-25) into Equa-

tion (6-12) we obtain

dC^ = 2 ̂  (-S- s^+eV2) (6-26)
ds 2 <*s

The growth constant 8 is evaluated by integrating this equa-

tion twice and applying boundary and initial conditions. The

result is

<|>{B) = 233exp(3B2) I x~2exp(-x2-2B3x"1)dx (6-27)
JO

where

Co ~ Cs AC
= — 5 = T~ (6-28)

and x is a dummy variable.
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Scriven has shown that if 3 •»• 0 then

<t>(B) = 2B2 (6-29)

Hence

2̂ k i m u lo-JO)

and

If 3 is large (>10), then

Hence

1/2
R = 2v/7r: (Dt)

and

-1/2

4>(B) = y f B (6-32)

R =
9

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 s 4\/5t. Thin boundary layer assumption requires that

-79-



Taking R from Equation (6-33) we get

j5 s 4y/Dt = 2 (6-35)
R ~ 5 e

where 6 = ^

6Thus if 6 is large, the assumption s « 1 is justified.

The parameter 3 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 super-

heated liquid.

77Martins has analytically and numerically investigated the

relationship between self-similar solution and Plesset-Zwick

type solutions. According to him, we can write

TM

This is a result of Plesset-Zwick type solution applied to the

mass-transfer case. Here

IT

and -s AC

Scriven's solution - Equation (6-33) - may be written as

£ " V ^ (6~37)

Thus, for large t Equation (6-36) approaches Equation (6-37).
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Martins has compared results given by Equations (6-36) and

(6-37), and the numerical solution for Ja = 100 and found good

agreement. It was also shown that for Ja = 100 and £, > 10 the

difference between C predicted by Equation (6-36) and Equation

(6-37) is negligibly small.

6.6 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 diffu-

sional effects 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 , using matched asymptotic expansions,

and by Murdock , using an integral technique.

72The second method, due to Mikic, Rohsenhow, and Griffith is

based on interpolation between two limiting solutions,

inertia-controlled for small times and energy diffusion-
72 73

controlled for large times. It was shown ' that the inter-

polation solution agrees well with numerical solutions and

experimental observations of vapor bubbles growing in super-

heated 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 interpolation model has

been developed and is presented next.

For inertia-controlled growth - Equation (6-21) - we have

4
2 pg "
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For diffusion-controlled growth, when 8 > 10 - Equation (6-34)

- we have

Rd = p D fc (6-34)

because •rT~

Vi a 1

By assuming thermodynamic equilibrium at the bubble wall, one

can see from equation of motion (Equation 6-9a) 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

or

pg - K'C
2 <6"38>

where K1 = 1/K

The relationship between C and p for this particular case is

depicted in Figure 6-2. The equilibrium concentration at the

bubble wall changes from the initial concentration, C , to the

final concentration, C , which corresponds to the ambient

pressure, p^. Thus, the bubble pressure changes from p to p^

according to Equation (6-38) . Also, the gas density changes

from Pq(Po) to p (p^) because, assuming ideal-gas behavior

p
g = R T (6-39)pg =

where R is the gas constant.
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<

SIEVERTS' LAW
P = K'C2

CAPJ CO(PO)

GAS CONCENTRATION, C

Figure 6-2 Bubble Pressure as a Function of Gas Concentration
at the Bubble Wall for Equilibrium Conditions.
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We can then say that the bubble growth is a function of

normalized concentration driving force, §, given by

<t> = pi *£ = 1
Ar

 S (6-40)
o s

Here, C. = C. (t) is the interface concentration. Thus, both

pg = f<$) and pg = f

We can see that for small times, t •*• 0, Ci + C , and <J> -*• 1.

For large times, t -> °°, C •*• C , and <J> •*• 0.
X S

In the following development we assume that p is constant and

only p = f(C.)» This makes an analytical solution possible,

but introduces an error that we will correct later.

We can write Equation (6-34) in terms of <J> as follows:

C - C . l _ i i _ i
R = -°- D2 t 2= 0 D 2 t 2 (1 - 4>) (6-41)

pg

c — c
where 3 = _J>

pg

I
Putting B = $ D , which is a constant, (it was assumed that p

is constant) we have

-i
R = Bt (1 - 4>) (6-41a)

When t •*• °°, $ •*• 0 and Equation (6-41a) approaches Equation

(6-34).
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To express inertia-controlled growth rate in terms of <j>, we

use Equation (6-38). We get

P — PIC \ — V * f
g " E ( C i } " K ci (6-42)

and

P» = f(Cs) = K'CS ( 6_ 4 3 )

Therefore,

Pg " Pa, = K'CJ - K'C* = K'(C? - C
2
S) (6-44)

From Equation (6-40) C. - C = <}>AC and we have

X S

C i " C s = ( C i " C s ) ( C i + C s } = 4»AC(Ci+Cs) (6-45)

Since C. = (j>AC + C g , we o b t a i n
Ci " Cl = * 2 < A C ) 2 + 2*(AC)Cs (6-46)

Therefore,

PcoFinally, noting that K' = —^ , Equation (6-47) becomes after
Csome manipulations s

(6-48)

where

Apo = Po - P. = PO(CQ) - Poo
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and

C
Y = •=— = initial supersaturation

Equation (6-21) for inertia-controlled growth becomes

R = A ^ + 0 _i_J (6_49)

where

(6-50)

is a constant depending only on the initial conditions.

Now, consider Equations (6-41a) and (6-49) as a system

R = Bta(l - <j>) (6-41a)

and

A

R = hU2 + <(> -2_) (6-49)

The interpolation between these two limiting solutions is

carried out by eliminating $ from the above system.

By solving for <j> from Equation (6-41a) and substituting the

result in Equation (6-49) we obtain the following result:
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72 +
Following Mikic et al. , we introduce dimensionless time, t ,
and dimensionless radius, R , defined as

(6-52)

and

R+ = (6-53)

In order to simplify notation we put

E = Y-l

After solving Equation (6-51) and expressing the result in a

dimensionless form we obtain

dR

dtH

(E+2)(t+)2 - [(E+2)2t+ -
(6-54)

It may be easily shown that for t << 1 the above expression

reduces to Equation (6-21) and for t >> 1 to Equation (6-34).

Integration of Equation (6-54) yields

R+ ^
In

_1

1
- 2 y'(t -1) +

- Y
V(t+-D + Y2 - Y

V'(t+-1) + Y 2 + Y
+ C (6-55)
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where C is the integration constant evaluated from condition

R+ = 0 at t+ = 0

2\y2 - 1 + Y In v42 -
VY 2 - I + Y

(6-56)

Equation (6-55) is shown in Figure 6-3 for three values of y.

Acceleration of the bubble wall has been calculated by diffe-

rentiating Equation (6-54) with a rather lengthy and compli-

cated 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 7, the acceleration term was

not included.

The derivation of general relation for bubble growth was

carried out with the assumption that p is a constant. The gas

density is a pertinent factor in growth analysis of diffusion-

controlled stage because 8 = AC/p .

As stated earlier, the gas density may be expressed as a func-

tion of normalized concentration driving force, $

Pg = f(*)

It was pointed out by Theofanous and Patel , that using

growth constant evaluated at ambient pressure leads to signi-

ficant 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 Hikic

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 Equations (6-55), is useful in

cases when changes of gas density during growth period are not

too large.
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Figure 6-3 General Relation for Bubble Growth. The Bubble
Growth Constant, 6, is evaluated for p = const.
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For large changes of gas density, which is the case here, one

can easily correct the previous solution in the following way:

The diffusion-controlled growth rate is given by Equation

(6-41)

R = 60 t (l-4>)

where

We have

pg = RT

where p is the bubble pressure.

Thus

3 = |°-RT
pg

Using Sievert's law for solubility, C = Kp , and relation

ft
AC

we obtain after some manipulations

C? AC

Pg(Pj
(6-57)
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Hence the diffusion-controlled growth rate is given by

i A -i
R = B» ±-^-2—=• t (6-58)

(<J)AC + C S )
Z

where

B1
cs A C

The general relation for bubble growth is obtained by elimi-

nating * between equations for diffusion- and inertia-

controlled growth, i.e., from the following system:

1 A \

R = B1 X " T—s- t (6-58)

+ c_r
•9

R = h{if2 + * ̂ - ) t 6-49)

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 which are virtually identical with those

obtained by the method outlined above.

We start calculations with p = p (p^) = p and the initial

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

When R has been calculated from Equation (6-55), the bubble

pressure p*, is evaluated from the equation of motion and
i 9 Q

finally pi" = p /R T is obtained. Then the new growth constant
6 is calculated based on p and the cycle is repeated until
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- p i
. g < e (6-60)

where e is required accuracy.

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

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 the next section we will see that predictions for the

nitrogen 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, however, different in the case of the hydrogen bubble

growth where inertial effects are important.

6.7 Bubble Interaction

When the bubble density in the liquid is large, the bubble

interaction during growth process is possible. The assumption

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 assumption that

solute concentration far from the bubble is constant and uni-

form in time may be violated leading to competition among

bubbles for available solute. These problems are very diffi-

cult and this author is not aware of any studies in this
87

connection except the works of Reiss and La Mer, concerning
88

growth of colloidal particles, and Chahine and Liu, concern-

ing growth of a bubble cluster in a superheated liquid. The
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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 depress-

urization. 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 overpredicts 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 the deviation is not significant since the drop frag-

mentation calculations (Part II), in which the number density

of gas bubbles is an important parameter, give results which

are in 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 pro-

pose the following simple method which provides an indication

when completion for the solute becomes important.

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

bubbles are uniformly distributed in the liquid. Then the

liquid volume per bubble is

_ 1
vf " N (6-61)

and the thickness of the liquid film surrounding the bubble is

given by

f 4TTR2 4TTR2N (6-62)

where R is the bubble radius
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We may say that the competition for the solute is negligible

if, for all time, hf is much larger than the thickness of

diffusion boundary layer in which significant concentration

gradient takes place.

The thickness of the diffusion boundary layer is

6 a (D-t)2 (6-63)

and we have

£- << 1 (6-64)

Substituting Equations (6-62) and (6-63) into Equation (6-64)

we get

2 2
4nR^N(Dt) « 1 (6-65)

Employing Scriven's formula for R, if $ > 10,

R = 23(Dt) (6-33)

and we can write

47r(23)2N(Dt)3/2 « 1 (6-66)

We recall expression for void fraction a (Equation (5-11),

assuming Ro = 0):

(5-11)
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Upon substituting Equation (6-33) into Equation (5-11) we

obtain

| irN(23)3(Dt)3/2

( 6~ 6 7 )

Combining Equations (6-67) and (6-66) we obtain the simple

expression

a « 1 > 5
g
+ B ; if 3 > 10 (6-68)

For small 3 we have, according to Equation (6-30),

1/2 1/2
R = (23) (Dt) (6-30)

Proceeding as above, we obtain

a « V P — ; if 3 < 10 (6-69)

2 +/J
The growth constant 3, evaluated at 1 atm, is for experiments

and reactor conditions about 200 or larger.

Thus, from Equation (6-66) we get

200T1.5 " °'99

The maximum void fraction we expect is a s 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 competition 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 3. Let us consider the following

case taken from an article by Birkhoff et al. 6 9 For water
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osaturated with N, at 20 C and heated suddenly to just below

the boiling point the growth constant 0 is equal to 0.021.

From Equation (6-69) :

2 +

Thus, for void fractions on the order of a few percent the

concentration fields around the bubbles start to interact.
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7. EXPERIMENTAL RESULTS AND ANALYSES

7.1 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 report. 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 validation of the jet expansion and the 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 10

and 11.

7.2 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 description of the

melt generator used for the SPIT series tests is shown in

Figure 7-1. The gas line was connected to an accumulator

vessel in order to mitigate the pressure 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 plates on each end and placed inside the pressure
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Figure 7-1 Schematic Diagram of Melt Generator.
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vessel. More detailed information on the melt generator and

instrumentation is given by Tarbell et al. in Reference 5.

The melt generator used in the JETA-B tests was practically

identical to that used in the SPIT tests except that the addi-

tional gas volume was created between the crucible and the

pressure vessel. This modification was 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 the press-

ure gauge made it possible to measure the initial gas press-

ure, the pressure increase during the thermite reaction and

the blowdown history following melt ejection.

The high-speed video camera was used to monitor the appear-

ance and general behavior of the melt stream. However, the

brightness of the aerosol cloud around the melt stream pre-

vents resolution of any details other 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.
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Figure 7-2 shows the schematic diagram of 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 fil-

ters.

A large aluminum pan was placed beneath the JETA-B melt gene-

rator 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 - alumi-

num metalothermic reaction that yielded iron - aluminum oxide

melt, (55 wt% iron - 45 wt% aluminum oxide).

The initial test conditions for the SPIT-8, JETA-B2 and

JETA-B3 tests are summarized in Table 7-1.

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 twelve hours at 600 C to drive off

absorbed water. This process was designed to minimize gas

generation and associated flaring during the thermite reac-

tion.

Test Procedure

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 tc the
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Figure 7-2 Schematic Diagram of Test Facility Showing Rela-
tionship of Melt Generator and Test Diagnostics.
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Table 7-1

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

Melt Mass (kg)

SPIT-8

10.3

JETA-B2 JETA-B3

10.3 10.3

Thermite Composition Iron Oxide (Fe304) - 7.63 kg

plus
Aluminum (Al) - 2.37 kg

Melt Composition

Gas

Gas Volume (m )

Iron (Fe) - 5.66 kg plus
Alumina (A12O3) - 4.64 kg

Nitrogen Hydrogen Hydrogen

3.0x10-2 1.44xlO"2 1.44xlO"2

Initial Pressure (MPa) 7.5 0.98 7.2

Fusible Plug Diameter (cm) 2.5 2.5 2.5
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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 press-

ure. The time period between ignition of thermite to melt

ejection is typically 15 to 30 s.

Experimental Observations

Figure 7-3 is a series of photographs 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 angle) emanating from the vessel. The material

within the cloud appears to be vaporized melt. On the follow-

ing 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 1-2, 4-2 and

4-3, 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.
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Figure 7-3 Sequential Photographs of the Events of a Typical
Melt Ejection Experiment.
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Figure 7-4 shows some results of this process. An average

calculated area of gas "bubble" is 2.1 m m . Assuming that the

disrupted jet consists of spherical melt droplets, their

average size is estimated to be 5-7 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 4-2 and 4-3, were taken 15 ms after start of ejec-

tion. The length of the jets portion shown in 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 surprising,

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 Section 7.3. The estimated

(from the photograph) size of the melt fragments 20 cm from

the orifice is in the JETA-B2 test on the same order as in the

SPIT-8 test. The fragments seem to be smaller in the JETA-B3

test. As mentioned earlier, the debris size distribution data

for the JETA-B tests is presented in Section 10.

7.3 Analyses

7.3.1 Introduction

The experimental observations 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
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Figure 7-4 Computer Processed Image of the SPIT-8 Melt Jet
15 cm Downstream From the Orifice.
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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 8.

We will assume that the initial jet void fraction, a , is

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

R = |a = 2 x 1.0 a 3 1Q-7

° AP 74 x 105

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

The mixture density, ~p, and the volume fractions of melt

components, z., are calculated from the following formulas:

P " Z xi/pi (7-1)

zi -

Here x. is the mass fraction and p. the density of component

i.

The solubility of hydrogen and nitrogen in liquid iron obeys
Sievert's law^^ an^ their solutions are described by the
following expressions:

H2 — (H) + (H)

N2 — (N) + (N)
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The reaction constant is given by

a 2

H

P

where aR is the activity of hydrogen in iron and pfl is the

hydrogen partial pressure above the melt. Assuming that activ-

ity is proportional to concentration we can write

(%H)2 = Kp
H2

that is

2= K(pH )
2 (7-3)

"2

The identical expression is obtained for nitrogen:

(%N] = K(pN ) ' (7-4)

The solubility is also a function of temperature. According to

Reference 6/ we have

4%H) = i ^ + 23126 + \

and

log (1O4%H) = - i ^ + 2.3126 + \ log pfl (7-5)

log (%N) = " ( ^ + 1-246 ) + \ log p N (7-6)

Here P is in atms, T in Kelvin and concentration in weight

percent. Equations (7-5) and (7-6) are used in the model.
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Powers has shown that gas content in iron melts approaches

equilibrium concentrations in a few seconds under experimental

conditions, see Figure 7-5.

The melt is assumed to be an inhomogeneous mixture of pure

iron and - in experiments - aluminum oxide or - in 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 temperature has been

accounted for in the following way. According to Richardson.40

D = D eo

where E is the activation energy for the diffusion step and

D is independent of temperature.

For hydrogen in liquid iron at 1600°C, the following values

are reported:

DQ = 3.2 x 10-
3 S £

_ , - kcal
Eo ~ 3' 3 mol

Values of D and E for nitrogen in the liquid iron have 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 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

V -

where p = pressure in the melt generator at the moment of

melt ejection

Poo = ambient pressure (0.086 MPa in Albuquerque)

p = mixture density.

Finally, we should mention that contribution of iron vapor

pressure to the bubble pressure was neglected in the bubble

growth calculations.

7.3.2 Model Results

The melt composition and some of its properties are given in

Table 7-2. Table 7-3 contains some important parameters and

dimensionless numbers for the conditions of the SPIT-8 test.

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 8.

The effect of surface kinetics on nitrogen bubble growth was
79estimated by the method proposed by Szekely and Fang. The

surface kinetics effects are important when the bubble is

small, and therefore should be compared with intertial

effects. This comparison is made by calculating the dimension-

less parameter B I R. In order to do this, we have to determine

the interface mass transfer coefficient, a. According to Refe-

rence 29, the rate constant for the iron-nitrogen system, when
—4

the oxygen mass fraction in iron is below 10 , 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

a = kp& = 11.5 x 6156 = 7.0 x 10
4 kg/m2s
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Table 7-2

Composition and Properties of the Thermite Melt
at 2800 K .

Mass fraction

Volume fraction

Density

Mixture density

Coefficient of diffusivity

Nitrogen

Hydrogen

Surface tension

Viscosity

(%)

(%)

(kg/m3)

(kg/m3)

(m2/s)

(N/m)

(cP)

Component

Fe

55

34

6156

3843

1.4xlO"8

1.7X10"7

1.2

2.0

A12O3

45

66

2627

0.36

4.6
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The parameters B I K (also B T and BR) are given in Table 7-3.

Since B_R is very large, the surface kinetics 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 concentration. Thus, the

"real" B_R may be smaller but still, we believe, large enough

to allow disregarding surface kinetics effects for the SPIT

conditions.

The growth of nitrogen bubbles in the SPIT tests is mainly

diffusion controlled, as illustrated in Table 7-4.

In the case of hydrogen bubble growth in the JETA-.1"1 tests the

inertia effects are very important. If they were neglected the

jet expansion would be significantly overpredicted and the

bubble overpressure could not be calculated. 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

the number density of gas bubbles for the SPIT-8, JETA-B2 and

JETA-B3 tests. The result is presented in Figure 7-6. Taking

the observed half-angle of the jets we obtain the interesting

result that the number density of gas bubbles in all three
o

tests is approximately 10 . This result could imply that

nucleation rate is very high, approaching practically the same

in all cases, maximum rate determined by the pre-exponential

factor in expression for nucleation rate (see Equation 4-12).

Then 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 bubbles obtained from experiments.
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Table 7-3

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

psystem
Tmelt
PO(CQ)

Poo

R - 2a
o " Ap

C = C(p )

C s = C(Poo)

A C - Co - Cs

Y = Co/Cs

fi - T, _ AC

(Pa)

(K)
(Pa)

(Pa)

(m)

(kg N/m3Fe)

(kg N/m3Fe)

75x10-

2800

75xlO5

0.86xl05

2.7xlO~7

26.0

2.8

23.2

9.3

223

GT =
4.5x105

• • • ? 59

aRQAC

DP a(Pj
3.1xlO8

Ja2

D-- — ,-,
K 'K

1.6xlO"4

Where Ap = p - tt

3.7xlO5
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Table 7-4

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

Bubble Parameter

R (mm)

dR/dt (m/s)

p (MPa)

P (kg/m3)

Diffusion
Controlled

P N (MPa)

7,

1,

0,

0.

0.

.5 16

.70 2.55

.84 1.20

.080 0.086

.10 0.10

Based
Pg(P

7.5

1.59

R + =

on

16

2.40

f (t

pNN 2

7

1

0

0

0

+)

Based

(MPa)

.5

.51

.87

.090

.11

on
(•)

16

2.15

1.20

0.094

0.12
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Considering that gas solubility in aluminum oxide is very

small, the number density of gas bubbles per m3 of liquid

iron is

NFe Z ^ (7-9)

where Z_,Q is the volume fraction of iron in the melt. Thus,
8N_ is approximately 3x10 . This number is of the same order

35

of magnitude as that reported by Mizoguchi et al, for oxy-

gen bubble nucleation in molten silver under stream degassing

conditions.

Fragmentation calculations performed for another stream

degassing experiment, in which the fragment size (but not

the jet spread angle) was reported, indicate that N lies in
9 3the neighborhood of 10 /m .

Figure 7-7 and 7-8 show the jet void fraction and the non-

dimensional jet radius for 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 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 3 times

the initial radius at 15 cm from the orifice (for N = 10 ) .

The curves in Figure 7-7 are truncated at the distance where

void fraction is approximately 50 percent.

Having determined the number density of gas bubbles, the aver-

age size of the molten droplet produced by the primary jet

breakup may be calculated:

1 D3 s I (5-15)
6 N
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Therefore

~ \ TTN

a/3
) (5-16)

where D is the droplet diameter.

o

Taking N = 10 we obtain D = 2.7 mm. This result is in reason-

able agreement with observations.
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8. 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 underpredic-

tion of jet expansion and breakup. However, this underpredic-

tion should be negligible considering that solubility of other

gases in iron and other melt components is two to three orders

of magnitude smaller than solubility of hydrogen in liquid

iron. Furthermore, the diffusivity of hydrogen in liquid iron

is at least one order of magnitude larger than diffusivity of

other gases in liquid metals.

The melt composition and some of its properties are given in

Table 8-1.

Table 8-1

Corium Composition and
Properties at 2500 K

Mass fraction

Volume fraction I

Density

Mixture density

Coefficient of
hydrogen
diffusivity

Surface tension

Viscosity

(%)

[%)

(kg/m3)

<m2/s)

(N/m)

(CP)

uo2

67.2

56

lO.OxlO3

0.5

4.6

Component

Fe Zr

16.4 8.2

21 11

6.4xlO3 6.5xlO3

8365

1.7xlO"7

1.0 1.4

2.0

ZrO2

8.2

12

5.8xlO3
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Parametric calculations have been performed for a high press-

ure reactor accident scenario. It is assumed that the primary

system pressure is 16 MPa and the containment pressure is 0.1,

0.2 or 0.4 MPa. The number of gas bubbles in the core melt
7 3mixture was assumed to be 6x10 /m . 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 as in the experiments and accounting for the fact

that the volume fraction of iron phase in the melt is diffe-

rent for each 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 16.0 MPa. These hydro-

gen 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'H2> "

where p. . is the total system pressure (Ptot = P(H2)+P(H2O))

and k is the ratio between the partial pressures of hydrogen

and water vapor, p(H2)/p(H2O). This ratio 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
4

EJO at 2500 K, the values of k are, approximately, 10 , 2, and

0.01, respectively. This covers the range of hydrogen press-

ures used in the parametric study. The situation is more

complicated if the reacting components are in solution. It

should be 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 numbers pertinent

to the problem here considered are given in Table 8-2. Table

8-3 shows some bubble parameters calculated with Scriven's
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Table 8-2

Reactor Case.
Values of some relevant parameters and dimensionless numbers.

Containment pressure is 0.1 MPa.

po

Ro

Co
Cs
AC

Y =

3 =

<Co>

2a
Ap

= co - cs

= VCs
_ j a _ AC

pg (Pj

R?Ap

(MPa)

<m)

(kg H/m3Fe)

(kg H/m3Fe)

(kg H/m3Fe)

Hydrogen
3.2

3.2

6.5xlO~7

1.59

0.28

1.31

5.66

135

Partial Pressure
6.4

6.4

3.2xlO"7

2.25

0.28

1.97

8.00

203

(MPa)
16.0

16.0

1.3xlO"7

3.56

0.28

3.28

12.60

338

5420 2669 1112

B,
Ja2

248 798 3430

where Ap = PO(CQ) - Po
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Table 8-3

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.

Bubble Parameter

R (mm)

dR/dt (m/s)

p (MPa)

P (kg/m3)

Diffusion
Controlled

PH (MPa)
H2

3.2 16

3.52 8.81

1.76 4.41

9.7 9.7
xlO"3 xlO"3

9.7 9.7
xlO"3 xlO~3

General Relation

R+ - f(t+)

Based on Based

p H (MPa)
"2

3.2 16 3.2

2.85 6.76 2.30

1.50

0.13

1.26
xlO"2

on
(•)

16

4.34

2.59

0.18

1.67
xlO~2
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formula and general relation for the bubble growth. We see

that, as mentioned earlier, inertial effects are very impor-

tant.

Model predictions for the reactor case are presented in

Figures 8-1 through 8-5. Figures 8-1 and 8-2 show the jet void

fraction and nondimensional radius as a function of the dis-

tance from the point of inception of rapid bubble growth. For

our purpose this distance may be considered as a distance from

the reactor pressure vessel. Containment pressure is 0.2 MPa,

which is a pressure expected prior to reactor vessel melt-

through for a TMLB1 sequence in a large, dry PWR
90containment.

The expansion of the jet is much more vigorous than in the

SPIT-8 case, because of hydrogen's significantly higher diffu-

sivity 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 fragmentation are

expected to occur within a very short distance from the reac-

tor pressure vessel.

The containment pressure, which is a pertinent parameter, has

a strong effect on the jet expansion via its role in the

bubble dynamics.

Figures 8-3 and 8-4 show the effect of containment pressure on
7

jet behavior. The number density of nuclei is again 6x10 . The

equilibrium partial pressure of hydrogen is 6.4 MPa and con-

tainment pressures are 0.1, 0.2 and 0.4 MPa.
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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 con-

tainment pressure of 0.4 MPa the void fraction reaches 50 per-

cent 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 after the

breakup point using the present model. The spread angle 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 angel at the point where void fraction is 50 percent,

is shown in Figure 8-5. The number density of bubbles is

again 6x10 , the containment pressure is 0.2 MPa and the equi-

librium partial pressures of hydrogen are 3.2, 6.4, 9.6 and

16 MPa. The distance between the bottom of the reactor press-

ure 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 40-130 times the dis-

charge diameter.
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9. MODELS OF SECONDARY FRAGMENTATION OF MELT DROPLETS

9.1 Introduction

In Part I 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 - 3 mm, both in the experiments and reactor

accident, for N s 108 m~3. These droplets may undergo breakup

into smaller particles - a process 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.
18

According to Pilch, 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). We have

We

Here p is the gas density, V is the relative velocity between

droplet and gas, d is the droplet size and a is the liquid

surface tension.

The stable droplet size is therefore

d = 12
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Assuming that V is equal to jet velocity, p = 1 kg/in , and

0 = 1 N/m and 0.5 N/m for experiments and reactor case,

respectively, we obtain for the lowest and highest jet velo-

city:

Experiments:

V = 23 m/s, d = 22.70 mm

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 mecha-

nisms that are likely to be operative in the experiments and

reactor accidents (pneumatic atomization, which is an impor-

tant fragmentation mechanism when most of the melt has been
91

ejected, has been studied by Pilch and Tarbell ). Relatively

simple, and essentially mechanistic, fragmentation models will

be developed and predictions for experiments and reactor con-

ditions presented. In Section 9.2 we present a model describ-

ing acceleration induced fragmentation of melt droplets in

rapidly expanding gas flow field resulting from bursting gas

bubbles. In Section 9.3 a fragmentation process due to droplet

explosion is analyzed. Finally, in Section 9.4 we study drop-

let fragmentation resulting from collapse of liquid layer.
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9.2 Acceleration Induced Fragmentation Resulting from

Gas Expansion

9.2.1 Introduction

As stated in Part I 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 diffusivity in the melt,

melt density and 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 Pressure Melt Ejection.

Calculated hydrogen bubble pressures, pj^, at the moment of

primary breakup of the jet are:

JETA-B2: Pb = 0.11 MPa

JETA-B3: Pb = 0.16 MPa

Reactor Case (pH = 3.2 MPa) : p. = 0.14 MPa

Reactor Case (pH = 16.0 MPa) : p. = 0.20 MPa
HA D

In this section we present a simple mechanistic model describ-

ing acceleration induced fragmentation of melt droplets in

rapidly expanding gas flow field resulting from bursting of

gas bubbles.

In Section 9.2.2 the gas field parameters and the initial

Weber number are obtained from the one-dimensional shock tube
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model. In Section 9.2.3 the maximum stable fragment diameter

is calculated using theory for acceleration induced droplet

fragmentation.

9.2.2 Shock Tube Model

Schematic picture of the model is presented in Figure 9-1. 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 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 pressure. 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.

92
The relevant shock tube relations are:

£2
= ?= 1 -£l

P2 2 Y +
p» /D_ \ (9-2)

and

5* - i (v - i) +

P 2
V 2 Pec

c00

V 1 +
(9-3)
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Figure 9-1 Acceleration Induced Droplet Fragmentation,
a) Interstitial Liquid Droplets
b) Shock Tube.
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where y is the isentropic exponent (y = 1.4 for hydrogen), V 2

is the gas velocity and c^ is the sound velocity

°<o ~ \/YRqT (9-4)

and p is obtained from perfect-gas law:

P. -

First, the ratio P2/pro is calculated from Equation (9-1) then

P2 from Equation (9-2) and finally V 2 from Equations (9-3) and

(9-4).

The initial Weber number, based on the initial diameter of the

interstitial droplet, D , is given by

We =
P2V2Do (9-6)

The initial droplet diameter, D-.is a function of the number

density of gas bubbles, N, since the droplet volume is

approximately 1/N:

6 1 V 3 (9-7,

9.2.3 Acceleration Induced Fragmentation

Having 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
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studied acceleration induced fragmentation of liquid droplets.

The diameter, d, of the largest stable fragment is given by

the following expression:

d_ _ "cc /, V d ^ " 2

D

Here We_ is the critical Weber number, V is the free streamc
velocity and V, is the drop velocity when all breakup pro-

cesses ceases. The critical Weber number is the Weber number

below which breakup does not occur. For gas-liquid system:

1.6
Wec = 12(1 + 1.077 On ) (9-9)

where On is the Ohnesorge number:

On = —*T? (2-5)

In our case the Ohnesorge number is very small ( s 10~ ) and

the critical Weber number is approximately 12.

For V,, Pilch proposed the following expression:

vd = Ve* (f Cd T + 3 B T 3 ) (9-10)

Here e is the light to heavy density ratio, C- is the drag

coefficient, B is a constant and T is the dimensionless total

breakup time.

T"t2- (9-11)
o

where t is the dimensional time.
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For compressible flow C, = 1 and B = 0.116.

The total breakup time is a function of Weber number. If

45 ~ We ~ 351, then according to Pilch

-1/4
T = 14.1 (We - 12) (9-12)

Knowing the We number, which is given by Equation (9-6),

velocity V^ 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

^- = 0.168 We"2, for We >. 300 (9-13)
o

9.2.4 Model Predictions and Discussion

Model predictions for JETA-B2 and JETA-B3 tests and two reac-

tor cases are presented in Table 9-1. For JETA-B2 test no

acceleration induced breakup is predicted since the initial

Weber number is smaller than 12. Maximum stable particle sizes

for JETA-B3 test, and two reactor cases (pH = 3.2 MPa and

p = 16 MPa) are 561, 354 and 149 urn, respectively; the mass

mean diameters are half of these values, i.e., 280, 177 and

75 ym, respectively.

The total breakup time in a uniform flow field lies between

4.7 and 8.6 ms, as indicated in Table 9-1. A very crude esti-

mate of the time scale during which the droplet is exposed
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Table 9-1

Acceleration Induced Fragmentation Resulting

from Gas Expansion in JETA-B2 and JETA-B3

Tests and Reactor Accidents .

Case

JETA-B2

JETA-B3

Reactor

p = 3.2 MPa
2

p w =16.0 MPa
H2

Initial
Particle
Diameter
DQ(m)

2.7xlO~3

2.7xlO~3

3.0xl0~3

3.0xl0~3

Weber
Number
We

11

69

111

253

Maximum
Stable
Fragment
Diameter

d(m)

No breakup

561xlO~6

354xlO~6

149xlO"6

Total
Breakup
Time

(s)

5.3xl0"3

8.6xlO"3

4.7xlO~3
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to the flow field in experiments is the time it takes the

sound wave to travel across the gas bubble or across the jet.

This time is significantly 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 esti-
18mated to be about 1 percent of the initial droplet diameter.

Hence, in our case the fragment sizes would be in the range of

20 to 30 urn (i.e., 1 percent of 2-3 mm) and the mass mean dia-

meters of the residual droplets between the mass mean dia-

meters given above and 2-3 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, respec-

tive shorter, when the droplet is part of a dense dispersion.

9.3 Fragmentation Due to Droplet Explosion

9.3.1 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
3

component of the molten core debris is 2.36 kg H/m Pe. Assume

further that the containment pressure is 0.2 MPa and the

number density of gas bubbles is 10 . 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
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V = i (9-14)

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

corium is

m = 0.21 i CQ « 4.96 x 10"
9 kg-H2/bubble

since the volume fraction of iron in corium is 21 percent

The amount of gas in the bubble is

m = |^= = 2.0 x 10"10 kg-H0/bubbleV 2

Thus, the amount of gas evolved at primary breakup is only

about 4 percent of the initial gas content of the melt. This

means that the melt droplets generated at that moment will

have practically the same degree of supersaturation as the

original, coherent melt stream. Therefore, secondary fragmen-

tation is possible, similar to the explosive disintegration of

iron droplets observed during vacuum degassing and decarburi-
36 93 94

zation processes. ' ' In both cases the explosive frag-

mentation is attributed to a very rapid growth of a gas bubble

inside the melt droplet. An analogous mechanism has been used

to explain the fragmentation of droplets of superheated water
59 95(so-called boiling fragmentation). ' The mechanism of

bubble nucleation in the interior of the droplet is, however,

unclear. It is reasonable to assume that the bubble nucleates

in the centrum of the droplet since the gas concentration
96

should be highest there. It has been proposed, as one of the
explanations of melt fragmentation in vapor explosions, that

homogeneous nucleation in the melt droplet could be impuls-
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initiated by 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.

9.3.2 Rayleigh - Taylor Instability

Our model of melt droplet fragmentation is based on the obser-

vation 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
97 98directed from the lighter to the heavier fluid. ' 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 atomiza-
59tion of superheated water jets.

The development of instability is characterized by the wave

amplitude ri and wavelength X. See Figure 9-2. The basic idea

of the model is to calculate the time at which the wave ampli-

tude is approximately equal to the thickness of the liquid

shell around the growing gas bubble, i.e., the time of frag-

mentation.

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

= X2 h (9-15)

where d is the fragment size, X 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 frag-

ments is obtained from mass balance. In order to calculate the

thickness of the liquid shell, the wave amplitude and the
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Figure 9-2 Droplet Fragmentation Resulting From Rapid Expan-
sion of Internal Gas Bubble.
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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

n 2_| = 4n p b t
z (9-16)

where m is the liquid mass, r is the bubble radius, p b is the

bubble pressure and t is time

Putting

4-n p

m
 P = a (9-17)

we have

= at2 (9-18)

This differential equation is solved by multiplying both sides

by dr = r dt

and

r r dt = ar2dr (9-19)

i d(r2) = ar2dr (9-20)

With initial conditions r = r and v = v , the solution is

t = / dz
i (9-21)

r° [v2 +
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where

<|>(z) = 2a f r2dr = | a (r3 - r3) (9-22)
ro

Therefore

* - /
dr

2 2 3 2 3 1 = (9"23)
(vo " ! aro> + I ar

This is an eliptic integral and in order to solve it analy-

tically we assume that

v2Q - | ar
3 - 0 (9-24)

This assumption is discussed in Section 9.3.4. Solution of

Equation (9-23), in terms of r(t), becomes

r(t) = , _ 2 (9-25)

To simplify notation, we write

Thus, we have

r(t) =
( 1 - y t ) 2 ( 9" 2 6 )
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Velocity and acceleration of the liquid shell are obtained by

differentiating Equation (9-25) with respect to t:

r(t) = °—^ (9-27)

and

r (t) = 2— (9-28)

Equation (9-25) shows that r(t) + °° when

2
t = 1 (9-29)

Thus time when r + °° is

(9-30)

Having determined r and r we proceed as follows. Thickness of

the liquid shell surrounding gas bubble is approximately

(9-31)

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=ri cos(kx),

is given by*''30

n = [n0 cosh(nt) + (no/n) sinh(nt) ] coskx (9-32)
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where nQ and i\ are the initial disturbance amplitude and

velocity, respectively, k is the wavenumber (k = 2IT/A) and n

is the growth rate parameter.

The above equation is often simplified assuming n = 0.

Furthermore, since we are interested in the maximum wave

amplitudes the term cos(kx), which represents the spatial

dependence, is omitted.

We have

n = n0 cosh(nt) (9-33)

Considering that cos(nt) = § (e11 + e~n ), we can write for

sufficiently large nt

T) = Tioe
nt (9-34)

The growth rate parameter, n, is given by

«" - rf^rI

Here a is the acceleration of the interface, o is the surface

tension and e is given by

The interface is unstable when n is a real number; thus,

according to Equation (9-35), there is instability if

o < k < k
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where

(9-36)

The wave number, k , of the most unstable waves is given by

k 'Jf (9-37)

Thus

k* = | (l-e) £*! I * (9-38)

In our case e •*• 0 and we get

[ i 3 l^
ak - HJL. (9-39)

P£ Jand

1/2

where n is the growth rate parameter of the most unstable,

fastest growing waves.

It is reasonable to assume that the amplitude of initial dis-

turbance n is given by

no = 0.01 Xc (9-41)
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where

f a ]
[ apA(l-e) J

A = | l = 2 7 r f a ] * (9_42)
c Ti~ [ (le) J

Waves with wavelengths larger than X are unstable.

Acceleration of the interface, a, given by Equation (9-28) is

a function of time. Here, acceleration evaluated at t = 0.5 t

has been used as an average.

Time when the fastest growing wave penetrates the liquid shell

is obtained from the following equation by iteration:

(9-43)

where r = r(t) is given by Equation (9-25).

Knowing time of penetration the size of the fragments is

obtained from Equation (9-15).

9.3.3 Model Predictions

Fragmentation calculations have been performed for the flash-

ing jets of superheated water, vacuum degassing, carbon boil,

JETA-B2 and JETA-B3 tests and reactor case. The results are

summarized in Tables 9-3, 9-4 and 9-5. In Table 9-3 the com-

parison between predicted and measured fragment size is given

for flashing water jets (Brown and Gooderum and Bushnell ),

vacuum degassing (Ogunleye ) and carbon boil (Ellis and
93 94

Glover , Robertson and Jenkins ) . The number density of gas

bubbles is a parameter in all calculations since the initial

droplet size depends on it.

The calculations for Table 9-3 were carried out with input

data shown in Table 9-2.
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Table 9-2

Fragmentation Due to Droplet Explosion.

(Input Data to Fragmentation Calculations)

Reference

Flashing Water
Jets

Brown57

Liquid
Tempera-
ture
(K)

413

Bubble Ambient Liquid
Pressure Pressure Density

(MPa)

0.4

(MPa)

0.1

(kg/m3)

1.0xl0

Surface
Tension

(N/m)

0.07

Gooderum &

Bushnell" 339 0.025 2.6xlO"4 l.OxlO3 0.07

Vacuum
Degassing

36
Ogunleye 1900 0.1 2.6xlO"4 7.5xlO3 1.0

Carbon Boil

Ellis &

Glover93

Robertson &
94

Jenkins 2000 10.0 0.1 5700-7500 0.5-1.0
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Table 9-3

Fragmentation Due to Droplet Explosion.

Comparison of Fragmentation Calculations

with Experimental Data

Reference

Flashing Water Jets

Brown
99Gooderurn & Bushnell

Number

108

Fragment
(ym)

Predicted

of Gas Bubbles

(nf3)

109 10 1 0 10

68 45

170 96

Size

11

27

56

Measured

62

100

Vacuum Degassing

Ogunleye3* 400 237 120 250

Carbon Boil

Ellis & Glover93
94

Robertson & Jenkins 5-10 < 3
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Table 9-4

Fragmentation Due to Droplet Explosion,

Predicted Fragment Size for

JETA-B2 and JETA-B3 Tests

(pm)

Number of Gas Bubbles

(nT3)

Test 108 109 10 1 0

JETA-B2 149 85 49

JETA-B3 109 60 26

Table 9-5

Fragmentation Due to Droplet Explosion.

Predicted Fragment Size for Reactor Case

(um)
(Containment Pressure = 0.2 MPa)

Case

P(H2)

P(H2)

= 3

=16

.2

.0

MPa

MPa

Number

108

143

64

of Gas

(m~3)

10 9

84

50

Bubbles

10 1 0

50

30
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Table 9-3 illustrates that for flashing water jets, the best-

fit is obtained with the number density of gas bubbles, N, of
9 10

10 to 10 . This best-fit bubble density is in good agreement

with the data obtained in some other studies of flashing

phenomena. ' For the vacuum degassing case, the best-fit
9 3

is obtained with a bubble density close to 10 sites/m . We

note also that variation in N by one order of magnitude

changes fragment sizes by less than a factor two. Table 9-3

shows that the fragmentation model developed in this section

gives reasonable results.

Comparison of model predictions with JETA-B2 and JETA-B3 tests

is presented in Table 9-4. Assuming that bubble density is
8 3

10 /m the predicted particle size for JETA-B2 is 149 ym and

for JETA-B3, 109 pm. Table 9-5 shows that in the reactor acci-

dent 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 interesting 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 pro-

duced by droplet breakup to the work which could be performed

in isentropic expansion of dissolved gas from the equilibrium

to the ambient pressure.

The total surface energy of n particles with uniform diameter

D is

E c = nirD
2a (9-44)

s

where n is obtained from mass balance
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r, - 6
n 3- (9-45)

Here N is the number density of gas bubbles,

Thus

• fS
Isentropic expansion work per droplet is given by the follow-

ing expression:

jn ^^ ^n _ +A^m^^mm

N(Y-l)

Here f is the volume fraction of the melt component in which

dissolved gas has concentration C .

Hence

W fCQDR J]

Breakup efficiency was calculated for JETA-B experiments and

two reactor cases with hydrogen equilibrium pressure of 3.2

and 16 MPa, respectively. We have obtained that

0.4% < n < 1%

9.3.4 Discussion

The fragmentation mechanism described in this section cannot

be operative in SPIT experiments where nitrogen has been used

as driving gas. This is because the nitrogen dissolved in the

melt droplet is ncu able to support the bubble pressure during

-158-



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 (9-24),
which imposes the following relation between the initial velo-
city and bubble radius:

l\1/3 (9-49)

This relation is justified in the following way. The gas
bubble growth prior to explosive escalation is mainly inertia
controlled. It was shown in Part I of this report that Jakob
number and parameter B- for bubble growth are high, thus indi-
cating inertia dominated growth.

Another way of determining which growth regime dominates is to
calculate the time for transition between inertia- and diffu-
sion-controlled growth. The transition occurs when growth
rates for both regimes are approximately equal. Using Equa-
tions (6-21) and (6-34) we find that transition time is

(9-50)

and the transition radius is

Ap ' (9"51)

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., rQ in Equation (9-25), (determined from the
force balance) is approximately 0.1 mm. Therefore, the initial
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velocity may be obtained from inertia controlled growth. Now,

the initial bubble radius, given by Equation (9-49), is also

approximately 0.1 mm.

Therefore, the difference between r obtained from the force

balance and from Equation (9-49) is small. This means, how-

ever, 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 inves-

tigation 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 limi-

tations 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) infi-

nite fluid depth, (3) cosh(nt) may be approximated by 0.5 en ,

and (4) the theory for a plane interface is valid. To verify

these assumptions we need to know acceleration of the inter-

face, a, wavelength of the fastest growing wave, \c, 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 —5 * 5 —1 *

and are on average: a=10 g, A =5x10 m, n =10 s , n t=4
-4and h=10 m.

We see immediately that cosh(nt) can be approximated by

0.5 e n t.
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Changeover from the linear phase to the nonlinear phase

18

According to Pilch it is reasonable to assume that change-

over from the linear phase to the nonlinear phase occurs when

the computed linear phase growth rate equals the computed non-

linear phase growth rate. This means that the lower of the two

growth rates should be used.

The growth rate in the linear phase is given by (spacial

dependence is neglected):

n0 = H^ n sinh(nt) + n cosh(nt) (9-52)
A/ O O

and for nonlinear growth phase we have

i

f)n = 0.24 ((l-e)aX) ' O-53)

Taking n = 0.01 X and using the above parameter values we
. ° c

obtain n0 < n , but difference is small.

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:

1-e

Thus the correction to the case when h + » is e" . The wave

amplitude exceeds that predicted by the classic theory only by

eight percent when h = 0.2X. Therefore, it was justified to

neglect the influence of finite fluid depth.
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Instability in spherical geometry

Acceleration induced instability of spherical interface was

studied by Birkhoff,102 Plesset and Mitchell,103 and Plesset
104

and Prosperetti. It was shown that under certain circum-

stances 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:

3 | kn ~ Aan = ° (9"55)

Here a is the distortion amplitude of order n and if e + 0

then

* i n f R (n+1) (n+2) a 1
A = (n-1) - - -* 1 3 ( 9_ 5 6 )

I P£R J

The interface is unstable if A > 0 or, if A < 0, when

6AR + AR > 0.

In all cases analyzed in this section A > 0 so that expanding

spherical gas bubbles are unstable.
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9.4 Fragmentation Resulting From Droplet Inflation Followed

by Collapse of the Liquid Layer

9.4.1 Introduction

In studies on the disruptive burning of free droplets, it

has been observed (using a high speed movie camera) that dis-

integration of the liquid droplet is the result of the follow-

ing process. A short time after ignition the droplet 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 fragmentation of the

liquid into many small droplets. The size of the fragments is

not reported and no fragmentation model was proposed.

It has been concluded that droplet inflation is the result of

the homogeneous bubble nucleation within the interior of the

droplet and the spontaneous formation, growth and bursting of

a single vapor bubble.

The analogous mechanism of the secondary fragmentation to that

described above is also possible in the case of gas super-

saturated liquid droplet. A simple fragmentation model is pro-

posed in the next section.

9.4.2 Model

In the model describing fragmentation due to droplet explosion

(Section 9.3) it was assumed that the bubble growth in the

interior of the melt droplet is intertia controlled and the

bubble pressure was taken to be equal to the initial equi-

librium gas pressure. Here, we will assume that bubble growth

is diffusion controlled which means that the bubble pressure

is close to the ambient pressure.
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A schematic description of the model is shown in Figure 9-3.

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 fragmen-

tation 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

E e = 2Aa = 2TTD2O (9-57)

Here D is the outer diameter of the inflated droplet and a is

the liquid surface tension.

Assuming that the diameter of the inflated droplet is x times

the initial, undisturbed droplet diameter, DQ, we get

2
E o = 2TT(XD ) a (9-58)
s o

The surface energy of a l l fragments is

IE = nird2cr (9-59)
s

where n is the total number of fragments and d is the fragment

diameter.

From mass balance we obtain

(9-60)

••ft)
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INITIAL MELT
DROPLET

BUBBLE NUCLEATION

INFLATION OF THE
DROPLET

GAS

BREAKUP OF THE UQUID
LAYER AND GAS
RELEASE

FRAGMENTATION AS
A RESULT OF THE
UQUID LAYER
COLLAPSE

Figure 9-3 Fragmentation Resulting From Droplet Inflation
Followed by Collapse of the Liquid Layer.
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From condition E e = IE,, it follows therefore that

o ^2 (9-61)

or, noting that

D = /-§ \ (9-62)
o yiiN j

where N is the number density of gas bubbles in expanding jet

• ( *

a/3
(9-63)

9.4.3 Model Predictions

8 9 10
Model predictions for N=10 , 10 and 10 , and x=2,3 and 4 are

illustrated in Table 9-6. We assume that the actual value of

the parameter x lies between 2 and 4.
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Table 9-6

Fragmentation Resulting from Droplet

Inflation Followed by Collapse of the

Liquid Layer

2

3

4

Predicted Fragment Size

(ym)

Number of Gas Bubbles

108

334
149

84

(m~3)

109

155
69

39

10 1 0

72
32

18
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10. DEBRIS CHARACTERIZATION

10.1 Introduction

In this section the size distribution of the debris collected

from the JETA-B2 and JETA-B3 tests will be described and

characterized. The results here obtained will be used in the

next section to estimate the fraction of the melt aerosolized

in the tests.

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 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 the postulated frag-

mentation 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 have reported that

the composition of the collected particles appears to be size

dependent. The small mode particles (< 1- to 3- ym) are pre-

dominantly iron. This suggests that they are formed by iron

vapor condensation. The large size fraction particles

(> 1- to 3- urn) 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.

10.2 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 probability paper is

shown in Figure 10-1. 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.
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108

Kottler presented theoretical basis why log-normal distri-

bution applies to fragmentation processes. If it is assumed

that the realtive rate of change of particle size in fragmen-

tation is independent of the absolute quantity of material

present, then

^ = -kD (10-1)

where D is the particle diameter, t is time and k is a rate

constant.

Integrating Equation (10-1) we get

D = D Qe"
k t (10-2)

where D is a constant of integration.

Equation (10-2) may be written in the following form:

t = a + b ln(D) (10-3)

where a and b are constants.

Equation (10-3) 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 distribu-

tion of D which follows from the assumed normal distribution

of times is called log-normal.

For a random non-negative variable, in this case the particle

size, that is log-normally distributed, the log-normal

distribution function is
2

f(D) - — ± exp
Do [ 2a2 J (10-4)

where y and a are distribution parameters.
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10.3 Particle Size Distribution Parameters

The geometric mean diameter, denoted D 5Q* is given by

D50 = e
V (10-5)

The geometric standard deviation, a , is characterized by ea

v e° • ft" S
where D,,, D^n and Dg. are the 16, 50 and 84 percent points

of the distribution. Since the log-normal distribution plots

as a straight line on log-normal probability paper, the para-

meters p and a 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
109Mugele and Evans by the following expression:

<3-P .
D = / Dqf(D)dD / / DPf(D)dD (10-7)
qp J i J

Some of the mean diameters most often used are number mean

(D, 0), surface mean (D

surface, or Sauter mean,

(D, 0), surface mean (Don)' volume mean (D 3 0), and volume-
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Sauter mean is given by

_3

D ^32
D20

32 _2 (10-8)
D

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:

lnD2Q = lnD10+2 ln
2a (10-9)

lnD3Q = lnD1Q+3 ln
2a (10-10)

lnD32 = lnD10+2.5 ln
2a (10-11)

Particle size distribution parameters for the JETA-B2 and

JETA-B3 tests, obtained from Figure 10-1 and from Equations

(10-9), (10-10) and (10-11), are presented in Table 10-1.

10.4 Discussion and Conclusions

Experimental particle size distribution for JETA-B2 and

JETA-B3 tests is rather broad distribution (a s3.5), For

comparison, size distribution of particles produced by pneuma-

tic atomizers is characterized by a si.3.

As expected, the mass mean diameter for JETA-B3 is smaller

than for JETA-B2 due to higher hydrogen concentration in the

melt. Comparison with in Section 9 calculated fragment sizes

suggests that acceleration induced fragmentation resulting

from gas expansion could be a dominating fragmentation mecha-

nism, at least in cases when equilibrium hydrogen pressure is

high. The maximum stable fragment size calculated for JETA-B3

is 561 vim, see Table 9-1. According to Pilch,18 the mass mean

fragment size is one half of maximum fragment size, regardless

of the Weber number. Thus, for JETA-B3 we have D_ = 280 ym
IIIGISS

to compare with 160 urn obtained experimentally.
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Table 10-1

Particle Size Distribution Parameters
for JETA-B2 and JETA-B3 Tests.

Test

JETA-B2

JETA-B3

Mass Mean
Diameter

(Mm)

700

160

Geometric
Standard
Deviation

ag

3.57

3.44

xu
(pm)

5.43

1.64

D9n

(ym)

138

115

D,9
si.

(ym)

310

75
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Regarding JETA-B2 test, the caculated Weber number is close to

12 indicating that some acceleration induced fragmentation

(from the initial fragment size of approximately 2-3 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 fragmentation fall

into the particle size range determined experimentally/ i.e.,

a 100 \im to 2 to 3 mm.
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11. AEROSOL GENERATION

11.1 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 experiments. 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 6 percent. The following three mecha-

nisms that could produce melt particles smaller than approxi-

mately 60 urn have been proposed:

1. Condensation of iron vapor; particles < 1 jam.

2. Film fragmentation as a result of bubble bursting; par-

ticles 1 to 10 jim.

3. Pneumatic atomization; particles 10 to 60 jam.

Pneumatic atomization occurs when liquid and gas are simul-

taneously accelerated through an orifice. This mechanism of
91

melt fragmentation has been studied by Pilch and Tarbell.

For the reactor accident conditions they predicted that the

mass median size of particles produced by pneumatic atomiza-

tion could range from 20 to 300 ym.

In the next two Sections we will address mechanisms 1 and 2

above. Due to large uncertainties and complexity of the pheno-

mena involved only simple estimate will be made.

11.2 Vaporization of Iron

The vapor pressure of iron is relatively high at the tempera-

tures of thermite and corium melts. It is significantly higher

than the vapor pressure of aluminum oxide which explains why
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in SPIT tests the particles in the small size fraction are

predominantly iron.

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 (11-1)

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-Boltzmann velocity distribution, the

average positive x-component of velocity for a monoatomic

ideal gas is

„ _/J<T\* (11-2)u "U
where k is the Boltzmann constant, T is the temperature and m

is the mass of the atom.

A more convenient expression for u is obtained from Equation

(11-2) using standard thermodynamic relations

(11-3)

where R is the gas constant.

The mass flux G is

G = pu (11-4)

where p is the gas density.
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For ideal gas we have

P = R*T (11-5)
g

Substituting Equations (11-3) and (11-5) into Equation (11-4)

we get

G =

(2TlRgT)

(11-6)

Here p is the equilibrium vapor pressure corresponding to

temperature T.

Equation (11-6) gives an upper bound for the evaporation or

condensation rate. In reality, the rate of mass flux is given

by

G1 = aG (11-7)

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 evaporation

fluxes are equal. The net evaporation flux under non-

equilibrium conditions is obtained by substracting evaporation

mass flux from condensation mass flux. Assuming that evapora-

tion and condensation coefficients are equal and neglecting a

correction term resulting from the mean molecular velocity

towards the interface we obtain

(2nRgT)
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Here subscripts s and g refer to the equilibrium conditions at

temperature T and to gas conditions at the interface.

In evaporation T K T and we get

Gnet i

(2trR T)

This expression is sometimes called the Hertz-Knudsen equa-

tion.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:

A p e = fuZD? (11-10)

where D is the droplet diameter.

The area per unit melt volume is

_Fe = f i 1 = f _i_
v /w/«irn3 n (11-11)

since ED.
= Sauter diameter

Thus

1
A F e = 6 f V ^ (11-12)

U32
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or

,11-13,

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:

t = — (11-14)
v.

where h is the distance and v. is the jet velocity.

Substituting Equations (11-9), (11-13) and (11-14) into Equa-

tion (11-1) we obtain:

ps "m = 6afhM -
? (11-15)

(2iTRgT)

Calculations have been performed for the conditions of the

JETA-B2 and JETA-B3 tests. According to von Bogdandy, the

accomodation coefficient for liquid metals is usually between

0.1 and 1; we have used a = 0.5. The vapor pressure p was

neglected since it is not known. The 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 temperatures allow for some

incompleteness of the thermite reaction and cooling of the

droplets. The vapor pressures of iron corresponding to these

temperatures are 5xlO2 p a and 5xlO
3 p a, respectively.
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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 iron 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: i = 2.8 kg

The fraction of iron aerosolized is 26 and 27 percent for the

JETA-B2 and JETA-B3, respectively.

Equation (11-15) shows that at a given temperature the frac-

tion of iron aerosolized is a function of the product v.D__.

It turns out that in cases here considered the value of this

product differs a little and is independent of pressure. Jfhis

is reasonable considering that VJ ~ p* (from Bernoulli's equa-

tion) and that D~o should be inversely proportional to the
— 1initial hydrogen concentration in the melt, D-,o ~ — or,

_ i 0'
applying Sievert's law of solubility, D-._ ~ p~2.

We want to emphasize that the above results are upper bound

estimates. The actual fraction of iron aerosolized may be

smaller, because the iron vapor pressure in gas phase, p ,

should reach a saturation value rather 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
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fraction of melt aerosolized in SPIT tests (0.6 to 6 percent).

11.3 Aerosol Generation Resulting From Bubble Bursting

One possible mechanism of aerosol generation during pressur-

ized melt ejection is breakup of melt film when gas bubbles

burst. The literature on this mechanism has been reviewed by

Ginsberg 1 1 2 and Powers et al.

Experimental water date show that film breakup is the dominant

aerosol generation mechanism for bubbles larger than x 1 mm in

diameter. Considering that gas bubbles in experiments and

reactor case are s 3 to 4 mm in diameter when they burst, the

aerosol generation by film breakup may be operative in experi-

ments 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

bubble burst has been presented. It appears that most data may

be approximated by

10~7 < ^ < 10~5 (11-16)
v

Here V is the volume of aerosol produced per bubble burst and
a

V. is the volume of bubble at instant of burst,
b

Taking the average of the above range we get

V = 5xlO"6 V. (11-17)

The total mass of aerosol produced in experiments may be cal-

culated from Equation (11-17) since bubble volume at the

instant of burst and number of gas bubbles are known.
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Thus for D=3 mm, N=108/m3 and 10.3 kg melt (V=2.7xlO~3 m3) we

obtain

Va = 1.9xlO~
8 m3

and

m = v o = 7.3xlO"5 kga

Hence the fraction of melt aerosolized by postulated film
-4breakup mechanism is 7x10 percent.

11.4 Conclusions

The results obtained in Sections 11.2 and 11.3 lead to the

following conclusions:

1. Vaporization of iron may produce significant amount of

aerosol during pressurized melt ejection.

2. Aerosol generation resulting from film breakup is prob-

ably negligible during pressurized melt ejection.
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12. OVERALL JET BREAKUP EFFICIENCY AND SIZE OF CORIOM

FRAGMENTS

12.1 Introduction

In this Section we propose a simple method which 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 rela-

tively little for three investigated hydrogen supersaturated

jets, even if the initial conditions are quite different. More

confidence was attached to the proposed method when we found

that also for some investigated cases of the flashing super-

heated water the overall breakup efficiencies lie in e rather

narrow range.

In Section 12.2 we show how breakup efficiency is obtained

from the initial conditions for melt ejection and particle

size distribution. Breakup efficiency for a few cases of the

flashing water is briefly investigated in Section 12.3. Pre-

dictions for reactor accident situations are presented in Sec-

tion 12.3.

12.2 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 effervescence of dis-

solved gases, this work is calculated as the mechanical work

which could be performed by dissolved gas in an isentropic

expansion process.

Hence
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Here n is the breakup efficiency, E is the total surface

energy of the droplets and W is the isentropic work.

The total surface energy, E_, and the isentropic work, W, are

given by

E e = iiaZD? (12-2)
S X

and

(12-3)

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.

The mass of the dissolved gas is given by

* " CoVFe ( 1 2~ 4 )

where C is the equilibrium gas concentration corresponding to

the gas partial pressure p and V p is the volume of iron in

the melt. As state

law of solubility.

the melt. As stated earlier, C is obtained from the Sievert's

It is convenient to express E and W per unit volume of the

melt. In a similar way as in Section 11.2, we obtain

Es 6a
V H (12-5)

U32

where D ^ is the Sauter mean diameter.
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Dividing Equation (12-3) by V and using Equation (12-4) we get

v - Y-i i ^o

(12-6)

where f is the volume fraction of icon in the melt

(f = V F e/V).

Hence

n = ?s 6a (Y-1)
_ f Y*~ll (12 -7 )

f C o R g T D 32 [1-(P«,/PO> Y J

Thus, knowing initial conditions for melt ejection and par-
ticle size distribution the breakup efficiency may be deter-
mined from Equation {12-7) . Also, knowing n, D 3 2 may be cal-
culated from Equation (12-7).

The experimental data base available to us, which is required
to calculate breakup efficiency, is rather limited and come
from three experiments, namely Robertson and Ogunleye,
JETA-B2 and JETA-B3. The initial conditions and D3_ for the
JETA-B2 and JETA-B3 experiments were given earlier.

For the experiment by Robertson and Ogunleye we have

CQ = 0.19 kg H/m
3Fe

Po = 0.1 MPa

p̂ , = 266 Pa

T = 1873 K

o = 1.0 N/m
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Robertson and Ogunleye have reported that up to 80 pet cent of

the discharged material was collected as a powder with

50 percent passing 250 pm. Assuming log-normal distribution

with 0 = 3.5 we get

114

We have obtained the following results for the considered

experiments:

Robertson and Ogunleye n = 1.4 percent

JETA-B2 n = 0.5 percent

JETA-B3 n = 0.6 percent

This is an interesting result considering, as mentioned above,

that initial conditions for these three experiments were

considerably different.

12.3 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. 6 2' 1 0 0' 1 1 4" 1 2 0 Desintegration of liquid

jets due to the flashing mechanism has also been

studied.57-59'95'99'121"130

Since the mechanism of liquid breakup due to the effervescence

of dissolved gas and due to the liquid superheat are prirci-
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pally 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, as work that the

system could do upon its surroundings in returning to equi-

librium

W - <ho - hf) -T g a t (eo - Sf) (12-8)

Here h is the specific entalphy, s is the specific entropy,
Tsat i s t n e saturation temperature 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
99 120

and Gooderum and Bushnell. Anderson, Erdman and Reynolds
measured drop size distribution from bulk flashing.

Brown studied breakup of superheated jets emanating 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 water was the same but

the jet Weber number and nozzle diameter were slightly diffe-

rent - the breakup efficiency was about 0.05 percent. Effi-

ciency for the extremely rough nozzle was significantly higher

since, as reported by Brown, much smaller droplets were pro-

duced by mechanical breakup of liquid inside the nozzle where

surface roughness was very high (e/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.
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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.

12.4 Predictions for Reactor Case

Sauter mean diameter was calculated from Equation (12-7) assu-

ming that the overall jet breakup efficiency is 0.6 percent.

The result is presented in Figure 12-1 where Sauter mean dia-

meter, D30' is plotted as a function of hydrogen equilibrium

pressure in the iron component of the corium melt. Calcula-

tions were performed for containment pressures of 0.1 and 0.2

MPa. We see that the D 3 2 is in the range of 75 to 630 ym 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 9.

12.5 Conclusions

The method of calculating particle sizes proposed here is

based on very limited experimental data base. It seems, how-

ever, that it may be used in cases where the properties of the

liquid are similar and the effervescing gas is the same.

The fact that breakup efficiencies differ little and inspec-

tion of Equation (12-7) is suggesting a relation between D 3 2

and initial gas supersaturation, C /C , since according to

Sievert's law of solubility C _/C is proportional to (PQ/PO,) 2 •

However, in order to investigate this more experimental data

are needed.
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13. SUMMARY AND CONCLUSIONS

Discharge of the molten core debris from a pressurized reactor

vessel has been recognized as an important accident scenario

for Pressurized Water Reactors. Recent High Pressure Melt

Streaming Experiments conducted at Sandia National Labora-

tories, designed to study cavity and containment 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 (nitro-

gen 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 mechanical breakup of

the melt 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 develop-

ment of a model describing the behavior of a gas-supersatu-

rated liquid jet expelled from a pressurized vessel. The

results of this effort are described in this report.
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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 reactor acci-

dents. This work is described in Part I of the report, where

we also address aero-hydrodynamic stability of liquid jet in

gas, stream degassing of molten metals and gas bubble nuclea-

tion in molten metals.

We have shown that the aero-hydrodynamic jet stability theory

can not explain jet behavior observed in experiments. Review

of nucleation theory has led us to the conclusion that possi-

bility of spontaneous nucleation under conditions prevailing

in experiments and reactor accidents can not be disregarded.

The jet expansion model is based on an appropriate bubble

growth model. We have found that inertial effects are impor-

tant for fast growing hydrogen bubble in highly supersaturated

liquid metal. Therefore, a general bubble growth model was

developed which includes both inertia-controlled and diffu-

sion-controlled growth phases.

The jet expansion model is able to predict the jet void frac-

tion 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; 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 determined it experimentally. An interesting

result was obtained, viz.; the number density of gas bubbles

is approximately the same in all experiments and equal to

about 10** per m of liquid. The primary jet breakup produces a
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spray of relatively coarse droplets, about 2-3 mm in diameter,

both in experiments and reactor accidents.

Parametric calculations for a TMLB1 reactor accident sequence

(for Zion reactor) have shown that the corium jet is disrupted

within a few initial jet diameters from the reactor vessel and

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 the hydrogen

concentration in iron component of corium corresponding to the

hydrogen equilibrium pressure in the range of 3.2 to 16 MPa.

The containment pressure has a strong effect on the jet expan-

sion via its role in the bubble growth.

In Part II of this report we have: (1) developed models of

secondary fragmentation of melt droplets, (2) characterized

the debris collected in JETA-B tests (3) presented calcula-

tions of aerosol generation 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: acceleration induced fragmentation resulting

from gas expansion when gas bubbles burst, fragmentation due

to droplet explosion and fragmentation resulting from collapse

of gas-inflated melt droplet. Predicted fragment sizes are in

reasonable agreement with experimental data. We have concluded

that acceleration induced breakup of melt droplets may be a

dominating mechanism of secondary fragmentation.

Particles generated by secondary fragmentation of corium melt

are predicted to be in 70 to 350 urn size range.

Considering aerosol generation we have concluded that vapor-

ization of iron may produce significant amount of aerosol

during pressurized melt ejection and that aerosol production

resulting from film breakup is probably negligible.
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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 breakup efficiency is

known. In this way the average size 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)
 an(3

mass mean diameter are in the 75 to 630 urn and 220 to 1400 pm

size range, respectively. In accordance with experimental

results it was assumed that the particle size distribution is

log-normal with geometric standard deviation of about 3.5.
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