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Abstract

Ag-In-Cd control rod behavior and aeroscl formation in
severe reactor accidents are examined in an attempt to
improve the methodology used to estimate reactor
accident source terms.

Four models are incorporated into a code named VAPOR to
describe the downward relocation and simultaneous
vaporization behavior of the Ag-In-Cd alloy expected
after control rod failure in a severe reactor accident.
The rod failure model predicts the rate of drainage of
molten alloy from the control rod breach. The velocity
and film thickness of the alloy as it travels down the
outside of the control rod guide tube are calculated by
the liquid film model. The mass transfer model estimates
the rate of vaporization of Ag, In and Cd from the
moving alloy. The zircaloy dissolution model describes
the potential chemical interactions between the zircaloy
guide tube and the control rod alloy.

The VAPOR code is used to predict the release of Ag, In
and Cd vapors expected in Power Burst Facility (PBF)
Severe Fuel Damage (SFD) 1-4 experiment. In addition, a
sensitivity study is performed. Although Cd is found to
be the most volatile constituent of the alloy, all of
the calculations predict that the rapid relocation of
the alloy down to cooler portions of the core results in
a small release for all three control rod alloy vapors.

Potential aerosol formation mechanisms in a severe
reactor accident are reviewed. Specifically, models for
homogenous, ion~induced, heteromolecular and
heterogeneous nucleation are investigated. These models
are applied to Ag, Cd and CsI to examine the nucleation
behavior of these three potential aerosol sources in a



severe reactor accident and to illustrate the
competition among these mechanisms for vapor depletion.

The results indicate that aerosol formation in a severe
reactor accident occurs in three stages. 1In the first
stage, ion-induced nucleation causes aerosol
generation. During the second stage, ion-induced and
heterogeneous nucleation operate as competing pathways
for gas-to-particle conversion until sufficient aerosol
surface area is generated . In the third stage,
ion-induced nucleation ceases and heterogeneous
nucleation becomes the dominant mechanism of
gas-to-particle conversion until equilibrium is
reached. The aerosol size distribution following
nucleation is found to depend only on the total number
of particles in the system and the volume concentration
of aerosols at equilibrium.

Preliminary results from PBF Test SFD 1-4 are

presented. The discussion is focused on the control rod
and aerosol behavior observed in the experiment. When
appropriate, the results of this work are used to
suggest plausible scenarios that might explain events
that occurred in this high temperature, integral effects
exXperiment.

Conclusions from this work are presented and their
impact on source term estimation is assessed.

Thesis Supervisor: Dr. Norman C. Rasmussen

Title: McAfee Professor of Engineering

Thesis Supervisor: Dr. Richard R. Hobbins

Title: Source Term Coordinator, EG&G Idaho
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1. INTRODUCTION

1.1 Background

Following the accident at Three Mile Island,
questions began to surface within the nuclear community
concerning the current technical basis for estimating
the radiological consequences of severe reactor
accidents. Several scientists called attention to the
fact that existing NRC models and Regulatory Guides
would have overpredicted the release of radioiodine
observed in the TMI accident {1.1]. In addition,
reexamination of past nuclear accidents and destructive
tests indicated that in the presence of water, only a
small fraction of volatile fission products was released
to the environment [1.2,1.3]. These observations led
several organizations (USNRC, EPRI, ANS, IDCOR, APS) to
reassess radionuclide release from postulated severe
reactor accidents, also known as the "source term."

A reevaluation of the source term could produce many
potential benefits to the nuclear industry. If a factor
of ten reduction in the predicted radiological releases
from such accidents was technically warranted, then mass
evacuation in emergency planning {1.4] would not be
required. Licensing and siting requirements for new

plants might also be relaxed. Moreover, a reduction in
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the estimated radiological source term might well
restore public confidence in nuclear power and the
understanding gained might impact the design of the next

generation of light water reactors.

1.2 In-vessel Phenomena in Severe Reactor Accidents
Knowledge about several complex physical and
chemical processes is required to estimate the
radiological source term from a severe reactor
accident. The important in-vessel phenomena can be

grouped into six major categories:

(1) Core thermal hydraulic behavior. Core
heatup and uncovery, zircaloy oxidation,
and hydrogen generation are the major
phenomena that determine the thermal
hydraulic conditions in a severe reactor
accident. The local core temperatures,
flow rates and composition of the
Hp0/Hp mixture are functions of the
specific accident sequence.

(2) Core damage phenomena. The potential damage
mechanisms that cause loss of the original
core geometry are fuel rod ballooning,
liquefaction of UO, by zircaloy, and the
melting and relocation of control rods,
structural material, fuel and cladding.

The timing of these processes can have an
important impact on the time and mode of
reactor pressure vessel failure.

(3) Fission product release. Gap release,
diffusion through grains, release from
liquefied or molten fuel and release due to
fuel quench are considered to be the major
release mechanisms in a severe reactor
accident. Fuel burnup, chemistry, time at

11



temperature and system pressure are
important parameters that affect fission
product release.

(4) Nonfission product vapor release.
Vaporization of Ag, In, Cd, Sn and Fe from
molten control rod and structural materials
is the major source of nonfission product
vapors in severe reactor accidents. At
higher temperatures, UO,; and Zr vapors
may also be generated.

(5) Aerosol generation, deposition and
transport. Condensation of hot vapors
released from the core will result in the
formation of aerosols. These aerosols are
transported from the core through the upper
plenum and the reactor cooling system into
containment. During transport, natural
physical processes such as aerosol
agglomeration, settling and deposition will
result in some fission product and aerosol
retention in the accident.

(6) Fission Product and Aerosol Chemistry.
Chemical interactions between fission
products, core structural materials
(zircaloy, stainless steel, control rods,
UO»), coolant, and aerosols can occur
which can alter the fission product and
aerosol behavior in the accident.

Although these in-vessel phenomena are common to all
severe reactor accidents, radiological source term
estimates for risk-dominant accident sequences differ.
The predicted differences in the fission product and
aerosol behavior can in part be attributed to the degree
of coupling among the in-vessel phenomena. Hence, an
accurate prediction of the timing, magnitude and

chemical form(s) of the fission products and aerosols
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released in a severe reactor accident requires both
mechanistic "phenomenological'" models for each of the
above processes and an algorithm that integrates all
these models into a logical framework to ensure that
proper coupling among the various physical and chemical

processes is achieved.

1.3 Context, Purpose and Structure

Major improvements have been made in the methodology
used to estimate radionuclide release in severe reactor
accidents. Despite this fact, uncertainties about basic
physical and chemical phenomena still exist. The USNRC
and the APS [1.5, 1.6] have identified several technical
issues that remain to be addressed in order to reduce
the current uncertainty and ensure that the technical
data base is complete. The purpose of this work is to
examine two of these technical issues: Ag-In-Cd control
rod behavior and aerosol formation in severe reactor

accidents.

1.3.1 Ag-In-Cd Control Rod Behavior

The role of Ag-In-Cd control rods in severe reactor
accidents is currently not well understood. The low
melting point of the alloy, the high volatility of cd

and the large gquantities of this material in the core
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potentially make it a major aerosol source in a severe
reactor accident. Control rod aerosols, if present at
the time of substantial fission product release, could
enhance the transport of fission products into
containment as well as influence fission product
chemistry in the upper plenum and primary system.

The major goal of this phase of the work is to
determine the behavior of Ag-In-Cd control rods in
severe reactor accidents. Specifically, effort is
concentrated on characterizing the magnitude and timing
of Ag, In and Cd vapor release from the core. The
results will be compared to the control rod behavior
observed in the Power Burst Facility Severe Fuel Damage
Test SFD 1-4. This is the only in-pile experiment
conducted to date whose purpose is to study the behavior
of Ag-In-Cd control rods under realistic accident
conditions. The impact of these results on source term

estimation will be assessed.

1.3.2 Aerosol Formation

Aerosol formation is not modeled mechanistically in
most fission product and aerosol transport codes. The
aerosol generation rate and size distribution are either
obtained from a semi-empirical correlation or are left

as an input in the transport model. This approach could
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lead to uncertainties and inaccuracies not only in the
prediction of aerosol generation rates but also in the
potential interactions between fission products and
aerosols in the reactor coclant system.

The major objective of this phase of the work is to
review mechanistic models for aerosol formation and
assess their importance in severe reactor accidents.
The models will be applied to various potential aerosol
sources in severe reactor accidents. In addition, the
aerosol behavior observed in the PBF SFD 1-4 experiment
will be discussed and the impact of these results on
source term estimation will be addressed.

The remainder of the work is organized as follows.
Section 2 reviews the behavior of Ag-In-Cd control rods
in severe reactor accidents. A model to describe Ag, In
and Cd vapor release is developed in Section 3 and
results are presented in Section 4. Section 5 reviews
potential aerosol formation mechanisms in severe reactor
accidents. Section 6 examines the nucleation behavior of
Ag, Cd and CsI - three potential aerosol sources in a
severe reactor accident. The aerosol size distribution
immediately following aerosol generation is determined
in Section 7. The control rod and aerosol behavior
observed in PBF SFD Test 1-4 is discussed in Section 8.

Conclusions and recommendations for future study are the

15



subject of Section 9. Additional details of various

analyses are found in Appendices A through F.
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2. A REVIEW OF Ag-In-Cd CONTROL ROD BEHAVIOR

IN SEVERE REACTOR ACCIDENTS

Accurately predicting the magnitude and timing of
silver, indium and cadmium vapors released during a
severe reactor accident is necessary to assess the
radiological consequences of the accident. Substantial
vaporization of silver, indium and cadmium could result
in the formation of aerosols and enhance the transport
of fission products into containment. In addition,
their presence could influence fission product chemistry
in the upper plenum.

This section will review Ag-In-Cd control rod
behavior in severe reactor accidents. The geometry of a
PWR control rod is presented in Section 2.1. Sections
2.2 and 2.3 review both the experimental work and the
current analytic models that are used to describe the
behavior of Ag-In-Cd control rods in severe reactor
accidents. The motivation for the current work is

presented in Section 2.4.

2.1 Description of a PWR Control Rod

Many existing PWRs operate with Ag-In-Cd control

rods. The average PWR contains approximately 2800 kg of
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Ag-In-Cd alloy in the core which represents 2.8% of the
total core mass. The beginning of life composition of
the alloy is approximately 80% Ag, 15% In and 5% cd by
weight.

The geometry of a PWR control rod is very similar to
a fuel rod. 1Ingots or pellets of the alloy are stacked
and clad in a stainless steel sheath to form the control
rod. The gap between the pellets and the clad is
backfilled with helium. The stainless steel rod is
inserted into a zircaloy guide tube. Clearance exists
between the zircaloy guide tube and the stainless steel
sheath to allow for cooling water to enter and remove
the heat generated by neutron absorption and RB-v
heating during operation. There are approximately 16
guide tubes per assembly. A schematic of the geometry
is shown in Figure 2.1. The dimensions are shown for a

PBF control rod used in Test SFD 1-4.

2.2 Experimental Work

Experiments have been conducted at ORNL [2.1], KFK
(2.2, 2.3, 2.4] and AEE Winfrith [2.5] to understand the
behavior of Ag-In-Cd control rods in severe reactor
accidents. Based on these experiments, the following

general observations were made:
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Figure 2.1

Schematic of PBF Control Rod
(Not to Scale)
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(1) the Ag-In-Cd alloy melts between 1073 and
1123 K;

(2) at low system pressures and when no
zircaloy is present, the control rod fails
between 1623 and 1723 K when the stainless
steel sheath loses its integrity as it
approaches melting;

(3) for low system pressures, failure of
control rods with zircaloy guide tubes
occurs at 1473 K as a result of thermal
exXpansion, physical contact and chemical
interaction between the stainless steel
clad and the zircaloy guide tube;

(4) at low ambient pressures, the molten
material is forcibly ejected from the
control rod because of the high cadmium
vapor pressure; and

(5) in the ORNL and KfK tests where zircaloy
was present, the molten silver and indium
chemically interacted with the zircaloy to
form Zr-Ag and Zr-In solutions.

The experiments conducted at ORNL [2.1] were part of
the One Kilogram Core Melt Test Program. In these
tests, short bundles were heated in a crucible furnace.
The vapor/aerosol mixture released from the melt was
transported to a collection and measuring system
equipped with an aerosol monitor and a series of
filters.

In one test, termed CM-14, a bundle of twelve
zircaloy clad fuel capsules about 10 cm long and one
control rod capsule clad in stainless steel were heated
to approximately 2073 K in about 7.5 minutes.
Examination of the sample revealed fuel columns standing
above a frozen pool of previously molten metals. This

final configuration was attributed to chemical
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dissolution of the zircaloy by silver and indium. A
mass balance after the experiment suggested that 6.5% of
the cadmium and 0.35% of.the silver were released from
the bundle. No other constituents were detected.

In a second test, termed CM-16, a one kilogram
sample of core material in a 'mini' fuel bundle geometry
was subjected to three equal heating intervals to 2073,
2473 and 2673 K. The masses of silver, indium and
cadmium released were measured and the results are shown
in Table 2.1. Based on the temporal data, the major
release component in the first heating interval up to
2073 K was found to be cadmium whereas silver was the
major component at higher temperatures. The
investigators concluded that aerosol formation in a
severe PWR accident is dominated by the control rod
alloy.

Two different sets of experiments have been
conducted at Kfk by Hagen [2.2, 2.3]. 1In the first
test, a stainless steel clad control rod was placed in
the center of a 3x3 fuel rod bundle. No zircaloy guide
tube was used in the test. 1In this test, the stainless
steel sheath containing the molten alloy burst when
heated to 1723 K. Parts of the zircaloy fuel cladding
were covered with droplets of the molten alloy. The

second set of tests, termed the ABS series, used the
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TABLE 2.1

RESULTS OF ORNL TEST CM-16

Mass Released (g) Release Fraction
Ag 0.07 0.054
In 0.54 0.061
cd 0.53 0.53

23



same geometry as the previous test except that the
control rod was encapsulated in its own zircaloy guide
tube. The purpose of these tests was (1) to determine
how the melting of the absorber materials may influence
damage mechanisms in a fuel bundle and (2) to determine
how the distribution of the control rod alloy influences
aerosol generation, fission product release and
transport, and the embrittlement of reactor components.

The first three tests in the series, termed ABS-1,
ABS-2 and ABS-3, were run at atmospheric pressure to
peak temperatures of 2273 K, 1973 K, and 1673 K
respectively. The flow rate of steam into the bundle
was 2.5 x 1074 kg/s and the temperature rise rate was
approximately 1 K/sec. Based on the results of Test
ABS-3, the control rods in all three tests failed at a
temperature above 1473 K, most likely due to thermal
expansion, contact and chemical interaction between the
stainless steel and zircaloy. Eutectics can form between
the iron and nickel in the stainless steel and the
zircaloy at temperatures as low as 1337 K.

Severe damage occurred in both test ABS-1 and
ABS-2. Significant molten material had relocated and
solidified at the bottom of the test assembly. In
addition, a rubble bed of zircaloy and UO, resided at

the lower end of the test assembly. It is hypothesized
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that the molten alloy had chemically reacted with the
zircaloy as it flowed down the rods and refroze at the
base. Reasons for the severe damage are a matter of
speculation at the moment. Chemical analysis of the
debris is planned in the near future. Substantial
cadmium vaporization occurred in both tests. Although
no formal mass balance has been performed, Hagen
believed that roughly all .of the cadmium was released.

Since the peak temperature was much lower in Test
ABS-3, the damage was much less severe. Control rod
failure was identified as a hole in both the stainless
steel cladding and the zircaloy guide tube. Other than
the holes, both the guide tube and the cladding were
intact. Control rod material was found to have flowed
down the guide tube and into the bottom corner of the
test assembly.

In another experiment, Test ABS-6, Hagen determined
the failure temperature of a stainless steel clad
control rod in a stainless steel guide tube. The
absorber rod failed at approximately 1673 K , which is
only 100 K below the melting point of stainless steel.
Thus, the failure is most likely a result of internal
pressurization of the control rod by cadmium and the
helium fill gas in addition to the loss of clad strength

as the stainless steel approached its melting point.
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In another set of experiments, carried out at the
SASCHA facility by Albrecht et. al.[2.4], control rod
materials were included with representative amounts of
structural materials to form short fuel rods containing
UO, and simulated fission products. These rods were
heated in a crucible to 2673 K. The vapor/aerosol
mixture released from the melt was transported to an
aerosol cascade impactor and a series of filters to
measure the release as a function of time. The results
of the experiment, expressed as a percent released, are
shown in Table 2.2. Albrecht noted that in those
experiments in which silver was present, some of the
iodine was in the form of AgI. Thus, it appears that
the presence of control rod material might alter the
chemical form of the fission products.

Experiments were conducted at AEE Winfrith in
England by Mitchell et. al. [2.5] to study the formation
of aerosols from the Ag-In-Cd alloy. A sample specimen
was heated and the resultant vapor/aerosol mixture was
transported to a collection system similar to the other
systems mentioned earlier. In two separate experiments,
4 cm segments of unclad alloy (24 g) were heated in an
open crucible to 1700 and 1870 K. A mixed deposit of
crystals and spherical particles was found on the walls

of the collection system. The deposit consisted
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TABLE 2.2

SACHA RESULTS

Percent Released

Ag 75
In 20
cd 100
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primarily of cadmium. The results of the mass balance
are shown in Table 2.3.

In a second set of ekperiments, five samples of the
alloy clad in stainless steel were heated to
temperatures between 1550 and 1760 K. A significant
release of material occurred in all tests. At the time
of stainless steel rupture, a high concentration of
vapor was released which condensed rapidly to form an
aerosol. The results for one test in which a mass
balance was performed are shown in Table 2.3. Mitchell
et. al. suggested that the extent of aerosol formation
and the composition of the aerosol is dependent on the
location of clad failure. A break in the side of the
clad (which occurred in three of the five experiments)
directed the alloy in a vertical direction resulting in
material flowing down to the catchpot at the bottom of
the crucible. 1In this case, as shown in Table 2.3, very
little silver and indium was airborne and the aerosol
was totally cadmium. However, in the remaining two
experiments, the stainless steel failed at the top of
the sample. This mcde of failure resulted in material
being ejected toward the sampling system above the
crucible. 1In these two experiments, significant
quantities of silver were transported with the cadmium

into the collection system. Like the ORNL
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TABLE 2.3

AEE WINFRITH RESULTS

Unclad Temperature (K)
1 1700
2 1800
Clad
1 1750
94.

a. Vapor/aerosol deposit.

b. Debris in catchpot.
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Percent Released

Ag
10
10

97.

2

cd
90
99

21.6 @

75.0 b



investigators, they concluded that the Ag-In-Cd alloy
will be a major source of vapor release early in the
course of a severe accident. The liquid indium and
silver will flow to cooler regions of the core and the
cadmium will be the dominant aerosol source.

These out-of-pile experiments have indicated that
the Ag-In-Cd alloy would be a dominant aerosol source in
a severe reactor accident. The tests have provided
valuable information about control rod failure and the
potential chemical interactions between the absorber
alloy and the zircaloy guide tube. Although the actual
results exhibit some scatter, releases in all of the
experiments were dominated by Cd, indicating that it is
the most volatile constituent of the Ag-In-Cd alloy.
The conditions for the experiments were also very
similar. All of the experiments were conducted at
atmospheric pressure and with the exception of Hagen's
ABS tests, were small scale tests in which the alloy was
heated in a crucible-like apparatus. However, because
these conditions are not representative of those
expected in a severe reactor accident, extrapolation of
the data is difficult. The impact of these limitations

will be discussed in Section 2.4.
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2.3 Analytic Work

Work is currently underway to model the release
behavior of silver, indium and cadmium in severe reactor
accidents. Based on the experiments at ORNL and KfK,
Lorenz et. al. [2.6] have developed an interim model for
Ag-In-Cd vapor release. They recommend that the
following procedure be used

(1) Assume failure of the control rod cladding

at T= 1723 K, i.e., when the maximum
control volume temperature along the rod
reaches this value.

(2) At the time of rod rupture, assume 5% of
the Ag, 5% of the In and 50% of the Cd
becomes an aerosol in the reactor vessel
gas space.

(3) Linearly increase the degree of release as
the predicted local core temperature rises,
such that as the melting point is reached,
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