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ABSTRACT

Phenomena that influence fission product behavior during severe
accidents at light water reactors are reviewed and recommenda-
tions for the modeling of these phenomena in the MELCOR code
system are presented. Specifically, modeling recommendations
are presented:

1. for the grouping of fission products into chemical classes;:

2. for release of fission products from degraded fuel in-
vessel, during high pressure ejection of melt from the
vessel, during steam explosions, and as the result of core-
concrete interactions;

3. for the condensation onto and evaporation of fission prod-
uct vapors from structural and aerosol surfaces, and of
steam onto and from aerosols;

4. for the agglomeration and deposition of aerosols: and

5. for the removal of fission product vapors and aerosols by

emergency safety features (e.g.. sprays. suppression
pools, ice condensers, filters).
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CHAPTER 1
INTRODUCTION

Probabilistic Risk Assessment. The probabilistic assessment
of the risks of severe core damage accidents at a nuclear power
plant is called a PRA. A PRA analysis identifies and delineates
those combinations of events that can lead to a core melt acci-
dent, and estimates the frequency of occurrence of each such
combination of events and of the consequences of each event
combination. : ' ‘

The first two nuclear reactor PRAs, those for the Surry and .
Peach Bottom nuclear power plants, were performed as a part of
the Reactor Safety Study [l1] using analytical methods that were
later implemented in the computer codes, MARCH [2], CORRAL [3],
and CRAC [4]. During the last decade, user experience and peer
reviews have identified serious deficiencies in this series of
PRA codes including (1) inadequate or inconsistent treatments of
important phenomena or plant features, (2) coding that does not
easily permit the wuncertainties associated with predictions
obtained using these codes to be estimated, (3) code structures
that do not facilitate incorporation of alternative or improved
phenomenological representations, (4) interfaces that are poorly
matched, and (5) poor documentation.

To overcome these deficiencies the Nuclear Regulatory
Commission (NRC) initiated in 1982 a major multi-year program
called MELCOR that has as its objective the development of a new
system of risk assessment codes, the MELCOR Code System, which

(1) models appropriately all phenomena essential to the descrip-
. tion of severe -Light Water Reactor (LWR) accidents, (2) provides

credible predictions of the consequences of severe accidents,
(3) permits meaningful estimates of the uncertainties associated
with those predictions to be made, and (4) has a structure that
facilitates the incorporation of new or alternative phenomenolo-
gical models.

Architecture of the MELCOR Code System. The MELCOR code
system will be structured, modular, integrated (matched inter-
faces), and portable (coded in ANSI FORTRAN 77). Discrete
phenomena "or groups of closely coupled phenomena will be coded
in separate modules. This will facilitate modification or re-
placement of phenomenological representations. Modules will be
variably dimensioned, which will allow system nodalization (com-
partmentalization) and the size of sets of ordinary differential
equations - (ODEs) to be easily changed. Because all parameter
values will ‘be externally accessible, sensitivity and uncer-
tainty studies will be relatively convenient to perform with the
MELCOR code system (at least by comparison to other PRA codes).




The MELCOR code system will have four structural 1levels:
Level 1. executive control; Level 2, data management; Level 3,
phenomenological representations; and Level 4, numerical imple-
mentations. Levels 3 and 4 are likely to be closely coupled.
Ex-plant consequences (i.e., health - effects and economic
consequences) will be solved wholly separately from in-plant
thermal-hydraulic processes and fission product behavior, which
will be closely coupled but solved separately. For each time
step, the solution for the thermal-hydraulic equations will be
developed simultaneously for all control volumes (~15 for the
reactor coolant system, ~10 for the containment building, ~1
for the auxiliary building). Then, using the thermal-hydraulic
solution as input, the fission product behavior equations will.
be solved, one control volume at a time. Where necessary, the
solution for fission product behavior from the previous time step
"will be wused to support solution of the thermal-hydraulic
equations during the current time step.

K

Phenomenological Assessments. Iin order to identify those
phenomena essential to the description of severe LWR accidents
(i.e., the set of phenomena that should be treated by the MELCOR
Code System), a series of phenomenological reviews have been
performed as part of (or in support of) the MELCOR Program.
Reviews of thermal- hydraullc processes [5, 6] and ex-plant con-
sequence phenomena [7-10] are reported elsewhere. This report
presents the results of the review of fission product behavior
conducted as a part of the MELCOR Program.

Fission Product Behavior. During the analysis of hypothet-
. ical severe accidents at Light Water Reactors, fission product
behavior is modeled in order to develop realistic source terms
as .a starting point for the prediction of the ex-plant conse-
‘quences of the accident. The essential features of an ex-plant
source term are the masses and identities of the radioisotopes
released from the failed LWR containment, their chemical and
physical forms, and the heat and moisture content and release
time and duration of the plume that contains them.

Specification of the masses, jdentities, and forms -of the:
radioisotopes released to the environment wupon containment
failure requires (1) calculation of the rates of release of
radioactive materials from overheated or molten fuel, (2) speci-
fication of the chemical and physical forms of the released
radioactive materials (e.g., CsI vapor, aerosol of a given
chemical composition), (3) calculation of their rates of trans-
port through and deposition and resuspension within the prlmary
system and the containment, and (4) specification of changes in
their chemical and physical forms during transport, deposition,
~or resuspension. Accordingly, this report will discuss the



processes (release, agglomeration, deposition, resuspension),
species (vapors, aerosols), and physical states (gas-borne,
deposited or condensed on surfaces, suspended or dissolved in
water), that must be treated in order to develop source terms
adequate for the calculation of ex-plant consequences. Determi-
nation of the heat and moisture content and the release time and
duration of the radioactive plume will not be discussed, since
these quantities are generally not calculated by the fission
product behavior portions of severe accident risk analysis codes.

Processes.  Review of pertinent literature including
documentation for ©published fission product behavior codes
suggests that the processes 1listed 1in Table 1.1 should be
treated by the fission product behavior modules of the MELCOR
code system. When a process listed in Table 1.1 can take place
by different mechanisms, Table 1.1 also 1lists those mechanisms
that make significant contributions to 1its rate. . This review
concluded that adequate mathematical representations are
available for each mechanism and process that should be treated
by the MELCOR code system.

Species and States. Because the rate .of change with time of
the mass of a species (vapor or aerosol) in a state {(location
within a control volume) can be appropriately represented by an
ordinary differential equation comprised of terms which give the
contribution of individual rate processes to the total rate of
change of the species, the MELCOR fission product behavior equa-
tions will consist of a set of ordinary differential equations.
Since a separate ODE is required to describe each species in each
-state in which it can exist, detailed descriptions of fission
product behavior (descriptions that involve many species and many
states) can easily produce fission product behavior ODE sets that
are very large (~500 ODEs). Since routine MELCOR calculations
probably will be unacceptably slow if the fission product ODE set
cannot be held to something like 50 ODEs, this report will also
present the technical basis for adequately modeling fission prod-
uct behavior using a number of species and states that produces
an ODE set of approximately 50 ODEs (as few as 25 for scoping
calculations; as many as 100 for sensitivity calculations).

Report Organization. Reduction of the size of the MELCOR
fission product ODE set to a computationally tractable size, by
limiting the number of species and states modeled by the MELCOR
code system, 1is examined in Chapters 2 and 7 of this report.
Chapters 3 through 6 review the rate processes that significantly
influence fission product behavior and recommend a representation
for each process.




Table 1.1

Fission Product Processes

Species

Process

Fission Product
Vapors

. Aerosols

Steanm

Release from Fuel
Chemical Reactions
Gas Phase (gas-borne)
Solution Phase (dissolved in water)
Solid Phase (on surfaces)
Condensation on Aerosols and Surfaces
Brownian Diffusion
Turbulent Diffusion
Evaporation from Aerosols and Surfaces
Intercompartment Flow
Removal by Engineered Safety Features
Sprays
Ice Condensers
suppressions Pools
Filters
Fans
Decay Heat

Formation
Gas-to-Particle Conversion
Mechanical Aerosolization
Agglomeration
Brownian Coagulation
Turbulent Coagulation
Gravitational Coagulation
Deposition on Surfaces (walls, equipment)
Brownian Diffusion
Turbulent Diffusion
Gravitational Settling
Thermophoresis
Diffusiophoresis
Resuspension from Surfaces
Intercompartment Flow

" Removal by Engineered Safety Features

Sprays
Ice Condensers
Suppression Pools
Filters
Fans

Decay Heat

Condensation on Aerosols
Evaporation from Aerosols



Chapter 2 begins with an examination of radioactive decay
and isotope effects, then develops the case for reducing the
number of species modeled by neglecting isotope effects and
grouping chemical elements into classes, and finally recommends
a set of element classes for use in the modeling of in- and
ex-vessel release processes. In-vessel release processes are
then discussed in Chapter 3 and ex-vessel processes in Chapter
4. Chemical reactions of vapors and natural vapor deposition
processes, and natural deposition processes for aerosols and
aerosol agglomeration mechanisms are reviewed 1in Chapter 5.
Removal of gas-borne species by Engineered Safety Features
(ESFs) 1is discussed in Chapter 6. Chapter 7 examines methods
for modeling aerosol agglomeration and recommends a method for
use in the MELCOR code system, discusses the number of aerosol
species required by the recommended agglomeration method, and
then presents the technical basis for reduction of the fission
product behavior ODE set to a tractable size by limiting the
number of states modeled and by further reduction of the number
of species modeled by combination of the chemical c¢lasses
developed in Chapter 2 into components.

Lastly, for convenience this report has been divided into
two volumes: Volume I, Fission Product Release From Fuel, and
Volume 1II, Vapor and Aerosol Processes. Thus, Chapters 1
through 4 are presented in Volume I and Chapters 5 through 7 in
Volume II. '
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CHAPTER 2
ISOTOPES, ELEMENTS, AND CHEMICAL CLASSES

2.1. An Introductory Description of Severe Accident Source
Terms and This Chapter

Severe accidents at commercial nuclear power plants would
involve damage to the reactor fuel, emissions of radiocactivity,
and general plant conditions more drastic than those considered
in the design and safety analysis of the plants. Great interest
has developed in severe reactor accidents since the publication
of the Reactor Safety Study [l1] and the mild, but still beyond-
design-basis, . accident at the Three Mile Island Generating
Station [2]. The interest arises because there is the possibil-
ity the severe reactor accidents could lead to the uncontrolled
release of radioactivity from a nuclear power plant which would
have life-threatening consequences and produce long-term property
damage. Because of this possibility, severe reactor accidents
make the largest contribution to the risk that must be associated
with the use of nuclear power [3].

Accidents of sufficient severity to produce dire consequences
have never occurred in U.S. commercial nuclear power plants.
The progression and consequences of these accidents can only be
estimated in analytic studies.

Analytic studies of severe reactor accidents consist of
several key elements:

1. The probability that a severe reactor accident might be
: jnitiated is estimated.

2. The phenomena that arise in a severe accident are
described and calculations made to determine if and when
uncontrolled release of radioactivity will occur.

3. The amount of radioactive material that might escape the
plant is calculated. - :

4. The consequences of exposing people and property to the
radicactivity expelled from the plant is estimated.

The lack of experience with severe reactor accidents has made
exercises of this type difficult and the results uncertain.
Strong biases have been built into the analytic studies so that
any errors in the analyses will accrue toward overpredicting the
severity of accidents that go beyond the design basis of the
plants.



Past analyses of severe accidents have come under substantial
criticism because of feelings that the conservatism of the anal-
yses to errg¥ on the side of overpredicting accident severity has
been carried too far. There is a perception that modern nuclear
power plants may be better able to cope with even the severest
accidents than has been admitted in the past. The relatively
inconsequential events associated with the accident at Three
Mile Island Unit #2 have bolstered the confidence that natural
processes have been neglected which will substantially reduce
the amount of radioactive material inflicted on the environment,
even if accident phenomena lead to containment failure.

The assessments of accident phenomena and the estimates of
radioactivity release are the elements of severe accident
analyses that appear to embody the greatest conservatism that
can be removed by further, more careful study. The further
studies of these elements may allow engineering bounds on the
calculations to be replaced by realistic evaluations based on
mechanistic, physical processes. Many research programs are now
underway to provide the greater understanding of severe accident
phenomena and the behavior of radioactivity necessary to conduct
more realistic analyses.

This document addresses the subject of radioactivity behavior
during severe accidents. Analysis of the behavior of radioactive
materials during severe accidents begins by dividing the behavior
into several elements:

1. Release of radioactive material from the reactor fuel so
it can be transported.

2. Transport of the radioactive material to locations where
it can escape the confines of a reactor plant.

3. Behavior of the radioactive material while it awaits
development of a pathway out of  the plant or the chance
to follow such a pathway.

The first of these elements of severe accident analysis,
release of radiocactive materials from the reactor fuel, can be
further classified in terms of (a) release from fuel within the
reactor vessel, and (b) release from fuel that has escaped the
reactor vessel. The processes that lead to "in-vessel" and
nex_vessel" release are discussed in Chapters 3 and 4 of this
document.

Before delving into the release and transport processes, it
is useful -to establish what materials are released and how much
of each material might be present during a reactor accident.
Establishing the inventories of materials that might be released
in a reactor accident is the first objective of this chapter.
It is found that there are many radionuclides whose release ought




to be of interest. Further, nonradioactive species from struc-

. tural materials, control rods, fuel cladding, and the 1like may
be vaporized and may form aerosols during an accident. Since
vapors of these nonradioactive species should affect behavior of
the radionuclides, their release, too, is of interest. Quite
clearly, the number of releasable materials that could be of
interest gets quite large. Tracking the behavior of all these
materials could strain the capacity of even the largest computer
models. Consequently, definition of a basis for categorizing
and simplifying the materials released during a severe accident
is a second objective of this chapter.

2.2. Definitions of Radioactive Materials
. Radioactive materials are pfbdﬁced by a variety of processes
during normal operations of nuclear power plants:

A. Fission.

Unstable nuclei can spontaneously fragment to ©produce,
usually, two daughter isotopes that may also have unstable

nuclei. Some important isotopes and their half-lives for
spontaneous fissioning are:
‘ . - Half-Life for Spontaneous
v Isotope Fissioning*
236y 73.6 Y
92
238y 8 x 1015 y
92 '
240py - 1.z x10lly
94 .
244cp ‘ 1.4 x 107 y
96
2520f . 66 y
- 98 .
256pq 2.4 h
100

* Abbreviations used in this report in connection with half-lives
. : are: vyear = y: days = d:;, hours = h; minutes = m; seconds = s



Far more important than spontaneous fissioning is the fissioning
of unstable nuclei brought on by neutron bombardment. Fissile
nucleil in commercial light water reactors are:

235y, 239py, 241lpy, and 233y
92 94 94 92

Normally, fissioning of a nucleus is thought to be a “"binary"
process. that produces two daughter nuclei. But, once in about
200-500 normal, binary, fission events a third particle is formed
[4-6]. More rarely, four or more nuclei are formed during
fissioning. Alpha particles are the most common additional
nuclei formed in higher order fission processes. But, other
nuclei can be formed. Comparative yields (normalized to the
4He yield set equal to 100) of nuclei for higher order
fissioning of 252Cf are listed below [6]: :

1y 1.1
2y 0.63
3" 6.42
3He 0.008
4He 100

6He 1.95
8He ~ 0.06
Li 0.126
Be | 0.156

Ternary fissioning is such a rare event it is normally neglected.
But, it is obvious ternary fissioning can be a source of tritium.

Products of. fissioning are not simply described. These

products will be discussed in the section below dealing with
_ inventories.

B. Beta Decay

The nuclei produced by fissioning are typically quite
unstable and radioactively decay. The most important decay

. s s 0, — - :
process involves emission of an electron ( 1¢ = 8 ), a neutrino,



and often a gamma ray. This is called beta decay and it results
in increasing the atomic number of the decaying isotope by one,
with no change in the mass number. . Some of the important decay
chains initiated by nuclear fissioning in 1light water reactor
fuels are shown in Figure 2.1. Beta decay chains initiated by
processes other than fissioning are shown in Figure 2.2. Note
that naturally occurring isotopes can undergo beta decay. Some
of these processes are listed in Figure 2.2.

. C. Other Decay Processes

Other nuclear decay reactions are (a) emission of a gamma
ray (Y). (b) emission of a positron (8+) and an antineutrino,
and (c) emission gHe).
chains of importance to light water reactor safety are shown in
Figures 2.3-2.6. These are the (a) uranium decay chain, (b) the
thorium decay chain, (c¢) the actinide decay chain, and (d) the
synthetic neptunium decay chain.

of an alpha particle (a = Four decay

Decay processes of various
discovered. For instance,
was first discovered [7]:

natures are ;ontinually being
in 1983 a two proton decay reaction

D. Neutron Capture

Absorption of a neutron does not necessarily lead to fission-
ing of a nucleus. The unstable isotope created by absorption of
a neutron can instead decay by other processes.

Within -light water reactor fuel, neutron captufe is respon-
sible for formation of transuranic elements. Some example
reactions and the decay processes set off by these reactions are:

ZSZPu +n - ZggPu + Y

2385, L0 L 2% Ly

240 241 241
ggqPu + n i gaPu + ¥y ET gsAm
241 242 242
ggAl + N - gsAm + Y _B.. geCm



93 - 93 1.38 93 5.88 913 7.%5m 93 10.2h° 93 9.51105y 93
Br - » Kr — > Rb > Sr > Y > Zr > Nb (Stable)
35 - 36 - 37 A- kY] B- 19 B- 40 A- 41

7278 4.1m 133! 2.4%  20.8h 133n

13%|52m

\ / \\  20.8h 5.27d4 133
Te-————- Xe —_— Cd (Stable)

52 98.6% A~ 5%

133

30 6.7h 135m

Xe
/ 8- 54

- 138 308 13S
Te —1» 1 15.3m
52 B~ 53

\\ 6.7h 135 9.2h 135  2.e6x106y 113§
> Xe > cg — Ba (Stable)

70% B- 54 B- 55 A~ 36

"4\ 24.48 136

Xe (Stable)
’ B~ 54

137 .58 1137 ’ 92% 30.1d 137w

Te ——» ) ¢ n Ba
52 i 53 / A- 56
\ 24 .48 1137 1.9m 137

X¢ ——— Cs8 2.57m
96% A- 54 B- 56

30.1d 137
Ba (Stable)

8% A- 56

Figure 2.1. Some Important Beta Decay Reactions (Half-Lives Indicated Above Arrows to

Products)



. A. Neutron Capture Initiation

239 23m 239 2.3d 239
U —— & Np —— Pu
92 B~ 93 B~ 94
241 1sy 241
PO — Am
94 B~ 95
242 242
Am — Cm
95 B~ 96
234 24d 234 l.1lm 234
Th —————— P ———0 U
90 8~ 91 8- 92
94 n 95 65d 95 354 95
Zr — Zl ——— Nb — Mo (Stable)
40 40 8- 41 B~ 42

. B. Naturally Occurring Isotopes

14 5770y 14
C e— 5 N (Stable)

-6 8- 7
40 1.3x10%v 40

K (nat'l. abund. = 0.0118%) ———— . Ca (Stable)
19 B~ 20

48 2x1016y 48 41h 48
Ca (mat'l. abund. = 0.18%) R SC — Ti (Stable)
2 B~ 21 B~ 22
87 4.7x1010y 87
Rb (nat'l. abund. = 27.85%) — — & Sr (Stable)
37 ' B- 38
Figure 2.2 Beta Decay Chains Initiated by Processes Other Than
. Fissioning
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4 - 5 5 :
7.52x10 y 2.48x10'y 1.18m 24.14 4.51x10°y :
226 230, 234, 234, 234, 238,
a a ~100\R~ [ a
1622y | a
. 0.02% 3.05m 218 1.38 99.96% 19.7m 214 1.6x10-4s
- At > PO ———
‘ . / B~ R a N\ / A~ [« 8
91.8h 22.3y
222, 218, 2145, 210, 2104,
@ \\ 3.05 26.8m /* \\\ 19.7 1.32 A A~
. m .Bm .M . m
_ 214p, " 210,
99.98% a B~ 0.04% a B~
5.014 | B-
138.44 '
2065, (stable) ~—m— 21%0
[+ §

Figure 2.3. The Uranium Decay Series



| 10
| 1.39x10" 'y 6.7y
| 2324, . - 228p, zgeAc
\ . P
6.13h | B-
a  §
54.5s 3.64 1.9y
2165 220Rn 224, 228,
a a a
.0.1585 a
. 66.3% 60.6nm 212 3x10‘7s
- - Po
Y / B- a LN
10.6h :
212, — . 212G, 2085, (stable)
0 AN
' 60.6m 3.1m
: —e 208'_1'9. /
: 33.7% a 8~

. Figure 2.4. The Thorium Decay Series
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8
7.13x10'y
2135, 231,
a
25.6h | B-
18.17d 227, 22y 98.e%
11.74 /y ° B~ 3.48x107 '
. .48x10"y
219, 223 227, 231,
Q [1 §
22m
223, <22y //
A~ a 1.2%
3.92s a
0.32% 2.15m 0.528
L 211,
! 10”2 36.1 ///» o '
1.83x10 s <1lm
215, L 21l 211, 207,
« A \\\\ 2.15 4.79
N n . m
-~ 207py
99.68% a B~

Figure 2.5. The Actinium Decay Series
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2.2x10°%y 27d
237 233 233
93NP > g;Fa = 92V
a 8-
5
1.62x107y a
Y
221, 104 225, 14.8d 225, 7340y 229,
87" & =~ g9~ C ~ . gghd ~ 90
a - a

217, 0.018s 2135, 209,
85 83 82
¢ 47 4.2x10"%s #
m 213Po . X S
84
98% 8- a

Figure 2.6 Neptunium Decay Chain
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Neutron capture is responsible for making structural
materials in a reactor radioactive. The ability of structural
materials to capture a neutron depends on the "neutron capture
cross section® of isotopes in the material. These cross sections
depend on the energy of the neutron. For light water reactors,
so-called thermal neutrons--energies on the order of kT, where k
is the Boltzmann constant and T is the absolute temperature--are
of greatest interest. Thermal neutron capture cross sections for
isotopes of structural materials in 1light water reactors are
listed in Table 2.1.

Absorption ‘of neutrons by structural elements can produce
unstable nuclei. some of the radioactive products of neutron
capture by structural materials are also shown 1in Table 2.1
along with the half-lives and decay processes of these product
isotopes.

Generation of radioactive species in structures by neutron
capture is probably not important for severe accident analyses.
At shutdown, radioactive species in structures in a PWR core
with a fuel burnup of 33,500 MWd/ton will decay at a rate of
about 3 x 107 curies. Fission products and actinides 1in the
fuel will decay at a rate of about 2 x 1010 curies.

Most of the radiocactivity of structures comes from the
isotopes [8]:

Slcr 19% of curies at shutdown
56Mn 39% of curies at shutdown
55Fe 4% of curies at shutdown
60mco 12% of curies at shutdown
95zr 9% of curies at shutdown
95nb : 8% of curies at shutdown
117mgn 5% of curies at shutdown

‘Activation products produced in some types of concrete that

. 63... — 54
could be of 1nterest are Nl(tl/2 = 100y). Mn(tl/2 = 0.85%y),
= 270y), and

152 41 5 39
Eu(t:l/2 = 13y), Ca(tl/2 = 107y), Ar(tl/2
l4c(ty 2 = 5700Y).

E. Other Capture Reactions

Besides neutrons, capture of alpha particles and electrons
can produce new unstable isotopes. Some example reactions are:
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Table 2.1

Thermal Neutron Capture Cross Sections for
Elements Found in Reactor Structures

Cross
Natural Section* Product Half-

Isotope Abundance (%) (Barns) Isotope Life Decay Process
50y 0.24 ~200 Sly

Sty 99.76 4.5 52y 3.77m B-

50¢cr 4.31 17 5lcr  27.8a 8-

52¢r 83.76 0.8 53cr

53¢ . 9.s5 18 Ser

Sder 2.38 0.38 55¢r  3.sm 8-

>5Mn 100 13.3 >un  2.s8n 8-

54Fe 5.82 2.5 SSFe 2.7y Electron capture
>6Fe 91.66 2.7 >Tre

57Fe 2.19 ¢ 2.5 58Fe

8re 0.33 1.0 >%e 434 B-

9o 100 18 - 8% 5.27y B-. ¥

58Ni 67.88 4.4 59Ni Bxloqy Electron capture
60xs 26.23 2.6 Slyi

6lns 1.19 2 62yi

82y 3.66 15 &3Ni 92y - 8-

64Ns 1.08 1.6 65Ni 2.56n B-. Y
107Ag 51.82 40 lOBAg 2.4m 8-, Electron capture
1094 48.18 84 10,0 2494 B-
11004 12.39 0.2 11183 49m Y
lleg 12.75 2 1204
11204 24.07 0.03 3% aay B-. ¥
11344 12.26 27,000 114mq4
1404 28.86 1.24 13504 43a B-, ¥
11604 7.58 1.4 1764 3.2n 8-
11344 4.28 63 Min s0a v

11510 95.72 200 1160y, s4nm B-
1len 0.96 1.3 113Sn 1134 Electron Capture
1165y 14.3 0.006 17Bgn 144 Y
118gy 24.03 0.01 %% 2504 Y
120g, '32.85 0.14  ?sn sy B-
1225n 4.92 0.2 123sn  4om B-
124¢p 5.94 0.208 Y%3®gn g 4n B-

90, 51.46 0.1 9l7e

gy 11.23 1 924r

922r 17.11 0.2 937r 9.5x105y 8-

%2r 17.40 0.1 92r 654 B-. ¥

%62r 2.80 0.1 %72r  17n B-

* These cross-sections do not take 1into account resonance
adsorption. Such resonances are approximately accounted for
by increasing the cross-sections by 45%.




195 ° 195
79Au + %e - 78Pt .

Precisely speaking, the term fission product should be
reserved for the daughter isotopes produced during fissioning and
possibly the isotopes produced by the beta decay chains initiated
by the fissioning. Here, however, the term "fission product"
will be used to mean any radioactive material, regardless of how
or where it was produced.

2.3. Inventories

A. Radioactive Materials

The first step in estimating the release of fission products
is to determine the inventory of fission products available for
release. It will be shown in later sections that inventory does,
in fact, affect the release rate. Fortunately, calculation of
the fission product inventory has become a well-developed
technology.

_ If fissioning of the 235U isotope were a homolytic process,
the nuclear reaction would be

235 118
92U + n - 2 46Pd

Rather than yielding two palladium isotopes, the 235y fission-
ing yields a wide variety of 1isotopes. The probability that
fissioning will yield a particular isotope is bimodally distri-
buted with respect to the atomic mass number of the isotope.
Peaks in the distribution occur for atomic mass numbers of 137
and 97. The distribution does depend slightly on the energy of
the neutrons causing the fissioning. The fissioning yields for
235y subjected to thermal neutrons are plotted against the
mass number of the product isotope in Figure 2.7.

Fission vyield also depends on the fissile 1isotope. The
fission yields for 235U and 23°Pu are compared in Table 2.2.
Entries 1in the table are the probabilities in percent that
fission will yield the indicated material. Since each fission
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Table 2.2

235 239

Comparison of Fission Yields From 92U and 94Pu [9].
Fission Product’ Yield (%) Yield (%)
Group 235 239
) from 92U from 94Pu
Zr, Nb 29.8 - 20.4
Y, La, Ce, Pr, Nd, .
Po, Sm, Eu, Ga 3.4 47.1
Ba, Sr 14.9 9.6
Mo j 24.0 20.3
Ru, Te. Rh, Pd 26:3 51.6
Cs, RDb 22.6 18.9
1, Te 1.2 o 7.0
. Xe, Kr 25.1 24.8



event yields two daughter products, the columns in Table 2.2
each sum to 200 percent. Notable features of the comparison of
235y and 239pu fissioning are (1) the higher yield of metals
(Ru, Te, Rh, Pd) in 23%pu fissioning and (2) lower yields of
both the Ba,Sr and the Zr,Nb groups.

To determine the absolute amounts of fission products in a
reactor core requires:

1. The extent of fissioning and capture that has taken
place. '

2. The enrichment of the fuel in fissile isotopes.

3. The time and power history over which fissioning took
- place.

The need to know how much fissioning took place is obvious since
the absolute isotope yield is the product of the probability a
fission event will produce the 1isotope times the number of

fission events. The irradiation history of fuel 1is usually

reported in terms of "burnup.,” which includes both fissioning and
capture.* Unfortunately, the fuel in reactor cores does not burn
up uniformly. The burnup history of fuel assemblies 1in the
Three Mile Island Core just prlor to the accident are shown in
Figure 2.8 (only one quarter of the core is shown in this figure;
the rest of the core and the burnup histories of fuel assemblies
in the rest of the core are symmetrically related about the
centerlines shown- in figure).

As a rough rule, burnup decreases with distance from the
center of the core. This is because neutrons that would have
been captured or would have continued the nuclear chain reaction
if they were generated deep within the core have more of a chance
to escape unproductively when they are generated near the peri-
meter of the core. Fission product inventories would of course
vary, approximately, as do the burnups throughout the core.

* There are two conventional units of burnup. Percent burnup is
the amount of fuel atoms destroyed by both capture and fission.
Thus l-percent burnup means that 10 kg of uranium have been
converted in 1 metric tonne of fuel metal atoms. The other
unit is megawatt days thermal per metric tonne of uranium.
Conversion between the units 1s difficult because capture
creates fissile plutonium that can act as a fuel. A 1l-percent
burnup corresponds to 6760 MWd/t U, if credit for the plutonium
is not taken and 7765 MWd/t U if credit is taken.



Figure 2.8.

Metric Tonne Uranium [10]

4008 3512 3091 3187 2513 3206 3675 2479
3511 3234 3316 2965 2988 2927 2885 2107
3099 3280 3026 2974 2471 2835 3074 1713
3185 2971 2996 2675 2729 2395 2281
2511 2991 2502 2736 2349 2129 1404
3204 2902 2808 2410 2128 1464
3672 2911 3048 2280 1403
_2478 2106 1711
/
Burnup of TMI Fuel Rods in Megawatt Days per



The variations in burnup are not smooth functions of distance
from the center of the core because the fuel is not uniformly
enriched in fissile 235u. The initial enrichment of fuel
assemblies in the Three Mile Island Core are shown in Figure 2.9.
(Again, only one quarter of the core 1is shown.) The fueling
pattern consists of an outer ring of highly enriched material
(2.96 percent 235y). Within this ring there are alternating
assemblies of medium enrichment (2.64 percent 233U) and 1low
enrichment (1.98 percent 235U) fuel assemblies. The 1isotopic
distributions of fission products in these fuel elements will be
different even 1if burnup were the same. Powers [11] has used
these differences in 1isotopic abundances in both uranium and
plutonium to infer from samples of released material the damage
pattern to the TMI core.

The time duration over which a level of burnup occurs affects
the fission product inventories because the daughter isotopes of
fissioning and the products of neutron capture are unstable and
radioactively decay. Progress along the decay chains described
above is a strong funetlon of time and so, too., is the isotopic
mix of fission products.

Reinspection of the decay chains described above and the
complicated nature of products of the fission process, as well
as the complexities described above concerning irradiation
history and enrichment, should be enough to persuade even the
most dogged that calculations of inventories is a complicated
activity. Fortunately, the problem has been avidly pursued and
is particularly susceptible to computer solution. Within the
United States, the computer code ORIGEN has become an especially
popular tool for solving the fission product inventory problem
. [12]. The basic algorithm solves systems of coupled, moderately
stiff differential equations. A typical version of ORIGEN tracks
the evolution of 1064 1isotopes with half-lives greater than

1 second [8]. It is backed by an extensive library of nuclear
data concerning half-lives, branch decay probabilities, and
capture cross sections. Output 1is provided in terms of gram

atoms, curies, and thermal power.

Other codes besides ORIGEN exist to solve the same problem.
The CINDER code has been mentioned in the literature [13]. The
British codes RICE and FISPIN are also available. Proprietary
codes of reputably outstanding sophistication are apparently held
by reactor vendors.

These computer models do not explicitly treat the radial
distribution problem described above. Nor do they consider axial
variations in fission product inventories that should parallel
the axial power distribution in the core. o




2.64% 1.98% '1.98% 2.64% 1.98% 2.64% 2.64% 2.96%

1.98% 1.98% 2.64% 1.98% 2.64% 1.98% 2.64% 2.96%

1.98% 2.64% 1.98% 2.64% 1.98% 2.64% 2.96% 2.96%

2.64% 1.98% 2.64% 2.96% 2.64% 1.98% 2.96%

1.98% 2.64% 1.98%  2.64% 1.98% 2.96% 2.96%

‘ 2.64% 1.98% 2.64% 1.98% 2.96% 2.96%

2.64% 2.64% 2.96% 2.96% 2.96%

2.96% 2.96% 2.96%

. Figure 2.9. Enrichment Pattern of Fuel in the TMI Unit 2 Core [10]



B. Justification of Elemental Phenomenological Source Terms

The same considerations that demonstrate the complexities of
calculatlng the fission product inventories also demonstrate that
there are a lot of fission products. The fission products are
isotopes of a much smaller number of elements. It has become
traditional to analyze the severe accident source term in terms
of the behavior of the elements rather than the isotopes. When
analyses progress to the point radiological concerns need to be
addressed, the jsotopic abundances in the elements released from
the fuel are assumed to be the same as they would have been in
the fuel were there no release. That is, the assumption is made
that there are no effects on release or behavior, save inventory
changes by radioactive decay, that arise because of different
isotopes.

An alternative to this traditional approach. would be to
develop models of release and behavior that are peculiar to each
isotope. This alternative would increase, of course, the labor
involved in the development of severe accident source term
models.

Isotopic difference could affect the behavior of fission
products in three ways:

1. Isotopic differences could affect the chemical processes
in which fission products engage by altering chemical
equilibria.

2. Isotopic differences could affect the rates of chemical
reaction.

3. Transmutation of the elements by radioactive decay could
alter the release rates or behavior of fission products.

A definitive proof that none of the effects are important would
be difficult to formulate. Below, evidence is presented that the
first two effects are.likely to be insignificant. The third-
effect, transmutation, is shown to be considerable only for a
few particular cases. Because of these occasional transmutation
effects, the traditional approach to source term modeling in
terms of elements rather than isotopes may not be universally
acceptable. But, because the transmutation effects are rare and
because neither the thermodynamics nor kinetics of different
isotopes are significantly different, it may not be necessary to
adopt the alternative of isotopically based source term models.

The chemical 'processes that affect fission product release
and behavior can be identified by systematically examining
chemical equilibria. Are these chemical equilibria significantly
different for the isotopes of a given element?



Consider two general equilibrium reactions, one involving the
isotope A and the other the isotope A*:

[AC] [B]
[(AB] [C]

[A*C] [B]
[(A*B] [C]

AB + C 2 AC + B K =

A*B + C 2 A*C + B K*

The isotopic distortion of the equilibrium is shown by the ratio
of the equilibrium constants:

IAC] [A*B]
[(a*C] [AB]

K/K* =

But this ratio is just the equilibrium constant for the isotopic
exchange reaction:

A*C + AB ¢ A*B + AC
This equilibrium constant is given by

FA*B FAC

ex FA*C FAB

where F;j = the partition function of the species 1. The
partition function of the ith gpecies is given by [14]:

(1) (1) 3/2 7/2, 1/2 3/2 .
9e1 puey | (27miKT) 22.627m " "I, (kT) £ (1)
i ~ h h
where géi) = electronic contribution to the partition
function
'gé;él - contribution to the ©partition function
from nuclear spins
m; = mass of the ith species



I; = moment of inertia of the ith gpecies
k = Boltzmann's constant
h = Plank's constant

exp(-hvj/ZKT)
vib * ji1 - exp(—hvj/kT)

vj = frequency of the jth vibration
si = symmetry number of the ith species.

Isotopic substitution of one element 1in the jth gpecies will
leave, of <course, the symmetry of the species. unaltered.
Similarly, 1isotopic substitution does not alter géi). Nuclear

masses are so much greater than electronic masses for the iso-
topes of interest in reactor accident analyses that electronic
motions are 1little altered when the nuclear mass is changed by
one or two atomic mass units (amu).

The partition function for nuclear spin in the species AB
can be cast in the form

AB (n) (B)

Ynue1 = Inucl 9nucl

‘Similar expressioné can be written for the species A*B, AC, and

A*C. Chemical process can almost never affect nuclear spin so the
(n)

nucl.
the species AC.

term g js the same whether the atom A is in the species AB or

If the species AB is considered a diatomic species composed -
of atom A and molecular fragment B, then

. _(.MAM'B )(r(AB))Z
a =\, + o | {"eq

(AB)

where r equilibrium bond length between A and B. Since

eq .
electronic motions are unaffected by isotopic substitution,

(RB) _ _(A*B)
eq eq



Then, the equilibrium constant for the isotopic exchange
reaction is given by

3/2 3/2 1/2/.A*B _AC
K[ Maxs Mac Iaxglac fvip Fvi
* . *
K Mag Maxc Iaplaxc gAB  (A*C
B vidb “vib
A*B _AC
_ Maxp  Mac fvib fvib
= N M AB _A*C
AB  TBA*C £y fuip

If the diatomic approximation for the species 1s again assumed,
then there will be but one vibration for each species. The
frequency of that vibration is given by

f.

i

v.=\[—"

i m.

i
where f3; 1is the force constant. Since the force constant 1is
dictated by the chemical bonding, the force constant is essen-
tially unaffected by isotopic substitution. Quite clearly a

1 to 2 percent change in m; makes a very modest change in the
vibrational frequency if mj is large. At elevated temperatures
the exponential terms in the vibrational contribution to the
partition function can be linearized. Then,

3/2 3/2
K_ MaxB Mac
— = B
K MaB | Maxc

Clearly., for massive isotopes K*/K deviates little from unity.
That is, equilibria are little affected by isotopic abundances.

The next question is whether the approach to equilibrium is
sensitive to 1isotope effects. Melander [15] has presented an
extensive review of isotope effects on chemical reaction rates.
Nearly all analyses of these effects evolve from H. Eyvring's [16]
transition state theory of elementary chemical reaction rates.*

* Elementary chemical reactions are the actual microscopic, mole-
cular transformations that take place in a chemical process.
They are nearly never known except for simple systems that have
attracted academic interest. Elementary reactions seldom bear
much resemblance to the reactions defined from the stoichiome-
try of the process.



In this theory, molecular collisions give rise to an energetic,
but metastable, transition complex: )

AB + C » [ABC] » AC + B

After a brief induction period, the reactants AB and C come into
dynamic equilibrium with the transition complex:

AB + C 2 [ABC]

The rate at which products are produced depends on the concentra-
tion of the transition complex ABC. Analysis of the change in
" concentration brought on by isotopic substitution 1is just an
equilibrium analysis much 1like that above. The reaction rate,
given the concentration of ABC or A*BC, 1is a ‘vibrational
analysis. As the temperatures increase the ratio of the rates
of reaction of A*B and AB approaches:

1 . 1 1/2
RA*B _ MA*B MA*C
R - 1 + _1
AB M M

AB AC

It is apparent that for atomic masses on the order of 100, the
ratio of rate constants will vary little with changes in mass of
"one or two units in comparison to the general uncertainty of the
elementary reaction rate constant.

Thus, isotopes should participate in similar chemical reac-
tions at similar rates. The existence of isotopes need not lead
to formulation of isotopically based source term models.

There is a subtle feature of the isotope affect on release
kinetics that is not addressed by this analysis. Some elements
produced by fission will have both 1long and short half-1life
isotopes. . Long-lived isotopes borne in the fuel lattice will
have an opportunity during the course of reactor operation to
migrate and accumulate at the grain boundaries. Short-lived
jsotopes will not have this opportunity. As a result, once an
accident begins, there will be a greater fraction of long- lived
isotopes at the grain boundary than short- lived isotopes. If
transport through the fuel grains poses a major limitation on
the rate of release, then 1long-lived isotopes of the element
will escape more rapidly from the fuel than short-lived
isotopes, at least until the inventory of long-lived isotopes
accumulated at grain boundaries has been depleted. This effect
will be greatest for the more volatile isotopes.
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Transmutation by radioactive decay does depend on the isotope
in question, in terms both of the rate and the nature of ' the
product. It is easy to imagine situations in which an isotope
decays to an element with radically different chemical character
and consequently radically different behavior during a severe
accident. For instance, consider these situations:

1. The isotope of interest is the product of radioactive
decay of a noble gas. The 1isotope of 1interest 1is
released from the fuel at a rate much slower than the
rate of release of the noble gas. Nevertheless, this
isotope will appear in the emissions from the core during
an accident to an extent dictated by the radioactive
decay of released noble gas.

2. The element of interest is quite volatile and is expected
to be released quite rapidly from the fuel. But, a
fraction of the element is produced by decay of a fairly
refractory species that is not released from the fuel.
Then, release of the element of interest may persist long
after conditions of the fuel are well beyond those
expected to lead to quantitative release. The persistent
release is the result of decay of the refractory species
and prompt release of the decay products.

Though these situations can be imagined, it 1is 1important to
ascertain their significance before investing in the 1labor of
developing isotopically based source term models.

At first blush, the situations in which radioactive decay
might affect fission product behavior mostly involve highly

volatile species--the noble gases and, perhaps, iodine. The most

important decay processes involving the noble gases and iodine
are the 8-decay chains.

For radioactive decay to have a significant bearing on. the
source term, three conditions must be met:

1. The inventory of the decaying isotope must be high
enough to have a perceptible effect. '

2. The decay process must occur to a significant extent
during the time frame of interest.

3. The decay process must not be so rapld that it 1is
largely complete before any significant release can take

place.

Let G be the inventory of the. decaying element and H the inven-
tory of the element that is the product of the decay process of
interest. Let Co be the inventory of the decaying isotope and
t1,2 be the half-1life of this isotope. Co' 1is the 1inventory




of the product of decay, were decay to go 1instantaneously to
completion. Assume that an error of E in the release fraction
of an isotope 1is barely tolerable. Then, decay processes need
to be considered to avoid an excessive error, when

Co/G > E
and
0.693 t:(minl< ¢ < 0.693 t(max)
—-1n 1;29 - /2= -1n l—Eg
Co Co
or
Co'/H > E
and
t < 0.693 t(max)
1/2 — EH
-1n |[1-57,
Co

where t(max) 1is the maximum time of interest and t(min) is the
time from reactor scram to the onset of significant fission
product release.

Isotopes in the portion of the B-decay chain involving Te,

I, Xe, and Cs are shown in Table 2.3. The half-lives of the .

‘isotopes and typical inventories 1in fuel irradiated to about

33,000 MWd/t are also shown in the table. The inventories 1in
this table are provided in the form of decay rates. Any other
unit, such as thermal power, dose, or moles, might be used. To

scan these isotopes for instances of transmutation effects that
might have a significant impact on source term behavior, it was
assumed that

E = 0.1
t(min) = 1200
t(max) = 80,000

The isotopes 132Te and 134Te meet the criterion for concern

over radioactive decay effects in source term models. Williams
[17] has discussed the effect of 132Te and the ex-vessel
source term. If Te 1is not released in-vessel because 1t has

bound chemically to unoxidized =zircaloy clad, it is available
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Table 2.3

The B-Decay Seiies Involving Te, 1, Xe, and Cs Isotopes

Tellurium Iodine Xenon Cesium
A;g:;c tys2 € “532§° ty/2 € Aﬁggic ty/2 e Aﬁ:?éc ty/2 ¢
(amu) (8) (10°ci) (amu) (s) ~ (10°cCcil) (amu) (8) (10°ci) (amu) (8) (10°cCi)
127 3.3x10® 72.8 127  stable
“127m®) 9x10® 0.2 ‘

129 4038 250 129  s5x10M?  2x107% 129m¢%) 6.9x10° 7x1073
129 Stable

131 1500 761 131 7x10° 867 131m~ 1x10°® 5.4

131 Stable

131m'?)  1x10° 65.5 -

132 2.8x10° 1259 132 8280 1277 ,

133 120 1044 133 7.5x107 1832 133 4.6x10° 1833 133 Stable

133m 3780 692

134 2520 1514 134 3180 ° 2011 134 Stable 134 6.9x107 116.9

135 18 792 135 2.4x10® 1728 136 3.3x10% 344 135 6x10*?  1.9x1074

136 21 445 136 86 810 136 Stable 136 1x1x10% 35.6

' 137 24 837 137 234 1681 137 9.5x10% 65.3

138 1020 1579 138 1932 1670
139 a1 1246 139 570 1645
140 17 866 140 66 1510

‘a. only 2 percent of -the 127MTe decays by B- emission. The rest decays by emission of a ¥

ray to yield 1277e,

b. 52 percent of the 13lMTe gdecays by 8- emission

yield 131lre,

The rest decays by emission of a y ray to



for release ex-vessel. Ex-vessel release of Te 1is slow because
of the low chemical activity of the element when dissolved in
metals. Jodine release ex-vessel 1is expected to be quite

rapid. Because of the decay of 132Te, there 1is the potential
of prolonged ex-vessel 1iodine release into the containment
atmosphere. This release rate 1s essentially the rate of Te
decay since iodine is so promptly purged from the fuel ex-vessel.

Similarly, protracted release of iodine can occur in-vessel
if 134Te¢ binds to clad or structures within the reactor vessel.
As the tellurium isotope decays., 1lodine is produced and possibly
released even 1if conditions have 1long been established that
should have allowed rapid, quantitative expulsion of all iodine.

Several iodine isotopes meet the criterion for consideration.
But, there seem to be no radical consequences of iodine transmu-
tation to xenon. This transmutation can probably be adequately
handled by inventory adjustments with time.

Decay of 133Xe and 135Xe meet the criterion for considera-
tion. The decay of 133Xe is to the stable cesium isotope and_so
can be treated 'simply by inventory adjustment. Decay of 135Xe
does yield a radioactive cesium isotope. Because of the decay.
there will always be some cesium suspended in the reactor atmos-
phere if there was xenon release from the fuel. But, because the
half-life of xenon is very long, the amount of cesium will not
be large.

Within the decay series ‘eiamined here only the 132Te and
perhaps the 1347¢ jsotopes seem to deserve attention that could
not be supplied by source term models based on the chemistry of

.the element and neglecting transmutation. A few other examples

of significant transmutation effects in radioactive source term
behavior are known. Decay of 2140Ba to 140La and its effect
on ex-vessel release is such an example. '

So few instances of transmutation effects make it difficult
to consider going to the difficulty of developing isotopically
based source term models. It would be better to treat in an ad
hoc manner the 1instances where transmutation effects are
important and do so within the context of source term models
based on the elements.

C. Elemental Inventories of Fission Products

Inventories of fission prodﬁcts for a pressurized water
reactor with end-of-l1ife fuel are shown in Table - 2.4.
Inventories for 30 minutes, 1 hour, 4 hours, and 1 day after
scram of the reactor are listed in the table. These inventories
are just examples to provide an indicaticn of the order of
magnitude of the inventories likely to be encountered in reactor
accident analyses. The reactor core for the example was assumed
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Table 2.4
Fission Product Inventories* for a PWR Core

Amount (gram moles) After Decaying for

- Ba

Element 30 Min 1 Hour 4 Hours 1 Day
Tritium 1.123 1.123 1.123 1.122
Ge 0.321 0.321 0.321 0.321
As 0.105 0.1058 0.105 0.104
Se 45.13 45.13 45.13 45.14
Br 17.50 17.50 17.49 17.48
Kr 294.1 294.1 294.0 294.0
Rb 272.0 272.0 272.0 272.0
Sr 717.6 717.6 717.4 716.8

Y 366.3 366.3 366.2 365.9
Zr 2439 2349 2439 2439

Nb 37.4 37.4 37.4 37.4
Mo 1995 1995 1996 1996

Tc 510.3 510.3 510.4 511.0
Ru 1265 1265 1265 . 1265

Rh 230.5 230.5 230.6 231.0
Pd 545.4 545.4 545.4 545.7
Ag 27.38 27.39 27.39 27.42
Ccd 32.04 32.04 32.04 32.06
In 0.751 0.751 0.752 0.754
. Sn 21.71 21.71 21.70 21.70
Sb 7.852 7.844. 7.825 7.778
Te 203.5 203.5 203.3 202.8

I 103.6 103.6 103.3 102.3
Xe 2380 2380 2380 © 2381

Cs .1237 1237 1237 1238

629.2 629.1 629.0 628.4

La 548.8 548.8 548.7 548.6
Ce 1276 1276 1276 1276

Pr " 477.0 477.0 477.1 477.5%
Nd 1532 1532 1532 1533

Pm 67.59 67.60 67.61 67.68
Sm 179.5 179.5 179.5 179.6
Eu 53.35 53.35 53.36 53.42
Gd 23.67 23.67 23.68 23.73
Tb 0.565 0.565 0.566 0.566
Dy 0.276 0.276 0.276 0.277
Ho 0.021 0.021 0.021 0.021
Er 0.004 0.004 0.004 0.004
Np 126.3 126.1 125.1 118.7
Pu 2333 2334 2335 2341

An l16.81 16.82 16.82 16.85
Cm 5.277 5.278 5.278 5.278

*Inventories in this table were taken from Reference 8.



to consist of 89.1 metric tons of uranium. The burnup of the
fuel was 33,500 MWd/ton uranium produced over 3 years on an
80 percent duty cycle. For more details on the calculations see
Reference 5..

D. Need to Consider Nonradicactive Inventories

The consideration of inventories would stop after the amounts
of radioactive materials were defined if the classic pathways [1]
to defining source term were followed. This is acceptable in
bounding estimates, in which mitigation of the phenomenological

source term is not mechanistically evaluated. As outlined in the -

introductory material, this is not now an acceptable procedure.
Source terms developed now and in the future will have to meet
the needs of mechanistic calculations of fission product behavior
after the fission products have escaped the fuel. The detailed
description of the behavior of fission products released from the
fuel are to be found in Chapter 5 of this document. Two of the
most important features of the behavior are:

1. Fission product vapors can condense to form aerosols
which can subsequently grow, sediment, or deposit on
primary system structures and not escape either into
containment or into the environment.

2. Eission product vapors can react with structural
: materials and be bound so they cannot escape into the
containment or the environment.

Both of these processes have the potential of substahtially
. reducing the fraction of the radionuclides released from the
fuel that eventually escape the reactor plant.

_Temperatures and conditions in the reactor core conducive to
the vaporization of fission products are equally conducive to the
vaporization of nonradiocactive materials from the core. The
extent of vaporization of nonradioactive materials that occurs
while fission products are being vaporized directly affects the
post-release behavior of the. fission products. In particular,
vaporization of nonradioactive materials will have a direct
bearing on the efficacy of the two ‘source term mitigation
processes mentioned above. :

Consider a situation in which a well-stirred atmosphere

initially contains 10 g/m3 of radioactive particles. These
particles will be 1lost from the atmosphere by a variety of
processes—-diffusion to the walls, settling, etc. At the

relatively high concentrations considered here and the relatively
high concentrations of interest for reactor accident analyses,
gravitational settling of the particles is the dominant mechanism



of particle loss from the atmosphere. Settling is an especially

efficient process because the particles agglomerate. In a well-
stirred atmosphere the particles settle more rapidly with
increasing particle size. The rate of loss of particles depends

on a variety of factors such as the particle shape and density.
A typical example of the variation 1in the concentration of
material in the atmosphere with time is shown as a dashed line
in Figure 2.10. After about 2 hours the mass concentration in
the atmosphere has fallen to 1 g/m3. After about 34 hours the
concentration is only 0.01 g/m3.

Now consider a situation in which the well-stirred atmosphere
initially contains 10 g/m3 of nonradioactive aerosol in addition
to 10 g/m3 of radionuclides. Though 1interest focuses on the
radionuclides, the nonradioactive particles also agglomerate
both with other nonradioactive particles and with radionuclide
particles. The rate of agglomeration varies with nearly the
square of the particle number concentration irrespective of the
radioactivity of the particles [18]. More rapid loss of radio-
nuclides from the atmosphere would be expected. This 1is, in
fact, what occurs. The solid 1line in Figure 2.10 is the time
dependence of radioactive material concentration in the atmos-
phere when the nonradioactive particles are present. In this
case the concentration of radioactive species falls to 1 g/m3
after only 1.5 hours. The concentration is less than 0.01 g m3
after only 25 hours.

In reactor accident situations, the effects of nonradioactive
particles may be even more severe than depicted in the hypothe-
tical example described above. The inventory of nonradioactive
species available for release during an accident will be shown,
-below, to be very large. Particle concentrations in the atmos-
phere from these nonradioactive sources can be several times the
concentrations of particles formed from radionuclides. The
dotted line in Figure 2.10 is for a situation 1in which the
initial mass concentration in the atmosphere is 100 g/m3, of
which 10 g/m3 is radionuclides. In this case, it takes only
0.5 hours to reduce the suspended radioactivity by a factor of
10 and only 2.5 hours to reduce it by a factor of 100.

Clearly, to  take into account mitigation of radionuclide
release by aerosol processes, it is necessary to know the release
_of nonradioactive species. Because nonradioactive species come
from sources other than the fuel, release models distinct from
those used for radionuclides may be needed. The generation of
aerosols from nonradioactive materials <can exceed aerosol
generation from radionuclides by well over an order of magnitude.

Next, consider an example of fission product vapors reacting

with structures. Sallach et al. [19] have found that tellurium
vapors react rapidly with structural steel such as type 304

stainless steel. They have also found that Te vapors Wwill
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Figure 2.10. Effect of Nonradioactive Aerosols on the Time Dependence of the Concentra-
tion of Radioactive Aerosols. Dashed line is for radionuclides only.
Solid 1line is for radionuclides and an equal amount of nonradioactive
material. Dotted line is for a case in which radionuclides make up only

10% of the initial aerosol mass.



react rapidly with silver, which might be present in the primary
system atmosphere because precious metal control rod alloys are
vaporizing. Clearly, a competition for Te vapors can exist. The
Te vapors can react with structural metals, and consequently, not
become part of the radiological source term. Or, the Te vapors
can react with silver aerosols and remain part of the source term
provided aerosol processes are neglected.

- The fate of Te vapors depends on the availability of surfaces
--either structural or aerosol--for reaction. - In Figure 2.11,
the fraction of Te that has reacted w1th silver aerosol rather
than structural steel, and consequently, remains a part of the
source term, is shown as a function of the silver aerosol concen-
tration. For this calculation the aerosol was assumed to consist
of 1 um particles and the steel was assumed to be present as the
walls of an 18-inch diameter pipe. This figure shows that the
mitigative effect of fission product release caused by fission
product reactions with structures can be prevented to a signifi-
cant extent if reactive aerosols are present along with the
fission products. Since the aerosols produced by vaporization
of nonradioactive materials can be chemically quite reactive
toward fission products, the magnitude and timing of the vapori-
zation must be known if the fate of the fission products is to
be properly described.

E. Inventories of Nonradioactive Materials

The arguments made above demonstrate how important it is to
“develop source terms for nonradioactive species likely to be
vaporized from the reactor core. There are some essential dif-
.ferences between the fission product source term and the non-
radioactive source term. The most important of these is that the
nonradioactive sources are not intimately associated with a heat
source. The attentions concerning the nonradioactive sources
should then focus on the most volatile constituents since it is
likely that the host matrix for these constituents will be cool,
at least relative to fuel. Some care must be exercised in making
this' discrimination among nonradioactive materials in the core,

since materials that might appear refractory readily react in the
high-temperature, high-pressure steam environment of a reactor
to yvield volatile products.

Because the nonradioactive materials are not typically
associated with a heat source, the contribution of these
materials to the aerosol emissions from a reactor core during an
accident are difficult to define. Inventories of volatile
materials - that can make these contributions are- not defined
simply by the masses of nonradioactive host materials in and
adjacent. to the core. Some other means, preferably mechanistic
calculation, must be found to determine if the host material gets
hot enough for its volatile constituents to contribute to the
aerosol emissions. Whether and how much of the host materials
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participate in the vaporization process will depend on the heat-
up and melting of the reactor fuel. The behavior of the fuel,
in turn, will depend on the nature of the particular accident in
question.

. Considerations made to date indicate that the nonradioactive
materials most likely to be vaporized from the core are:

1. Alloying agents in the fuel cladding.
2. Precious metal control rod alloys.

3. Products of steam reaction with boron carbide or borosil-
icate glass control rod materials.

4. Volatile alloy constituents or impurities in the struc-
tural steels of the reactor.

Fuel cladding in nearly all 1light water reactors is either
Zircaloy 2 or Zircaloy 4 (stainless steel cladding on the fuel
in San Onofre Unit 1 is a well-known exception). The composi-
tions of these alloys are:

Weight Percent of Trace Elements in Zircaloy 2 and 4

Element@ Zircaloy 2 Zircaloy 4
Sn 1.5 1.5
Fe 0.12 0.2
Cr . 0.10 0.10
Ni 0.05 -

4 Balance of alloy mass is 2r and < 150 ppm Hf.

Tin is the most volatile constituent of the clad. 1In a
typical pressurized water reactor there will be 250 kg of tin.
In a boiling water reactor there might be as much as 905 kg of
tin that can participate in the vaporization process. Other
constituents of the clad could contribute only about 1/10 as much

.to the aerosol as tin. Chromium is moderately volatile when in

the metallic state (boiling point = 2938 K) or in the highly
oxidized hexavalent state (boiling point of Cr0O3 = 600 K).

. The wvolatility of chromium is significantly depressed when the

trivalent state of chromium is stable.

Iron is not especially volatile, except at guite high temper-
atures. .'In oxygen both Fe(g) and FeO(g) are important gas
species. In steam FeOH(g) and Fe(OH),(g) can form. The gas
species FeO(OH)(g) has been hypothesized. '
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Nickel vaporizes primarily as a metal.

Many pressurized water reactors use an alloy of silver,
indium, and cadmium as a control rod material. A typical inven-
tory of this control rod alloy in a large pressurized water
reactor 1is:

Silver (Ag) 2365 kg
Indium (In) 442 kg
Cadmium (Cd4) 147 kg

All constituents of this alloy are volatile. A rather thorough

thermochemical analysis of the vaporization of this alloy has -

been done recently [20]. As the alloy is heated within the con-
trol rod sheath, quite high partial pressures of Cd are produced:

Temperature (K) Cadmium Partial Pressure (atm)
1000 0.015
1200 0.129
1400 0.598
1600 1.898
1800 4.671
2000 9.634

Pressure from the cadmium as well as pressurization of the helium
fill gas in the rod can cause the control rod clad to rupture
[21, 22]. -Once evaporation can take place the cadmium is prefer-
entially distilled from the alloy. Subsequent evaporation from

the ‘Ag-In alloy requires higher temperatures and 1is not

congruent. The rate of vaporization may be controlled in a
reactor accident by heat input to the alloy.

Both pressurized water reactors and boiling water reactors
use ByC control rod materials or borosilicate glass burnable
poisons. The predominant neutron absorption reaction is

10 7. -

5B + 0. - 3L1 + a

so that after some period of operation, the rods contain lithium.
A typical boiling water reactor would contain 530 kg of boron.
A pressurized water reactor might contain 82 kg boron and 137 kg
SiOz.

In steam, boron reacts according to the stoichiometry [23]:

B4C + 6H20 a. 2B203 + C + 6H2



The product By03 will also react with steam to produce boric acid
vapors (H2BO; and H3BO3). Reactions of these boric acids with
fission products are of concern. For instance, the reaction

HBO, + CsI - HI + CsBO,

is suspected as a means of creating vapor phase iodine in the
primary system. : _

Silicates will also vaporize at high temperatures. The

vaporization process can be described by the reactions such as:

SiOz(C) + Hy - H0 + Si0(qg)

$1i02(c) + 2H20 - Si(OH)4(g) -

Silica, too, is reactive toward CsI, yvielding a silicate and free
iodine [23].

Compositions of important structural alloys found in nuclear
reactors are listed in Table 2.5. It is not possible a priori
to say how much of a contribution constituents of these alloys
could make to aerosol emissions during a severe accident. The
contribution depends on the heating of the steel, which in turn
depends on the nature of the core meltdown process. The
vaporization of Mn, Mo, Si, S, and P will make the earliest
contributions. Vaporization of the major alloy constituents has
"been- discussed above. If reactive vaporization is neglected,
then the vapor pressure of 304 stainless steel is given by [24]:

log P(atms) = 6.1210 - 18.836/T(K)' -

and the.vapor pressurg of 316 gtainless steel is givén by:
log p(atms) = 6.1127 - 18,868/T(K) .

The vaporization of neither alloy is congruent.

F. Chemical Claésification of the Elements for Source Term

Models

There are about 1000 isotopes that are of interest for severe
accident source term models. From the preceding discussions it
is apparent that the source term models need not be constructed



to explicitly predict release and behavior of so many isotopes.
Rather, the models can be constructed to predict the behavior of
some 100 elements. This factor of 10 reduction in the effort
needed to develop source term models is important. The effort
needed to describe release and behavior of 100 elements may still
be too much for many applications. Even if the 1list of elements
to be explicitly treated were pared of elements with low inven-
tories in the reactor core, only about a factor of two reduction
in the source term modeling effort would be achieved.

Table 2.5

Compositions of Important Structural Alloys (weight percent)

Alloy Fe cr Ni Mn Mo Other Elements

304 stainless bal 18-20 8-10.5 2 - 0.08 C; 0.045 P;

‘ 0.03 S; 1 Si

308 Stainless bal 19-21 10-12 2 -  0.08 C:; 0.045 P;
0.03 S; 1 si

309 Stainless bal 22-24 12-15 2 - 0.2 C; 0.045 P;
0.03 S; 1 Si

316 Stainless bal .16-18 10-14 2 2-3 0.08 C; 0.045 P;

© 0.03 S; 1 si

Inconel 600 8 15.5 76 0.5 0.08 C; 0.008 S

0.25 Cu

To further reduce the magnitude of the source term model
development effort, another approximation must be introduced.
Historically, the additional approximation 1is to group the.
elements into chemically similar categories and explicitly treat
only one element from each category in the source term model.
This is exactly the type of approximation used in the Reactor
- Safety Study [1]. Seven chemical categories were defined as
listed below:

1. Noble Gases: : Xe, Kr
2. Halogens: _ 1, Br
3. Alkali metals: Cs, Rb
4. Alkaline earths: Sr, Ba



5. Tellurium group: Te, Se, Sb

6. Transitional metal group: Ru, Mo, Pd, Rh, Tc

7. Lanthanides: La, Nd, Eu, Y, Ce, Pr,
Pm, Sm, Np. Pu, Zr, Nb,
U, Th

c

The underlined element in each of the above groups was taken. to
be the representative of that group. It was this representative
element that was actually treated in the Reactor Safety Study
source term model. The behaviors of other elements were assumed
to be similar to that of the group representative.

All chemical categorizations of the elements require some
subjective :discrimination between the similarities and differ-
ences in the chemistries of the elements. The chemistries of all
elements are indeed different. The differences can be amplified
or muted depending on the chemical environment and the process
of interest. '

Consider, as an example of the difficulties of chemical
categorization of the elements, the noble gases. The very, very
weak chemical interactions of Xe and Kr leads nearly all analysts
to group these elements and treat them as one species. Certainly
for the purposes of estimating the behavior of noble gases at
very high temperatures this is an acceptable approximation. Were
the attentions switched to the consideration of filtered vents
with activated charcoal trapping of the noble gases, grouping of
the noble gases Xe and Kr would not be acceptable. Xenon will

absorb efficiently on activated charcoal even at surprisingly

high temperatures. Krypton, on the other hand, absorbs on char-
coal only at low temperatures that would be difficult to maintain
in an environment expected- to develop during ‘a severe reactor
accident. . Most schemes for filtered venting with noble gas
trapping are found wanting because of the chemical differences
between krypton and xenon which in other contexts are negligible.

It is apparent then that any categorization of the elements
will be specific to a given process and will reflect only some
subset of the properties of the elements. As a broader base of
information and analysis develops, it will not be surprising if

"exceptions are found or paradoxes develop from the categoriza-

tions.

The groupings for the noble gases, halogens, and alkali
metals developed for the Reactor Safety Study are defensible.
As noted above, grouping of the noble gases can fail for situa-
tions radically different than the high temperature environments
usually of interest in source term modeling. Chemical bonding



of bromine and iodine are somewhat different but these differ-
ences are usually manifest at only low temperatures or in an
agueous medium. Grouping of the alkali metals is particularly
acceptable. Even in sophisticated chemical studies Cs and Rb are
considered to have nearly identical chemistries.

Difficulties with the Reactor Safety Study categorization
begin to appear in the alkaline earth group. Barium and stron-
tium have qualitatively similar chemistries. But, in quantita-
tive features they are somewhat different. Barium is more eas