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ABSTRACT

Fission product source terms for loss-of-coolant and core
meltdown accidents in light water reactors are reviewed. The
results presented in the Reactor Safety Study are summarized,
and modifications of these results, due to more recent
experimental studies, are described.
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INTRODUCTION

It is axiomatic that the severity of a nuclear reactor accident
is determined by the extent of radioactivity release which results.
The main focus of site safety analyses is thus on fission product
release and transport. Such analyses generally proceed by dividing
the nuclear complex into a series of regions, or compartments, whose
boundaries are usually defined by physical barriers, and then
determining theoretically the behavior of the fission products within
these regions subject to the chemical and thermalhydraulic conditions
which are assumed to prevail. Such considerations can be reduced to
the description of three processes: (1) the introduction of fission
product species into a particular region (the "source terms" for that
region); (2) attenuation mechanisms which modify the source terms in
the compartment; and (3) transport across the barrier between this and
the next adjacent compartment (the source terms for the adjacent
region).

It is thus clear that the expression "source terms" has many
possible meanings. In this review we apply the term to those quantities
of fission products which escape from the fuel-cladding region and
enter the primary coolant circuit.

This application is perhaps the most simple to describe; even so,
it turns out to be an extremely complex function of the time/temperature
history of the fuel-cladding system during an accident, as many
mechanisms for release are involved. Depending upon the particular
fission product species, these release mechanisms range from simple
gaseous expansion processes at low temperatures to evaporation-
condensation processes (aerosol formation) over molten fuel. Because
of these complexities, it is convenient to subdivide the time/temperature
sequence of an accident into more or less discrete phases over xjhich
specific release mechanisms dominate.

Four such phases were defined for a core meltdown accident in the
Reactor Safety Study [1]. These are the periods of (1) gap release,
(2) meltdown release, (3) vaporization release, and (4) oxidation
release. The lattermost period involves exposure of the irradiated fuel
to air; although some of the experimental data which we summarize in
this report can provide further clarification of the processes involved
in this phase, we dismiss it from further consideration.

The approach employed in the Reactor Safety Study for the
specification of the fission product source terms simplifies the problem
considerably, even though some loss of uniformity results. In addition,
the methodology applies equally well to boiling water reactors (BWR) and
pressurized water reactors (PWR) , except that the duration of each phase
varies both with regard to reactor type and accident sequence.



"FISSION PRODUCT SPECIES

In principle, reactor safety analyses require source terms for
each of the radiotoxic or otherwise significant species which are
potentially releasable into the biosphere. Fortunately, however, it is
possible to combine these species into groups having similar chemical
behavior. Although differences in behavior and transport characteristics
within the groups do exist, due to differences in mass, molecular size,
and especially the decay characteristics of their precursors, such factor*-
ordinarily give rise only to second order effects for the long-lived
isotopes. Precursor half-life may have a significant effect on the
behavior of short-lived species, but this aspect will not be considered
further. Indeed, we henceforth confine our considerations in a strict
sense to long-lived fission products; the extension to short-lived species
is generally straightforward, but is an unnecessary complication for
purposes of this review.

It is customary to group the fission products, as shown in Table I,
[1,2] where the various classes are listed in approximately decreasing
order of volatility. Note also that in several important cases the
chemical form of a particular species may undergo change as the fission
product is released into a new chemical environment. Fission product
iodine is an especially good example. This fission product is released
from a defected fuel rod as Csl, and would thus enter liquid water coolant
as iodide ion. In an oxidizing atmosphere, iodide can be oxidized to
molecular iodine, and this species, in turn, can react to some degree
with organic materials to yield organic iodides. In this manner fission
product iodine can have decidedly different characteristics in the various
regions of the reactor-biosphere system.

FISSION PRODUCT SOURCE TERMS

In this section we first summarize the approach and results which
were utilized in the Reactor Safety Study [1] and then indicate how
these have been modified as the result of more recent studies.

The Reactor Safety Study

As indicated previously, the approach employed in the Reactor Safety
Study involved the subdivision of a "generic" core meltdown accident
sequence into a series of phases, each being characterized by a dominant
mode of fission product release. The first of these, which spans the
approximate temperature range 700-2000°C, involves the release of fission
products that are located in and on the surfaces of the interconnected
voids within the fuel rod. These quantities of the fission products are
designated as the "gap inventories."



Gap Inventories

The gap inventories are developed during the course of irradiation
by two processes: (1) direct introduction by knockout or recoil from
fission events near the fuel surfaces, and (2) by diffusion from within
the U02 matrix. Considerable study has been made of the manner in which
the gap inventories of the noble gases within a fuel rod change with
power history, since this can have a significant effect on the thermal
characteristics of the rod. As a consequence, several computer codes
have been developed to predict gap inventories of the noble gases [1,3-5]
and a standard model for fission gas release is currently being
formulated [6].

Considerations of fission products other than the noble gases are
less detailed; in the Reactor Safety Study, distinctions between the
noble gases and the remaining fission products, in terms of mechanisms
for transport through the UO2 matrix, were largely ignored. Thus varia-
tions in gap inventories among the various fission products were indicated
to be due solely to differences in the diffusion coefficients characteristic
of the transport process. (Since the corresponding diffusion coefficient
values were generally derived from release experiments, differences in
transport mechanisms were partially taken into account in an indirect
manner.)

Gap inventory results, averaged over the entire core of a PWR prior
to a core meltdown accident, are presented in Table II. (The differences
in values between the three groups of contributors to the Reactor Safety
Study are due to variations in the input parameters and calculation
methods for both temperature profiles and fission product releases.)

Gap Release

Except for the noble gases, the gap inventories of all other fission
products are either present as a condensed phase, or as vapor in
equilibrium with a condensed phase. Hence, cladding rupture, which occurs
over the temperatu». a range from about 780 to 1100°C, will not release
these species by simple gaseous expansion as for the noble gases. Rather,
other thermodynamic and kinetic factors control their release. These
factors were taken into account in the Reactor Safety Study by designating
"escape fractions" for each fission product group. These escape
fractions, which are also presented in Table II, are arbitrarily selected
fractions of the gap inventory which are released during the gap release
interval.

Meltdown Release

This phase is initiated with the formation of molten fuel, which
probably first appears at the centers of individual pelelts, and terminates
when the molten mass just penetrates the reactor pressure vessel. Since
thermal analyses of this phase of a core meltdown accident yield only
generalized data on core temperature profiles and melt behavior, this and



the sparse data base for fission product release from molten fuel did not
justify a mechanistic approach in the Reactor Safety Study. Accordingly,
the core melt release fraction of fission product x as a function of time,
t, RCFs(t), was taken to be simply proportional to the fraction of core
that was molten in that time period, FCM(t), whence

RCFx(t) = [RFx][FCM(t)j, (1)

where the constants of proportionality, RFx, are the fission product release
fractions. Values of these fractions are presented in Table III [1].
These results were largely developed on intuitive arguments which were
based, in turn, on thermodynamics considerations and observations of release
characteristics that were made on a very small number of experiments.
Accordingly, uncertainties in the release fraction values were indicated
by likely ranges of these values; these ranges are likewise presented in
Table III.

Vaporization Release

After the molten mass has penetrated the pressure vessel, it falls
into the reactor cavity. Vaporization release which occurs during this
period is augmented by the sparging action of gaseous products that result
from decomposition of the concrete. This sparging action, which is assumed
to provide the dominant mode of release, is assumed to decrease exponentially
with time, so that the vaporization loss fraction VLFx(t) for fission
product x at time t of this phase of the core meltdown is given by [1]

VLFx(t) = (VLFx)T [1 - exp (-0.693 t/x)], (2)

in which (VLFx)'j is the limiting value of the vaporization loss fraction
and T is characteristic release half-time. In principle, X has a
characteristic value for each fission product species; in the Reactor Safety
Study, however, x was taken to be 30 min for all species II]. In addition,
Eq. (2) was assumed to apply to the first three half-times, i.e., 90 min;
the limiting value was then assumed to be attained over the fourth half-
time interval. Values of the corresponding release limits for each of
the fission product groups is presented in Table IV [1]. Note that these
fractions, as well as those described earlier, refer to the respective
fission product inventories at the initial point of the particular release
phase.

All of the release values indicated in the previous discussion are
cited without regard to physical form. It is clear, however, that in
both the meltdown release phase and in the vaporization release phase the
molten fuel from which release occurs is at the highest temperature within
the system. As a result, many of the fission products which vaporize
from the melt are rapidly quenched, so that such releases are undoubtedly
characterized by a dense smoke. Moreover, the sparging action in the
vaporization release phase will yield a mist as well. Such smokes and



mists have two opposing effects. On the one hand, these aerosols have
a scavenging effect by virtue of their high surface area, so that
agglomeration and subsequent deposition reduce airborne fission product
concentrations. On the other hand, these mechanisms provide an additional
transport mode which is especially significant for otherwise nonvolatile
fission product species.

Recent Experimental Studies

Gap Inventories

Input data for the codes employed in the Reactor Safety Study largely
evolved from anneal tests with irradiated U02 specimens. Since then,
considerable data have been obtained concerning noble gas gap inventories
from post-irradiation examination of commercial fuel rods and specially
prepared fuel rods. These data have been used to guide the development
of more refined computer codes [3-5] than those employed in the Reactor
Safety Study. Thus far these newer codes have been restricted in
application to the noble gases, so they give no indication of gap
inventories of other fission product species.

As can be seen from comparison of the three sets of gap inventory
values which are presented in Table II, disagreement exists regarding the
relative inventories of the noble gases, halogens, and alkali metals. A
special procedure has since been developed to measure the gap'inventories
of these species directly [7,8], Although only two such determinations
have been made thus far, the results, as presented in Table V, indicate
equal fractional inventories of the long-lived isotopes of the three
types of fission product species.

Gap Releases

The main focus of the Reactor Safety Study was on the core meltdown
accident; consequently, the treatment is deficient in accurately describing
fission product releases in reactor accidents less severe than a core
meltdown. More recent studies [9-11] have provided a more detailed
mathematical description of release over the temperature range 500-1200cC,
and additional experimental work [12, 13] has further elaborated on
release phenomena to about 1600°C.

The more recent approach describes release over the temperature
range 500-1200°C as the result of two processes, burst release and
diffusional release. Burst release, which may be regarded as virtually
instantaneous, refers to the sweeping action of the fill and fission
product gases in the fuel rod as they are vented at the time of cladding
failure. Release of the noble gases is thus by simple gaseous expansion,
but that for species which are in equilibrium with a condensed phase is
due to both thermodynamic and kinetic factors. For cesium and iodine
species, the mass of the fission product released at rod rupture, Mg, in g,
was shown to be correlated by the semi-empirically derived expression [9-il]

MR = aVB(Mo/A)V
(C/T), (3)



where V- is the volume of plenum gas vented, in cm at 0°C and system
pressure, M is the gap inventory of the fission product, in g, A is the
internal area (in cm-O associated with M , and T is the temperature in K
at the rupture location. The parameters a, a, and C are adjustable
constants which have the values indicated in Table VI. Note that Eq- (3)
is applicable over the approximate temperature range 700-1000°C, i.e.,
the range over which cladding rupture is expected to occur.

Once burst release has ceased, additional release occurs through
the partial evaporation of condensed species xvhich are located on the
interconnected void surfaces, and the subsequent diffusion of these
species to the point of clad rupture. For cesium and iodine species,
thij diffusional process could be described over the temperature range
500-1200°C by the semi-empirical expression [9-11]

c o ] , (4)

wehre Mn is the mass of fission product released by diffusion (in g)
over the time interval t (in h), and RQ is the initial rate of release,
in g/h, which is given by

Ro = (W/P)(Mo/A)
a(e"Y/T), (5)

where W is the width of the radial gap through which diffusion occurs,
in ctTj P is the system pressure, in MPa, and the parameters 6, a, and y
have the values indicated in Table VI.

A comparison of release values for cesium and iodine species as
calculated from Eqs. (3)-(5) with corresponding experimental results is
presented graphically in Fig. 1. Excellent agreement (within a factor
of three) exists over six orders of magnitude in terms of mass released.
It should be noted, however, that Eqs. (3)-(5) have been developed for
application over relatively short time intervals, for which only a small
fraction of the gap inventory is released.

Except for the occasional appearance of elemental antimony and
ruthenium species (the latter in tests in air rather than steam),
releases ofother fission product species were not detected in the
experiments on which the data presented in Fig. 1 are based [7]. These
same experiments also indicated the ejection of approximately 0.02% of
the UO2 fuel, as dust particles, during rod rupture. Analysis clearly
indicated the particles to be irradiated UO2, and although particles
ranging about 10 ym and between 140-210 ym could be identified, it was
not possible to determine a detailed size distribution [7].

The experimental studies of fission product release from irradiated
commercial fuel over the temperatux-e range 1200-1600°C have yet to yield
a mathematical model for a description of the release behavior, but an
additional release mechanism was observed. A manifestation of the new
mechanism is shown by the data presented in Fig. 2. In this figure are
plotted the amounts of krypton, iodine, and cesium that were observed
to be. released (or were calculated to be released) by diffusion alone over



a ten-min period as a function of temperature. The sharp increase
around 1350cC is believed to result from the coalescence of blind voids,
or bubbles, which supplies both additional inventories and transport
paths for release. Such a mechanism is in principle taken into account
in the more recent computer codes that have been developed for noble
gas releases [4]» but an attempt to describe the experimental results with
the computation program has not yet been made.

Above 1200°C, diffusional release from the matrix also begins to be
a significant release mechanism, but this too should be within the
capabilities of extant computer codes.

Meltdown Release

As the fuel, and consequently the core structural members, undergo
meltdown, vaporization-condensation mechanisms become the dominant release
modes. Thus much of the recent studies of release under core meltdown
conditions have been concerned principally with aerosol formation and
characterization [14-17]. As the data presented in Table VII indicate,
fission products comprise only a small fraction of the mass of material
released from the molten composite.

Most of the recent core meltdown experiments have utilized simulated
irradiated fuel containing appropriate quantities of structural materials
(Corium A)[19] and have been performed in an air atmosphere. Rates of
release of selected fission product species are presented as a function
of temperature in Figs. 3 and 4; corresponding releases of the structural
materials are listed in Table VIII [17].

Two significant results of these experiments [14-17] have been the
observed dependence of fission product release on pressure, and the
observation that the most probable size of the aerosol particles which
were formed in air at temperatures in the range 1800-2700°C is less than
0.5 yen. The studies also suggest a possible distribution of the fission
products among particle size; species of lower volatility appear to be
concentrated in larger-sized particles, whereas higher concentrations of
the more volatile species are observed on the smaller-sized particles.

Vaporization Release

Recent studies to further clarify vaporization release have thus far
been concerned primarily with the core-concrete interactions which serve
as the driving forces for radioactivity release. These interactions are
violent; tests with 200 kg of molten steel and corium on concrete indicate
the formation of a dense, brown aerosol which is accompanied by splashing,
flames, and rapid gas evolution [20,21], The size distribution of the
aerosol was found to be multimodal, with mean particle diameters within
the range 1-3 \im [22].



CONCLUDING REMARKS

The considerations of fission product source terms in the Reactor
Safety Study represent the first serious attempt to develop these source
terms in a realistic and unified manner. However, the data base under-
lying these considerations was sparse, and the study served to highlight
this deficiency. As a result, new reactor safety research programs
were initiated in several countries, the most notable programs being
those in France, Germany, Japan, and the United States.

Though considerable progress has been made to supplement the fission
product release data base, and these data have guided theoretical
approaches, many areas of uncertainty remain. In the preceding, we have
indicated how the more recent studies have served to clarify release
mechanisms which were considered in the Reactor Safety Study. At this
point we wish to indicate briefly where the treatments remain deficient.

Computational programs that have been developed to account for noble
gas behavior in irradiated fuel rods have been shown to yield reasonable
agreement [23] with experiments which were designed specifically to
characterize noble gas releases [24]. In principle, rahter accurate
estimates of noble gas gap inventories appear to be possible. However,
except for but two measurements of gap inventories of cesium and iodine,
studies of gap inventories of species other than the noble gases are largely
nonexistant.

Releases of long-lived cesium and iodine species are perhaps addquately
characterized up to 1200°C; from 1200°C to melting, however, both the
data base and the theoretical treatments are lacking. Moreover, the
experiments that have been conducted over the temperature range 700-1600°C
indicate a release of noble gas fission products beyond the gap
inventories [7,8,13]. The computational programs for noble gas behavior
should focus on these results, as well as the results of studies of noble
gas releases during rapid transients [25], both for purposes of code
validation and code refinement.

Much of the work to date has concentrated on long-lived isotopes.
Additional theoretical studies are necessary to extend the treatments to
short-lived species, and to aid in the analysis of in-pile data that are
presently being obtained in such facilities as BOUFFON in France [26],
JMTR OWL-1 in Japan [27], and PBF in the United States [28].

The studies of fission product and structural materials release
from the molten state, which have involved experiments in air, need to
be extended to include steam atmospheres. Lastly, the investigations of
core-concrete interactions, which have concentrated on the ablation
characteristics of the concrete, need now focus on fission product
release phenomena.
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Table I. Characteristics of Important Fission Product Elements

Group Element Probable Dominant Form Released

Noble Gases

Halogens

Alkali Metals

Tellurium

Alkaline Earths

Noble Metals

Refractory Oxides

Kr

Br

Rb

Te

Sr

Mo
Pd

Y,
Ce;

Pu.

, Xe

, I

, Cs

, Se,

, Ba

, Tc,

Zr,

» Pr,
, etc

Sb

Ru

Nb,
Nd
•

> Sh,

La,

, Mp,

Gaseous element

Alkali metal halide or element

Element

Element

Element or oxide

Element or oxide

Oxide

Table II. Gap Inventories and Escape Fractions of Long-Lived Fission
Products

Fission Product Gap Inventory^

ANCb BCLC ORNLd

Escape
fraction

Kr, Xe

Br, I

Rb, Cs

Te, Se, Sb

Sr, Ba

Others

0.06

0.06

0.20

0.10 0.08

0.10 0.14

0.05 0.21

0.10 (estimate)

4xl0~6 0.02 0.02

1

1/3

1/3

io-3

Expressed as fraction of total inventory.

H. L. McMurry and E. F. Aber, Appendix B, Ref. 1.

R. L. Ritzman, Appendix A, Ref. 1.

G. W. Parker, Appendix C, Ref. 1.



Table III. Fission Product Release Fractions for Release from Molten Fuel

Fission Product Release Fraction Range

Noble Gases 0.9 0.5 - 1

Halogens 0.9 0.5-1

Alkali Metals 0.8 0.4 - 0.9

Tellurium Group 0.15 0.05-0.25

Alkaline Earths 0.1 0.02-0.20

Noble Metals 0.03 0.01-0.10

Refractory Oxides 0.003 0.0001 - 0.01

Table IV. Limiting Values of the Vaporization Loss
Fraction

Fission Product (VLFx)

Noble Gases 1

Halogens 1

Alkali Metals 1

Tellurium Group 1

Alkaline Earths 0.01

Noble Metals 0.05

Refractory Oxides 0.01



Table V. Measured Fission Product Gap Inventories

Fuel Rod Gap Inventory as Percent of Total Inventory
Noble gases Cs I

H. B. Robinson
PWR 0.26 0.30 0.30

Peach Bottom
BWR 13.1 12.4 12.1

Table VI. Burst and Diffusional Release Parameters for Cesium and
Iodine Species

Parameter Cesium Iodine

a, (g/cm3)-(g/cm2)~a 3.49 0.163

a 0.8 0,8

C, K"1 7.42 x 10"3 3.77 x 103

6, (g-MPa/ m-h)-(g/cm2)-a 1.90 x 103 1.22 x 102

Y, K"1 1.98 x 104 1.48 x 104



Table VII. Activity and Mass Release During Core Meltdown

Fission Products

Noble Gases

Halogens

Alkali Metals

Tellurium Group

Alkaline Earths

Noble Earths

Refractory Oxides

Structural Materials

Cd

In, Mn, Ag, Sn

Cr, Fe, Ni, Co

Zr, V

Inventory
Activity
(108 Ci)

3.4

8.2

0.2

2.2

3.7

3.7

29.3

c

c

c

c

Mass
(kg)

299

32

158

33

116

116

1252

150

2950

28,200

136,300

Release
Activity
(106 Ci)

306

734

12

32

37

37

9

d

d

d

d

Mass
(kg)

270

30

125

5

10

10

5

75

300

280

410

Calculated for a 3200 MW(t) PWR with an average burnup of 17,600
MWd/tU. Fission product activities were calculated with the ORIGEN
code [18], but isotopes with half-lives less than 1 h were ignored.

Fission product releases according to Ref. 1; structural materials
release according to Ref. 17.

CLess than 10% of total activity.

Less than 1% of activity released.



Table VTII. Release Rates for the Elements of the Cladding and
Structural Materials (from Experiments in Air, 2 bar)

T(°C)

2350

2750

0

7

Cr

.055

.69

Mn

0.96

80.5

Release
Fe

0.024

4.G1

Rates

0

2

aCo
.023

.10

per min)
Sb

1.05

29.1

0

23

Sn

.74

.4

0

0

Zr

.003

.04
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