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Executive Summary

The analyses in this study were based on quantitative
(calculated) results of seven severe accident
sequences for light water reactor (LWR) nuciear
power plants. These sequences represent a wide
range of conditions that are significant risks. Both
high- and low-pressure sequences were chosen for
three principal plant types; & single sequence was
considered for the PWR ice condenser. Each
sequence was evaluated by the Source Term Code
Package (STCP), and the thermal hydraulics has been
documented in previous NRC reports.™* The issue
that has been addressed is the chemical forms of
iodine in the reactor coolant system (RCS) and in
containment — not the uitimate disposition of these
chemical forms.

In an LWR accident sequence, fission products
released from the core will undergo changes in
temperature and concentration as they pass through
regons of the RCS. A chemical kinetic model used
20 reactions 1o determine the control volume where
an equilibrium of the iodine, cesium, hydrogen, and
steam species beo s “frozen.” This means that the
temperatures and concentrations of species in
subsequent control volumes are not sufficient 1o
reach an equilibrium in the mean residence time
available. The “frozen” equilibrium is the species
distribution entering containment. Scparate
equilibrium calculations were performed, using the
FACT system,” to obtain the distribution of iodine
species. The FACT system was chosen in this study
because it can be used by auyone who wishes to
examine the calculations and its data base contains
only assessed data.

In six of the seven calculations, iodine entering the
containment from the RCS was almost entirely in the
form of Csl; the contributions of I or HI were
<0.1% of the overall percentage of iodine.

During the second half of the Surry AB sequence,
there is a period during which temperatures in the
core region are predicted 10 be in excess of 2000 K
(3141°F) and subsequent volumes of the upper grid
plates and guide tubes are at temperatures of only
<500 K (#41°F). Under such conditions, the
equilibrium compositions in the core regior - .Id
be "frozen” by the rapid decrease in lempera. are.

For this sequence, the overall iodine distribution was
28% as 1, 0.4% as HI, with the remainder as Csl.
Thaus, a total of 3.2% as 1 olus HI was the largest
fraction of iodine in a foan other than Csl caleulated
to enter containment from the RCS in this study.

Once within the containment, Csl is expected 10
deposit onto interior surfaces and dissolve in water
pools, forming iodide (1) in solution. The
dissolution of HI and HNO, (produced by irradiation
of N, in the atmosphere) and the hydrolysis of 1,
tend to acidify films and pools of waler.

lodine behavior in containment was eve'uated during
the early stage of an accident sequence, up 10

-1200 min. If pH is controlled in containment water
pools so that it stays above 7, a reasonable value for
the fraction of I converted 10 1, is 3 x 10 This
yields a small production of volatiles for PWRs, but
virtually none for BWRs, Thus, if pH is maintained
at 7 or above, oaly a small additional amount of 1, is
indicated 10 enter the gas phase in PWR systems.

If the pH drops below 7 (assumed uncontrolled pH),
a larger fraction of aqueous I' will be converted to 1,
Evaporation oi this volatile species 0 as (0 maintain
equilibrium partitioning will result in greater
atmospheric {,, which, in turn, will yield higher
organic iodide concentrations. As expected, the
levels of airborne iodine volatiles are much higher
than in the pH-controlled case, indicating almost
complete conversion for PWRs.

The gaseous |, fraction is considerably higher in
PWRs than in BWRs because of the large water
volumes in the latter, which both lower the dose rate
and retain greater quantities of dissolved 1,

In addition, organic iodide is present (n PWRSs at
about 0.5% of core inventory; in BWRs, this value is
closer 10 0.1%. The [, generated by the radiolytic
conversion of I in containment pools dominates the
amount released directly from the RCS as [, In
addition, due 10 the equilibrium assumption, the
presence of some 1, already airborne will result in
less evaporation of I, formed radiolytically. Hence,
for the case of uncontrolied pH, the cumulative total

NUREG/CR-5732




is well represented by the equilibrium amount
formed within containment.

The production of 1, in containment will be directly
related to the pH levels of the water pools. There is
a significant difference in the amount of [, between
the vacontrolled-pH and the controlled-pH cases. A

NUREG/CR-5732

major uncertainty in fixing the production of woiatile
iodine chemical forms ir containment involves the
extent of evaporation to dryness. At a minimum, 2
10 20% of the iodine in water pools that have
evaporated would have been converted to a volatile
form, most likely as 1,
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1 Introduction

In the past 10 years, studies of iodine behavior in
containment under accident conditions have identificd
a variety of chemical and physical interactions that will
determine the forms of iodine and environments
where reactions may occur.*” In general terms, the
ability to predict iodine behavior is now more limited
by knowledge of the environment in which the iodine
is present than by deficiencies in understanding what
iodine will do in a given sct of environments. Thus,
with only & few exceptions, the prediction of chemical
form or magnitude of iodine relcased from
containment is limited by the lack of information on
the materials and environments involved in iodine
reactions in the containment, as well as by uncertainty
in the chemical forms and amourts of iodine that
enter the containment. For example, it has been
found that boric acid and borates are important in
determining the chemical forms of iodine in the RCS
and in the containment. However, the location,
amounts, and type of borate are not well defined in
severe accident sequences. A number of tests were
performed 1 examine rganic iodide formation with a
variety of materials. However, it is not known what
organic material will be present and in what form it
will exist fo- 3 given reacor plant and accident
sequence,

Some information on iodine reactions has not vet
been put into models and implemented in computer
codes. The disparity betw sen information on “cactions
and models for a computer code is best illustrated by
the effect of water radiolysis on iodire chemical forms,
Experimental data show that radiolysis can control the
chemical forms of iodine 1t water. Models were
developed 1o calculate wate: radiation dose rates and
pH in severe accident sequences. Modeling of iodine
radiolysis at a pH and dose rate in terms of individual
reaction rate constants has proven (o be extremely
difficult because it requires expressions for

(1) radiolysis of water, (2) fodine hydrolysis, and

(3) the interaction of iodine species with water
radiolysis products

In summary, uncertainties in iodine chemical forms in
containment stem principally from uncertainties in the

(1) chemical forms and amounts of iodine that enter
containment, (2) conditions and materials in which
iodine interacts, and (3) lag between obtaining data
and implementing it in computer models and codes.

Regulatory Guides 1.3* and 1.4" state the following:

(1) Fifty percent of the maximum iodine inventory of
the reactor core is released 1o the primary reactor
containment; 25% is available for leakape

(2) Of this 25%, 91% is in the form of elemental
iodine, 5% is in the form of particulate iodine,
and 4% is in the form of organic wdide.

lodine is assumed 1o enter containment in the forms
and amounts stated above with neither physical nor
chemical changes occurring in containment.  However,
present knowledge may not support this distribution of
iodine forms and the static state throughout the
duration of an accident,

It is anticipated that a more “realistic” representation
of the chemical speciation of fission product jodine
would likely have the following characteristics:

(1) an initial release of some combination of
particulate iodine (Csl) and gascous jodine (H1)
or (1), with the largest proportion being
particulates

(2) a continuous re-release of molecular iodine thal
would arise from "revolatilization” from water
repositeries and would include some small
complement of organic iodine

Table 1.1 lists the seven calculated LWR severe
accident sequences considered in this analysis; these
sequences involve a wide range of conditions that
represent significant risks. Both high- and low-
pressure sequences were chosen for three principal
plant types; a single sequence was considered for the
PWR ice condenser. Each sequence was evaluated by
the STCP and has been documented in previous NRC
reports.

NUREG/CR-5732
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Table 1.1 LWR actident sequences evaluated

Plant Reactor type Accident Accident type Docementation”

Grand Guif BWR — Mark 11! TC High pressure BMI-2104, Vol IH]
(ATWS)
TOUV Low pressure BMI-2104, Vol. I
(No makeup water)

Peach Botiom BWR — Mark ! § | o High pressure NUREG-4624, Vol |
(ATWS)

- AE Low pressure BMI-2104, Vol. 1l

{(LOCA, no ECCS)

Sequoyah PWR — ice condenser TBA Low pressure NUREG-4624, Vol. 1i

Surry PWR — large containment T™LB’ High pressure BMI-2104, Voi V
{Station blackout)
AB Low pressure BMI-2104, Vol V

(LOCA, no ECCS)
(Station blackout)

“See References 1 and 2 for complete reference Cesenption.



2 Chemical Forms of lodine Entering Containment
from the Reactor Coolant System

2.1 Background

The chemical forms of iodine in the RCS are closely
tied 10 the chemical forms of cesium. The relationsiiip
between cesium and jodine in the RCS can be
illustrated by the following reaction

Csl + H,0 = CsOH + HI (M

The reaction of cesium iodide (Csl) with steam (H,0),
as shown in Equation 1, is the reverse of an acid-base
reaction and, thus, is unlikely to proceed unless one or
both products are removed. Reactions of CsOH,
which tend 10 lower the partial pressure of CsOH,
shift the equilibrium to the right and cnhance the
formation of HL

Al temperatures in excess of 1800 K (2781°F) and at
low hydrogen pressures, iodine as I, rather than HI, is
the favored product of the reaction between Csl and

Cal~!{,0—C:OH»l+—;-R, @)

Thus, iodine chemical forms other than Csl are
favored when steam pressures are much greater than
cesium hydroxide pressures.

Fission products released from the core will undergo
changes in temperature and concentration as they pass
through regions of the RCS. A chemical kinctic
model used 20 reactions 1o determine the control
volume vhere an equilibriumi of the iodine, cesium,
hydrogen, and steam species becomes "frozen.” This
means that the iemperatures and concearations of
species in subsequent control volumes are not
sufficient to reach an equilibrium in the mean
residence time available. Separaie equilibrium
calculations were run, using the FACT system,’ to
obtain the distribution of iodine species. The FACT
system was chosen for this study because it can be
used by anyone who wishes 0 examine the

calculations and its data base contains only assessed
information.

2.2 Data Manipulation and
Calculational Techniques

221 Adaptation of Data from Source Term
Code Package

In order to evaluate the chemistry in the RCS, it is
necessary to specify the thermal-hydraulic conditions
under which reactions would occur. This has been
undertaken for each of the accident sequences in
Table 1.1 using data from the STCP calculations.
Where possible, detailed transient data were taken
from the original computer output; otherwise, values
were derived from tables or estimated from graphs in
the segquence documentation.™ A listing of all the
data used is contained in Appendix A

The chemical equilibrium is calculated in each relevant
RCS control volume for the individual sequences.

This requires a description of the thermodynamic
conditions that occur during various phases of accident
progression and a measure of the time span over
which such conditions hold.

The MARCH2" code generates a special output file
that provides input for the TRAP-MELT" code. This
file was used to identify time-varying values of tem-
perature and pressure in the RCS. Each control
volume in the RCS remains constant, and the values
used are given in Appendix A. Figure 2.1 illustrates
the temperature history of the first two control
volumes above core in the Surry TMLB' accident
sequence, where time 0 is at the start of core melting,
The figure shows phases of constant or slowly
changing behavior in addition to periods of large
swings in magnitude. Other sequences exhibit similar
patierns.

In addition to 7, P, and V, chemical equilibria are
dependent on the molar inventories n, of constituent
species H,, H,0, 1, and Cs. These inventories also
vary during ... transient and must be obtained for
each control volume. Such quantities are calculated

NUREG/CR-5732
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since they are not directly avedable from STCP results.
Mass flows of H, and H,0 and release rates of Csl and
CsOH from the core are converted into molar flows
@i =123 4 of i, HO, I, and Cs. These are
assumed 10 directly emer the first control volume
ahove the core. A simple schematic of the system of
above-core control volumes is shown in Figure 2.2.
Known data are given in nonaal type, and quantities
10 be caiculated are shown in italics. Although only
two control volumes are shown, additional ones could
be added (and were for most of the sequences in this
study); treatment would be analogous to the second
volume in the figure.

Within each control volume, temperature and pressure
are assumed 1o be uaiform spatially and constant over
computational time intervals (time intervals must be
specified small enough to make this valid). From the
ideal gas law, the total molar inventory must then also
be constant since n = PV/RT. This implies that the
molar flow (g-molss) into a control volume must equal
the molar flow out

Yo Ysa~Leoce O

Since the inlet flows g, are known (cf. Figure 2.2), the
total flow g can be easily obtained. The volumetric
flow v, from control volume | (m'/s) is, then

RT
.g —i C))
v, =8 P

and the volume fractional flow from volume j (s') is

RT
o T,
/ v " f B, (5)

Assuming well-mixed control volumes, the flow (mol’s)
of constituent i from volum? j is represented by

g, = fim, ©

where the molar inventories n, are updated at cach
time step by a simpie balance equation

Chemical Forms

old 7
"r‘”b + At (g, - &) N

Using this procedure, molar inventories were
calculated in each control volume downsiream from
the core, as were .he molar concentrations C, = n V.
As an example, Figure 2.3 shows the time variation of
principal species concentrations for the first control
volume above core in the Surry TMLB' sequence,
These concentrations, together with temperature and
pressure values, were subsequently used to estimate
the equilibrium distributions of chemical specics, as
described in Section 2.3.1. It is important o note that
the equilibrium chemistry was completely decoupled
from the mass transfer processes (i.¢., no chemical
reactions were considered in the flow calculations).

The mean residence time (s) for flow through a
control volume is simply the inverse of the fractional
flow

1 2 ®)

Figure 2.4 shows this quantity for each of the two
control volumes above core in the Surry TMLB'
sequence. As described in Section 2.3.1, a mean
residence time >1 s is usually sufficient to atlain
equilibrium for regions with a sufficiently high
temperature. The mean residence time is greater than
1 s for both volumes, although control volume ;
approaches this limit briefly at about 30 min.

The simplicity of this method introduces some
uncertainty into the results. However, this uncertainty
is generally far less than that due to the input data
itself. The time steps were chosen small enough 10
reduce calculational error 1o relative insignificance
when compared with other sources of error; hence,
the chemical reactions may have a slight effect on
pressure and temperature, but this is not expected 10
be significant in altering the inventory and flow
patterns. Thus, the results provide a reasonable
picture of the chemical thermodynamic conditioas in
each control volume &s the transients progress.
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Figure 22 Flow chart of KCS control volumes and variables. Normal type = known data from STCP
cakculations; italics = quantities 10 be cakculated
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2.3  lodine-Cesium-Steam-Hydrogen
Reactions

2.3.1 Sample Calculations

Kinetic and equilibrium calculations were carried out
at frequent intervals during the seven accident
sequences. The use of these procedures can be
illustrated with the Grand Gulf TQUV sequence at
8780 5. Temperatures of the control volumes are
shown in Table 2.1, Kinetic calculations, using the

| FACSIMILF" code, indicated that the equilibrium was

| not attained in the upper annulus at 907 K (1173°F).

| However, equilibrium was rapidly attained in the
higher-temperature regions.  The results of the
equilibrium calculations are given in Table 2.1. In the

iy s bl i e e e b e e L e e e S

Chemical Forms

core region, some | and HI were indicated along with
Csl. The predominance of 1| over HI here is the resuli
of reaction 2 being dominant over reaction 1 at the
relat*vely high temperature of this region. Very little |
or K1 was indicated in the stcam separator volume,
and essentially only Csl was present in the stcam
dryers. In this example, the equilibrium was “frozen”
at 1180 K (1665°F) in the sicam dryer volume
hecause this is the lowest temperature where
equilibrium could be attained. If the equilibrium had
*frozen” in the core region by quenching from its high
temperature without changing composition, then the
distribution of iodine species would have been
different (see Table 2.1). Calculational techniques used
in the seven accident sequences are discussed in
Appendix B.

Table 2.1 FACT system output of Grand Gulf TQUV example at 8780 s

Control volumes Percent Percent Percent Temperature
Gl 1 Hl (K) (°F)
| Core region 91.0 T 1.5 2047 3225
Steam separators 99.96 0.01 0.03 1398 2057
Steam dryers ~100.0 <0.01 <0.01 1180 1663
Upper annulus Not at equilibrium €0/ 1173

2.3.2 Owerall Results of Calculations

In six of seven calculations, the iodine was almost
, entirely in the form of Csl; the contribution of [ or Hi
| was <(1.1% of the overall percentage of iodine.

| During the second half of the Surry AB sequence,

| there is a period during which temperatures in the

| core region are in excess of 2000 K (3141°F) and

f subsequent volumes of the upper grid plates and guide

‘ tubes are at temperatures of only -500 K (441°F).
Because of this, equilibrium compositions in the core

[ region would be “frozen” in by the rapid decrease in

|

|

temperature.  For this sequence, the overall odine
distribution v 15 2.8% as [ and 0.4% as HI, with the
remainder as Csl. Thus, a total of 3.2% as | plus HI
was the largest fraction of iodine in a form other than
Cs! in this study,

These calculations considered only reactions involving
cesium, iodine, hydrogen, and species, as shown in
Appendix B, but covered a wide range of
temperatures, kydrogen concentrations, steam
concentradons, and fission product concentrations.
However, deposition on surfaces and reactions with
surfaces were not included in these calculations. Very
few specific experimental data about surface
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Table 2.2 Simulsted core melt tests conducted in the ORNL | kg fucility
(Bork acid addition o water injected bolow the bundic)

Boron collecied as 1,0,
Heating sip Total boron geesent’ (g) Fllier (%) Wash (%)
A (1600°C) 0.034 10.37 0.0
B (1800°C) 0,088 55 0.68
C (2400°C) 0.142 0.024 0008

“As baric ackd in waler used for steam gonerstion

atiributed 10 increased L activity of the boron oxide
with the hot fue! and ¢\ad oxides.

The composition of the 10-kg fuel bundle is shown in
Table 2.5, Note that in this 1ost, Cs] was added 10 12
of the 60 simulant fuel 1ods in a limited region near

the bundle centeriine. Excess cesium was not added.

The 10-., test was conducted al a bundle centerline
temperature umit of 1'd 1 C, which was reached in
=30 min and maintained for an additional 30 min.
During this time, 365 mL of boric acid solution
containing 3.83 g of H,BO, was adde” 10 the sicam
generaior porous media below the £ | bundie.
Hydrogen release measured 326 L, which would be
equivalent 10 72% conversion of the water and -M%
reaction of the Zircaloy in the bundle.

Anaiviical results from X-ray diffraction showed that
white solids observed piated out on the quartz
chimney were nearly pure Csl with no detectatie B,O,
Chemical analysis of the washings from the system
indicated that nearly half of the Csl had vaporized and
that no boron-containing materials were present. This
complete failure 1) find any B,O, downstream of the
bundie was scriewhat unexpected sinee the 1-kg test
had re<ulied in some penet:ation of boron oxide. It s
like's hat the extra length of the 10-kg system
prevented penctration by the reaction of B,O, with
2x0, A sample analysis of a white oxide (8 thin ring
of mixed ZrO, and B,0,) in & very highly refractory
soiid solutior on the oxidized clad surface was
estimated 10 account for about one-third of the tolal
boron added. The remainder of the boron oxide

appeared 10 be associated with the porous ZrO, sieam
generator base at (he bottom of the bundle. A test
scrubber that had been operated continvously on &
diverted part of the hydrogen/steam flow showud no
evidenuy of volatile (nonparticulate) iodine,

Similar results were subsequently obtained in a test
with silver vaporized in a 10-kg bundle containing Ag-
In-Cd alloy control rod simulants, In the latter case,
cadmium vapor was observed downstream, bul ‘he
silver did not penetrate out of the bundle—presumably
because of interactions with Zircaloy.

Based on these results, it is highly likely that boric
acid covaporized from residual water below the core in
severe accidents will be tied wp by the Zircaloy in the
lower regions of the core and will not be available
airborne 1o affect the chemical form of the released
iodine.

2.5  Revaporization of Csl from RCS
Surfaces

2.5.1 Description of Revaporization Process

During an accident sequence, Cs1 may cos.dense on
RCS surfaces. If the temperatur increases later in
the sequence, the Cs] may revap. (ize into & gas with
very little cesium hydroxide. The revaporization of
Csl can bo oxpressed as
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Table 23 Composition of 10-kg fucl bundie

fem Weigt'
®) o ek
W™ — Zircaloy tubes 21810

120 « Zircaloy end caps S01.6

3 = Stainless steel grids 3420

1 = Inconel grid 120

4 Stainless steel supports and screws 58.5

2 - Stainless steel lifts and screws 90
VO, pellets (N.W,) 74640
(EW,) 67399
L0, powder (NW) 12019
(E.Y7) 10595

S1C0, A0

BaCO, 4.05

La,0, 228

Ev,0, 021

$m,0, 1.12

CeO, 487

Mo 4.70

Te 0.82

Ru 516

s (.85

'NW. = net weight; EW. = uranium element weight
“Tweive of these tubes had three horizontal slits each, 0010 in wide x 1 in. long, and 120°apart in their midsection
sl mixed with 300 g U0, rare carths, and metal powders was sdded 10 the ~1-in. section of the 12 tabes
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3 lodine Behavior in Containment

31 Ca tion of lodine
Behavior in Terms of Time
Intervals During an Accident
Segaence

Based on TRENDS maodels, calculations of idine
behavior for NUREG 0956, and information from
large-vessel tests™ " as well as from the accident at
TMI-2, the lodine behavior may be separated, by time,
into three catogories: (1) from initial release into
containment up 1o 1000 10 1200 min following
initiation of the accident, (2) from 1000 to 1200 min
10 2 10 3 weeks, and (3) for times greater than

=3 woeks,

. In this time intenval, the
uncertainty in th2 amount and chemical forms that
enter containment is most important. T ¥, per time
limit for this catogory s the tUme when ki ne
acrosol concentrations have been substantially reduced
from their peak values. The source term calculations
in previous reports'’ stopped in the range of 1000 10
1200 min.

All of the chemical and physical interactions of Hl are
expected 10 occur during this time interva'  Evonts
leading 1o the formation of 1, by radiolysis would also
occur in this interval and the next time interval as
well. Thus, during this period, all material of
importance 1o fodine reactions Is expected 10 deposit
in water pools or onto surfaces, all gaseous iodine-
acrosol interactions are expected 1o take place, and all
HI effects, except for those related to pH, are expectod
10 0cur,

Category 2. lodine Behavior. In this time interval,
vapor-phase iodine will consist of 1, produced by
radiolysis and partitioned between aqueous solution
and the gas, as well as organic iodide. lodine will ulso
be found in aqueous solution in forms that are
determined both by radiolysis and - pH and
deposited on structural surfaces. In this time interval,
the chemical forms of jodine should not be closely
related to the chemical forms that entered
containment from the RCS because the iodine would

15

have interacted with @ surface and/r dissolved in
water,

Category 3 loding Behavior. At long times aficr &
severe accident, gas-phase lodine is expecied 10 he

dominated by organic lodide with a small contribution
from 1, Approximately 15 months following the
sccident at TMI-2, the concentration of ™1 in
containment gas was 3.3 « 107 4 89 « 10" mol 11"
Methyl fodide is an "ubiquitous” halocarbon that is
present in the atmosphere at concentrations which
vary somewhat with distance from the ocean. Ina
study of eight locations in the United States, the
overall mean concentration was <2 « 107 mol
CH,L™ Thus, the long-term organic fodide
concentration in containment will probably be on the
order of 107 mol VL. lodine behavior and
distribution, in the long term, are expected 10 have
little relationship 1o the chemical forms or amounts
released into containment hecause the lodine would
have had time 10 deposit on surfaces Of in water pools
and the environmental conditions in containment
would prevail in determining the chemical forms.

32 Im of pH in
Determining the Chemical Forms
of lodine in Water Pools

2.2.1 Materials That Determine phl in
Accident Sequences

Results of vanous experiments have shown that
solution pH is the major factor in determining the
amount of |, and organic iodide formation in
solution.* Materials that can determine pH in
containment water pools are given in Table 3.1 This
list includes both acidic and basic materials. in
situations in which no chemical additi.es are present
10 control pH, the amounts of HI, cesium borate or
hydroxide, and boron oxides reaching a sump will
initially determine pH. In some sequences, the core-
concrete interaction would produce acrosols that
contain the basic oxides K,0, Na,O, and Ca0), The
influence of these oxides on pH will depend on the
amount tha! has entered the water pool, the initial pH
and buffering capacity of the solution, the quantity of
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Table 3.1 Materials that affect pil in cortainment water pools

. Boron oxides (acidic)

. Basic fission product compounds such as cosium hydroxide or cesium borates (hasic)

- lodine as HI (acidic)

. pH additives (basic)

“ Atmosphoric species such as carbon dioxide of nitric scid (ncidic)

. Core-concrete aerosols (basic)

. Pyrolysis and radiolys. products from organic materials (acidic)

water, and the extent of dissolution of the aerosol
material. One of the TRENDS models calculates the
PH in water pools.

322 Nitric Acid Formation and pH Control

Water that is exposed 1o air absorbs CO, 10 form
carbonic acid, which lowers pH. The pH of water
approaches a limiting value of -5.65 due 10 this
process. In addition, nitric acid can be produced by
the irradiation of water and air. Table 3.2 shows the
relationship between the formation of nitrate ions and
hydrogen lons from the irradiation of an air-weer
system. Table 3.3 shows the decrease in pH o, an
irradiated solution that contained trisodium phosphate
with an initial pH of ©.0. During the irradiation, nitric
roid and atmospheric CO, desreased the pH as shown.
Phosphate solutions have their maximum pH buffer
Capacity at @ pH near 7. This buffer capacity is
refiected here in the length of time that the pH
remained near 6.5, Once the buffer capacity was
exceeded, the pH continually decreased.

Because of CO, and nutric acid, the pH is a0t likely 10
remain at some preadjusted value. A buffer sysiem (o
retard changes from the desired pH is expected to
provide a more stable pH level,

NUREG/ACR-5732

Two different buffer systems could be used in
containment water pools: a phosphate buffer and a
horate buffer. The phosphate butfer has & maximum
capacity near pH 7, while the borate buffer ho - its
maximum capacity ncar pH 9. Buffer capacity is ofien
evaluated in terms of its buffer value B, which is
defined by

’..;‘..é_.

dpH

waere db is an increment of strong base in mol/L.
With the addition of strong acids, a negative
increment b is used. Bates” has shown that the
relatic nship between the maximum buffer value, B,
and concentration of a buffer, C, can be written as:

By, = 0576 C

Thus, a given concentration ¢f phosphate would have
the same bulfer value at a pH near 7 that the same
concentration of borate would have at a pH near 9.
The selection of the buffer system is importans in
determining the pH to be maintained. From a strictly
chemical standpoint, sclecting a borate for the buffer
10 maintain a pH near 9 is just as simple as selecting &
phosphate 10 maintain a pH near 7.
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Table 3.2 Concentrations of H' and NO, in witer due 10 irradiation’

Irradiation time (LN INO, |
(h) from pH from won cloctrode
£ 32 x 10 6.5 » 10°
12 63 x 10" 6.7 » 10°
2 1.0 % 104 1.0 = 10*
65 25 » 10° 1.8 » 10*
114 50 = 107 4.0 x 107

e A e st s et e —— ——

on pH in trisodium phosphale solution
Time

(®) pH

0 9.0

4 6.4

7 6.5

23 6.5

41 47
63 39

‘Dese rate. 053 Mradh.

Recently, a patent was issued for a method of pH
control and gettering of iodine species which employs
well-dispersed silver carbonate.™

3.3 Processes That Alter the
Chemical Forms of Todinez in
Containment

3.3.1 Radiolysis

3301 Desription of Calculated Model

In the presence of radintion, the equilibrium formation
of 1, from | is strongly dependent on pH and weakly
on wemperiature and concentration. lgnoring the last
two effects,” this dependence can be wrillen as

FlpH) = equilibrizm fraction = . (18)
M)+l

where [x] is the coneentration of 1, or T (g-atom/L).
Data from Lin,® as shown in Figure 3.1, illustrate this
effoct for several initial concentrations and pH values
using solutions thut were at ambient temperature and
had been frradiated for 1 h at 4.5 MradMh. The final
pH values were not indicated but probably decreased
slightly since no ment on is made of buffering in the
experiment. The valuss of pH . uay not be quanti-
tatively useful since the very small vonversion fractions
are prohably incorrect due 10 measurement error. As
seen in Figure A1, F is near 0 for pH »7 and near |
for pH <2 but experiences u drastic change in the
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Figure 3.1 Radiolytic conversion of | 10 1, [data from C. C. Lin, /. Inorg Nucl Chem. 42, 1101 (1980)]
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range 3 < pH < 4. As discussed in Appendix C, this
can be effectivcly nasdelod by the functional form

Fofl «et®™ 9 (19)

Equation *9 was it 1o Lin's data by minimizing the
sum of least-squares residuals, which yields

a=1"2 p=-608 (20)

Similar data are given by Narfiami et ™ for

$ s pH s 9. They subjected borated | solutions of
107, 107, and 10* mol/L 10 much lower dose rates
(“Co gamma rays of 0.1 Mrad/h) for 1 h. The model
of Equations 19 and 20 gives a good match 1o these
data for concentrations of 10° mol/, although the
model overestimates conversion for the lower
concentrations.

If the pH is maintained sulficiently high through
buffering or addition of sufficient hasic material, very
little conversion will occur. In this case. most iodine
remains dissolved as 1. Lin's data generally indicate
< 1% conversion at pH = 7. This value declines as
the total iodine concentration decreases. The data of
Naritomi show a conversion of 0.2% for 1odide
congentrations of 107 mol/L and 0.01% at lower
conceatrations. Data measured for this study indicate
that for a dose rate of 035 Mrad/h, an iodine
concentration of 10* mol/L conversion was 0.003%
afier 4 h irradiation and 0.03% aher 24 h. The last
value, 0,037, has been used in the present work.

If the pH level is not deliberately controlied, it may
decrease sufficiently to allow considerable conversion
of I 10 1, The primary mechanism is radiolytic
generation of nitric acid | .¢ Scction 3.2.2). If the pH
s neutral inftially, then this effect soon dominates,
resulting in

[H*]  10* g(HNO,) fu (21
VL~¢

where

[H'] = concentration of H* (moll),

19

Jodine Behavior

rate of HNO, production

due 10 irradiation (molecules/ 10 ¢v),
total energy deposition due to fission
product decay (MeV),

volume of water (L),

. 6.022 x 107 (moleculos/mol).

z%
L B

The data in Table A2 indicate that gt M C (86°F)

#HNO,) « 0007 molecules/100 ev  (22)

This relationship is based on radiation absorption by
the aqueous phase. The actual mechanism for the
formation of nitric acid is not known. It may ocour in
the aqueous phase, in the gas phase, or at the gas
surface interface. The containment water volume, V.
is usually constent over the period during and
subsequent 1o significant fission product releases,

The energy deposition over a time A7 1s

By, =B 010 Y my (23)
where
At = lime (h),
E, = total energy deposition rate (MeVi),
m, = mass of nuclide group j in pool (g),
¢ = energy deposition rate per unit mass of

nuclide group ; (MeVig).

Various groupings of fission products and sciinides
have been considered in past safety studies. A
grouping compatible with that used in STCP accident
studics was selected for this study (see Table 3.4). The
specific energy depos.tion rate ¢ for cach group
depends on the relative distribution of radioactive
nuchides, which, in turn, depends on such factors as
fuel enrichment, power history, and additives or other
materials in the fuel or reactor.

A detailed analysis of Browns Ferry (a large BWK
with Mark | containment) accident sequences has heen
performed by ORNL staff members, Using the
ORIGEN2 code,” nuclide inventories were Cetermined
for the highest and lowest power of cach type of fuel
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Table 3.4 Nuclide groupings and group specific encrgy deposition rates

Growp Encrgy deposition rate,
index, Charsctenistic . x 10"

) clement Included nuclides (MeVrkg)

1 | I, Br 425.0

p Cs Cs, Rb 397

3 Te Te, Se, Sb 20.06

4 Sr St 11.28

5 Ba Ba K XX

6 Ru Ru, T¢, Rh, Mo, Pd 6613

7 Ce Ce, Pu, Np 1.540

8 La La, Am, Cm, Y, Pr, Nd, Pm, Sm, 2546

Fu, Z1,' Nb

9 Xe Xe, Kr 2.902

“Includes anly fission products

assembly in the cycle 6 fuel loading. Nuclide
inventories for every assembly in the reactor were then
determined by interpolation based on power history,
using the high and low cases for that assembly type
These inventories were subsequently combined 10
obtain a total core inventory for every fission product
nuclide of significance either in mass or decay energy
at 5 h after shutdown. Assuming all decay energy is
absorbed, the total inventories were used with decay
energy data for each nuclide 10 obtain energy
deposition rates ¢ for cach fission product group,
which are also shown in Table 3.4. Complete details
of this caleulation can be found in Reference 26.

The group energy deposition rates for the Browns
Ferry BWR are applied 10 all sequences considered in
the present s'udy. This is a very legitinwte assumption
for the Peach Bottom plant, which is also 8 BWR.
Mark | nearly identical 10 Browns Ferry in size and
design, A similar assumption is also made for Grand
Gulf, also a BWR. These assumptions are analogous
10 those made in previous reports™ using ORNL
calculations for the Browns Forry cycle 4 'oading.
While PWRs have many characteristics different from
BWRs, the fission process results in the same
distribution of fission products. Aithough the final
distribution is somewhat affected by geometry and
additives, the group energy deposition rates are

NUREG/ACR-5732

assumed 1o be sufficiently similar 10 BWR values (0
permit use of the values in Table 34 for Sequoyah and
Surry sequences.

3312 Mass Manipulations

The group masses m, are obtained by multiplying the
total core inventory m, by the estimated fractional
release into containment

m o= fom (29)

Tital core inventories for the plants are those
identified in previous reports'? and are given in
Appendix D, Various estimates of the fractionsl
releases /) can be obtained from Nourbakhsh ™ He has
compiled results from many STCP accident
calculations (including ihose mention2d in this study)
and has stated bounding estimates for the fractions of
core inventory released into containment due 10 the
following effects:

(1) release from RCS prior 10 vessel failure

(2) release at vessel breach

(3)  ex-vessel release due primarily 10 core-concrete
interactions
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(4) late revolatilization from (he RCS,

Categories 1, 2, and 4 can be combined 10 yield a 1otal
release into the containment from the primary system.
The release fractions adopied from Nourbakhsh and
used in this study are shown :n Table D.2 of

Appendix D.

Finally, 4 in EQuation .3 is the time needed (o reach
the approximate sieady state, In general, the first

of an accident can be considered 10 reach sieady
stete in 10 10 15 h (see Section 3.1}, and this is the
time range considered for 41 The pH can be
calculated from

P" . 'lolu [H*] = <In [H')In 10

and the fractional conversion in Equation 18 then
takes the form

T Wl ll 888 .00 ({t‘m}‘ (25)

Thus, whee pH is not controlled, fractional conversion
is directly dependent on the liguid volume ¥V, in which
radiolysis occurs; the energy deposition £, which
itsell depends on the amounts of radioactive species in
water; and the time At allowed for Jhe radiolysis
process 0 rewch steady-state conditions.

3313 GasLiqud Partitioning

The equilibrium distribution of a single volatile
species, such as 1, i represented by the partition
coefficient

P - _"’-f_'i)h (26)

This quantity is inversely related to the Henry's Law
constant K (Le., P = 1/K) and should not be confused
with the overall iodine paruion coefficients often used
in reactor safety studies. Partition coefficients for 1,
were calculated from

lodine Behavior

log,, P = 629 - 00149 T (27)
K

This remmmmg gives the experimental value reported
by Eguchi et al.* and by Sanemasa et al™ a1 298 K
(77°F). Extrapolation of the experimental resulis of
these investigators 10 373 K (212°F) yielded a
partition coefficient of 3. Furrer et al.* reported &
calculated partition coefficient a1 373 K (212°F) of 9.

Some of the data used in this calculation was based on
estimated parameters. Equation 27 gives a partition
coefficient of §.3 at 373 K (212°F), the approximate
average of the calculated value, and the extrapolation
of the measured values.

While it may take considerable time to approach such
equilibration in a large system such as a reactor
containment, Equation 26 can still be used 10 estimate
1, volatility. In fact, instant equilibration is a
conservative assumption since considerable holdup
could be expected in real-life siluations. A rigorous
analysis would consider the delay associated = ith the
evaporation of volatile species from water pools. This
phenomenon is not well understood, and only crude
models are avallable. Thas, the escape of 1, from
water pools will be modeled by assuming that
Equation 26 hold. continuously as 1, is produced
radiolytically.

3314 uas-Phase Reactions: Formation of Organic
lodides

The process of converting 1, into organic iodides
{chiefly CH,I) is still not fully understood.  Posima
and Zavodoski’' reviewed production rates from about
70 containment tests and determined that the
asymptotic steady-state conversion 1o CH, I was

28
pmnl,comcmdao.wcf'. a

where C, = initial |, concentration (mg/m‘). This
equation was based on 69 containrent experiments,
In & more recent review, Beahm et " described
formation using the rate equation
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w' . b (29)
21 - e(C - C)

where
& = formation rate constani (s'),
C, = organic lodide concentration

(mg iodine/m”),
C" = sieady-state organic fodide concentration
(mg iodine/m’).
They assigned the constant value a = 0.0051 based on
empirical evidrnce ant used
C* = 00189 C2F (30)

in place of Equation 28. This equation was based on
containment experiments performed with irradiated
fvzl rather than sinulated materials. The percent
conversion (v urganic iodide when irradiated fuel was
used was somewhat g - or than that obtained from
simulant materials (¢f. Figure 4, Reference §).

By converting units 10 g-atom/L, Equation 30 can he
rewritien as

[CHD - p Lo (1)

wheie 3 = 0.0189 (10" - MW)*", MW being the
molecular weight of 1. For MW = 130, then p =
6.55 » 10, which indicates that gencrally <1% of
gascous iodine will be organic.

3315 Owverall Behavior

As described in the previous sections, the distribution
of species throughoui the gas and liquid phases can be
estimated frota models for three basic processes:
radiolytic conversion ¢f I 1o |, in water, evaporation
of 1,, and gas-phase formation of organic iodides.
Defining the desired quantities as concentration
variables (g-atom/L.)

NUREG/ACR-5732

G » I4; tag)), G = 1 @) Cy = [ (aq)),
€, = (CHY )

Equations 26, 18, and 31 can be rewritten as

C, = IC, (32a)
|
LA -BP
C 2 A (32h) |
Cc <P c:h (32)

In addition, the total iodine inventory N, (g-atom) is
equal 1o the initial I entering the containment and
remains constant throughout the distribution process:

Npw V(€ + €+ ¥, (G« Cp (32)

There are four equations (Fgs. 32a--32d) and four
unknowns (C), €, C,, and C,); all equations except
Equation 32¢ are linear, and its nonlinearities are very
milkd.

To obtain solutions to s, system, Equations 32a--32¢
are substituted into Equation 324, yiclding

v
Ny = ;_l PC, + ¥, (C, + pC;%) (33

which can be arranged into the form

- ¥, pC}“’)
PV
|5 +%)

This represents a convenient form for fixed-point
iteration, which usually converges 1o a relative error of
10" within three 10 five ilerations. Once C, has been
determined from Equation 34, the other concentra-
tons are obtained from Equations 32a--32¢.

C; - (M)
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Because organic iodide is such a small part of the
total, it is helpful 1o examine the distribution behavior
without considering organic iodide. By ignoring
Equation 32¢, Equation 33 becomes

v,
Ny = ‘;& PC, + V,C,

which can be rearranged to obtain

A
..N_JJl.!&: (35)
Ny VF

where N, = V,C, = g-atom of 1, in gas. Equation 3"
is @ convenient expression of the fraction of iodine
that is volatilized. (Consideration of organic iodide
will increase this fraction very slightly,) For the case
of uncontreded pH, substitution of Equation 25 intu
Equation 2! wields

“
!;.J.!_‘:..,_,,.,,ou[_a]""l} %)
Ny [ v, =

which is an expression for the fraction of volatile

iodine (as 1,). To use Equation 35 or 36, it s

necessary 10 estimate the characteristics or

approximate values for each of the following

Quantities:

V., V, = liquid and gas volumas (L),

f = air-water interface tempera: re (which
permits computation of the partition
coefficient P by Equation 27).

For the case of uncontrolled pH, it is also necessary 10
obtain

m, = masses of fission products in the
containment (from which the dose
term E is calculated by
Equation 24),

Al = approximate duration of the radiolysis
phase(s) in category 1 (see
Section 3.1).

If Equation 35 or 36 is used instead of solving the
nonlinear E, ation 34, then a good approximation 10
the airborne organic iodide inventory can be obtained

lodine Behavior

by simply using Equauon 32¢. Furthermore,
Equations 35 and 36 are in particularly convenient
form not only W estimate iodine volatility, but also 10
estimate the individual phenomena and their impact
on overall behavior.

3.3.2 Results of lodine Behavior in
Containment

The analysis described in Section 33,1 has been
applied 10 2ach of the seven accident sequences listed
in Table 1.1. Using whole core inventories from
previous reports,”? the release fractions of
Nourbakhsh” (including both vessel and core-concrete
releases), and the nuclide group energy deposition
rates in Table 3.4, the energy deposition rate £, can
be caleulated for cach plant using Equations 23 and
24. Tae results are shown in Appendix E.

Once the energy deposition has been computed, the
remaining quan‘ities can be calculeted by solving the
system of equations 32 Liguid and gas volumes and
temperatures were oblained from sequence
documentation.’” The gas volumes used for BWRs
include all primary containment space, although it may
sometimes be appropriate 10 use only wetwell airspace,
depending on sequence considerations.  Partition
coefficients were calculated as functions of
temperature from Equation 27. The 1otal iodine
inventory initially deposited in water as | was
calculated using previously mentioned mass inventories
and release fractions and assuming @ molecular weight
of 130.

These various data and the quantities caleul m
them are listed for cach accident sequence

Table 3.5, From the table, it appears tuat PW.
exhibit dose rates considerably higher than do BWRs,
contributing 10 the much higher conversion fractions.
The preserce of extromely large water volumes i a
distinct advantage for BWRs in this regard. The
conversion data of win® were taken at a dose rate of
4.5 Mrad/ in the range of PWR rater. The data
taken at ORNL are generally i the range of BWR
dose rates (i.e., 035 10 0.6 Mra.. h). Both sets of data
indicate that conversion is dominated by pH effects.
In this study, two scenarios were evaluated:

(1) control of pH above 7 and (2) uncontrolled pH
with resulting drops below 7 due 1o nitric acid.  For

NUREG/XR-5732
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Table 35 Data for oquilibrium analyss of cxample sequences

Volume (m”) , - Aqueos 1, (%)'
e  Temperature  Partibon Bv Dose rate Tonad |
Plam Accdent  liguid  Gas O coeffcent (Ilenh)’ (Mrad/h) (gmol) At=10h At=15h
~ W

Grand TCy 4550 39650 12 50 12778 045 1225 14 8
Gelf TOUVY S1T1 19650 o) 212 1.3020 040 1362 13 I8
Peach AEy 4000 7873 54 266 1.223 049 1227 16 21
Botiom <2 4500 7873 118 29 1.1997 0.43 1149 14 19
Sequovah TBA 1465 3 112 36 09267 Lot 10s2 ] 0
Surry TMLB 115 S1000 93 68 0.5136 716 572 9 67

AB 172 S1000 12 3s 06912 6.44 858 S8 €5

“Culculated irm Fquston 25
" Calcuiated from the expression: dose rate (Mrad/h) = 1 60219 = 10 B, {57, ), where p = | igh & smumed
*Calcuiated from Eguanon 19



this calculation, it was not necessary 10 specify the
material that was used 10 control the pH at 7 or
above

If the pH is controlled so that it stays gbove 7, a
reasotable value for the fraction of I converted to 1, is
3 % 10%(S¢ tion 3.3.1.1). Using this and the other
computed uantities in Table 3.5, the system of
equations 32 is solved to yield the species distributions
in Table 3.6, Tt should be noted that data in

Tables 3.5 and 1.6 refer (o the total jodine in contain.
ment, not the core inventory of ioding. Table 4.6
indicates a small praduction of volatiles for PWRs but
virtually none for BWRs,

Such results are strongly dependent on the aqueous
conversion fraction of F = 3 x 107, which represents a
best estimate of the maximum from ORNL data.
Thus, if pH is maintained at 7 or above, only & small
additional amount of 1, is expected in the gas phase in
PWR systems.

If the pH falls below 7, a system for conrolling pH is
not dbeing used and the decreased pH results in a
larger fraction of aqueous | being converted 1o 1,
Evaporation of this volatile species so as 'o maintain
equilibrium partitioning will result in greater
atmospheric 1, This, in turn, yields higher organic
iodide concenuations. The aqueous conversion
fraction itsclf is derermined from Equation 25, which
requires a value for the equilibration time 4r. As
discussed in Section 3.3.1, a valuc of & = 15 his
appropriate and yields the results shown in Table 3.7
for the equilibrium species distributions.  As expected,
the levels of airborne volatiles are much higher than
in the controlled case, indicating almost complete
wnversion for PWRs,

The gaseous 1, fraction is considerably higher in PWRs
than in BWRs because the large water voluraes in the
latter both lower the dose rate and retain greater
quantities of dissolved 1, This last effect also depends
on the gas volume and the ratio of gas 1o liquid
volumes. It is ironic that the relatively small gas space

lodine Bohavior

in the Peach Bottom reactor (gencrally a safety
liability) permits noticeably less evaporation than
other reactors, resulting in (the lowest gascous |,
fractions.

The other principal ¢ffect is due to wemperature - the
1, partition coefficient changes markedly over the
range of temperatures used.  This is most noticeable in
the BWR sequences where different sequences at the
same plant show large dificrences in the airborne 1,
fraction. Thus, an increase in containment
temperature (at the gas-liquid interface) from 60 1o
115°C (140 10 239°F) produces nearly an order of
magnitude increase in the airborne fraction.

The organic iodide is present in PWRs at about 0.5%
of ¢ore inventory, in BWRs, this concentration is
closer 10 0.1%. The 1, gencrated by the radiolytic
conversion of 1 dominates the amount released as |,
from the RCS. Further, based on the equiliorium
assumption, the presence of some |, already airborne
will result in IC:s evaporation of I, formed
raciolytically, Hcnce, for the case of uncontrolied pH,
the cumulative total is well represented by the
equilibrium amount formed within containment.

333 Evaporation to Dryness

Witer pools or condensate puddies may evaporate in
containment and provide @ mechanism for the release
of dissolved aqueous jodine to the gas. As with all
processes involving aqueous iodine, the extent of
volatile iodine produced is related 1o pH. Table 3.8
gives percentages of volatile jodine produced when

1 x L* mol/L Csl solutions were evaporated 1o
dryness at 95°C. Radiation increased the percentage
of volatile todine by about an order of magnitude. In
solutions where the initial pH was 7 or below, there
was & rapid decrease in pH just before dryness.

The overall impact of evaporation 1o drynes- will

depend on the extent o which it ocours in
containment.

NUREG/CR-5732
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Table 36 Distribution of iodine specics for pH controlled apove 7

Fraction of total wodine in contasnment (%)

Plant Accdent L L (" I CHJI (g)
Grand Gulf TC vy 0.05 003 992 0.001
TOUV ¥ 0.01 0.03 996 00003
Peach Bottom AE vy 0.002 0.03 997 0.0001
TC2y 0.02 003 995 0.0004
Sequoyah TBA 0.21 0.03 9% .76 0.004
Surry TMLB' ¥ 19 0.03 9.0 203

AB vy < 003 975 003
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Table 3.7

Dmtribution of iodine specss 7 uncontrolied pH

Fraction of total wodine m contamment (%)

Plant Acodent Lig L {0 1 (n CHJ ()
Grand Gulf TCy 266 153 580 02
TQUV ¥y 6.6 iR3 75.1 Q06
Peach Bottom AE y 16 216 768 a0
T2y 109 IR0 710 007
Sequovah TBA 692 99 205 04
Surry TMLEB' v 971 15 0.7 07
AB vy 976 12 06 0.6
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4 ‘Technical Findings

4.1 Perspective and Scope of Study

This study assumed thai iodine forms in containment
can be delimited by an examination of the seven
severe accident sequences in LWR plants, along with
an evaluation of associated processes, The associaled
processes include the deposition of CsOH on RCS
surfaces and the effects of radiolysis. The issue Is the
chemical form of iodine that may be produced in the
RCS and in contamment ~ not the ultimate
disposition of th: various chemical forms. For
example, it s likeiy than much of the gaseous 1, in
ntainment would be removed by engineered safety
features or would deposit on painted or metal
surfaces.

4.2 Assessment of lodine Chemical
Forms in the RCS

The maximum iodine as 1 plus HI calculated for the
seven severe accident sequences is 3.27% . lodine in all
forms other than I, H1, and Csl is estimated 10 be less
than 1%. Although this analysis only considered seven
sequences at four plants, it is reasonable 10 consider
that a maximum of 57 of the wdine would be present
as clemental iodine and HI for all accident sequences.
A minimum value would not be expected 1o be less
than 19%. The remaining 95% of (he 1odine would be
as Csl,

The gaseous forms of iodine that entered containment
from the RCS were given in terms of both elemental
iodine and HI. There is a fundamental reason for this,
The two forms of «odine are related by

[+ H, = HI (37

In the temperature range of 1000 10 2000 K, thermo-
chemical data for this reaction were fit 10 give

o . p.ym. ‘,{.L(.!?v‘_:_..l‘!f Cseas| (W)
p, " P - seas)

Lower temperatures and higher hydrogen pressures
tend 1o favor HI over 1, with the opposite conditions
favoring | over HI. Five percent of iodine as | plus
M1, with not less than 1% in either form, means that
the Py-10-P, ratio in Equation 38 would range from
0.2% 10 4. With a hydrogen pressure of | atm, this
would occur in the temperature range of 1456 1o
2404 K (2161 to AR6K* F); with a hydrogen pressure of
10 atm, it would occur in the wemperature range of
1251 to 1R93 K (1792 10 2948 F), These conditions
are reasonable for situations that lead 1o the
formation of 1 or HI

The major uncertainty is the extent 10 which CGSOH
will react with oxide materials and reduce its vapor
pressure. I the reaction of CSOH is 10 have 4 major
impact on the lodine chemical forms, most of “t
(certainly more than 90%) must be fixed at a very low
Vapor pressure,

4.3  Assessment of lodine Chemical
Forms in Containment

The production of 1, 1 containment will be directly
related to the pH levels of the water pools. As iliu-
strated in Figure 4.1, failure to control the pH at or
above 7 could result in an increase of 1, in the
atmosphere of between 4,100 and 33,000% as coni-
pared with the case where pH is controlied for PWRs,
Essentially all of the 1, could become gaseous in the
PWRSs without pH control. For BWRs, the increase is
between 53,000 and 80,000%, with about 25% of the |,
hecoming gaseous. "he dramatic difference in the
amount of |, between the cases where pH was uncon-
trolled below 7 and the controlled cases speak for
themselves. A major uncertainty is the extent of
evaporation 1o dryness. From 2 (o 20% of the iodine
in water pools that have evaporated could be
convert, J 10 & volatile form, most likely as 1,

NUREG/ACR-5732
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Appendix A. Data from Accident Sequence Calculations






Table A1 Grand Gulf TC-MERGE output data from MARCH?

Flow rate from core (IbA) Core exit
Time tempersture Pressure
®) Hydrogen Total (‘" (peia)
$3R1 00 0.S43E 03 R 146
5498 0.0 0.591E+02 565 117
§504 0.319E 06 0.560E 402 ST8 117
5§22 010908 0 480E 402 (L 116
5582 0.656E-08 0394 +02 64 115
S588 0,394 04 O3E+«(02 685 113
5612 O112E-03 0MIE+02 710 112
5642 (L348E-03 (.270E+02 738 il
5678 O DE.02 0.242E 402 768 110
5726 0.370E02 0.208E +02 803 1w
5756 0.66%E-02 O 19E+02 825 108
5822 0.1778:M 0138E 402 849 106
SKRS8 0181E0 0.11SE402 851 108
5924 0.212E-01 0.96F +01 867 103
S978 0.251E-01 0.936E+01 KR4 102
H32 0.303E-01 ORS4E+01 €2 o
6080 0.360E-01 OR4IE+O1 920 100)
6122 0.420E-01 0.822E+01 934 L
6182 0.528E-01 0.762E+01 963 R
6218 O601E-01 0.724E+01 978 97
6284 0.772E01 0.643E 401 1004 O
6326 0901E-01 0611E+01 1021 98
6380 0110E+00 0.579E+01 1042 94
6446 0. J39E 400 0.827E+01 1069 9
6512 O0172E+00 O0AT2E+01 1094 92
6578 0.212E400 0412E - 1 1120 91
6647 0251E4+00 0.410E 401 1144 90
6691 0.270E+00 O3IE<U] 1159 RY
6742 0.MIE+X0 0.310E401 1176 89
6836 0302E 40 0 190E+01 1206 X7
6911 0.308E + (0 0.162E401 1231 87
6974 0.320E+00 0.135E+0 1252 86
7075 0.308E +00 0.119E+01 1283 RS
7126 O300E +00 0.113E+401 1298 84
7176 0.2ME+00 0.107E+01 1313 84
7252 (.286E (0 0.983E +00 1334 83
7327 (1. 280E +00 0.886E +00 135§ &2
7390 0.274E+ (00 0.809E 40 1374 82
7478 0.269E ) 0.692E+00 1402 &1
7617 0.25TE+ (0 0.569E +(X) 1444 80
Al NUREG/CR 5732
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Appendas A
Tabke A1 (Continued)
Flow rate from core (Ibs) Core exit
Time lemperature Pressure
®) Hydrogen Total ) (pwia)
7705 0.245E+0 0.539E+ (0 1469 ]
783 0.230E (0 0.502E +00 1504 7%
79958 0218E+00 0.467E+(0 1550 77
K159 0 206E +(0 O431E+00 1595 76
8260 0199 +00 0. 408E + 00 1622 75
B398 O 190E +00 0377TE+00 1687 75
8474 (. 180E 4 () 0.M7E+00 1676 74
RO 0.168E +00 0302E+M0 1703 74
ROKK DA60E +00 0.270E+ 0 1720 7
B827 (. 149E + (0 0.218E+00 1748 73
9129 0.127E +0 0127E 400 1823 72
93156 0.108E + (0 (L. 108E +00 1874 7
97 0.920E-0 0.920E-01 1953 70
10409 0.578E.01 0.578E-01 2079 70
10484 O.639E-01 0.639E-0) 20894 70
10514 0.52SE+01 0.989E +01 2216 70
10559 0.796E + (0 0.796E + (0 2286 70
10574 0.0 0.0 721 70
10769 0.0 0.0 727 70
10784 0.206E+01 0.206E+01 2306 70
10814 0436E +01 0.745E+01 M7 70
10874 0.480E +01 0.9S8E+01 2588 n
10904 0107E+02 0.166E +02 28574 128
10915 0.176E +(2 0.278E +02 A6 119
10924 0.0 0S13E+01 308 113
10931 0.0 0.0 891 107
10962 0.0 0.0 &89 83
10969 0.0 O83TE+02 s 79
10978 0.0 0.201E+03 2 7%
10987 0.0 0.219E+03 R 72
11000 0.0 0318E+02 304 72
11027 0.0 0.420E+02 08 7
11871 0.0 0.468E + (02 03 70
13251 0.0 0470E+02 303 n
13257 0.0 0318E+03 KLY 20
13277 0.0 0453E+02 A n
15067 0.0 O4RIE+02 K 70
15095 0.0 0181E+01 02 20
15115 0.0 0.0 348 70
15410 0.0 0.0 345 70

NUREGACR-5732
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Appendia A
Table A2 Grand Gull TC-MARCH2 ontput
for input 10 TRAP-MELT
Hlows from core (gh) i
Time
®) sl OO {
G 418 414
9% 9Kl 503
276 1.7 706 |
444 123 T4 |
612 18 739 |
780 120 7.8 |
) 11.0 0.5 |
1150 10.4 62"
1340 969 585
1550 887 $1%
1780 808 489
2070 7.10 430
2440 617 173
2810 5.70 M8
311 125 756
3290 159 9.0
WX 706 Q29
3760 0.98 50
4020 027 163
5350 0.08 0.3
AS NUREGAR $732
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Table A3 Grand Gulf TC-MARCH2 output for inpet 10 TRAP-MELT

Awvcrage gas \emporature (“F)
Time Pressmie
(s) (psia) Volume | Volume 2 Volume 3 Volume 4
0 1370 640 397 S90 582
135 1420 640 597 90 582
405 1520 640 97 59%0 582
675 1620 651 603 5%) 582
945 1720 651 603 §90 582
1230 183) 651 603 5%) 582
1530 1930 o6l HO8 S9%0) 582
1530 2030 661 o0 590 582
2160 2120 661 K S90 582
24% 2210 66y 612 590 582
2810 2300 679 615 583 58S
3o 2060 1040 730 768 i
3360 1740 1830 1420 1420 1170
6% S68 1290 1420 1120 1241
3930 567 ’) 108 K36 140
4250 567 686 K12 697 8i2
4580 603 669 764 668 LY
A% 613 675 758 667 80S
S400 613 678 758 667 805
|
|
|
NUREGACR-5732 A6
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Appendix A

Table A4 Grard Gull TQUV--MERGE utput from MARCH {2

Flow rate from core (ibk) Core exil
Time" : temperature
®) H. Total P
|
| 0 0.0441 116 1255
10 0.0661 995 1315
180 0.0799 9.26 1346
300 0.114 830 1411
L 0.136 1.79 1444
420 0162 7.0% 1476
480 (.156 131 17658
543 0.132 1 1845
608 0.118 958 1902
664 0.109 835 1948
725 0,104 76.1 1680
843 0.103 625 2047
901 0.0966 584 20731
1637 0.0750 447 2123
1200 0.0703 3.2 2148
1260 0.0701 3.4 2159
1382 00748 28.Y 2190
1565 0.0057 29 2280
1622 0.109 215 21
1809 0.225 16.0 2413
1274 0.285 15.0 2514
222 0.756 7173 P4
2281 0.812 6.70 2846
2642 0.863 3.30 3053
2704 0.0 0.0 0
3020 0.647 1.42 3064
3064 0.604 1.31 3072
334 (.638 120 150
3603 0 506 w9 3w
3661 0.296 0377 3202
3904 (L0802 0.0802 3219
3964 0.0 0.0 0
'r 4287 0.0547 0.0547 3135
4335 0.0127 0.0127 3130
4550 6.0 9.5 3120
4910 0.0 247 3100
5280 w0 67.8 20980
5650 0.0 79.0 2920

A7 NUREG/CR-5732
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Appendiz A
Table A4 (Continued)
Flow rate from core (1ha) Core exit
Time" lemperature
(%) H, Tow! ‘P
6010 0.0 473 2800
6350 0.0 103 2740
6720 0.0 3.0 2650
6843 0.0 14 2604
7090 0.0 0.95 Son
7440 0.0 0.49 500

*Note: All entries fter t = 4335 are from TRAP-MI'LY o, with Hy = 0 assumed, and most lemperatures assumcd
(exception is point ail 1 = 6R41)

NUREG/ACR-5732
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Appendix A
Tabie A9 Peach Botlom AE-MARCH2 output for input 10 TRAP-MELT
Average gas wmperature (°F)
Time Pressure
(%) (psia) Volume 1 Voleme 2 Volume 3
0 382 930 265 265
60 M6 930 m? 366
180 318 930 S04 471
300 A9 930 49 376
420 REA) 1220 517 198
o) 30.5 1445 54 432
780 30.5 1550 554 430
960 305 1645 560 425
1140 30.5 1750 567 442
1260 0.8 1820 582 451
1380 30.6 1900 613 475
1500 342 22§ 1040 954
1620 685 3210 1956 190
1740 104 3250 2330 2220
1880 122 2340 2200 2120
2030 44 1270 1580 1550
2180 25.2 957 127C 1250
2300 154 1240 1340 775
2360 154 1240 1340 775
7000 154 1240 1340 775
NUREG/CR-5732 Al2
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Table A 10 Peach Bottom TC2-MERGE output from MARCH?
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Appendix A

Plow rate from core (Iba) Core exit

Time temporature Pressure

) Hydrogen Total (‘F) (pois)
3514 0.0 0.0 690 1105
2736 0.0 0.0 690 1104
3742 0, 180E 400 0.544E + (0 16%) 1104
3778 G2STE (X O841E 400 IR1S 1108
3814 0.524E + (0 0. 188E +01 1543 1111
3850 O1MHE+01 0.665E+01 1939 1124
3871 0.482E+ (1 0.255E+02 2089 1118
k| 0.680E +01 0.396E + 02 2228 1109
3896 0.411E+01 (0L IB9E 402 2149 1079
3913 0.0 0.0 736 1058
4066 0.0 0.0 736 1008
4072 O H6E+00 O21TE+00 20m9 1098
4108 0395 +(0 011 7E+01 2180 1100
4144 JI42E 401 0.515E+01 2276 1111
4162 06370 +(0 0.206E+01 2258 1116
4174 0.0 0.0 765 1116
4186 0277E4+(0 O.M42E +(0 2136 117
4222 O 3M7E+00 O.854E +00 2287 i121
4258 UCANE+00 Q9STE+00 2270 1125
4294 0.B26E +(X) 0,250E +01 2294 1131
4301 0414E+011 0. 153E+02 2416 109
4313 GYA2E+N 0I6TE+03 24940 1120
4328 (L916E 401 0418E+02 2998 1101
4351 G.37BE + (i1 GI41E+02 3031 1111
4356 0.0 0.0 883 141
4523 0.0 0.0 883 1110
4529 0. 418E +(X) O.B77E+(00 2859 1110
4565 (. 146E 401 0.406E+01 3061 1121
4601 UA20E+01 0.266E +01 3104 1132
4612 0414E+ 01 0.13E+02 3146 1110
4622 (L.BI6E -+ 0.127E+03 3720 1120
4638 (0.835E~+01 NIT1SE+M 3748 1080
4657 (G.47SE+01 JIOE 412 3910 1123
4661 0.0 (0.0 1063 1123
4701 Ll 00 1063 1120
470 0.617E+00 O.132E #C1 3651 1121
4743 0174E+01 (.3855 +01 3812 1138
4748 0.728E+01 0.231E+02 A800 1112
4759 (0.7I6E 401 0.397E4+02 3955 1122
4778 (. 754E 401 O3NE+02 4079 1090

A3 NUREG/CR-5732
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Table A.10 (Continuved)

Flow rate from core (Ibs) Core exit
Time Pressure
() Hydroges Total P (psia)
479% 0.500E+01 01240 +02 4120 1129
4794 0.0 0.0 1238 1129
4821 0.0 0.0 1238 1127
4827 0.564E +00 (0.1IBE+01 3865 1128
4863 0.213E+01 0470E+01 3983 1146
4869 0.787E +01 0.441E+02 399 1124
4878 0.670E +01 0.328E+02 4053 1139
4890 0.0 Jd.0 2101 1119
4908 0.713E+01 0.124E+403 4004 1132
S8 013 E+M 0.282E+01 3967 1150
5033 0.567TE+01 01TIE+02 3970 1122
S0a1 0.6« SE+01 0.920E+02 4016 1141
5055 0. 738E+01 0.608E +(12 4014 1106
5071 (.408E+01 0.112E+02 4040 1135
5075 0.0 0.0 1644 1135
S1u6 0.0 0.0 1644 1133
5112 O.870E+00 0.184F +01 3868 1135
5142 OAS0E+01 0324E+01 3989 1180
5148 0.6602E+01 0.232E+02 3985 1122
5156 (0.650E+01 (0.786E+02 4025 1150
5169 U.673E+01 0.300E+02 4028 1116
5186 0.776E+01 0.231E+02 3153 1135
5193 0.256E+02 0.548E+ 2 559 1166
5195 0.0 0219E+02 560 1149
5209 0.0 0.303E+03 558 1122
5246 0.0 0.124E+03 563 1161
5673 0.0 0.406E +02 562 1.54
5709 0.0 C 145E+03 563 1156
HX 0.0 0.246E +02 561 1138
7589 0.0 0.117E402 564 1168
NUREGACR-5732 Alsd
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Tabk: A 12 Peach Botiom TC2-MARCH2 output for input 1o TRAP-MELT

Average gas icmperature (*F)

Time Pressure

() (psia) Volume 1 Volume 2 Volume 3 Volume 4
3500 1290 1090 854 740 671
3700 1290 1090 Rxd 740 671
1706 12% 1090 884 740 671
3913 1490 11%0 921 7”9 697
4114 1470 119 89S 790 672
4315 1710 1540 1300 913 816
4523 1940 1600 1200 936 793
4728 2380 1830 1250 1020 RO2
4923 249% 2140 1470 1240 955
5130 2480 2210 1640 1340 978
5329 547 968 1260 1420 1290
5535 567 764 1060 1250 1200
5738 567 65, 859 1040 1100
5938 567 607 741 887 986
6547 568 576 601 646 718
7360 569 591 607 615 203
7600 569 591 607 615 703

MUREGATR-5732 Alb






Table A14 Sequoyah TB—MARCH2 output
for input 10 TRAP-MELT

NUREG/CR-5732

Flows from core (ph)

Time
(s) Osl GsOH
19400 0 0
19643 16.39 146.2
19748 10.00 643
19913 17.00 1038
20033 200 1149
20145 209 121.9
20250 20 128.0
20355 22.5 132.3
20460 216 127.3
20565 203 119.6
20685 16.5 98.2
20828 15.0 889
20985 129 78.1
21163 10.4 638
21307 204 133.4
21481 0.67 43
22012 0.045 0.28
22414 0.002 Q.01

AlR
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Table A16 Surry TMLB'--MERGE output from MARCH?2

Flow rate from core (IbA) Core exit
Time emnerature Pressure
(s) Hydrogen Total ‘P (psia)
0 0.000E + () 0.298E 4 (4 580 2250
2640 QLOO0E + (00 0.667E+02 564 1599
2670 OON0E + () 0369E 402 564 1619
2820 0.000E +00 0.8302E+01 573 1814
5835 O.000E 400 0.784E+ 02 660 2369
5850 0.668E-07 0.782E +02 660 2369
5955 0.567E-06 0691E+02 669 2369
6060 0.246E-05 0.51B8E+02 703 2369
6135 0.779E-05 0.409E+02 746 2369
6195 0.236E-04 0.335E+02 766 2369
6270 0.963E-04 0.266E+02 K36 2369
6330 0. 38E-03 0.224E+02 889 2369
6345 0.378E-03 0.216E+02 ) 2369
6390 0.840E-03 0191E+02 93§ 2369
6405 0.109E-(02 D184E+02 945 2369
6495 0.436E-02 0.149E+02 1009 F &
6570 0.105E-01 0129E+ 02 1063 A
6645 0.207E-01 O110E+02 1116 2368
6705 0.327E-01 0.997E+01 1162 2368
6810 0.668E-01 0.786E+01 1241 2367
6900 OA21E+00 0.665E+01 1315 2367
6975 0.205E + 00 0.543E+01 1380 2367
7020 0.302E +0 0.420E+01 1413 2366
7050 D461E+00 025 401 1426 2
7188 0434E +00 0.. ..E+01 1527 &
7338 0.330E+0) 0.526E+00 (0638 2366
7545 0.202E+00 0.202E 400 1745 2365
T5as 0.876E-01] 0.876E-01 1892 &
8235 0.000E +00 0.000E +00 663 2363
8340 0.000E +00 0.000E+00 6~3 2343
8400 0.799E + (0 0.829E+ 00 2059 2354
8595 0.159E+01 0.202E+01 2689 2363
8625 OS08E +01 0.206E -2 3413 2363
B6KS 0.387E+01 0.705E+02 3882 4
700 0.675E+00 0.106E +03 660 23¢
8715 0.000E +00 0.107E+03 660 2367
9045 O.000E+00 0.000E +00 944 2370
NUREG/ACR-5732
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Table A19 Surry As—~MARCH2 output for input 10 TRAP-MELT

Flow raie from core (IbA) Core exit

Time lemperature
(s) H, Total K
0 0 0 1228
246 0392 039 1228
in 0.353 0.353 1280
576 0.270 0.270 1471
906 0.233 0.233 1701
1170 0 40.3 3688
1230 1.393 40.7 661
1470 6.083 4025 3571
2070 0 40.7 3731
2706 0 0 3500
5000 0 0 3500

NUREG/CR-5732

Table A20 Surry AB—-MARCH2 output

for input 10 TRAP-MELT
Flows from core (gh)
Time
(s) Csl CsOH
0 162 1100
36 351 178
9% 376 190
156 Mun 172
228 29.0 146
A 26.7 135
384 229 115
480 19.7 99.3
588 16.5 8313
720 13.3 69
) .68 438
1180 44 223
1450 1.1 5.3
1630 0.62 32
1880 0.35 1.8
2520 0.21 1.1
4030 0.04 0.22
S§190 0 0
A2



Fable A 21 Surry AB-MARCH?2 output for input 10 TRAP-MEL'

AvVerape gas

1IN PTOSS I
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1Y Al
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Appendix B. Kinetic and Equilibrnium ( alculations
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Appendix B

Kinetics of Cs-1-H,-H,0
Reactions
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Appendix B

Tabie B.1 Reaction rate constants

[V D L O R G —

Reaction Raite constant’ at 1000 K Frequency References
(1341°'F) factor
1. Csl + HO «~ CsOH + Hi 212 x 10® 1.57 x 10™
2. CsOH + HI - Csl + H.O 10O x 107 1.00 x 10-11 a2
3 2HI -1, + H, 242 x 10™ 1.00 x 107 13
4 1, + H,- 2HI 301 x 10" 1.66 x 10 3
5. 1+1+M-1L+M i x 10® 317 x 10™
6 M+ L,-141+ M 2.56 x 107 3.14 x 10"
7. 1+ H,-Hl + H 219 x 107 264 x 10"
8 HI+H-1+H, 5.54 x 10" 74 x 10
9 HI+1-H+] 4.66 x 10" 3.59 x 10 34
10 H+ I, « HI + | 6.0 x 10" 6.0 x 1" 34, 35
1. H+H+M-H, +M 1.25 x 10™ 2.31 x 10"
12 M+H,-H+H+M 19 x 10%® 498 x 10°
B G+I+M-Cl+M 37 x 10¥ 69 x 10"
| M M+Cl-Cs+1+ M 16 x 10% 537 x 10°
‘ 15. CGs+ Ml -Csl + H 2.00 x 10" 2.00 x 107" 3235
16, Csl + H « Cs + HI 2.53 x 10" 2.82 x 1077
| 17. Cs 4+ HO ~ CsOH + H 170 x 10 LIl x 10*
} 18. CSOH + H - Cs + HO 100 x 10 100 x 10 32
f 19. Cs + I, - Csl + 1 8.81 x 10" 881 x 10" a2
i 20. Csl 4+ 1-Cs + 1, 8.66 x 10% 743 x 10"

“Units are 5!, em” molecule’ s, anit em®solecule” 5! far first-, second-, and third-order reactions, respectively. M, the collision molecile, is
the total of the H, and H,0 molecular concentrations (molecules/cm’)

NUREG/CR-5732 B4
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E"v ! - b E"l (B.g)
BA- - -inA -l--o-i]----

then

hA-uA'-f.‘.'..'_;;_"s-(_‘..!) (B.9)

Assuming that 'n 4 - In 4° = - b/R, then
Equation B9 becomes

cma b Ee e (o b)) (BIO
nA-inA % - ("ﬁ .) (B.10)

which vields

B, ~ By, 8 (B.11)

Thus, fitting the standard [ree energy change of
reaction to a linear form with temperature and
assuming the difference in the natural log of the
frequency factor for the forward and reverse reactions
is equal 10 -b/R, then rate constants can be expressed
in the Arrhenius form and satisfy the equilibrium
constraint. Standard free energies of reaction in the

Appendix B

form of 4G® = a + bT are given in Table B.2. These
data were obt»ined from the FACT system.” The
FACSIMILE computer program was used to perform
the rate calculations.

B.2 Equilibrium Calculations in the
Cs-1-H,-H,0O System

The species considered in the equilibrium calculations
include (gases) H,, H,0, GSOH, Csl, Cs, H, HI, |, and
I, and (liquids) Csi, CsOH, Cs, and I, The calcula-
tions were performed +ith the EQUILIB routine of
the FACT system. This method of calculation was
chosen because it is readily accessible 10 anyone in
North America and because the thermochemical data
base of FACT comes fiom standard assessed sources
such as JANAF™ and Barin and Knacke." Thermo-
chemical data for CsOH are not part of the FACT’
data base, and values from JANAF were inserted into
4 user’s data base for these calculations.

The 13 species used in the equilibrium calculations are
the same as those used in the kinetic calculations.
lodine ratios such as HI/CsI are very simiiar in the
equilibrium calculations and in the kinetic
calevlations, primarily because the bimolecular rate
conslants are consisten: with the equilibrium
constanis.

Table B.2 Standard free epergy of reaction 500 o0 1200 K (441 16 1701°F) writien as
&@:a+bf.mmwwmﬂ@t

(Encrgy ia jovies)

Reaction a b

CsOH + HI » Csl + H,0 -1.31368 x 10 -1.54100 x 10¢
I, + H, » 2HI -1.30038 x 10* .1 48455 + 10
Hl + H=!+ H, -1.37991 x 10f +1.05761 x 10
H+1l,«HI +1 -1.50995 x 10° 426918 x 10°
Cs + Hl « Csl + H 580264 x 1P -3.54386 x 1
CsOH 4+ H =« Cs + H,O 130488 x 10¢ +2.00288 = 10
Cs 4+ [, mCsl + 1 -1.51875 x 10F 397080 x 1v

B.S
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Appendix C. Fitting of Radiolysis Data
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Appendix C
ORNL DWGC 91A-24
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Figure C.1. Data fitting for radiolytic conversion of I o 1, (data from U.S. Nuclear Regulaiory
Commission, Regulation Guide 1.4, "Assumptions Used for Fvaluating the Potential
Radiological Consequences of a Loss-of-Coolant Accident for Pressurized Water Reactons®)

NUREG/CR-5732 4



Appendix 1. 1ssion Product Release 1ables
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Table .2 Prach Bottom — fnsctional reieases and encrgy deposition rates

Nuchide Wholc amwe Towi fraction relcased o contsinment hw-.éqw.nﬂ
groep fmventory”
oy Low RCS pressure High RCS pressare Low RCS pressure High RCS prosare

i 166 0s2 085 6491 5997
Cs 2305 as 080 G837 ane
Te 349 067 067 04w 0469
Sr 627 071 0713 L339 1.397
Ba 105 07 a7n3 On6ad 0667
Ru S84 00*s 0058 Goss 0224
Ce w2 Q.S o 0155 0168
La 366 01015 011 2182 2345
Total 12223 11997

'M!.AMQ&MWMML‘MM’WM“MI-‘.-ll_sm:n.
"Radionuchde Release Caiculstions fur Selected Severe Accident Soensrios.” NUREG/CR 4626 (BMI 21 39), Bettefle Columbue Latorstories, 1986,

" Adapred from . r.wt—.dwh—wmu—mmwmmhc—-rm-m.
Brookhaven Natwasl {sborstory. Decombes 1991 sssuming limestone concrmce
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