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Abstract

[ mis,largely in the form of iodide (1). The
radiation-induced conversion of l' in water pools intoCalculated data from seven severe accident sequences

in light water reactor plants were used to assess the1,is strongly dependent on pil. In systems where tt.a
chemical forms of k) dine in containment. pH was controlled above 7,little additional elementalIn most of

the calculations for the seven sequences, iodine iodine would be produced in the containment atrno-
entering ccmtainment from the reactor coolant systemsphere. When the pil falls below 7, however,it may
was almost entirely in the form of Csl with very smallbe assumed that it is not being controlled and large
contributions of I or Hi, The largest fraction of fractions of iodine as 1 within the containment2

iodine in forms other than Csl was a total of 3.2% as Iatmosphere may be produced.
plus Hl. Within the containment, the C31 will deposit
onto walls and other surfaces, as well as in water
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Executive Summary

' The analyses in this study were based on quantitative For this sequence, the overall iodine distribution was

(calculated) results of seven severe accident
2.8% as I,0.4% as HI, with the remainder as Gl.

sequences for light water reactor (LWR) nuclear Thus, a total of 3.2% as I plus HI was the largest

power plants. These sequences represent a wide fraction of iodine in a foan other than Csl calculated
range of conditions that are significant risks, Both to enter containment from the RCS in this study,

high and low. pressure sequences were chosen for
three principal plant types; a single sequence was Once within the containment, Csl is expected to

considered for the_ PWR ice condenser. Each deposit onto interior surfaces and dissolve in water

sequence was evaluated by the Source Term Code pools, forming iodide (l') in solution. The
Package (STCP), and the thermal hydraulics has been dissolution of H1 and HNO (produced by irradiation3

of N in the atmosphere) and the hydrolysis of 1documented in previous NRC reports? The issue 2 2

that has been addressed is the chemical forms of -- tend to acidify films and pools of water,
lodine in the reactor coolant sptem (RCS) and in
containment - not the ultimate disposition of these lodine behavior in containment was evFuated during

chemical forms, the early stage of an accident sequence, up to
-1200 min. If pH is controlled in containment water

in an LWR accident sequence, fission products pools so that it stays above 7, a reasonable value for
4

released from the core will tandergo ch.mges in the fraction of 1 converted to 1 is 3 x 10 This2

temperature and concentration as they pass through yields a small production of volatiles for PWRs, but
regions of the RCS. A chemical kinetic model used virtually none for BWRs. Thus,if pH is maintained

20 reactions to determine the control volume where at 7 or above, only a small additional amount of 1 is2

L an equilibrium of the iodine, cesium, hydrogen, and indicated to enter the gas phase in PWR systems.

steam species bec6Jes ' frozen." This means that the
temperatures and concentrations of species in If the pH drops below 7 (assumed uncontrolled pH), i

subsequent control volumes are not sufficient to a larger fraction of aqueous l' will be converted to ir {
reach an equilibrium in the mean residence time Evaporation of this mlatile species so as to maintain
available. The ' frozen * equilibrium is the species equilibrium partitioning will result in greater

atmospheric 1, which, in turn, will yield higher: distribution entering containment. Separate 2

_ eq.2ilibrium calculations were performed, using the organic iodide concentrations. As expected, the

FACT system,2 to obtain the distribution of iodine levels of airborne iodine volatiles are much higher

speciesi The FACT system was chosen in this study than in the pH cumtrolled case, indicating almost
because it can be used by aayone who wishes to complete conversion for PWRs.

examine the calculations and its data base contains
The gaseous 1 fraction is considerably higher inonly assessed data. 2

PWRs than in BWRs because of the large water !

In six of the seven calculations, iodine entering the volumes in the latter, which both lower the dose rate

containment from the RCS was almast entirely in the and retain greater quantities of dissolved I,
form of Cs1; the contributions of I or HI were
a:0.1% of the overall percentage of iodine, in addition, organic iodide is present in PWRs at

about 0.5% of core inventory; in BWRs, this value is

During the second half of the Surry AB sequence, closer to 0.1%. The 1 generated by the radiolytic'
2

there is a period during which temperatures in the conversion of l' in containment pools dominates the

core region are predicted to be in excess of 2000 K amount re! eased directly from the RCS as le in

(3141*F) and subsequent volumes of the upper grid addition, due to the equilibrium assumption, the
presence of some 1 already airborne will result inplates and guide tubes are at temperatures of only 2

; formed radiolytically. Hence,
| ' 500 K (441*F). Under such conditions, the- less evaporation of 1

_

2-

i equilibrium compositions in the core region s ,ld for the case of uncontrolled pH, the cumulative total

be " frozen" by the rapid decrease in temperore.

ix NUREU/CR-5732
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is well represented by the equilibrium arnount major uncertainty in fixing the production of w latile
formed within containment. iodine chemical forms in containment involve *, the

extent of evaporation to dryness. = At a min! mum,2
- The production of la in containment will be directly to 20% of the iodine in water pools that have
related to the pH levels of the water pools. There is evaporated would have been converted to a volatile
a significant difference in the amount of 1 between form, most likely as I,.2

- the encontrolled pH and the controlled.pH cases. A

_

l

'
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1 Introduction

in the past 10 years, studies of iodine behavior in (1) chemical forms and amounts of lodine that enter
containment under accident conditions have identified containment, (2) conditions and maletlals in which

La variety of chemical and phpical interactions that will iodine interacts, and (3) lag between obtaining data
determine the forms of iodine ar,J environments and implementing it in computer models and codes,
where reactions may occur." In general terms, the
ability to predict iodine behavior is now more limited Regulatory Guides 1.3' and 1 A' state the following:
by knowledge of the environment in which the lodine -

. is present than by deficiencies in understanding what (1) Fifty percent of the maximum iodine inventory of
iodine will do in a given set of emironments, Dus, the reactor core is released to the primary reactor

.

with only a few exceptions, the prediction of chemical containment; 25% is available for leakage.
form or magnitude of iodine released from

.

containment is limited by the lack of information on- (2) Of this 25%,91% is in the form of elemental
the materials and environments inmived in iodine iodine,5% is in the form of particulate iodine,
.rcactions in the containment, as wil as by uncertainty and 4% is in the form of organic iodide.
in the chemical forms and amour.ts of iodine that

: enter the containment. For example,it has been lodinc is assumed to enter containment in the forms
found that boric acid and borates are important in and amounts stated above with neither physical nor
determining the chemical forms of iodine in the RCS chemical changes occurring in containment. However,
and in the containment. However, the location, prescrit knowledge may not support this distribution of
amounts, and_ type of borate are not well defined in iodine forms and the static state throughout the
severe accident requences. A number of tests were duration of an accident.
performed 79 examine organic iodide formation with a
variety of materials. However,it is not known what It is anticipated that a more " realistic" representation
organic material will be present and in what form it . of the chemical speciation of fission product iodine
will exist fo* 3 given reador plant and accident would likely have the following characteristics;
sequence.

_ . _ .

(1) an initial release of some combination of
Some information on iodine reactions has not yet particulate iodine (Cs!) and gaseous iodine (Ill)
been put into models and implemented in computer or (I), with the largest proportion being
codes. The disparity betwaen information on :cactions- particulates

.

and models for a computer code is best illustrated by
- the effect of water radiolysis on iodir.e chemical forms. (2) a continuous re-release of molecular iodine that

Experimental data show that radiolysis can control the would arise from "revolatilization" from water
chemical forms of iodine it water. Models were reposito*ics and would include some small
developed to calculate want radiation dose rates and complement of organic iodine
pH in severe accident sequ(nces. Modeling of iodine
radiolysis at a pH and dose rate in terms of individual Table 1.1 lists the seven calculated LWR severe
reaction rate constants has proven to be extremely accident sequences considered in this analysis; these

- difficult because it rquires expressions for sequences involve a wide range of conditions that
(1) radiolysta of water, (2) iodine hydrolysis, and represent significant risks. Both high. and low-
(3) the interaction of iodine species with water pressure sequences were chosen for three principal
radiolpis products. plant types; a single sequence was considered for the

,

PWR lee condenser. Each sequence was evaluated by

L in summary, uncertaintics in iodine chemical forms in the STCP and has been documented in previous NRC
containment stem principa'ly from uncertaintics in the reports."

i

|
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Tabic L1 LWR acudent sequenas evaluated

Plant Reactor type Accident Amident type Doormentation* *

Grand Gulf BWR - Mark III TC High pressure BMI-21G4, Vol III
(ATWS)
TOUV Lo w pressure BMI-2104, Vol III
(No makeup water)

Peach Bottom BWR - Mark I TC2 High pressure NUREG-4624, Vol I
|

(ATWS) -
'

"
AE Low pressure BMI-2104. Vol II
(LOCA, no ECCS)

Sequoyah PWR -ice condenser TBA Law pressure NUREG-4624, Vol II

Surry PWR -large containment EtLB' liigh pressure BMI-2104, Vol V
(Station blackout)
AB Lo w pressure BMI-2104, Vol. V
(LOCA, no ECCS) >

(Station blackout)

*See Referenca 1 and 2 for complete reference /m;nm.

4
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2 Chemical Forms of Iodine Entering Containment i

from the Reactor Coolant System

2.1 Ilackground calculations and its data base contains only assessed
information. |

He chemical forms of lodine in the RCS are closely 2.2 Data Man.ipulation and
- !.

i
tied to the chemical forms of cesium. The relationship
between cesium and iodine in the RCS can be Calculational Techniques ]
illustrated by the following reaction

|
2.2.1 Adaptation of Data from Source Term >

Csl + H O = CsOH + HI (1) Code Package
2

1

In order to evaluate the chemistry in the RCS,it is

The reaction of cesium iodide (Csi) with steam (H O), necessary to specify the thermal-hydraulic conditions
2

as shown in Equation 1,is the reverse of an acid-base under wnich reactions would occur. Bis has been ,

reaction and, thus, is unlikely to proceed unless one or undertaken for uch of the accident sequences in I

both products are removed. Reactions of CsoH, Table 1.1 using data from the STCP calculations.

which tend to lower the partial pressure of CsOH, Where possible, detailed transient data were taken

shift the equilibrium to the right and enhance the from the original computer output; otherwise, values

formation of Hl. were derived from tables or estimated from graphs in
the sequence documentation." A listing of all the

At temperatures in excess of 1800 K (2781* F) and at data used is contained in Appendix A.

Iow hydrogen pressures, iodine as I, rather than HI, is
the favored product of the reaction between Csl and The chemical equilibrium is calculated in each relevant

H:0
RCS control volume for the individual sequences,
This requires a description of the thermodynamic
conditions that occur during various phases of accident

g

Csl . H O a CsOH + 1 + 7 2
(2) progression and a measure of the time span overH

2
which such conditions hold.

Thus, iodine chemical forms other than Csl are - - The MARCH 2" code generates a special output file

favored when steam pressures are much greater than that provides input for the TRAP-MELT" code. This

cesium hydroxide pressures, 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

Fission products released from the core will undergo
changes in temperature and concentration as they pass used are given in Appendix A. Figure 2.1 illustrates

through regions of the RCS. A chemical kinetic the temperature history of the first two control

model used 20 reactions to determine the control volumes above core in the Surry TMLB' accident

volume vhere an equilibrium of the iodine, cesium, sequence, where time 0 is at the start of core melting.

hydrogen, and steam species becomes * frozen." This The figure shows phases of constant or slowly

means that de temperatures and concemrations of changing behavior in addition to periods of large

species in subsequent control volumes are not swings in magnitude. Other sequences exhibit similar

sufficient to reach an equilibrium in the mean patterns.

- residence time available. Separate equilibrium
calculations were run, using the FACT system,' to In addition to T, P, and V, chemical equilibria are

| obtain the distribution of iodine species. The FAcr dependent on the molar inventories n, of constituent
species H , H:0, I, and Cs These inventories r.lso

| system was chosen for this study because it can be 2

used by anyone who wishes to examine the vary during M transient and must be obtained for
j

each control volume. Such quantities are calculated

3 NUREG/CR-5732
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Chemical Forms

since they are not directly ava;lable from STCP results.
Mass flows of H and H O and release rates of Csl and
CsOH from the core are converted it,to molar nows ny = n # + A t (g _3 -g) @2 2 "

p y y

(p,, i = 1,2,3,4) of H , H 0, I, and Cs. Rese arex 2 2

. assumed to directly enter the first control volume
' above the core. A simple schematic of the system of Using this procedure, molar inventories were'

above. core control volumes is shown in Figure 2.2. calculated in each control volume downstream from

Known data are given in nonaal type, and quantitics the core, as were the molar concentrations C, = n/Vf
to be calculated are shown in italics. Although only As an example, Figure 2.3 shows the time variation of
two control volumes are shown, additional ones could principal species concentrations for the first control

be added (and were for most of the sequences in this volume above core in the Surry TMLB' sequence.

study); treatment would be analogous to the second Dese concentrations, together with temperature and

volumein the figure, pressure values, were subsequently used to estimate

.
.

the equilibrium distributions of chemical species, as
Within each control volume, temperature and pressure described in Section 2.3.1. It is important to note that

' are assumed to be uniform spatially and constant over the equilibrium . chemistry was completely decoupled

computational time intervals (time intervals must be from the mass transfer processes (i.e., no chemical

specified small enough to make this valid). - From the reactions were considered in the now calculations).-

ideal gas law, the total molar inventory must then also
be constant since n = PV/RT. This implies that the The mean residence time (s) for flow through a

molar flow (g. molls) into a control volume must equal control volume is simply the inverse of the fractional

the molar flow out- flow

1
(8)ESu=[8a=E8e=8 (3) ') * j

Since the inlet flows g, are known (cf. Figure 2.2), the Figure 2.4 shows this quantity for each of the two

total flow g can be casily obtained. The volumetric control volumes above core in the Surry TMLB'

flow v from control volume] (m'/s) is, then sequence. As described in Section 2.3.1, a mean
f - residence time >1 s is usually sufficient to attain

RT equilibrium for regions with a sufficiently high
#: (S temperature. The mean residence time is greater thanVj=g

P 1 s for both volumes, although control volume 1
approaches this limit briefly at about 30 min.

4and the volume fractional flow from volumej (s ) is
The simplicity of this method introduces some

v RT uncertainty into the results, llowever, this uncertainty
jj*8

(5) is generally far less than that due to the input data[1 * y/ py/ itself. The time steps were chosen small'enough to
reduce calculational error to relative insignificante

Assuming well mixed control volumes, the flow (molls) when compared with other sources of error; hence,

of constituent i from volum:f is represented by the chemical reactions may have a slight effect on .
pressure and temperature, but this is not expected to
be significant in altering the inventory and flow

8y = f, n (@ patterns. Thus, the results provide a reasonabley _

picture of the chemical thermodynamic conditicas in
each control volume as the transients progress.

where the molar inventories ny are updated at each
time step by a simple balance equation

5 NUREG/CR-5732
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Figure 2.2 Flow chart of RCS control volumes and variabics. Nor.nal type = known data from S'IEP
calculations; italia = quantitics to be calculated
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2.3 - Iodine-Cesium-Steam-Hydrogen core region, some I and HI were indicated along with
Csi. De predominance of I over HI here is the result

Reactions of reaction 2 being dominant over reaction 1 at the
rela 6vely high temperature of this region. Very littic 1

23,1 Sample Calculations or H1 was indicated in the steam separator volume,
and essentially only Csl was present in the steam

Kinetic and equilibrium calculations were carried out dryers. In this example, the equilibrium was ' frozen"
at 1180 K (1665'F) in the steam dryer volume

at frequent intervals during the seven accident
because this is the lowest temperature where

sequences. %e use of these procedures can be
illustrated with the Grand Gulf TQUV sequence at equilibrium could be attained. If the equilibrium had

' frozen * in the core region by quenching from its high
8780 s. Temperatures of the control volumes are
shown in Table 2.1, Kinetic calculations, using the temperature without changing composition,- then the

FACSIMILF" code, indicated that the equilibrium was distribution of iodine species would have been

not attained in the upper annulus at 907 K (1173*F). different (see Table 2.1). Calculational techniques used

However, equilibrium was rapidly attained in the in the seven accident sequences are discussed in

higher. temperature regions. He results of the Appendix B.

equilibrium calculations are given in Table 2.1. In the

Table 2.1 : FACT system output of Grand Gulf 'IQUV cxampic at 8780 s

Control volumes Percent Percent Percent Temperature

Osl I HI (K) (* 19

Core region 91.0 7.5 1.5 2047 3225

Steam separators - 99.% 0.01 0.03 1398 2057

Steam dryers -100.0 <0.01 <0.01 1180 1665

Upper annulus Not at equilibrium 90! 1173
-

' 23.2 ' Overall Results of Calculations temperature. For this sequence, the overall iodine
distribution v is 2.8% as I and 0.4% as Hi, with the
remainder as Csi. Thus, a total of 3.2% as I plus HIin six of seven calculations, the iodine was almost

entirely in the form of Cst; the contribution of I or HI was the largest fraction of iodine in a form other than

was <0.1% of the overall percentage of iodine. Csl in this study,

Dese calculations considered only reactions involving
During the second half of the Surry AB sequence,

cesium, iodine, hydrogen, and species, as shown in
there is a peri (x! during which temperatures in thei

core region are in excess of 2000 K (3141'F) and Appendix B, but covered a wide range of

subsequent volumes of the upper grid plates and guide temperatures,1 ydrogen concentrations, steam
concentrations, and fission product concentrations.tubes are at temperatures of only -500 K (441*F).

Because of this, equilibrium compositions in the core H wever, deposition on surfaces and reactions with
surfaces were not included in these calculations. Very

l - region would be ' frozen" in by the rapid decrease in
few specific experimental data about surface

I

9 NUREG/CR-5732
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interactions of fission products are availabic. The reaction is less than 0.6% for cach of the accident
effect of these interactions on k) dine chemical forms sequences studied. This is because Pc,,n must be very
must be carried out with scoping or bounding small if the ratio Pm/Pci is large enough to be
calculations rather than dethiled sequence spceific significant. Ilowever, if Pc,an is very small, then so is
evaluations that were performed for the reactioni, of x; hence, very littic surface reaction could occur.
iodine and cesium species with steam and hydrogen.

2.4.2 Other Reactions of CsOli
2.4 Reaction Of CsOH with Surfaces

Other reactions of CsOli may a.so remove it from the

2.4.1 Deposition of CsOli onto Structural vapor phase, but there is gener:lly a lack of
information on the amounts and locations of otherSurfaces
reactants. For example, several cesium borates may
form in the reaction of CsOli with boric acid or boron

Of the possible reactions of CsOli in the RCS, the oxide. The formation of cesium metaborate (CsBO:)
reaction with structural surfaces is the most amenable may occur by the following reaction
to evaluation. Johnson et al." have studied the
delosition of CsOli on oxidized stainless steel
surfaces. Dey used the following simple expression to CsOH + HBO * CsB02 + II 0 (13)2 2
relate the thermodynamic activity of CsOH to the
surface concentration

At equilibrium at 1000 K (1341* F), the pressure of'
CsOli may be written as4

a - 0.5 exp' 98.5
3.84 x 10

(x - 0.28) (9)
T ;x ,

x <0.28 "'P ,og = - 1.6 x 10-" - (14)c
nas

where a and x are the surface activity (atm) and
2concentration (mg/cm ), respectively. The reaction of If sufficient meta. boric acid (HBO, were available, it

could result in a lowering of the va')por pressure ofinterest with stainless steel may be written as

CsOH.

CsOH (cmface) - CsOH (gas) (10) Two simulated core-melt tests were run at ORNL to
assess boric acid volatility and the potential for sapor
interactions with Csi. Two different sized simulant

Thermochemica. Jata obtained from the FACT fuel bundles were used-nominally 1 and 10 kg. The
system' give the r 'pective equilibrium constants for smaller,1-kg, fuel simulant bundic consisted of 12
the reactions in Equations 1 and 9 as zirconium tubes (10.16 cm long) with 0.247 kg end

" b - exp,- 1.407 12 * Id, )
caps,0.093 kg stainless steel grids,0.0185 kg inconel
grids, and 0.585 kg UO pellets. There were no addedr-i P, ( 7P,,o Cs or I species in the small bundle test. The test wasc .

performed by inductively heating the fuct bundle while
injecting fcedwater ccmtaining 2000 ppm boric acid
into the bottom of the bundic. In this test, it was

r, - -e 1.189 x 10: . IN * 1 O) found (see Table 2.2) that during the lower-"
a ( 7 J temperature heating steps up to 1600* C, -ItV7c of the

900 s T s 129
boron was transported through the bundle and was
captured downstream as boron oxide As the tempera-

Calculations using Equations 9,11, and 12, together ture was increased to partial melting of the bundle,
with mass balances on cesium and iodine, indicate that the collected B.0 decreased. This decrease was'3
the amount of HI formed due to the CsOH surface

NUREG/CR-5732 10
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Table 2.2 Sirculated core-melt tests conducted in the ORNI, l.kg facility
(llork, acid addition to water inject (xl bcks the bundle);

,

llorun collected as p.,0,
-

liesting sep Total boron ytscat' (g) Filter (%) Wash (%)

A (1600* C) 0.034 10.37 0.0

B (1800*C) 0.088 5.5 OM
C (2400* C) 0.142 0.024 ORN

'As hwie acid in water used for steam generation,

attributed to increased !cJctivity of the boron oxide nppeared to be auociated with the porous Zro, t. team
with the hot fue) and (|3d oxides, generator baw at the bottom of the bundle. A test

scrubber that had been operated continuously on a
The composition of the 10 kg fuel bundle is shown in diverted part of the hydrogenhteam flow showal no
Toble 2.1 Note that in this test, Cal was added to 12 evidenw of volatile (nonparticulate) kidine,
of the 60 simulant fuel iods in a limited region near
the bundle centerline. Excess cesium was not added. Similar results were subsequently obtained in a test

with silver vaporized in a 10-kg bundle containing Ag.
The 10 ' ; test was conducted at a bundle centerline in-Cd alloy control rod simulants. In the latter case,
temperatute hmit of l'd 7C, which was reached in cadmium vapor was obserwl downstream, but the
-30 min and maintained for an additional 30 min. silver did not penetrate out of the bundle-presumably
During this time,365 mL of boric acid solution because of interactions with Zirealoy,
containing 3.83 g of thBO, was adder * to the steam
generator porous media below the fwI bundle. Bawd on these resulta, it is highly likely thal toric
Hydrogen release treasured 326 L, v.hich would be acid covuporized from residual water below the core in
equivalent to 72% conversion of the water and -30% severe accidents will be tied up by the Zircakiy in the
reaction of the Zircakiy in the bundic, lower regions of the core and will not be available

altborne to affect the chemical form of the released
Analytical results from X. ray diffraction showed that iodine.

,

white solids observed plated out on the quartzi

chimney were nearly pure Cal with no detectable B,Os 2.5 Revaporization of Csl from RCS
Chemical analysis of the washings from the rystem am
indicated that nearly half of tha Csl had vaporind and
that no boron-containing materials were present This
complete failure IJ find any B,O, downstream of the 2.5.1 Description of Revaporization Process
bundle was sonewhat unexpected since the 1.kg test
had reaulted in some penetiation of boron oxide, it is During an accident sequence, Csl may coc. dense on
like;y that the extra length of the 10 kg system RCS surfaces, if the temperature increases later in
prevented penetration by the reaction of B,0 with the sequence, the Csl may revapeure into a gas with3

ZrOr A sample analysis of a white oxide (a thin ring very I tile ceslum hydroxide. The revaporization of
of mixed ZrO, and B 0.,) in a very highly refractory Csl can t e ,:xpressed as2

solid solution on the oxidited clad surface was
estimated to account for about one-third of the total
boron added. 'The remainder of the boron oxide

11 NUREG/CR-5732
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Tabic 23 Compositkm of Inkg fuct bundle

fictn Welpt*
(g)

60"- ZJrcaloy tubes 2181.0
120 - Zircaloy end caps 503.6 !

3 - Stainless steel grids 342.0 ,

'

1 - Inconel grid 112.0
4 - Stainless steel supports and screws $8.5 .

2 - Stalnicas steel lifts and screws 9.0

UO pcliets (N.W.) 7464.03

(E.W.) 6739.9

U0 powdct (N.W.) 1201.93

(liW ) 1059.5

SrCO 3JX)3
.

BaCO 4.053

12 0 2.28 s3 3

Eu30 0.21
'

3

Sm:0 1.123

CcO 4.873
,

Mo 4.70

Te 0.82

Ru 5.16
,

Calt 0.85
.

*N.W. = net weight; li.W. * uranium clement weight.
" Twelve of th<se tubes had three horuontal slits each. 0.010 in wide = 1 in long. and 120* apart in their midsection.
' Cal mixed with 300 g 110p rare carths, and metal puders was ad&d to the -1 in. 6cctkm of the 12 tutes.

.

NUREG/CR-5732 12 i-

. - . . . . - . . . - - . - . . - . . - - , . . . -. . . _ . _ - . . . . - . . . . . _ . . . . - - , - . , ._,,_ - - , .



_ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Chemical 170: Insj

|

?
(4) All of the iodine deposited on the surface and was

subject to revaporitation as described by
Csl (liquid) a Cal (ps) (15) Equations 15 and 16.

Table 2.4 indicates the estimated upper bounds on the

%c vapor picuure of Cst, calculated with data fraction ef hxline as lit that results from these
obtained from the FACT splem? Is muumptions. %c highest percentages as ill were

obtained from those arcidents in which steam,

E ' '" " " * * " " ""'"*# """E-2 2 x W + 1.307 x 10' (16) the sequence. These upper bounds probablyPev = erp -

T
T .1000 - 1$53 K overestimate the formation of 111 in several wap:

_

it Equation 1, a mole of GOli would be produced (1) It is not likely that all iodine would deposit as G1
for every mole of 111. Assuming th11 this is the only and be subject to later revaporitation.

,

GOli(gas)in the splem for the sake of a bounding
calculation, the equilibrium constant for reaction 1 (2) The steam preuures used in the calculations were

may be arranged as thow of the accident sequences, kevaporfiation
could occur after steam pressures had decreased.

'l 622 = 10'
r , - Pc., . r,p up- + 1467 (17) (3) De ces um hydroxide pressure would (nost likelyn

T INO - 1553 K
' be greater than the lit pressure. As described in

Section 2.4.1, it would be difficult to reduce GOli
pressures low enough to influence til formation

2.5.2 Assessment of Revaporinition as a by deposition of cesium on stainless stect.

Serce of 111
2.6 Summary of kxi.me C. hem.ical

From Equation 17, Pm may be calculated if Pup is Forms lii the RCS
known or assumed and Pc,is calculated from
Equation 16. The calculated percentages of imline as lodine entering containment from the RCS shauld be

~til when Pu,o = 1 atm varice from 0.5% at 1(XO K to predominantly in the form of Gl. The examination of
0.25% at 1533 K. At higher sten pressures, Cs.l.ll 0.ll, interactions for seven accident sequences

2

proportionately h!gher perccutages as til may occur. gase a rnaximum on 3.2% iodine u i plus 111, whh the
remainder as Csl. There are some uncertainties in the*

To assess an upper bound on the ratent of 111 react ons of Csoll with oxides, as wc!! as in the
formation by revaporization of G1, the ' towing revaporitation of G1, that produce uncertainties in
assumptions are made: the extent to which iodine may exist in a form other-

than Gl. Cesium needs to be removed from reactions
(1) The temperature of revaporization is tb" nvolving hidine if very much iodine is to be in a form

temperature where equilibrium was ' frozen.' other than Cst..

(2) De steam pressures are those obtained from the flased on this analysis, the chemical forms of iodine
seven accident sequences. cntering containment from the RCS may reasonably

be described as a maximum of 5'?e as elemental iodine
(3) %c only GOH (gas) in the system is that and 111, with not less than 1% as either elemental

producc/l by Equation I and is, mole for mole, the iodine or 111. The remaining 95% vould be Csl.
same as ill, All other cesium was somehow
removed (i.e., vented).

.,

13 NUREG/CR-5732
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hble 2.4. Patimated upper tound on the fracti m of kx!!nc as ill
due to revapothatkin of Ol

Acekical sequence Fatimated perantage of kxllne as lil'
4

Orand Gulf TC 0.3

Orand Gulf TOUV 0.4

Peach Bottom AE 0.6

Peach Bottom TC2 - 3.1

Sequoyah Til 2.4

Surry BiL3' 3.8

Surry AB 0.03

*tinte See $cct6nn 2.3.2 for a lint M anumpkms uwd in calculativg thew estimated valuct

f
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3 Iodine Behavior in Containment ;

3.1 Categorization of lodine have interacted with a surface and/or dissolved in j

Behavior in Terms of Time !* * ' " '

Intervals During an Accident category 3 lodine lichavior. At long times after a f,

Sc(taence -
evere acrident, sas Phase k> dine 15 expected to bc ;

dominated by organic iodide with a small contribution *

Bned on TRENDS models, calculations of lodine from 1,. Approximately 15 months following the

behavior for NUREo.0956," and information from accident at TMI 2, the concentration of "'I in ,

large-vessel tests" as well as from the accident at
mntainment gas was 3.3 x 10" s 8.9 x 10" mol 1/L" ;

TMI 2, the lodine behavior may be separated, by time, Methyl lodide is an ' ubiquitous' hakicartxm that is i

into three categorics: (1) from initial release into present in the atmosphere at concentrations which ,

vary somewhat with distance from the ocean, in a j
containment up to 1000 to 1200 min following
initiation of the accident,(2) from 1000 to 1200 min study of eight k) cations in the United States, the ;

8 moloveraH mean mnantration was -2 x 10 -

to 2 to 3 weeks, and (3) for times greater than
Cll 1/P hus, the long-term organic iodide3-3 wecks. concentration in ccmtninment will probably be on the
order of 10" mol 1/L lodine behavior and- Catecorv 1.- lodine Behavior, in this time interul, the ,

distribution,in the long ternt, are expected to have
uncertainty in tta amount and chemical forms that .

enter containment is most important. 'IM ti/per time little relationship to the chemical forms or amounts
released into mntainment because the lodine wouldlimit for this category is the time when aumac i

acrosol concentrations have been substantially reduced have had time to deposit on surfaces or in water pools
and the crwironmental conditions in containmentfrom their puk values. %c source term calculations

u topped in the range of 1000 to would prevail in determining the chemical forms.
'

in previous reports s

1200 min. '
3.2 Importance of pH in

All of the chemical and physical interactions of ill are Determining the Chemical Forms
- expcoted to occur during this time interval Events of lodine in Water Pools

leading to the formation of la by radiolysis would also ,

occur in this interval and the next time interval as
well. Rus, during this period, all material of 3.2.1 Materials That Determine pil in
importance to iodine reactions is expected to deposit Accident Sequences
in water pools or onto surfaces, all gaseous iodine-
acrosol interactions are expected to take place, and all RMs hion yrh W h M .
HI effects, except for those related to pl{, arc expected solution pli is the major factor in determining the
' " ' amount of 1 and organic lodide formation in !

3 '

6 luti n,' Materials that can determine pli in
Catecorv 2. Iodine Ikhavior. In this time interval, mntainment water pools are Wn in TaNe 3.1, ,M
vapor phase iodine will consist of is produced by inc es ac a bade madah in j

,

.

radiolysis and partitioned between aqueous solution situations in which no chemical additi;es are present a

and the gas, as wcll as organic kxilde, lodine will also t control pl{, the amounts of lil, ceslum borate or i
be found in aqueous solution in forms that arc hydroxW, and Won oxides reacMng a sump wM

? determined both by tr.diolysis and b/ pli and initially determine pit in some sequences, the core.
- deposlied on structural surfaces. In this time interval, concrete interacti n wou d produce acrosols that
' the chemical forms of iodine should not be ck>sely contain the basic oxides K,0, Na,0, and Cao. The
- related to the chemical forms that entered inlivence f these oxides on pil will depend on the ,

containment from the RCS because the lodine would amount that has entered the water pool, the initial pil
and buffering capacity of the solution, the quantity of >

15 NUREG/CR-5732

- - . - . - - - _ . . . . - _ . . - _ . - _ _ - . . . - . _ - - . . _ . . . - , , - _ - _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

c,

kx1fre lichavkir

Table 3.1 Materials that affod pil in umtainment water pools

Boron osides (acidic)*

11asic fission praiuct mmpounds such as ceslum hydroxide or (esium borates (basic)*

e hxline as 111 (aridic)

pil additives (basic)*

Atmospheric species such as carn >n dioxide or nitric acid (acidic)*

Core-concrete acrosch (basic)*

!

| Pyrolysis and radiolp, products from organic rnatcrials (acidic)*
|

|- _

| water, and the extent of dissolution of the acrosol Two different buffer sptems could be used in "

! material. One of the TRENDS models calculates the containment water Jools; a phosphate buffer and a
pil in water pools, borate buffer, The phosphate buffer has a maximum,

! capacity near pil 7, while the borate buffer hro itsI- 3.2.2 Nitric Acid Formation and pil Control maximum capachy near pil 9. Buffer capacity is often
| evaluated in terms of its buffer value B, which is

Water that is exposed to air absorbs CO, to forrn defined by
carNmic acid, which lowers pit. The pli of water

| approaches a limiting value of -5.65 due to this B= db
; process. In addition, nitric acid can be produced by M
t_ the irradiation of water and air. Table 3.2 shows the

relationship between the formation of nitrate ions and where dh is an increment of strong base in mol/L
hydrogen ions from the irradiation of an air-wp'.cr With the addition of strong acids, a negative
system. Table 3.3 shows the decrease in pl{ fo an increment -dh is used. Bates" has shown that the
irradiated solution that contained trisodium phosphate relatienship between the maximum buffer value, B ,
with an initial pH of 9.0. During the irradiation, nitric and concentration of a buffer, C, can be written as:
nid and atmospheric CO, decreased the pH as shown'
Phosphate solutions have their maximurn pil buffer B=8 = 0.576 C
capacity at a pH near 7.. This buffer capacity is
reflected here in the length of time that the pil hs, a given concentration ef phosphate would have
remained near 6.5. Once the buffer capacity was the kame buffer value at a pH near 7 that the same
exceeded, the pH continually decreasedi concentration of borate would have at a pil near 9.

The selection of the buffer system is important in
Because of CO, and n.tric acid, the pil is not !!kely to determining the pH to be maintained. From a strictly
remain at some preadjusted value. A buffer system to chemical standpoint, selecting a borate for the buffer
retard changes from the desired pH is expected to to maintain a pH near 9 is just as simple as selecting a
provide a more stable pH level. phosphate to maintain a pH near 7.

|

NURi?G/CR 5732 16
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Table 3.2 Concentations of 11' and NOi in water due to irradiatkin'

Irradiatkm time [1t*] [Noil
(b) from pil from km ckrtr<xic

.

6 3.2 x 10' 6.5 x 10 '
5

12 6.3 x 10 ' 6.7 x 10
22 1.0 x 10 * 1,0 x 10 '

6$ 2.$ x 10 1.8 x 10 'd

4
114 $.0 x 10' 4.0 x 10

*100 ent in ckwd 100 mL tentainer at rate c4 0 6 Mradt.

Tabic a.3 rmects of irrradiation dasc' 3.3 Processes That Alter the i

on pli in trisatium phosphate solutkm g.g p, g g; ;

Containment
Time - ;

(D) PH 3.3.1 Itadiolysis

0 9.0 3.3.1.1 Dmiptkm of Calculated Model

in the presence of radiation, the equilibrium formation4 6.4
of l frntn l' is strongly dependent on pil and weaklyi

7 6.5 on ternporature unti concentration. Ignoring the last
two effceth,' this dependeriec can be written as

23 6.5
(112

ITpH) = equilibrirm fraction - (18)
41 4,7 gj [g j

63 3.9
where [t] is the concentration of 1 or l' (g-atom!L).2

Data from Lin,2' as shown in Figure 3.1, illustrate this

% rate. o 53 Mrad.t. cffect for several Inillal concentrations and pH values
using solutions that were at ambient temperature and
had been irradiated for 1 h at 4.5 Mrad /h. The final
pH values were not indicated but probably decreased
slightly since no mention is made of buffering in the

Recently, a patent was issued for a method of pH experiment. The values of pH >, uay not be quanti-

control and gettering of iodine species which empkp tatively useful silice the very small ecnversion fractions

well-dispersed silver carbonate.22 are probably incorrect due to measurement error. As
seen in Figurc 3.1, T is near 0 for pil >7 and near i
for pH <2 hut experiences a drastic change in the

17 NURi?G/CR 5732

. _ _ _ . . _ . _ _ , _ _ _ , , . _ . . . . _ _ _ _ _ _ _ _ _ _ . - -, .- ,



. . . . . _ . - . . _ _ _ - . . . _ . . - . . - _

lodiac Behavk>r

ORNL DWG 91 A-47

1.00 -

i i i i i
-

*z
o_ ._

$ 0.75 *
!- -

<
m
u. .

w 0.50 - -

z .

U
O__

0.25 - -

||

u_ -
.

' ' '0 *
* - '

1 2 3 4 5 6 7

P H

Figure 3.1 Radiolytic cxinversion of I' to I, | data from C C Lin./. husg. Nutt. Chem. 42,1101 (1980)|
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range 3 < pil < 4. As discussed in Appendit C, this g(llNO ) = rate of IlNO, production3
.

can be effectivcly r:.odeled by the functional form due to irradiation (molecules /100 cV),
|

total energy deposition due to fissionEq ='

product decay (McV),

F = [1 + e' P" * 8]'' (19) li volume of water (L),=

6.022 x 10" (molecules /mol).N, =

Equation 19 was fit to Lin's data by minimiting the %c data in Table 3.2 indicate that at 30*C (WF)
sum of least squares residuals, which yicids

~

a = 1."2 S = -6.0g (20)

Dis relationship is based on radiation atnorption by
Similar data are given by Naritami et al." for the aqueous phase. De actual mechanism for the .

'

5 s pli s 9. They subjected torated l' solutions of formation of nitric acid is not known, it may occur in
If,10 , and 10* mol/L to much lower dose rates the aqueous phase,in the gas phase, or at the gas .5

("Co gamma rays of 0.1 Mrad /h) for 1 h. The model surface interface. The containment water volume, l't,

of Equations 19 and 20 gives a good match to these is usually constent over the period during and
data for concentrations of 10 mol/L, although the subsequent to significant fission product releases.4

model overestimates conversion for the lower'

concentrations. De energy deposition ovet a time Jr is

if the pil is maintained sufficiently high through (D)E,,= la,,or= Ar { m ejj' buffering or .nddition of sufficient basic material, very s
little conversion will occur. In this case, most iodine
remains dissolved as l', Lin's data generally indicate
<1% conversion at pli = 7. This value declines as where

the total k> dine concentration decreases. De data of
timc 'h),Narltomi show a conversion of 0.2% for lodide , dr =

concentrations of 10 mol/L and 0.01% at lower E, = total energy deposition rate (McV/h),d

mass of nuclide groupf in pool (g),concentrations. Data measured for this study indicate m =j
energy de|xn.ition rate per unit mass ofthat for a dose rate of 0.35 Mrad /h, an iodine 4 =

concentration of 10 mol/L conversion was 0.003% nuclide groupj (McV/h g).4

after 4 h irradiation and 0.03% after 24 h. The last
value,0.03%, has been used in the present work. Various groupings of fission products and act(ntdes

have been considered in past safety studies. A
If the pH level is not deliberately controlled,it may grouping compatible with that used in STCP accident -
decrease sufficiently to alknv considerable conversion studies was selected for this study (see Table 3A). The

of l' la 1 De primary mechanism is radiolytic specific energy deposition rate 4 for each group7
generation of nitric acid , .c Section 3.2 2). If the pli depends on the relative distribution of radioactive
is neutral initially, then this effect soon dominates, nuclides, which, in turn, depends on such factors as

resulting in fuel enrichment, power history, ar.d additives or other
inatcrials in the fuel or reactor.

E'[H*] ,10' g(HNO ) dy (21) A detailed analysis of Browns Ferry (a large I!WR3

with Mark I ccmtainment) accident sequences has been*

performed by ORNL staff members. Using the
where ORIGEN2 cxxte," nuclide inventories were vetermined

[H'] . = concentration of II* (moi!L),

19 NUllEG/ Cit.5732
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Table 3.4 N.xlide groupings and group-spcdric energy depmition ratcs

._.

Group Energy depsition rate,
irden, Characteristic 4 x 10 "

3 element included nucikles (McV/h kg)

.

1 1 1, Dr 4210
2 Cs Cs, Rb 3.971
3 Te Tc,Se,Sb 20.06

'4 Sr Sr 31.25
$ Ba Da M.Mio
6 Ru Ru, Tc, Rh, Mo, Pd 6413

'7 Cc Cc,Pu,Np L540
8 La LA Am, Cm, Y, Pr, Nd, Pm, Sm, 2146

Eu, Zr,' Nb
9 Xc Xc,Kr 2M12

'Indudes ony Tm6on (culucts

assembly in the cycle 6 fuel loading. Nuclide assumed to be sufficiently similar to BWR values to
inventories for every assembly in the reactor were then permit use of the values in Table 3 4 for Sequoyah and
determined by interpolation based on power hhtory, Surry sequences,
using the high and low cases for that assembly type
These inventories were subsequently combined to 3.3.1.2 ' Mass Manipulathms
obtain a total core inventory for every fission product
nuclide of significance either in mass or decay energy The group masses m are obtained by multiplying theg
at 5 h after shutdown. Assuming all decay energy is total core inventory mj y the estimated fractionalb
absorbed, the total inventories were used with decay release into ccmtainment
energy data for cach nuclide to obtain energy
deposition rates e, for cach fission product group,
which are also shown in Table 3.4, Cornplete details m = fj _j (24)m

j

of this calculation can be found in Reference 26.

The group energy deposition rates for the Browns
Total core inventories for the plants are those

Ferry BWR are applied to all sequences considered in identified in previous reports and are given ini

the present s'udy, nis is a very legitimate assumption Appendix D. Various estimates of the fractional
for the Peach Bottom plant, which is also a BWR- releases /f can be obtained from Nourbakhsh.2' He has
Mark I nearly identical to Browns Ferry in size and compiled results from many STCP accident
design. A similar assumption is also made for Grand calculations (including those mentioned in this study)
Gulf, also a BWR, Dese assumptions are analogous and has stated bounding estimates for the fractions of
to those made in previous reports" using ORNL core inventory released into containment due to the
calculations for the Browrm Ferry cycle 4 !aading, following effects:
While PWRs have many characteristics different from
BWRs, the fission process results in the same (1) release from RCS prior to vessel failure
distribution of fission products Although the final (2) release at vessel breach
distribution is somewhat affected by geometry and (3) ex. vessel release due primarily to core. concrete
additives, the group energy deposition rates are interactions

| NUREO/CR-5732 20

|

_ _ _ - . . , _. - _ . _ _ _ - _.



__-__ _-_ . _ _ - - - _ - _ _ _ _ _ _ _ _ _ - - _

hxline lichavior

(4) late revolatilization from the RCS.
logw P = 6.29 - 0.0149 T (27)

|
Categories 1,2, and 4 can be combined to yield a total T (K)
release into the containment from the primary system.
ne release fractions adopted from Noutbakhsh and His relationshig gives the experimental value reported
used in this study are shown in Table D.2 of by Eguchi et al. and by Sanemasa et al.'' at 298 K

Appendix D. (77'F). Extrapolation of the experimental results of
these investigators to 373 K (212'F) yielded a

Finally, or in Equation 23 is the time needed to reach partition mcfficient of 3. Furrer et al.* reported a
the approximate steady state, in general, the first calculated partition coefficient at 373 K (212*F) of 9.

_ phase of an accident can be considered to reach steady
- state in 10 to 15 h (see Section 3.1), and this is the Some of the data used in this calculation was based on j

time range mnsidered for 4t. ne pli can be estimated parameters. Equation 27 gives a partition j

calculated from coefficient of 53 at 373 K (212*F), the approximate
average of the calculated value, and the extrapolation

pil -logi, DP) - -In pi'l/In 10 of the measured values.

While it may take considerabic time to approach such
and the fractional conversion in Equation 18 then equilibration in a large system such as a teactor
takes the form containment, Equation 26 can still be used to estimate

la volatility, In fact, instant equilibration is a
conservative assumption since considerable holdup

t + 535 = to" f*,.s
i-i ,

(D could be expected in real life s;tuations. A rigorousr. .1. e'pt *1 .

analysis would consider the delay associated with the' <

evaporation of volatile species from water pools. This
Thus, when pH is not controlled, fractional conversion phenomenon is not well underst(n!, and only crude
is directly dependent on the liquid volume V in which models are ava!!able. Thus, tlic escape of 1, from

t

radiolysis occurs; the energy deposition E , which water pools will be modeled by assuming thatq
itscif depends on the arnounts of radioactive species in Equation 26 hold., mntinuously as I, is produced
water; and the time At allowed for .he radiolysis radiolytically.

process to reach steady-state conditions.-
33.1.4 uns-Phase Reactions: lbrmation of Organic

33.13 Gas lJquid Partitioning kxlidcs

The equilibrium distribution of a singic volatile The process of converting 1, into organic lodides
(chicily C111) is 58ill not fully understood. Postmaspecies, such as 1, is represented by the partition 3

3

coefficient and Zavodoski" reviewed production rates from about
70 mntainment tests and determined that the

D,(aq)), asyruptotic steady. state conversion to C111 was3

__
(28)U2 (8)}g percent l comened = 0.19 C,,on

a , ,

This quantity is inversely re:ated to the llenry's Law
constant K (i.e., P = 1/K) and should not be confused where C. = inillal I, concentration (mg/m'). This
with the overall lodine parti:lon coefficients often used equation was based on 69 containtnent experiments.
In reactor safety studies. Partition coefficients for 1 2 In a more recent review,11cahm et al.' described
were calculated from formation using the rate equation

21 NUREG/CR-5732
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dC C " II (84)}. C: " ll (K)l. C - [l- (aq)],a

j = a(C' - C,) @) c, . [cjf,f (g))

Equations 26,18, and 31 can be rewritten as
where

a = formation rate constant (s'),
C, = organic lodide concentration C = PC (32a)i

(mg lodine /m'),
C' = steady-state organic iodide concentration -|

(mg lodinc/m').

(1 - M
They assigned the constant value a = 0.0051 based on S* n (32h)r
empirical evidence and used

C' = 0.0189 Cy (30)
C, = C|h (32c)

'

in place of Equation 28. His equation was based on In addition, the total lodine ir.ventory Nr (g-atom) is
containment experiments performed with irradiated equal to the initial l' entering the containment and
int rather than si:nulated materials. The percent remains constant throughout the distribution process:
conversion to organic hx!!de when irradiated fuel was
used was somewhat ga :r than that obtained from

* C ) + V, (C: +C) (32d)simulant materials (cf. Figure 4, Reference 5). N " V (Cr t s 4

By converting units to g-atom /L, Equation 30 can be
rewritten as Here are four equations (Eqs. 32a-32d) and four

unknowns (C,, C,, C,, and C,); all equations except

[CII I] = p [1 I'' () Equation 32c are linear, and its nonlinearities are very
3 2 mild.

To obtain solutions to tia system, Equations 32a-32c
wherc $ = 0.0189 (10' MW)*", MW being the are substituted into Equation 32d, y!ciding
molecular weight of 1. For MW = 130, then p =

d6.55 x 10r , which indicates that generally <l% of V
gaseous iodine will be organic. N" PC + V (C + C ) (53)r 2 a 2 2

3.3.1.5 Overall Behayk>r

.. which can be arranged into the form
As described in the predous sections, the distribution

g: " (N - V, DC|'')of species throughout the gas and liquid phases can be r qcstimated frota models for three basic processes: 1 ,
77radiolytic conversion of I' to la in water, evaporation 2-

of 1. and gas-phase formation of organic lodides. F - + y's2 6

; Defining the desired quantitics as concentration
variables (g atom /L) nis represents a convenient form for fixed point

iteration, which usually converges to a relative error of
| 10 within three to tive iterations. Once C has been

4
. i

| determined from Equation 34, the other concentra-
| tions are obtained from Equations 32a-32c.

NUREG/CR 5732 22
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Because organic lodide is such a small part of the by simply using Equation 32c. Furthermore,
total,it is helpful to examine the distribution behavior Equations 35 and 36 are in particularly convenient

,

! without considering organic lodide. By ignoring form not only to estiinate lodine volatility, but also to

Equation 32c, Equation 33 becorr.cs estimate the individual phenomena and their impact
on overall behavior.

N.l PC, + Y,CaF 3.3.2 Results of Iodine Behavior inr

n a nrnent
which can be rearranged to obtain

, , .s The analysis described in Section 3.3.1 has been
,$ , j , V8 (35) applied to each of the seven accident sequences listed
N Y,F in Table 1.1. Using whole core inventories from

7 ' '

previous reports," the release fractions of
Nourbakhsh"(including both vessel and core-concretc

' where N, = V'C, = g. atom of I, in gas. Equation Y releases), and the nuclide group energy deposition
is a convenient expression of the fraction ofiodine rams in Tam M. Ik enugy &pmWon rak B4 can

- that is volatilfred. (Consideration of organic lodide ca ated W cach plant udng Epahns 23 aM
will increase this fraction very slightly.) For the case 24. The results are shown in Appendix E.
of uncontrc6cd pH, substitution of Equation 25 ints
Equation 35 yields Once the energy deposition has been computed, the

remaining quantitics can be calculaicd by solving the ;
, s.

i

8. . Jt,S I + 5.55 x 10'31 @ system fequadas Uqui an gas volumes and'#
temperatures were obtained from sequencer ; V, ,E%N
documentation." The gas volumes used for BWRs.
include all primary containment space, although it may

which is an expression for the fraction of volatile s nwtimes N appropriate to a sly wetwcH alnpace,
iodine (as Id. To use Equation 35 or 36, it !s depending on sequence considerations. Partition
necessary to estimate the characteristics or c ents wuc cakulakd as factims of
approximate values for cach of the following temperature from Equation 27. The totallodine
quantNm inventory initially deposited in water as l' was

cale a ng pre esty men ne mes mm es
Vp V, = liquid and gas volumes (L), and release fractions and assuming a molecular weight -

T = air water interface tempera": re (which of 130.
permits computation of the ' partition
coefficient P by Equation 27). These various data and the quantitics calcul- im

them are Mted for cach accident quence b
For the case of uncontrolled pH,it is also necessary to Tabic 3.5. From the table,it appears that PL.
g cxhibit dose rates considerably higher than do BWRs,

mn t g to tk much @u mmenion hacdons.
m'. = masses of fission products in the e prescr.cc o emcmely larg wata mlunics is a

mn'ainment (from which the dose et a age W N M h regad &
term E is calculated by conversion data of a in" were taken at a dose rate of4
Epatim 24), 4.5 Mrad /h in the range of PWR rate". - The data

dr = approximate duration of the radiolpis taken at ORNL are generally in the range of BWR
phase (s) in category 1 (see dose rates (14,0.35 to 0.6 Mra.h). Both sets of data
&ction 3.1)" indicate that conversion is dominated by pil effects,

'" '" " #"" *# "'""'#* r

if Equation 35 or 36 is used instead of solving the ( ) """"I E" * 8 O ##""" E"
nonlinear E' .stion 34, then a good approximation to * '#" 8 I' * #I *
the altborne organic iodide inventory can be obtained
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Table 3.5 Data for equihbrium analyus c4 cxample sequences

Volume (m') ,

**
Aqueous 1 (%)'2

Temperature Partition 4 Dme ratc Total I
Plani Acadent Uguid Gas (*C) coefficient (McV/af (Mrad.h) (ged) At == 10 h at = 15 h

23= 10

Grand TCy- 4550 3 % 50 102 5.0 1.2773 0.45 122.5 14 18
Gdf TQUVy 5171 3 % 50 60 21.2 1.3020 0.40 136.2 13 18

Peach AEy 4000 7873 54 26.0 1.2223 0.49 121.7 16 21
Bottom TC2 4500 7873 118 2.9 1.1977 0.43 114.9 14 19

Sequoyah TBA 1465 36 04 112 3.6 0.9267 1.01 105.2 24 30,

'

Surry TMLB' 115 51000 93 6.8 0.5136 7.16 57.2 59 67
AB 172 51000 112 3.6 0.6912 6.44 85.8 58 f,5

i

CIECubiCd /PSGI Eginats3e n

"Caicatawd t== ne arm ==w dwe rue (urva) - tunt, = sa"(t,vg .were , - i gt in m
'Calcolmed froar Eqwalma 19,

!

I

.
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this calculation,it was not necessary to specify the in the Peach Bottom reactor (generally a safety
material that was used to control the pil at 7 or liability) permits noticeably less evaporation than
above. other reactors, resulting in the lowest gaseous it

fractions,

if the pli is controlic4 50 that it stays atxwe 7, a
reasor able value for the fraction of I' converted to 1,is ne other principal effect is due to temperature - th.

- 3 x 10'(Sc tion 3.3.1.1). Using this and the other la partition coefficient changes markedly over the
computed quantitics in Table 3.5, the system of range of temperatures used. This is most noticeable in
equations 32 is solved to yield the species distributions the BWR sequences where different sequences at the
in Table 3.6. It should be noted that data in same plant r.how large differences in the airborne 1,
Tables 3.5 and 3.6 refer to the total lodine in contain- fraction. Thus, an increase in containmcnt
ment, not the core inventory of iodinc. Table .L6 temperature (at the gas liquid interface) from 60 to
indicates a small production of volatiles for PWRs but Il5'C (140 to 239'F) produces nearly an order of
virtually none for BWRs. magnitude increase in the airborne fraction.

Such results are strongly dependent on the aqueous The organic iodide is present in PWRs at about 0.5%
: conversion fraction of F = 3 x lad,which represents a of tore inventory; in BWRs, this concentration is ,

best estimate of the maximum from ORNL data. closer to 0.1% The I, generated by the radiolytic
Thus, if pH is maintained at 7 or above, only a small conversion of I dominates the amount released as 12 .

'
additional amount of 1, is expected in the gas phase in from the RCS. Further, based on the equillorium
PWR systems. assumption, the presence of some 1, already altbort:c

will result in Ics evaporation of 1, formed
if the pil falls below 7 a system for conrolling pil is radiolytically. Hcace, for the case of uncontrolled pit,
not being used and the decreased pil results in a the cumulative total is well represented by the
larger frtetion of aqueous l' being converted to 1. equilibrium amount formed within containment.2

Evaporation of this volatile species so as to maintain
equilibrium partitioning will result in greater 3.3.3 Evaporation to Dryness
atmospheric 1. This, in turn, yicids higher organic3

iodide concennations. The aqueous conversion Water pools or condensate puddles may evaporate in-

fraction itself is determined from Equation 25, which containment and provide a mechanism for the release
requires a value for the equilibration time Jr. As of dissolved aqueous iodine to the pas. As with all
discussed in Section 3.3.1, a value of dr = 15 h is processes involving aqueous lodine, the extent of
appropriate and yields the results shown in Table 3.7 volatile iodine produced is related to pH. Table 3.8
for the equilibrium species distributions. As expected' gives percentages of miatile lodine produced when
the levels of airborne volatiles are much higher than 1 x Er* mol/L Cal solutions were evaporated to
in the controlled case, Indicating almost complete dryness at 95'C. Radiation increased the percentage
conversion for PWRs. of volatile iodine by about an order of magnitude. In

solutions where the initial pH was 7 or below, there
The gaseous I,Iraction is considerably higher in PWRs was a rapid decrease in pH just before dryness.
than in BWRs because the large water volumes in the
latter both lower the dose rate and retain greater The overall impact of evaporation to drynce will
quantitics of dhsolved 1. This last effect also depends depend on the extent to which it occurs in3

on the gas volume and the ratio of gas to liquid containment,
volumes. It is ironic that the relatively small gas space

1
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Tabic 3.6 Distn'bution or iodiac spaics for pII contmUcd aixwe 7'

Fraction of total iodine in a>ntainment (%)

Plant Acrident I (E) I (f) I' (t) CIII(g)2 2 3

! * ir
Grand Gulf ' TC y 0.05 0.03 99.92 0.001

TOUV y 0.01 0.03 99.96 0.0003

S Peach Bottom AEy 0.004 0.03 99.97 0.0001
TC2y 0.02 0.03 99.95 0.0004

Sequoyah TBA 0.21 0.03 9' 76 0.004A

Surry TMLB' y 1.9 0.03 98.0 0.03
AB y 2.4 0.03 97.5 0.03

_ - _ ___-
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Tame 3.7 Distribution ofiodine sgxxis for uncontrolled pII
!

Fraction of total iodine in containment (%)

Plant Accident 1 (g) I (O I- (Q CIIJ (g) '
2 2

.

Grand Gulf TC y - 26.6 153 58.0 0.2 .

6 TQUV y 6.6 183 75.1 0.06 !

Peach Bottom AE y 1.6 21.6 76.8 0.01 [
TC2 y 10.9 18.0 71.0 0.07 ,'

P

t

Sequoyah TBA 69.2 9.9 20.5 0.4 :
i
!

Surry TMLB' y 97.1 1.5 0.7 0.7
.

AB y 97.6 1.2 0.6 0.6 [
.

'
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Tabic 3.8 Iodine volatility of 1 x 10' nx>I/L Csl solutions during cvaporation to dryness

Test conditions Percent volatik

Initial Ikirate Without With radiatkm Final pII je

pII (M) radiation (total (knc,2.1 MR) befi>re drymss

I
** 4.4 0.2 7.2 >W 1.8 to 2.0o

3.6
4.4 O' 2.0

6.0 0.2 6.8 55 2.0 to 2.2

7.0 0.2 32 3.0

Pure water 0 1.6 21

9.0 0.2 1.8 22 8.5

* Ns5 onc acal added to uf;ust the ~ll to 4.4.P 4

i
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4 Technical Findings
. .

'

4.1 Perspective and Scope of Study P, 1.024 x 10'
, {,, y tn , , -SM5 (M)

P, Tr ,

his study assumed that iodinc forms in containment
can be delimited by an examination of the seven lower temperatures and higher hydrogen pressures
severe accident sequences in LWR plants, along with tend to favor til over 1, with the opposite conditions i

an evaluation of associated processes. The associated favoring i over 111. Five percent of kwline as I plus
processes include the deposition of Goli on RCS 111, with not less than 1% *n either form, means that
surfaces and the effects of radiolysit The issue is the the P,,-to-P, ratio in Equation 38 would range from
chemical form of kxtine that may be produced in the 0.2,5 to 4. With a hydrogen pressure of I atm, this j

RCS and in contamment - not the ultimate would occur in the temperature range of 1456 to l

disposition of thu various chemical formt For 2494 K (2161 to 3MF); with a hydrogen pressure of |

cxample,it is like*y that much of the gaseous I,in 10 stin,it would occur in the temperature range of
Ontainment would be re'noved by enginected safety 1251 to 1893 K (1792 to 2948'F). These conditions
features or would deposit on painted or metal are reasonable for situations that lead to the
surfaces. formation of I or 111,

4.2 Assessment of hxline Chemical The major uncertainty is the extent to which GOli

Forms in the RCS will react with oxide materials and reduce its vapor
pressure, if the reaction of GOli is to have a major
impact on the kx!!ne chemical forms, most ofit

The maximum hxline as 1 plus ill calculated for the (certainly more than 90%) must be fixed at a very low
seven severe saident sequences is 3.2% lodine in all vapor pressure,
forms other than I,111, and GI is estimated to be less
than 1% Although this analysis only wnsidered seven 4.3 Assessmerit of Iodine Chemical
sequences at four plants,it is reasonable to consider Forms in ContainmCntthat a maximum of 5% of the uxline would be present
as elemental kxline and til for all accident sequences.
A minimum value would not be expected to be less The production of 1,in containment will be directly
than 1% The remaining 95% of the hx!!ne would be related to the pil levels of the water pools. As illa.
as Cst, strated in Figure 4.1, failure to control the pil at or

above 7 could result in an increase of 1, in the
The gaseous forms of hidine that entered containment atmosphere of between 4,100 and 33,0(K)% as coni.
from the RCS were givca in terms of both elemental pared with the case where pli is controlled for PWRs.
iodine and 111. There is a fundamental reason for this. E.tsentially all of the I, could become gaseous in the
The two forms of kxline are related by PWRs without pil control. For BWRs, the increase is

between 53,(XX) and 80,000%, with about 25% of the I,

I + ).II, }{I (37) becoming gaseous. %c dramatic difference in the
2 amount of 1, between the cases where pil was uncon.

trolled below 7 and the controlled cases speak for
in the temperature range of ifp) to 2000 K, thermo- - themselves. A major uncertainty is the extent of
chemical data for this reaction were fit to give evaporation to dryness. From 2 to 20% of the kxline

in water pools that have evaporated could be
convertJ to a' volatile form, most likely as 1,.

I

i
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Appendix A. Data from Accident Sequence Calculations ,
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Appendix A

|

Table A.! Orand Gulf 10--MERGE output data from MARCil2 j
i |

|

liow tale from wrv (thA) Core crit

Time ternperature Preraute

(s) Ilydrogen Total ('It) (psla)

_ _ _
--

$381 0.0 0.543E403 363 146

5498 0.0 0.591E+ O2 565 117

5544 0.319E416 0.560E+ 02 578 117

5522 0.109E 05 0.480E+ 02 6(X) i16

5552 0.656E 05 0394E+02 641 115 i
'

5588 0.399E-04 0.333E + 02 685 113

5612 0.112E 03 0.X11E + 02 710 112

5642 0.348E-03 0.270E + 02 738 111

5678 0.110E-02 0.242E4 02 768 110

5726 0370 602 0,208E + 02 803 109

5756 0.669E 02 0.193E+02 825 108

5822 0.177E,01 - 0.138E+02 849 1(n

5858 0.181E4)1 0.ll5E+ 02 851 105

5924 0.212E-01 0.996E+ 01 867 103

5978 0.251E-01 0.936E + 01 M4 102

6032 0.303E411 0.884E + 01 902 101

6mo 0.360E-01 0.841 E + 01 920 100

6122 0.420E-01 0.822E+ 0! 934 99

6182 0.525E 01 0.762E+ 01 %3 98

6218 0.601E-01 0,724E + 01 978 97

6284 0.772E-01 0.643E+ 01 1004 96

6326 0.901E-01 0.611E+ 01 1021 95

6380 0.110E+00 0.579E+01 1042 94

6446 0.139E+00 0.527E + 01 1069 93

6512 0.172E+(0 0.472E+ 01 1994 92

6578 0.212E + 00 0.412E r ^1 1120 91
,

6M7 0.251 E +00 0.410E+ 01 1144 90
'

6691 0.270E +(0 0361E+01 1159 89

6742 0.30lE +00 0.310E +01 1176 89

6836 0.302E+ 00 0.190E+01 1206 87

2 - 6911 0.308E +00 0.162E+ 01 1231 87

6974 0.320E+00 0.135E+01 1252 86
,

7075 0.308E +00 0.119E+01 1283 85

7126 0.300E+00 0.ll3E+01 1298 84

7176 0.294E+(0 0.107E+ 01 1313- 84

7252 0.286E+00 0.983E+00 1334 83

7327- 0.280E+00 0.886E+00 1355 82

7390 0.274E4 00 0.809E+(0 1374 82

-7478 0.269E+00 0.692E + 00 1402 81

7617 0.257E + 00 0.569E+00 1444 80

A3 NUREG/CR 5732
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Appenda A

Table A.1 (Continued)

1%w rate frorn (nre (Ibh) Core exil
Tline temperaturc Picssure
(s) Ilystrogen Total ('I) (psia)

7705 0.245E + 00 0.539E + 00 1469 79
7831 0.230E + 00 0.502E +00 1504 78 1

7995 0.218E +00 0.467E+(X) 1550 77
8159 0.206E +(0 0.431E+ 00 1595 76
8260 0.199E + 00 0.408E +(O 1622 75 {

- 8398 0.190E + 00 - 0.377E+00 1657 75
I

8474 0.180E+ 00 0.347E+ 00 1676 74
| 8600 0.168E+ 00 0.302E + 00 1703 74

8M8 0.160E + 00 0.270E+ 00 1720 73
8827 0.149E + 00 0.218E+00 1745 73
9129- 0.127E+00 0.127E +00 1823 72
9356 0.108E +(0 0.108E+ 00 1874 71
9734 0.920E.01 0.920E411 1953 70

10409 0.578E 01 0.578E-01 2079 70
10484 0.639E4)1 0.639E.01 2(94 70
10514 0.525E + 01 0.989E + 01 2216 70
10559 0.796E +(0 0.7%E4(0 2286 70
10574 0.0 0.0 721 70
10769 0.0 0.0 727 70
10784 0.2(ME + 01 0.206E+ 01 2306 70
10814 0,436E + 01 0.745E+ 01 2347 70
10874 0.480E + 0! 0.958E+ 01 2588 71
1(MM 0.107E + 02 0.166E +02 2374 125
10915 0.176E+ O2 0.278E+ 02 306 119
10924 0.0 0.513E+ 01 308 113
10931 0.0 0.0 891 107
10962 0.0 0.0 891 83
10969 0.0 0.837E+02 315 79
1(N75 0.0 0.201E+03 312 75
1(D87 0.0 0.219E+ 03 304 72
11000 0.0 0.318E +02 304 72
11027 0.0 0.420E+ 02 305 72
11871 0.0 0.468E+ O2 303 70
13251 0.0 0.470E + 02 303 71
13257 0.0 0.318E+ 03 309 70
13277 0.0 0.453E + 02 303 71
15067 0.0 0.481 E +02 303 70
15095 0.0 0.181 E+01 302 70
15115 0.0 0.0 345 70
15410 0.0 0.0 345 70

i

NUREG/CR 5732 A.4
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Appendis A

Table A.2 Orand Outt'IC-MARCil2 ontput
for input to 1 RAP. MELT

| lh from une (g4)
'Ilme
(s) QI G Oli

G 41.5 414
% 9.81 59.3

276- 11.7 70.6 |
444 12.3 744i '

612_ 11.8 73.9 ;

7M) 12.0 72.5
'

(XO 11.0 66.5 |

1150 10.4 62.7
1340 9.69 3R.5
1550 8.57 51.8
17&) 8.(ul 48.9
2070 7.10 43.0
2440 6.17 37.3
2310- 5.70 34.5

'

3111 12.5 75.6
3290 -15.9 96.0
3490 7.06 42.7
3760 0.98 5.93
4020 0.27 1.63

5350 0.08 0.3

._

E

j

!
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Appealir A

Table A.3 Orand Gulf'It'-MARCil2 output for input to TRAP.M17.!!!'

,
_

Aw: rage gas temperature (*19

(6) (Isla) Volume 1 Volume 2 Volume 3 Volume 4
.

0 1370 640 597 590 582 !

135 1420 (>40 597 590 582
405 1520 (40 597 590 582
675 1620 651 (43 590 582
945 1720 651 603 $90 582 - ,

1230 1830 651 603 590 582
1530 1930. 661 (08 5%) 582
1830 2030- 661 NE 590 582
2160 2120 661 NE 590 582
2490- 2210- (69 612 590 582
2810 2.VX) 679 615 583 585
3100 2960 1NO 730 768 664
3360 1740 1830 1420 1420 1170
3630 568 1290 1420 1120 1249
3930 567 SN) 108C 836 INO
4250 567 686 812 697 832

-4580 (d)3 669 764 668 800
4890 613 675 755 667 805
5400 613 675 755 (47 805

,

I

|-

|
!

|

,

i ~ NUREG/CR.5732 A.6

_ . _ . _ _ _ _ _ - - . ~ . . . . - .= _ . . _ _ . . . . . _ . , _ . . , . _ , , . _ _ . . - . -



-- . ~ _ _ . . _ _ _ __

Ap[wndix A

Table A.4 Grard Gulf TOUV-MERGII atput from MARG (2
.

Tim rate from core (Ib,%) Core exit
Time' temperaturc |

(s) 11. Total (* f) ;

O 0.0441 11.6 1255

|' 120 0.0661 9.95 1315

1R) 0.0799 9.26 1346 1

300 0.114 830 1411 1

360 0.136 7.79 1444

420 0.162 7.01 1476
480 0.156 131 1765

543 0.132 160 184h
605 0.118 93.8 1902
664 0.109 83.5 1945

725 0,104 76.1 1980
M3 0.103 62.5 2047
901- 0.0966 58.4 20731

1G87 0.0750- 44.7 2123
1200 0.0703 37.2 2148
1260 0.0701 34A 2159
1382 0.0748 28.E 2190
1565 0.0957 22.9 - 2250
1622 0.109 21.5 2272
1809 0.225 16.0 2413
If74 0?JL5 15.0 2514
2222 0.756 7.73 2794
2281 0.812 6.70 2M6
2642 0.863 330 3053
2704 0.0 0.0 0
3020 0.647 1.42 3064-
3064 0.6G4 1.31 3072
3340 0.638 1.20 3150
3603 0.506 tl.789 3197
3661 0.2% 0377 3202
3904 OJ)802 0.M02 3219
3%9 0.0 04 0
4287 0.0547 0.0547 3135
4335 0.0127 0.0127 3130

' .3 31204550 6.0 ,

4910 0.0 24.7 3100
'5280- 0.0 67.8 2980
5650 0.0 79.0 2920

A.7 NUREG/CR-57324
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4

Tabic A.4 (Continued)

Fkm rate from core (1b/r.) Core exit
11mc' temperaturc
-(s) 11 Total (*F)2

6010 0.0 47.3 ?K0
6350 0.0 10.3 2740
6720 0.0 3.0 2650
6843 0.0 1.4 26N
7090 0.0 0.95 503

'7440 0.0 0.49 5CO

- . . -

* Note All entrics . Iter t = 4335 are from TRAP-Mrtil ..c ', wnh 11 - O auumed, and nwn temperatures assumed2

- (cxceptkin is gw> int at t = M43).

!
,

|

NUREG/CR-5732 A.B
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Apgendit A

Table A.$ Grand Guli100V-MARCil2 output Ibr input to TRAP-MELT

Ibws from ct>rc (gA)
Dmo
(s) QI Q011

_.

0 36.1 337

130 8.76 54.1

325 15.5 93.2

i 451 17.6 1(M

377 18.1 110

704 17.8 108

886 10.3 64.2

10(X) 11.6 "IO.4

1230 16.1 97.6

INK) 12.5 75.6

1590 10.3 63.3

1860 8.08 48.9

2670 4.67 28.2

3040 7.07 418

3340 6.85 41.4

3630 1.33 8.0

3440 0.35 2.1

43(X) 0.18 1.1

GM0 0.03 0.21

. - - -

A.9 NUREG/CR-5732
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Appendis A

Tabic A.6 Grand Gulf TOUV-MARCil2 output for input to TRAP. MELT

Average gas temperature (*I)
'Ilme Pressure

(s) (psia) Volume 1 Volume 2 Volume 3 Volune 4

0 100 2510 1690 1430 1050
2N 81.9 2680 1730 1460 1050
619 56.4 2h80 1800 1520 1MO

10to 45.8 2970 1840 1550 914 _

s

1470 36.3 3150 1W)0 1580 INO
1890 32.4 3210 1940 1600 995
2300 31.0 3170 1948 1610 744
2690 78.2 3240 2090 1680 1300
3050 210 2670 2390 1920 1510
3420 327 422 2180 2150 1500
3790- 345 431 1320 1740 1130
4150 261 407 936 1290 871
4490 84.6 321 931 1210 839
48M) 39.0 268 935 1.'A) 829
5230 31.0 253 937 1180 819

-6VX) 26.0 240- 938 1170 816
6900 25.0 240 938 1170 816

Tane A.7 i'cach Bottom AFeMERGE output for input to MARCII2
_

Ilow rate from core (IbA) Core exit
'Ilme temperature
(s)- 11 - Total ('I) -3

0 0 0 1363
510 0.227 0.354 1363
690 0.219 0.337 1476
930 0.140 0.175 1568

1170 0.1% 0.226 1746
1410 0.142 0.145 1865

'1650 0.710 0.833 3141
.1890 1.02 161 2610
2130 0.232 173 1178
2325 0.028 1.03 1M)6
2370 0 0 0
7000 0 0 0

NUREG/CR 5732 A.10
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Appendix A

Table A.8 Peach Ikittom AB-MARCil2 output
for icput to * TRAP MELT

IWms imm <x>re (rA)
Time
(s) QI 0 011

0 1.53 49.4

270 2.59 32.5

660 11.0 73.8

870 17.2 11ti
_

1050 18.5 124

1230 16.8 113

1410 14.8 99.6

1560 27.0 181

1680 28.9 194

1890 4.13 27.9

2340 1.92 12.9

3390 0.89 5.9

4500 1.56 10.5 -

5250 3.(M 20.4

6300 1.47 9.9

6990 0.055 0.37

3

-

A.11 NUREG!CR-5732
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Appendit A

Table A.9 Peach lkittom AU-MARCil2 output for input to 1 RAP-MELT
-

Average gas temperature (*I)
Time Pressure

(s) (psla) Volume 1 Volume 2 Volume 3

0 38.2 930 265 265
60 34.6 930 707 366

180 31.8 930 504 471
300 30.9 930 496 376
420 30.5 1220 517 398
600 30.5 1445 54' 432
780 30.5 1550 554 430
960 30.5 1645 560 425

1140 - 30.5 1750 567 442
1260 30.5 1820 582 451

1380 30.6 1900 613 475
1500 34.2 2290 1040 954
1620 68.5 3210 1990 1900
1740 1N 3250 2330 2220
1880 122 2340 2200 2120
2030 44 1270 1580 1550
2180 25.2 957 127C 1250
2300 15.4 1240 1340 775
2360 15.4 1240 IMO 775
7000 15.4 1240 1340 775

,

!
!

| NUREG/CR-5732 A.12
t
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_

Table A.10 Peach Bottom E2-MERGE output frotn MARCll?

Ilow rate from <xite (IbA) - Core exit
Time temperature Pressurc

. (s) 11ydrogen 1btal ('F) (psia)
|
<

_
3514 0.0 0.0 640 1105

2736 0.0 0.0 690 1104 j'

3742 0.180E + 00 0.544 E+(K) 1690 1104 I

3778 a257E+00 0.841E+ 00 1815 1103 )
3814 0.524E+(X) 0.188E+ 01 1843 till ;

3850 0.174E+0! 0.665E+ 01 1939 1124

3871 0.482E+01 0.255E+02 2059 1118

3881 0.680E +01 0.3%E + 02 2225 1109

3896 0.411E+01 0.189E +02 2149 1079 '

3913 0.0 0.0 736 1099

4066 0.0 0.0 736 1098

-4072- 0.I16E+00 0.211 E + 00 2089 1098
'

4108 0.395E+00 0.117E + 01 2180 1100

4144 0.142E+0! 0.515 E+0! 2276 1111

A162 0.637E +00 0.206E+ 01 2258 1116

4174~ 0.0 - 0.0 765 1116

4186 0.277E+00 0.642E+ 00 2136 1117

4222 0 347E+00 0.854E + 00 2257 1121

4258- 0.391E+00 0.957E+00 2270 1125

4294 _ 0.826E+00 ' O.250E+01 2294 1131

4301 0.414E+01 0.153E+02 2416 1099

4313 U.932E+ 01 0.167E+03 2940 1120-
| 4328 0.916E + 01 0.418E+02 2998 1101

! -4351 0.378E+01 - 0.141E+02 3031 till

4356 0.0 0.0 883 1.I1
| 4523 0.0 0.0 883 Ii10

4529 0.41SE+ 00 0.877E + 00 - 2859 1110
' 4565 0.146E +01 0.406E+ 01 3061 1121

4601- O.120E+ 01 0.266E +01 3104 1132

4612 0.414E+01 0.134E+02 3146 1110

4622 0.826E + 01 - 0.127E+ 03 3720- 1120

4638 0.835E + 01 0.3 75E+92 3748 1090

| 4657' O.475E+01 J.I49E+P2 39to 1123
'

4661 0.0 0.0 1063 1123

4701 0.0 0.0 1063 1120

4707 0.617E+00 0.132E L01 -3651- 1121

4743 0.174E+01 0.385E +0i 3812- 1138

! 4748 0.728E+01 0.231E +02 3800 1112

4759 0.716E+01 0.397E+02 3955 1122

4778 0.754E +01 0.391E+02 4079 1090

A.13 NUREG/CR-5732
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Appendix A

Tabic A.10 (Continued)

190w rate from cure (lb/s) Core exit 4

Tune temperature Pressure

(s) llydrogcc Total ('F) (psia)

4790 0.500E + 01 0.12.i E + 02 4120 1129
4794 0.0 0.0 1238 1129

4821 0.0 0.0 1238 1127

4827 0.5ME + 00 0.118E + 01 3865 1128

4863 0.213E +01 0.470E+01 3983 1146
4869 0.787E +01 0.441E+ 02 3998 1124

4878 0.670E + 01 0.328E+ 02 4053 1139

4890 0.0 d.0 2101 1119
4905 0.713E+01 0.124E+ 03 40tM i132
5028 0.131E +01 0.282E +01 3967 1150

5033 0.567E+01 0.171 E +02 3970 1122
5(M1 0.6*'5 E + 01 0.920E + 02 4016 1141

5055 0.7.'LSE + 01 0.608E + 02 4014 1106

5071 0.40SE + 01 0.112E+ 02 4(M0 1135

5075 0.0 0.0 1M4 1135

5106 0.0 0.0 1M4 1133

5112 0.810E+ 00 0.184F+01 3868 1135

5142 0.150E+ 01 0.324E+01 3989 1150

5148 Ohi2E+ 01 0.232E+02 3985 1122

5156 0.6SOE+01 0.786E+ 02 4025 1150

5169 0.673E+01 0.300E+02 4028 1116

5186 0.776E +01 0.231E+02 3153 1135

5193 0.256E+02 0.548E + 02 559 1166

5195 0.0 0.219E+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 1a54

5709 0.0 0145E+03 563 1156

6904 0.0 0.246E+02 561 1138

7589 0.0 0.ll7E+ 02 564 1168

NU~ REG /CR-5732 A.14
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Table A.ll Peach Ikitton 'It2-MARCil2 output for input
to TRAP-MELT

Fkm from a>re (rfs)
Time

(s) Csl C401I

3500 0 0
3504 72.5 667.1

3548 24.6 163.4

3676 13.0 87.0

3833 15.0 100.7

3968 17.3 116.3

4132 10.7 72.3

4295 18.0 122.7

4425 15.9 108.5

4585 11.9 83.4

4735 18.0 126.4

4859 16.5 113.0

5027 10.3 70.9

5173 22.8 171.6

5248 31.2 227.7

5361 2.7 19.6

6516 0.11 0.83

7587 0.007 0.05

A.15 NUREG/CR-5732
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Appendix A

TabiiA.12 Peach llottom 'IC2-MARCif2 output for input to 'IRAP-MELT

Average gas temperature (* F)
Time Prcuure
(t) (psla) Volume 1 Volume 2 Volume 3 Volume 4

_

3500 1290 1090 8M 740 671

3700 1290 1090 884 740 671
3706 1290 10%) 884 740 671

3913 1490 1190 921 779 697
4114 1470 11M) '895 790 672
4315 1710 1540 1300 913 816
4523 1940 1600 1200 936 793
4725 2380 1830 1250 1020 802
4923 2490 2140 1470 1240 955

5130 2480 2210 1640 1340 978
5329 567 968 1260 1420 1290

5535 567 .764 1060 1250 1200
5738 567 65; 859 1040 11(X)

-5938 567 607 741 887 986
6547 568 576 601 649 718
7360 569 591 607 615 703
7600 569 591 607 615 703

,

j NUREG/CR-5732 A.16
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Tabic A.13 Scquoyah 'IB-MERGE output from MARCI(2

Core exit
Flow rate from core (lbh)

temperature
umc Total (* I9
(s)

i;2
--

19356 0.113 12.6 24M
'

0. 7 4 44 2637
19656 2'J' 3010
19956
20B6 ()]30 0.812 3352

0.687 0.72h 3505
20556

() 825 OMK) 3617
20&56
21162 1.525

, 02 3772
-

3,33
(21366 3210
o 115.2

21426
() 123.7 3135

21498
21358 9 124.7 3070

2.636 0 142.6 2(7)1

.3
29(,4

uno
o u8.3 ui3

2I# 2728
0 126.8

21894
0 130 85 2667

21954
22014 0 131.75 2602

0 g ,7 2528
220 %

0 (y,,1 2440
22176 2355g g,.:
222N! 2M)

I) 117.6
22338

0 1(X165 2203
22416

.
_

NUREG/CR-5732gg7
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Appendix A

Table A.14 Sequoyah 'IB-MARCil2 output
for input to TRAP-MELT

Ilows from core (t/s)
'Ilme
(s) Ol 0 011

19400 0 0
19643 1639 146.2
19748 10.00 64 3
19913 17.00 103.8
20033 20.0 114.9
20145 20.9 121.9
20250 2?.0 128.0
20355 22.5 132.3
20460 21.6 127 3
20565 203 119.6
20685- -16.5 98.2
20828 15.0 88.9
20985 12.9 78.1
21163 10.4 63.8
21307 20.4 133.1
21481 0.67 43
22012 0.N5 0.28
22414 0.002 0.01

|
l

NUREG/CR-5732 A.18 I
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Tabic A 15 Sequoyah 13-MARCil2 output for input to TRAP-MELT

Average gas temperature (*I9

Time Pressure

(s) (psla) Volume 1 Volume 2 Volume 3 Volune 4

19400 1223 1830 1100 1050 671

19782 1223 1830 1100 1050 671

19923 1254 1910 1120 1070 675

20063 1282 1990 1150 1090 680

20198 1305 2090 1170 1110 676

20337 1327 ??50 1210 1140 679

2N75 1345 2180 1240 1170 681

20614 1360 2220 1280 1200 685

20753 1370 2240 1310 1240 690

20891 1407 2280 1370 1310 694

21030 1485 2310 1430 1370 7(M

21167 '588 2360 1500 1440 714

21306 1911 605 1010 1MO 730

21444 2102 613 758 779 727

21584 2N3 611 667 680 721

22419 1999 608 619 620 6M

NUREG/CR 5732
39

_ - _ _ _ -
. me ,
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: Tabic A.16 Surry TMLB'-MERGE output imm MARCll2

Flow rate from core (Ibh) Core exit
he temperature Pressure
(s) 1-lydrogen Total (* 13 (psia)

0' O.000E + 00 0.298E+04 580 2250
2640 0.000E+00 0.667E+02 564 1599
2670 0.000E+ 00 a369E+02 564 1619
2820 R000E+00 0.802E+ 01 573 1816
5835 0.(X10E +00 0.7ME+02 660 '369
5850 0.668E-07 0.782E+ 02 660 2369
5955 0.567E46 0.691E+02 669 2369
6060 0.246E-05 0.518E+02 703 2369
6135 0.779E-05 0.409E+02 746 2M9
6195 0.236E-N R335E+02 766 2369
6270 . 0.963E-04 0.266E+02 836 2369
6330 0_A8E-03 0.224E+02 889 2M9
6345 0378E-03 0.216E+02 900 2369
6390 0.840E 03 0.191E+02 935 2369
6405 0.109E-02 R184E+02 945 2M9
6495- 0.436E-02 0.149E +02 1009 2M8'6570 0.105E41 0.129E+ 02 1063 2368 -)6645 0.207E-01 0.110E+02 1116 2368 16705 . 0327E-01 0,997E+01 1162 2368 |
6810 Of>68E.01 0.786E+01 1241 2367
6900 0.121E+00 0.665E+01 1315 2367 )6975 0.205E+ 00 0.543E+01 1380 2367 i7020 0302E+00 R420E+01 1413 2366 !7050 0.461E+00 0.2f' 1+ 01 1426 23667185 R434E+00 0.. .., E + 01 1527 2.V6 !

,

7335- 0330E+00 0.526E+00 1638 2366 |.7545 0.202E+00 0.202E+00 1745 2365 i
-7?o5 0.876E-01 a876E-01 1892 2.VA i8235 0.000E +00 0.000E+00 663 2363 1
8340 0.000E +00 0.000E+00 663 2343 i8400 0.799E+00 0.829E+ 00 2059 2354 j8595. 0.159E+01 R202E+01 2689 23638625 0.508E+01 R206E+02 3413- 2363 |8685 0387E+01 0.705E+02 3852 2.V48700 0.675E+ 00 0.106E+ 03 660 23668715 0.000E+00 0.107E+03 660 23679N5 0.000E+00 0.000E+00 944 2370

NUREG/CR-5732 A.20
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Appendix A

Table A.17 Surry TMill'-MARCll2 output for input to TRAP-MELT

Ilows from cure (gh)
Time
(s) Q1 0 011

0 40.5 368
u0 25.8 130

150 32.3 163

240 26.2 132

360 20.8 105

480 16.I 80.9
630 13.3 (It8
810 11.4 57.3

1020 8.1 41.0
1320 6.1 30.6

1650 7.2 36.1

2070 1.7 8.3

2340 0.7 3.7

Table A.18 Surry TMill'-MARCII2 output for input to TRAP-MELT

Aw: rage gas temperature (*I)
Time Pressure

(s) (psia) Volume 1 Volume 2

0 2370 1470 862
*

45 2365 1500 56

143 2360 1560 873

248 2358 1640 378

368 2356 1690 831

488 2354 1740 883

645 2353 1800 8AS

833 2352 1850 891

1020 2351 900 891 '

1240 2350 788 887

1470 2340 1780 930
1570 2360 2240 10(A)

1680 2365 3090 1730

1770 2370 1230 1200

1900 2370 660 758

1980 2370 660 719
2010 2370 660 756
2340 2370 660 784

..
._

A.21 NUREG/CR-5732

___________-__ _ ____



.. . _. - ~ --

Appendix A

Table A.19 Surry Ai>-MARCil2 output for input to TRAP-MEUI'

Flow rate from axe (Ibh) Core exit
Time temperature

(s) 11, 'Ibtal ('F)

0 0 0 1228
1

246 0.392 0.392 1228 .|

312 0.353 0.353 1280

576 0.270 0.270 1471

906 0.233 0.233 1701

1170 0 40.3 3683
1230- 1.393 40.7 3661

1470- 6.083- 40.25 3571

2070 0 40.7 3731

2706 0 0 3500

5000 0 0 3500

Table A.20 Surry AB-MARCil2 output
for input to 'IRAP-MELT

Flows from core (gh)
'Ilme

.(s). Csl G011

'

0 162 1100

36 35.1 178

96 37.6 190

156 34.0 172

228 29.0 146

300 26.7 135

3&4 22.9 115

! 480- 19.7 99.3

L- 588 16.5 - 83.3

L. 720 13.3 6C.9
! 900 8.68 43.8

! 1180 4.4 22.3

! 1450 1.1 5.3

1630 0.62 3.2

1880 0.35 1.8

2520 0.21 1.1

4030 0.04 0.22

5190 0 0

- NUREG/CR 5732 A.22
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Appendis A

Tahic A.21 Surry AILMARCII2 output for input to TRAP-MELT

Average gas Temperature ('F)
,

(s) (psia) Volume 1 Volume 2

0 35.6 INO 724

198 34.6 0 803

330 34.0 1300 863

461 34.0 1400 920
j726 32.5 1580 1010

858 32.1 1670 1060 S

990 31.9 1920 1200

1120 33.6 1010 974

1250 34.5 258 517
-

1390 35.5 260 41r s

1520 36.8 262 37A

1650 37.6 263 352
2MO 39.6 266 327

2280 40.9 267 321

2340 41.1 257 323

5120 41.1 257 323

__

Tr.ble A.22 Orand Gulf-Compartment mlumm for scquences TC and TOUV
-

...

Volume (ft')

Contml volume TV 1D') V

Core 1728 1728

Steam separators 3357 3357
Steam dryers 3335 3335
Upper annulus 2030 2030
Relief line 208 208

A.23 NUREG/CR-5732
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Table A23 Peach Ikittom-Q)mpartment wlunxs for sequenots 'IU and AE

- 'IC AE

Control wiume Volume Control volume Volume
(It') (ft')

C m. 1360 Core 1728
Sicioud head 1170 Steam ceparator 580
Pipes and separators 582 Upper outer annulus 2030
Steam dryers 3000

~

- Utiper outer annulus 10[0
Lawcr outer annulus - 1(XX) 'M

Steam lines 1080
Relief lines 622

-,

'Ibble A24 Sequoyah-Compartment wlumes for scquence ' Illa

Control volume Volume (fti

Core -1020
; Grid plate 70.01
Guide tubes 85.70
Upper support plate 511-

_

Core barrel 857

Table A25 Surry-Compartment volumes for sequences AB and TMLB

AB' TMLB

Control voir mc Volume Control volume Volume
No. (ft') ~ No. (ft')

1 589 1 589
2 100 2 100

- 3 506 3 506
4 79 4 230

# 5 150 6 1301

NUREG/CR-5732 A24
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Appendix B

B.1 Kinetics of Cs-I-H -H O2 2

Re:ictions Mr - a + br (B.2)
rxn

Twenty reactions (ten reversible equations) were
chosen to represent the kir .c bchavior oi er tm and where

lodine sp;cies. In a more comprehensive stJy of the
rates of formation of CsOH and Csl under accident 4G} = standard free energy change of reaction,
conditions, Wren used 152 reactions." In that study, ]b= constaats fit over the same temperature
he concluded that in a CANDU reactor primary heat interval.
transport sptem under accident conditions, Csl and

4CsOH would form in <10 s. In the present study, gg ,w adopt this means of expressing AG}, then
exnthe kinetic calculations are used only as a guide in

determining which control volumes reached
equilibrium (i.e., those control volumes in which the AGI . o + bT = RT in K" = -RT la 5(B.3)

rxa K,
residence times of cesium and iodine species were
sufficiently long that the species concentrations did
not vary with time), where

The data on equilibrium thermodynamics ate Eencrally K = equilibrium constant,
more reliable than data on rate constants. For this g "K, = nte constant for the forward and reverse
reason, equilibrium thermochemical calculations were reactions.
performed in addition to the rate calculations.

The rate constants for the 20 reactions given in
Table B.1 is the Arrhenius form

K* (B.4)#K = exp - +
7 RT R"< > ' r

(B.1)
K = A exp\- usRT' he rate constants for the forward and reverse

reactions are expressed as

K = rate constant, g , ,A exp _ E"r' (BM
'

A = preexponential or frequency la..ar, ( RT,
E., = activation energy.

The rate constant equation written in this way assumes
E"'n (B.6)

' i

that there is little or na temperature dependence of A g, , 3 exp _
/

or E over the temperature range of interest. ( RT,

in reactions of the type C + D = E + F, the rate Inserting Equations B.5 and B.6 into B.4 gives
constants for the forward and reverse reactions can
satisfy the requirements of the equilibrium constant. , #" 3 (B.7)De requirements of the equilibrium constraint to a , f",, . g .*_ . I ' . A r ,

,

M - M A. M.2 ,
imaintain A and E, independent cf temperature can s

be obtained as described in the following
manipulation. The standard free energy chang- car or
often be fitted over a temperature interval by the
simpic linear rclation

i

B3 NUREG/CR-5732
'

_ - _ _ ..
. . .

.. ..

, ..



. . - - _ - . ~ . . . . - - . . - _ .. ._ -

;'-_

Appendix B

Tabic 11.1 Reaction rate mnstants

Reaction - Rate constant * at 1000 K Frcquency Referencca
(1341' F) factor

_._._

1. Csl + H O - CsOH + HI 2.12 x 10 ' 1.57 x 10'22
2

2. CsOH + HI'- Csl + H;O 1.00 x la" 1.00 x 1011 32

3. 2HI - 1 + H - 2.42 x 10" 1.00 x la'' 332 2

4. 1 + H -2H1 3.01 x 1&" 1.66 x 10* 332 2

5. I+1'+ M -1 + M !.L x 10" 3.17 x 10 "3

6. M+1-I+1+M 2.56 x 10'" 3,14 x 10''3

7. I + H - HI + H 2,19 x 1&" 2.64 x 10''

8. Hl + H - I + H 5.54 x 10" 7.4 x 10 "2

9. HI + 1 - H + 1 4.66 x 10" 3.59 x 10'' 342

10. H + I, - HI + 1 6.0 x 10* 6.0 x ? O" 34,35

11. H + H + M - H,-+ M 1.25 x 10" 2.31 x 10-"

- 12. M + Hi - H + H _+ M 1.9 x 10* 4.98 x 10'

13. Cs + 1 + M - Csl + M 3.7. x 10" 6 t4 x 1&''

14. Mi Csl - Cs + 1 + M 1.6 x 1& 5.37 x 10'22

15. Cs + M1 - Csl + H 2.00 x 10~" 2.00 x 10" 32,35-

16. Csl + H - Cs + HI 2.53 x 1&" 2.82 x In"

17. Cs + H O - CsOH + H 1.70 x 10" 1.11 x 10'2

18. CsOH + H - Cs + H O 1.00 x 10* 1.00 x 10* 322

~ 19. Cs + I - Csl + 1 8.81 x 10* 8.81 x 10'' 322

20. - Csl + 1 - Cs + 1 8.66 x 10" 7.43 x 10 2
2

*llnits are s''. cm molecule 4s'I, and embolecule 23 for f rst , second , and third. order reactions, respectively. M, the collision molecule, h3 1

3
the total of the II and 1I 0 molecular concentrations (moleculeskm ).I 2

s NUREG/CR-5732 B.4



.

Appendix B

form of JG* = a + bT are given in Table B.2. These
data were obtained from the FACT system.' ncE, p4 FACSIMILE computer program was used to perform

E b3
_

av
: In A - ""I - In A ' - + -_

'Y # E # the rate calculations.

'then B.2 Equilibrium Calculations in the
Cs-I-'H -H O System2 2

%.f.j'' (B.9)ia a . in f .
He species cnnsidered in the equilibrium calculations*

include (gases) H , H 0, CsOH, Csi, Cs, H, HI, I, and2 2

Assuming that In A - In A ' = - b/R, then 18 and (liquids) Csi, CsOH, Cs, and I,,. De calcula.
Equation B.9 becomes tions were performed vith the EQUILIB routine of

the FACT system.' This method of calculation was
chosen because it is readily accessible to anyone ing"' g"*

- @.10) North America and because the thermochemical data
,

in A - in A ' . - ,.
'

base of FACT comes fram standard assessed sources'

such as JANAF" and Barin and Knacke.'' Dermo-
5

which yictds chemical data for CsOH are not part of the FACT
data base, and values from JANAF were imerted into
* " "'

E -E =a. (B.11)g
The 13 species used in the equilibrium calculations are
the same as those used in the kinetic calculations.

Thus, fitting the standard free energy change of lodine ratios such as HI/Csl are very similar in the
reaction to a linear form with temperature and equilibrium calculations and in the kinetic
assuming the _ difference in the natural log of the calculations, primarily because the bimolecular rate
frequency factor for the forward and reverse reactions constants are consisten' with the equilibrium
is equal to -b/R, then rate constants can be expressed constants.
in.the Arrhenius form and satisfy the equilibrium

- comtraint. Standard free energies of reaction in the

Tabic B.2 Standard free energy of reaction 500 to 1200 K (441 to 1701'F) written as

'" ;= a + bT, exothermic reaction expressed left to right4G
(F.ncrgy la joules)

Reaction a b

CsOM + Hi = Csl + H O -1.31368 x 10 -1.54100 x 10'5

2

1 + H = 2HI -1.30038 x 10' -14R455 x 10'
2 2

HI + H = 1 + H -1.37991 x 10' +1.05761 x 10'
2

: H + 1 = HI + 1 -1.50995 x 10 -4.26918 x 10"5

2

2Cs + HI - Csl + H -8.80264 x 10 -3.54386 x D
5CsOH + H = Cs + H O 1.30488 x 10 +2.00288 x 10'2

5Cs .+ 1 = Csl + 1 -1.51875 x 10 -3.97080 x ltr2

B.5 NUREG/CR-5732
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Appendix C

there is a highly linear
As shown in Figure C1,I - 1) and pil. Using the dataData from Lin" are listed in Table C1 and shown in

Figure Cl. The fraction of l' converted by radiolysis relationship between in(f squares fit of the formto 1 rnust satisfy in Table C1, a linear least
2

r )
In 1 -1 = a pH + $lim II" (C.l a,b)

pH ~ ~ F O pH * -= F = 1 \F ,

yielded the values a = 1,72 and p = -6.08 with a
which are identical to the conditions correlation coefficient of 0.94.

-1 1 * -"la -I ""
.- pg ..pf

Tabic Cl Radiolysis data'for formatie of 1 3

Initial
u>na:ntration Initial Conversion

(mol/L) pil (%)

10 2 88.23

3 81.8

4 8.6

5 2.4

6 2.4

10" 3 93.8

5 8.0

6.6 1.7

10 2 89.13

3 77.9 ,

2
4 44.4

5 6.9

6.3 0.3

*Taken trom C C IJn."

C3 NUREG/CR-5732
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Figure C1. Data fitting for radiolytic conversion of I' to I., (data from U.S. Nucicar Regulatory
| Commission, Regulation Guide 1.4," Assumptions Used for Evaluating the Potential
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Tabic D.I. Fasskm prodtet inwntorie for scicctext plants

Total n>re inwrtory (kg)

Grami Gulf Peach Ikittom Sequoyah Surry
Nuclide group

_

1 I 17.7 16,6 15.2 12.4

2 Cs 244.8 2303 184.7 145.7

7, 3 Tc 37.1 34.9 31.7 25.4C

4 Sr 66.7 62.7 N19 47.6

5 Ba 112 105 77 7 61.2

6 Ru 621 58.1 470 369

7 Cc 221 208 167 131

8 La 1724 24N 1313 855

9 Xe 439 413 347 273

"Taken from Refere~xs and 2.
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Table D.2. Boundmg values for tradsvis of are imeteory rescreal into corrammerst

PWR rear ==ra into contamment BWR rear ==rs into arurament

-

1%rn primary system" 1%rn axeconcrese intermaxm Rom pnmary syssem Frtwn curcourrese uneractum
_

Fission

#"C8F*P IIigh RCC Low RCS 1xnestone Basalte IIrps RCS Irw RCS I;mestone Bas 1t! tic

pres ure pressure concrete concrete pressure pressure concrete concrete

1 0.45 0.77 0.15 0.15 0.70 oli 0.15 0.15

Cs 0.42 0.77 0.15 0.15 0.65 036 0.15 0.15

0
% Te 0.27 0.51 0.40 030 0.17 0.27 0.50 030

Sr.Ba 0.013 0.01 0.40 0.15 0.013 0.01 0.70 030

Ru 0.053 0.01 0.005 0.005 0.053 0.01 0.005 0.005

La-Ce 0.01 0.0015 0.05 0.05 0.01 0.0015 0.10 0.10

Xe 1.0 1.0 0 0 1.0 1.0 0 0

* Adapted from IL P. Nourtskhsh,Tstimate of RadumscInse Release Characterstics Into Contairrannt Under severe Acoden Gmdstsons
(Draft for Commentf NUREG/CR-5747, Brt=Ahaven Naixmal Labcratory, December 1991.

" Includes releases due to ind melting,vesset breach ans late revapenzatxm.
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TaNe El Grand Gulf- fractional reicases and energ depmition rates

Toul fraction rescased into containment
Energ deposition rate, (McVih x 1&")~

Nuclide Whole one

Iow RCS pmure liigh RCS pressure low RCS pressure Fgh RCS preunreinventorigrasp
(kg)

I 17.7 0.92 0.85 6.921 6 3 '14

Cs 218.8 0.91 0.30 03% 0.778

Te 37.1 0.07 0.67 0.4 W 0.499

Sr 66.7 0.71 0.713 1.4% 1.4%

p1 Ba 112 0.7i 0.713 0.708 0.711

'd Ru 621 C 015 0.058 0.062 0.238

Ce 1955 0.1015 0.11 0.165 0179
-

La 840 0.1015 O.I I 2300 2.493

13.020 12.778

Total

*From J. A. Geeke et al *Radumuciate Release Under 5;enfie LWR Aamient Condersons * BMIO104 Batteile Cdumba bhrvatosws.1%4. amt 't. 5. Denmng et al,
'aduextw$e Re':ase Calculatums for Sc!ccted Severe Acadent Scrunos." NUREGCRE4 (BMI-21. ). Battelle Cdumbus bhwatories.19%

w

' Adaptett fnwn II. P. Nourbekhsh.*f.~.2trmate of Radumuctide Release Charactenste into Core.amment Under Severe Acudent Geditions (Draft for Cancerit).*
Ti'REGCR-3747. Brookhaven Natmeal Latmtory, Demnber 1991. assumieg Irmenone concrete.
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TaNe E2 Peach Bottom - fracasonal re>=nes and emerEy deposition rates

f Nadide Whole cawe Total h:2aos r*w leto <netainment' EscrEy deposition raec, (McVA x IG*) |P"P rectory _

gg) tow RCS pressere High RCS pressare Imer RC p casare High RG pressere ,

i 16.6 0.92 0.85 6.491 5.997
Cs 230 ) R91 R80 0.833 R732
Te 34.9 0.67 0.67 OXe 0.469

1

Sr 62.7 R71 a713 1391 1397 I

i:: Ba 105 0.71 a713 0.tM O.667* i

Ru 584 0.0?5 0.058 0.058 0224 !
J . Ce 992 a1015 a l .' a155 0.168

i; La 83& 6 0.1015 all 2.162 2343 |
.

Total 12223 11.997 ;

'Fswa J. A. Geesene et at."Radwouchde Retenee Under Speedic L%R Acradena Ceedamen * BMI-2104. Benelle Cassetme Lat=watarum,1984, med R. S. Desemg et at.
Tadonocbde Release Cuentatines fw S*esed Sewie Acndent Scm* NUREGCR4624 (B6M Batte4e Cedernbus Latmemenrum 19% !

"Adarmi fmm Il P. Nourtethsh, Tatunate of Radweedade Redesse Oteracseristus imeo Contaeuert Umler Sewre Acndent Ceedanone (Draft fue ''ef NUAEGCR.3747*
Ah. Neemans I.aterstory. December 1991 semanns eestone exi erete.m
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Table E3 Seq.myah - fractional re* cases and energy depositio : rates

Total fracuon reicased into <xintainment
Energy deposition rate, (McV/h x 10")-

Nudide Whole core

low RCS pressure High RCS pressure Imr RCF pressure High RCS pressuregroep inventory
-

g)

i 15.2 032 0.60 5.w3 3.876

Cs 184.7 0.91 0.57 0.675 0.4I8

Te 31.7 032 0.67 0.570 0.426

Sr 60.9 0.41 0.413 0.74) 0.786

m Ba 77.7 0.41 0.413 02M 0286

* Ru 470 0.015 0.058 OJu6 0.180

Cc 796 0.P315 01% 0163 0 974

La 684 0.0.15 03b 0.897 IJuS

9267 7M>l

Total
R. S. Cm ..<g et mL

From J. A. Onesete et al"Radenactate Release Under Spectic LWR Acudent Cmdstxwis * HMT-21tu, Betetle Columbus Lahorziones.1%8.amt1954

'hkmuctide Release Calculatxms for Selected Severe Acculent Scenarwn." NUREGER.4424 (BM!-2139). Barteile Cot:rmhus LsNwatcries.
*

Under Severe Acculent Condsteens (Drs.1 for Coerment)"
** daped from li. P. NotstaLhsh. *Estnnate of Radamuciede Release Character stics acto CataineestA

NUREG/CR $747. Brtu* haven Natumal taturrery. December 199t. assommg 1.mestone concrete.
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Table E.4 Sorry TMLB'- fraccomal rek:ases and caerg deposition rates

8~

Nuclide Whole core - Tot:d fraction reicased into a>atainment Escrg depositka rate, (McV/h x 10 )
gmap inntmy

gg) Low RCS p.-e High RCS pressure Low RCS pressure Hi$ RCS pressure

I 12.4 OM 0.M) 4.848 3.162
Cs 145.7 0.94 0.57 0.532 0.330
Te 25.4 0.81 0.57 0.413 0.2'43
S 47.6 0.16 0.163 0.2 M d242

$ Ba 61.2 0.16 0.163 0.087 0.089
Ru 369 0.015 0.05 8 0.037 0.142
Ce 626 0.0515 03 % 0.050 0.0 4
La 539 0.0515 03M 0.707 OE23

Total 6.912 5.136

*From J. A Gieseke et at "Radioonclx!e Release Under Spenfic LWR Acadert Cmietxes * BMI-2104. Battene Columbus Laboratones,1%*, and R. S. Demmeg et at,
"Radionuctu)e Rekase Calculations for Selected $cvere Accxk'it Scenarian* NUREGTR4624 (BMI-21?r) Batteile Columbus 14m.imn 19%.

**Adspeed from IL P. Nmr%% "Estimarc <4 Redawmetate Release Charactermics into Containment Under Senere Acc*nt Conditwms (Drar. for Comment),*
NUREG/CR-5747. Brtuew Natiocai Laboratory. December 1991, assuming basaltic concrete.
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Calculated data from seven severc accident sequences in light water reactor plants were used to awss the chemical
forms of iodine in contilnment. In most of the calculations for the seven sequences, iodine entenng containment
from the reactor coolant system was almost entirely in the form of Cs! with very small contrit utions of 1 or Hl.
The largest fraction of lodine in forms other than Csl was a total of 3.2% as I plus lil. Within the containment,
tbc Cal will depast on walls and other surfaces, as w.lt as in water pools, largely in the form of iodide (l'). The
radiation induced conversion of l'in water pools into I,is strongly dependent on pH -In systems where the pH
was controlled above 7, littic additional elemental lodine would be produced in the containment atmosphere.
When the ph falls below 7, however, it may be assumed that it is not being controiicd and large fractions of iodine
as I, within the containment atmosphere may be produced,
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