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Models are developed for many phenomena of interest concerning iodine behavior in 
reactor containments during severe accidents. Processes include speciation in both gas and liquid 
phases, reactions with surfaces, airborne aerosols, and other materials, and gas-liquid interface 
behavior. Although some models are largely empirical formulations, every effort has been made 
to construct mechanistic and rigorous descriptions of relevant chemical processes. All are based 
on actual experimental data generated at the Oak Ridge National Laboratory (ORNL) or 
elsewhere, and, hence, considerable data evaluation and parameter estimation are contained in 

this study. No application or encoding is attempted, but each model is stated in terms of rate 
processes, with the intention of allowing mechanistic simulation. Taken together, this collection 
of models represents a best estimate iodine behavior and transport in reactor accidents. 
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1. INTRODUCI'ION 

Since the advent of nuclear reactors for commercial power production, safety studies have 
focused on the behavior oE fission-product iodine in determining risks and eOIlSequences of 
various accident scenarios. This element is present in large quantities, has several isotopes that 
generate large doses, and, under certain conditions, can easily become volatile. Therefore, there 
is a significant possibility of release to the environment, where considerable hazards to human 
health could result. In addition, it interacts in many ways with various reactor systems and 
materials; hence, overall behavior is not easily predictable. Thus, detailed understanding of 
iodine transport in reactor accidents is both important and complex. 

The first attempt to predict iodine behavior' involved many assumptions and few models 
based on experimental da t a  The large releases that were predicted were not verified by 
experience, namely the accident at Three Mile Island (TMI). In fact, the predictions were so 
overly conservative that they were of questionable value. This situation prompted a flurry of 
research into mechanisms of iodine behavior and motivated the quest for more mechanistic 
models for predicting accident consequences. 

Numerous computer codes have been developed sinec the 1341 accident to predict the 
thermal and hydraulic behavior of various plant systems?4 The calculation af temperatures, 
pressures, flows, and inventories of various materials is obviously prerequisite to any meaningful 
calculation of iodine behavior. Most of these codes have only very primitive iodine transport 
models, usually limited to the transport of aerosol particles. Because iodine can occur in many 
other forms, additional models are necessary. 

Over the past decade, considerable research has been undertaken to characterize the 
dominant reactions and transport behavior of iodine. Experiments have focused on chemical 
interactions of various species in the gas phase, liquid phase, and at interfaces. Reactions with 
solid surfaces and aerosol particles have also been revisited. 

Several specialized codes have been, or are being, developed to predict iodine behavior 

using models based on the recent experimental results. The models described in this report 
represent the culmination of these efforts with regard to behavior in reactor containments. All 
are based predominantly on experimental data, although various assumptions were still necessary. 

The model descriptions are grouped into thrce general categories: gas phase (Sect. 2), 
liquid phase (Sect. 3), and interface behavior (Sect. 4), although there is occasional overlap. 
Each model is expressed in terms of a rate process, and togcther they form an overall model of 
transient iodine behavior within a single, well-mixed, control volume. When combined with flow 
patterns connecting multiple control volumes, and transient conditions (e.g., temperature) within 
these regions, a best estimate of iodine behavior and release in reactor accidents is possible. 
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Iodine bchavior in the gas space of containment volumes is of particular importance since 
this is usually the phase of release, both into and out of containment. Iodine sources from the 
primary system or from molten core dkbris e m  remain airborne or can deposit on sucfaces, 
dissolve in sprays, or be otherwise transferred to liquid. While airborne, it  can undergo reaction 
that alters subsequent behavior. Most releases to the cnvironrnent result form leakage or 
venting of airborne containment iodine. 

The tnodcls in this section describe important interactions of gas-phase iodine that do 

not involve water. These includc pure gas-phase speciation reactions (Sects. 2.1 and 2.2) and 
deposition onto sudaccs (Sects. 2.3, 2.4, and 2,s). lnteractions involving both gas-phasc and 
aqueous behavior a te  dcscribcd in Sect. 4. 

Inorganic iodine species can react with a wide variety of organic compounds to produce 

organic iodides. The types of organic compounds susceptible to reaction with iodine species 
include the foollowing (reacting iodine species shown in brackets): alkenes [I,, HI], alkynes [I,, 
HI]; alcohols [HI]; ethers [HI]; rncthyl ketones [Ql-1; amines [ H I ] ;  diazonium compounds [a]; 
and aniline [I,]. Such an array of possible reactions leading to the formation of organic iodi 
should make one cautious in assigning a simple reaction mechanism. Clearly, therc is more 
involvcd than the reaction of methane with elemental iodine (I2). 

In addition to direct reactions of organic compounds and iodine species, radiation in the 
containment building could bring about reactions not otherwise possible. Free radicals, atoms, 
or groups of atoms that arc quite reactive due to an unpaired electron, can form whet: radiation 

interacts with many types of molccules. Iodine is a very effective scavenger of free radicals to 
the degree that it is used to measitre thc exteiit of free-radical formation in studies of the 
irradiation ~f organic conpoiands. The products of iodine reacting with organic free radicals are 

known as organic iodides. 
Reactions to form organic iodides can bc both beneficial and detrirncntal. The resulting 

iodine compound cnuld bc inmobilized or it could form a penetrating volatile organic compound. 
In fact, both processes may occur simultaneously with a given source of organic material. Thus, 
for example, Rosenburg et al.’ reported that an epoxy-based coating h e r c o a t  66 ( h e r c o a t  
Corp.) sorbed 3.3 mg/cm2 of I, at 90°C. Under similar conditions, at 100°C with the same 
coating, Bennett e t  aL6 clearly show that methyl iodide and ethyl iodide are produced when I, 
is introduced into the system. 

Both gas-phase reactions and surface reactions rnay contribute to the formation of 
organic iodides. In addition, liquid-phase production of organic iodides may also oscur, as 
described in Sect. 3-59. A review report by Postina and Zavadoski7 cites gas-phase reactions 
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under the influence of radiation as the principal source of organic iodides. Alternatively, Durant 
e t  al.' considered a two-step reaction process where the first stage of the reaction is the addition 
of I, to reactive groups on the coating surface, which is then followed by the formation of low- 
molecular-weight organic iodine compounds. Thus, it may not be prudent at this time to assign 
a single source when there exists such a large number of possible reaction types, sites, and 
conditions. It may be more important to stress the dynamic nature of reactions involving organic 
iodine. Thus, we may expect a dynamic interaction between sorption and desorption of iodine 
species, desorption of organic species prior to reaction with iodine, radiation-induced Formation 
and decomposition of organic compounds, and organic compounds containing iodine, as well as 
interaction with water pools. Regarding the latter, for each I, converted to an organic iodide, 
an equal amount of I, would be delivered to the containment atmosphere from the sump in 
order to maintain the gas-liquid equilibrium. On the other hand, organic iodides may hydrolyze 
in water to form alcohols and I .  For example, Lernire et  al? report that at 80°C €or pH = 10, 
43% of the initial methyl iodide in water remained after 1 h for an initial concentration of lod 
mol/L. 

For the purpose of constructing a realistic model, the term organic iodide and rnerhyE iodide 
will henceforfh mean the same thing and will refer to organic i d d e  that is airborne. Iodine that 
may be associated with an organic material on a surface is treated from the standpoint of 
adsorptionldesorption in OUT models and not specifically identified as organic or inorganic. 
Volatile organic iodides other than GH31 would include ethyl iodide, C,H,I, and the propyl 
iodides, C;H& The boiling point of CH31 is - 30°C less than that of C2H51, which is - 30°C 
less than that of nC,H,I. Thus, CH,I is the most volatile of the organic iodides, and using it to 
represent all volatile organic iodides will not result in undcrpredicting the impact of organic 
iodides unless one of the other organic iodides was produced in significantly larger amounts than 
CH,I. 

21.1 Nomal Coacentrations of @H,I in Air 

After iodine enters containment during a severe accident sequence, we specify a 
minimum gaseous organic iodide concentration that is based on reactor building air sampling 

results from the TMI-2 accident. Approximately 15 months after the accident at "MI-2, the 
activity of lBI  in containment gas was 7.5 f 2.0 x 10'" pCi/cm3. This value corresponds to an 
*29X concentration of 3.3 & 0.89 x mol IL. At that time, the containment was vented and 
the '29X was reduced by a factor of 20. Within 15 days it had nearly rcturned to the prepurge 
value. 

Methyl iodide is a "ubiquitous" halocarbon that is present at concentrations that vary 
somewhat with distance from the ocean.*0 In a study of halocarbon concentrations at eight 
locations in the United States, Lillian et  a1." reported a maximum CH31 concentration of 3.8 ppb 
(- IO-'' mol CH,I/L) and an over all mean value of 0.05 ppb (- 2 x IO-'' mol cW3vL). Thus, 
atmospheric iodine concentrations on the order of IO"* mol ILL are the probable lower limits 
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based on the evidence from TMI-2 and data on ubiquitous methyl iodide. Isotopic exchange 
between I, and CH31 has been demonst 

ed on the m1-2 results and urernnents of atmospheric CH31(, we will establish a 
rganic idida: mnentratisn in c ~ n t ~ ~ ~ ~ ~ ~ ~ ~  as 2 x I@’* nnol @H,I/L which i s  attained 

in 14 d. If the. gas in containment i s  purged and this value is decreased by dilution, we assume 
that it will be restored to its original value in 14 d. The mechanis fm this source of organic 
iodide is isotopic exchange with atmospheric methyl iodide. 

by Behrens and Maddock-” 

Organic iodide in the gas phase which results from gascolas OT more likely gas-surface 
interactions is modeled from empirical data that were obtained from large vessel tests of iodine 
behavior. Despite several reviews of this subject within the last 15 ysars, the sources and rates 
of organic iodide production in containment are not well characterized. The state of 
i s  especially poor with respect to estimation of formation rate within the time spa 
hcaiup event. Even though surface reactions may play an important role, the empirical models 
adopted here d a t e  only to gas-phase concentrations. 

determined that the asymptotic steady-state mnuersion to CH,I was 

~ostrna and c avo do ski^ reviewed production rates from about 70 contain 

0.188 c W ’  --O% 

where c?,?!~ = initial I, Concentration (rn9/m3). 
In a more recent review, ~ e a h m  et a1.l’ described formation using the rate equation 

where 
01 = formation rate constant (s-’), 
Co = organic iodide concentration at time 1 (mg iodine/m3), 
C* = steady-state organic iodide concentration (mg ii?dine/m3). 

which was based on s e ~ e n  containment tests using radiation environments (unlike those sf 
ref. 7). Obsem-ng that equilibrium was attained quickly in all tcsts, sametimes in a matter of 
minutes, they assigne the value a = 0.0051, derived by solving Eq. (2) and assuming that 

0.93 C* i s  reached in 1 h. 
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At the higher temperatures attainable in containment volumes, organic iodide is expected 
to decompose back onto I,. Following Wichner et a1.,13 a first-order destruction rate is given by 

The coefficient y is fit to an Arrhenius form using data from Hilliard and Coleman,14 resulting 
in 

At 25"C, this yields y = 2 x 
destruction rate is on the order of 
conversion-des truction model: 

which agrees with the observalion of B~rkowski'~ that the 
Combining Qs. (2) through (4) yields the empirical 

2.2 OXIDATiON OF CsI IN HYDROGEN BURNS 

Because of both the high temperatures and the presence of free radicals, H, combustion 
presents interesting possibilities for reaction of gas-phase or airborne particulate iodine s p i e s ,  
Two recent studies, both sponsored by the Electric Power Research Institute A ~ v ~ n ~ e ~  
Containment Experiments (EPRI-ACE) Program, were commissioned lo inwcstigate these effects 

experimentally. 
A number of benchscale expcriments were performed at QRNL to investigate 0 1  

conversion to I, and IO3- in steady-state H2 flames.'' ese were designed to examine the 

efkcts of temperature, hydrogenlair mixture richness, and CsI cormcentraticPn Q ~ P  conversion. The 
results were largely qualitative, but showed very little correlation between I, Korrnation and 
mixture richness or flame temperature. "here was, however, a slight dependence on the actual 
¶ ~ a ~ t ~ t y  of a? volatilized in the flame and considerable dependence on the presence of excess 
cesium; hence, a quantitative model must build on these observations. 

Convcrsion is believed to involve homogeneous gas-phasc reaction, SO it is cssential that 
the Csl boiling point of 1280°C be exceeded. In constructing a ~ ~ ~ ~ t i ~ a t i ~ ~  madel using t 
scsu~ts of ref. 16, we make the following assumptions: 

1. All gas flow in the crucial reaction region (immediately above the flame) is g = 
6.67 L/min. For simplicity, assume this is independent of temperature variation within 

the flame. 



2. From qualitative obsewation, it took about 5 s to completely evaporate each sample. 
Assume that this rate was uniform. 

From these a.ssumptisrps, the concentration of @SI can be determined from v, the total amount 
volatilized: 

where Cg = concentration of Csl (pmd/x,) and kp = amount volatilized (,prnd>. For the exact 
stoichiometric ratio of Ck:I=l, fit a quadratic pobjnomial to get the €ractiam of I, 
produced as a function of the amount of (=si volatilized. Bccause this docs not allow for any 
extrapolation without serious error, wc suggcst a decaying exponential model, 

F = fraction converted to I,, 
Fo, CY = empirical constants. 

Taking logarithms of Eq. (5) ,  the data in ref- 16 were fit by linear regression, yielding 

E == 0.3445, hF0 - 0.3226 (7) 

Substituting Eq. (5) into Eq- (6) then gives: 

Fl = 0.7243 exp(-8.6201 CJ . 

For the case of ~ X C C S S  cesium (more likely the case in actual accidents), Ey. (6) is also 

used. However, because there are only two data points, the fit is exact, yielding constants 

and the functicsnal form 

F,, = 0.0954 expg-1.55 CJ . 

el is then depen.dent on a variable Cs/I ratio through linear interpolation of the 
logarithmic form 
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[Cs] @.atom from all species) 
m &.atom from all species) 

r =  

Larger-scale experiments were performed by Kupferschmidt et al.17 with the primary 
purpose of evaluating the effects of atmospheric steam on conversion of iodide. Tests using only 
dry air gave results similar to those of Brown et a1.16 However, when the combustion atmosphcre 
contained 10% steam (by volume), virtually no oxidation of CsI occurred. Both of the two 
mcchanisms suggested by the authors involved mass transfer impcdiments by the steam. Because 
the CsI aerosol at room temperature was injected into a gas mixture at 95"C, considerable 
condensation onto the particulates was likely. Insufficient time was allowed for revaporization, 
since the H2 detonation occurred 4 s after aerosol injection. This situation would work t o  both 
retard CsI vaporization and to impede diffusion of reacting radicals to the GI, and is the likely 
explanation; hence, it requires a model stipulation that all water vapor be evaporated d l  the Csl 
before conversion can occur. "hc model can thus be summarized as follows: 

1. Vaporize all water on aerosols. If any liquid water remains, then no canversion of GI 
occurs. 

2. Determine if the CsI boiling point is exceeded. If not, then no convcrsion occups. (This 
ignores the trivial contribution from the vapor pressure of CsI below thc boiling point.) 

3. Conversion occurs. according to Eqs. (8), (IO), (111, and (12), if all water is vaporized 
and the CsI boiling point is exceeded. 

Under conditions usually encountered in containment control volurncs, &"SI exists in 
condensed form; hence, it would be transported as aerosol particles. wever, occasionally 
conditions occur (e.g., in a BWR drywell) in which temperature and pressure are high enough 
that a significant vapor-phase inv could exist even though the temperature remains wc 
below the boiling point of CsI. gaseous @SI can migrate to and condense onto cooler 
surfaccs within a control. volume or can vcnt into cooler regions where nucleation UP 
condensation onto aerosols or onto h e d  surfaces might occur. This form of deposition is limited 
by a mass-transfer coefficient, and, unlike adsorption processes Lor I, ~ CH,I, and HI, it ~ Q C S  not 
depend on surface type. Revaporization does not depend on surface concentration, but only on 
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a departure from equilibrium vapor pressure. 
condensation and rcvapsrization: 

A single equation i s  uscd to describe both 

T%e valuc of c* i s  obtained from the equilibrium vapor pressure P3$, by assuming idled gas 

behavior: 
I 

- 3.52  IO$,^ T ,  

in A? , 

where MGf = molecular weight of @SI. The value of h, is obtained from the natural convection 

coire!ation in Sect. 4. 

Even tlmugk many accident sequences indicate that iodine will exist piedonlinantly as @SI 
in condensed for 
(I2, CT-PJ) will be airborne simultaneously with various types of particulate matter. Most studies 
have been largely qualitative, although they have itidicated that substantial dcpssitisri may OGCUC. 

Because such de sition may be a significant mechanism for removing gasmaas iodine, it is 

worthy of thorough and detailed modeling consideration. 
Early work in the United Kingdom assumed an irreversible deposition model based on 

bard splaercs or analogy with water drops, but did not include any mechanistic consideration of 
surface rcactions. Chimnabcr?ain et a1." gave a revkw and stated the basis: equation for removal 
of a gaseous iodine species. Megaw and May19 and Megawm used a simplified equation, and 
applied it to cxpeaimental studies of Aitken nuclei particles in the DIDO and PEUTQ reactors. 
Even though this pioneering work was qualitatively useful, it is inadequate. for curreat modeling 
efforts. 

(ie,, as aerosol), it is possible in certain situations that volatile iodine species 
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Deposition of volatile species onto aerosol surfaces includes mass transport to the surface 
(adsorption), revaporization from the surface (desorption), and possibly chemical reaction with 
the surface material. These mechanisms can be modeled as 

(1.3) 

where 
Cg = gas phase concentration (mol/cm3), 

Cp = intermediate or  physisorbed iodine (mol/cm2), 
C, = chemisorbed iodine (Le., reacted with surface material) (moVcm2). 

The quantities k, and k, represent mass-transfer coefficients to and from the surfacc; k3 and k4 
represent chemical reaction rate cons tan ts. 

The characteristics of chemical reaction are highly dcpcndent on the type of aerosol 
material involved. Several studies21-B have concemd interactions between various species 
(usually focusing on CsI) and control rod materials. Recent work at ORNL was concerned with 
the interaction of Iz and CH,I with fission-product aerosols, principally cesium c o m p o ~ d ~ . * ~  

Aerosol materials will umsist of oxides, metals, and waters2' In general, water-soluble 

aerosol materials will be fission products, principally cesium compounds, and in some reactor 
systems, boron oxkles. In addition, chemical changes can occur on aerosol surfaces in 
containment, Varying amounts of hydration may be expected, as well as reaction of CsOH to 
form carbonates, borates, and nitrates. Other aerosol oxides and metals may also react with 
HNO, (gas) produced from the interaction of radiation with humid air. 

Aerosols that contain liquid water are a special case. "''he iodine adsorption behavior of 
an insoluble aerosol in an aqueous droplet would be that of the aqueous phase, and iodine 

phenomena expected in an aqueous solution such as mass transport, hydrolysis, and radiolysis 
effects would predominate. With water-soluble aerosols, the same ~ h e ~ o m e ~ a  would occur 
along with additional pW and ionic strength effects of the aerosol material. 'I%us, the overall 
bchavior in either case is similar to that of water droplets (cf. Sect. 4.3), but may have a ~ d i t ~ o ~ ~ ~  

solution components. 
ence calculations, it is necessary to use a computer code such as 

overall camposition of aerosols, although this ~ ~ f ~ ~ ~ ~ i a ~ ~ ~ n  may not be 
directly applicable without further ~ ~ ~ ~ ~ ~ ~ 0 ~ s ~  Far most interactions, the bulk ~ ~ ~ o s ~ ~ ~ o ~  is 
less important than the surface composition ( i . q  less-voiatile materials are more likely to 
condense first and can be found ow the inside of aerosols). In addition, c ~ e m ~ c a ~  c 
occur on the surface. Sorption characteristics may vary with aerosol size. Thus, in general, it 
will be necessary to assume homogeneous material with known geometric characteristics and 
whose surface characteristics vary only as predicted by interaction models. 
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Several studies2'-" have determined that physical adsorption of I, witbout chemical 
reaction is not a particularly important piscess. In addition, 1, does not react readily with most 
structural coinponenS or  boric acid.24 It does react in varying degrees with dry cesium 
compsunds, the likeliiimod of reaction being well characterized by the iodine potential, as 

described in ref- 24. 

In order to characterkc rate processes, some of the data from ref. 24 have been re- 
evaluated. In each case, the chemical reaction step in Eq. (13) is essentially irreversible, 
indicating that k,  = 0. The prepo~aderance of data and the principal analyses were done for 
cesium carbonate aerosol, with the surface reaction" 

For dry powder, formation of surface iodide and iodate blocks diffusion to lowm Zaycrs, which 
results in depletion of the available rcaction sites. (The same is not true with wet powder, where 
diffusion to lower layers in the aerosol occurs readily.) 

The rate equations represented by Eqs. (13) and (14) form a set of ordirnaiy differential 
equations which arc, in gcncral, nonlinear. The rate coefficients for scveral substances have 
been obtained by the mathematical optimization procedure described elsewhere." The materials, 
experimental corzditions, and resulting paramcters ui = In IC; are shown in Table 1. Also obtained 

from the optimization is thc concentration of reactive surfax sites, shown in thc last cohmn. 

'Table I. Iodine deposition onto cesiumcontaining aeiot;ols 

Cs,CO, 25 2491 6.qb U1+4.56 15.5 342 

cs,co, 100 241 1 17.8 21.3 15.5 

cs2fb,0, 100 6652 4.8 -9 19 7.8 

cs,o 100 753 -2.2 0.63 18 648 

a ~ i  -- In  kj, units of k, in min-' for i - 1,2, and min-' (mol/cm2)-' for i == 3. 
bDetermiaed from ~ q .  (15); choices for u1 2 2 gave identical results. 
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In general, it was fairly difficult to obtain optimal values, and there is considerable 
uncertainty in the values shown. This is primarily because the data were sparse and sometimes 
unavailable in ranges of greatest use in parameter estimation. However, it is probably adequate 
for general modeling purposes. 

As mentioned previously, the principal material analyzed (for which the most data were 
available) was CS,CO,. At 25"C, no unique value of u1 or u2 could be determined, although the 
difference between them was clearly defined. That is, €or any value of u1 2 2  and uz=u1+4.56, 

the minimum squared error was attained. This difference actually represents an "equilibrium 
constant" for mass transfer 

k, u* - 'Lz = ln-, 
k2 

and the nonuniqueness indicates that rapid equilibration in the adsorption/desorption processes 
occurred. No data were taken in the first few minutes where non-equilibrium conditions existed; 
hence, this is the only information that can be reliably extracted from this data. 

It is possible to approximate the individual mass transport parameters using existing 
correlations. For mass transport to small spheres due to diffusion alone, a theoretical analysis 
yieldsz 

i, d 
D 

= 2 ,  __. 

where 

XI = k,(Vg/A) = flux to particle surface/bulk concentration (cm/s), 

d = particle diameter (cm), 

Ls = binary diffusion coefficient (cm2/s), 
y X  = gas volume (cm3), 

A =c total surfam area of particles (cm2). 

The diametcr of particles is estimate to he d = 2 x IO4, and the diffusion coefficient of I, in 
air is calculated using the collision i tegral to be D = en the approximate transfer 
coefficient can be determined using F4" (15): 

which is the value show in Table 1. 



The parameters in Tablc 1 can be used to simulate the rate proce:sse=s, as sham for a 
typical transient in Fig. 1. The csmputed solution matches the general behavior of thc system, 
although thc scatter in the data makes it difficult. 

Optimization calculations were also performed on Cs,Ce), data at IOO'C, in which the 
following activation energies (kJ/mol) were obtained: 

These energies were then used with the lower temperature results to obtain the rate coefficients 
shown in the table. 

Optimization calculatigs s were peeformed for I, deposition onto two other powder 
materials, as shown in Table 1. These data were fairly sparse, with high data umcertainties, 
resulting in high uncertainties for the parameters. In these cases, both adsorption and desorption 
were somewhat slower, although the chemical reaction rate constant is comparable to that of 
CS,CO,. 

As mentioned pr~viously~ pasamcter values in Table 1 have large uiacertairaties, especially 

€or Cs2B407 and Cs,O. The nias-transfer meffixckents u1 and u2 are not. defined uniquely for 
Cs,CO, , although their dilference u2-u1 can be ascertained with more accuracy. Since 
equilibration of adsorptlon/de§srptioa3 OCCU~S very quickly, thmc param- d e n  axe ~ o t  ?ate 

determining. (For practical purposes, this equilibration can be asstinted to occur 
instant anemsly.) 

I'm principal quantities of importance are the chemical reaction rate u3 and the 

concentration of surface sites C,. The foamer changes very little with temperature for Cs,GO, 
powder, and this behavior will be assumed for other materials as well. Furthersnorc, the rate for 
all three inaterials i s  nearly the same, at least when the uncertainties are considered. 
much mole data were available for Cs2C03, we assume that the rate coefficienl. €or this 
is agplicabk to all other cesium-containing materials. 

centsation of surface sites controls the extent of reaction, and, therefore, the 
g of irreversibly sorbed iodine, For the three niaterials evaluated, a clear linear 

relationship exists between (7, and the cesium content of the material: 

where x = mass fraction due to cesium, and the constants a and b were obtained by linear 
regression. 
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In gencral, the reaction of I, with cesium compounds is  aaltimately due to the basicity of 
the ccsium salt. Same cesium Comp6)UndS such as GI or GNU, are not basic. However, the 

ical forms of aerosol materials a re  not well dcfined, and, hence, it is assumed that cesium 
is in a form that can react with 1,. In this case, Eq, (17') should be applied for any aerosol 
material, and when it yields dJ,<O, negligible deposition occur's. 

Reactor containments axe composed of a great many matcrials and sur€aaees with which 
iodine can react, most notably steel, concrete, and various types of Faint" Even though it is 
impossible to characterize exactly the geometry and interaction mechanisms, it is possible to 
estimate the overall amounts of principal sur€aace materials and to develop reasonable reaction 
mechanisms. T h i s  effect is of particdiat importance in the reduction of airborne concentrations 
of I, and CH,T. 

In general, depositioa onito f i e d  sur€aaces is modeled by Eq (13), with rate cocfficients 
varying with temperature, surface material, iodine form, and to some extent, humidity. Data to 
deteminc kiraetic pararnetsns havc been adapted from several studics before 1970, and same 

reccnt work in coamjznnction with the ACE program. In most cases, the original antbcsrs dcscribc 
their data in terms of deposition velocities and desorption rates. In order to obtain the kinatic 
parameters in Eq. (13), it was necessai-y to perform considerable re-evaluation. 

Several previous s t u d i e ~ ~ ~ ~ ~ ? ~  indicate that considerable deposition of I, can occtiir onto 
almost any form of steel. Moscnberg et al.' studied deposition onto the constituents commonly 
found in stainless steel. They observed that I, reacts mast readily with iron, less so with nickel, 
and only spakingly with chromium, and conclidcd that the large amounts oE irrcvcrsibly bound 
iodine were in the form Fd,. Morris and Nicholls3 noted higher dcpssitisn on several pure 

metals (iron, Bead, silver, copper, and aluminum) than on either mild or stainless steel, although 
deposition onto steels was considerable. Both studies note that surface oxidation and iodine 
deposition are mutually beneficial processcs. 'I'hus, deposition i s  greatly enhanced by the 
presence of water vapor, but not by liquid water, cithes as condensate or bulk liquid. 

In this situation, Eq. (13) takes thc form 

Tile dctcsininatiota of rate coeffificients under varying conditions is  acco 
the data of previous studies. Descriptions of various data sets, their exp 
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procedure, and the mathematical procedures used to obtain kinetic parameters are given in 
Appendix k A brief summary oT the results is given in Table 2 and indicates that irreversible 
sorption takes place only in the presence of water vapor, but that it can be reversed by 
eliminating water from the system. Physisorption accurs in any environment although it is 
enhanced by water vapor. 

Table 2. Kinetic parameters for I, deposition onto steel 

Conditions kl k2 k3 k.4 Ref. 

Moist air, 20°C 7.935E-7 6.942s-7 2947E-6 0 30 

Moist air, 115°C 0.0250 1.188E-5 6.878E-5 0 5 

Dry air, 115°C 7.469E-5 4.033E-5 0 7.186E-6 5 

It is important to note that the moist air experiments involved very different amounts of 
moisture. In ref. 30, a relative humidity of 85% was used (a water mole fraction of about 0.02); 

additional data using 65% and 100% yielded very little change in deposition behavior. In ref. 5, 
steam comprised 44% by volume.31 It may be that such diffcrcnces in water content are not 
~ m p ~ r t a n t  provided they exceed some threshold level. If such k the case, the results from the 
two moist air experiments can be combined to obtain activation energies 

E,  = 103 E, = 28.3 E3 = 31.3 (k.J/mol) , 

where 

The evaluation of activation energies in dry air would require data for both adsorption 
and desorption at some other temperature. Nei1132 reports values of 

E ,  = -115, E, = 70 (kJ/mol), 
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although thesc are based ow data at muck higher ternpcratures (316 to 538°C). Thc negative 
vaiue far adsorption energy is not unusual, although it ob~omsly does not have cbcmical kinetic 
sigmifieance (recall this is largely a mass transport procass). 

Finalily, I t  is necessary to assess the behavim of sorbed iodinc if liquid water cantacts the 
surface. ~ s s e n h e r $  performled several expe~irneslts in which a substantial loading of isdim was 
achieved (in moist air, implying considerable surface reaction), followed by immeesisaw in various 
water solutions. Virtually all iodine was removed within a few minutes by either distilled water 
or a saturated I, solution. Removal in a saturated FcT, solution was S~OWCF, with about one-third 
removed after 38 mim.  It thus seems prudent for reactox safety ealcuiatiom to assume all iodine 
is removed quickly. dissolving in water as I-. 

Many of the carly rcscarcheas who investigated I2  deposition onto steel also studied Iz 
depasiticn onto paints. En particular, the steady of Wosenberg et aL5 was exczpiionally thoroiagb. 
becausc they evaluated several difkrcnt paint types and manufacturers under ;a variety of 
conditions. One series of tests was undertaken using single samples at a times, and rcwaluatiow 
here of the results at 115 ' e  is similar to the previous analysis of deposition onto steel. 

We CQIIS~~CI-  the two-step ytocess of iodine deposition onto paint, which is analogous to 
E¶. (18): 

The first step constitutes physisorption (Le.> mass transfer to surface material). The second step 
descaibes surfrPsc reaction in which an acceptable surface site has two adjacetit organic 
groups - each combining with an iodine atom. The reaction product is written in the dimerized 
form to €acilitate calculations (all stoichiometric coefficients are unity), although it may not occur 
in practice. 

Because paints ate porous, iodine is likely to diffuse and react in the interior. and not just 
on the surface. ~osenbcrg  et ales have completed a thorough analysis of various madeling 
approaches, inch ing the difhsion quation with simultaneous chemical reactinn. Even though 
their approaeh is likely to be more meaningful physically, it poscs ~~~~~~a~ complications and 
yields simulation results no bctter than the three-parameter iimethod developed here. 
Nevertheless, it is e ~ d i e n t  to view surface concentratioiis as relative to paint mass rather than 
surfacc area. 
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The details of data fitting and parameter estimation are described in Appendix B. The 
results for four paint types are shown in Table 3. Simulation of the transients and comparison 
with data are shown in Figs. 2 through 5 and indicate excellent agreement. 

Table 3. Kinetic parameters for iodine deposition onto paints 

Parameter valuesb 

Run Paint 

designator" me 

VAM HB33-2 Vinyl 11.19 3.678 9.543 

VAM 1756-1 Acrylic latex 8.067 1.969 9.297 

VAM 66-2 Epoxy 8.380 0.25)21 4.772 
VP-302-3 Phenolic 5.964 1.228 5.941 

"Source: H. S. Rosenberg, J. M. Genco, and D. L. Morrison, Fission-Rduct Deposition 
and Its Enhancement Under Reactor Accident Conditions: Deposition on Containment-Sys rem 
Surfuces, BMI-1865, Battelle Memorial Institute, 1969 (reevaluation 06 data in Table 17). 

bui = In ki; units of ki (i=1,2,3) are h-', h-', g/moi-h, respectively. 
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Fig. 2. Comparison of model prediction and data for l2 deposition onto VAM WB33-2 
coating: (a) adsorption, (b) desorption. 
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Fig. 5. Comparison of model prediction and data for I, deposition onto VP 302-3 
coating: (a) adsorption, (b) desorption. 



Accident studies suggest that in most sequences substantial quaxititics of iodine may 
reside in water Even if the initial releases into containment are airborne 
sources, spray water or eondensing steam arc likely to wash large amounts into system sumps. 
In this form, the iodine is largely immobile and therefore less hazard exists. However, there are 
several factors that could produce a reevolution of airborne iodine and a resurgent threat to 
atmospheric release. It is  thus important to carefully consider aqueous behavior of iodine and 
thc other substances which could reside in pools or sumps. 

The principal concern is the aqueous speciation of iodine - does it form volatile species 
which might evaporate, or does it remain highly soluble? T;his question is evaluated with regard 
to therinal reactions with water itself in Sect. 3.1. The additional complications poscd by 
irradiation are the subject of Sect. 3.2. Both of these processes are highly dependent on the 
water pII; an accurate means of calculating this important quantity is  described in Sect. 3.3. 
Interaction with suspended silver aerosol, which may be significant in pressurized-water-reactor 
(S-Wa) accidents, is addressed in Sect. 3.4. And, finally, the liquid-phase formation of organic 
iodides is described in Sect. 3.5. 

Is or sumps. 

3.1 HYDROLYSIS 

In pure water, I, hydrolyzes to form I- and IO3- through processcs that can be described 

by the overall reaction 

At equilibrium, only I-, I,, arid 10, exist as stable end products (occupying oxidation 

states -1, 8, and 5, respectively). However, during the transient reaction phase, various 
intermediate species have been suggested to occupy oxidation states 1, 2, 3, and 4, the most 
popular k i n g  %401[, 01, HIO, , and IO, ~ respectively. In addition, several reaction progression. 
involving thcse have been suggested. Although some investigators claim to have measured 
certain of these i~ltermediates,~~ their involvement in hydrolysis reactions and even their exkterrsre 
remains open to speculation. 

Tiiie most popular model of iodine hydrolysis is the two-stage reactionM-% 

22 
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The first reaction is usually quite rapid, while the second step is much slower under many pH 
and temperature conditions.% It is unlikely that this actually occurs in a single reaction step; 
rather, 33q. (21b) is viewed as the result of several reaction subprocesses. This formulation is 

capable of predicting conversion of I, to I- or 10,- in certain limited circurn~tances.~~ The 

principal deficiencies are (1) the semi-empirical form of the second equation, and (2) the lack 
of applicability (and rate coefficients) at higher temperatures. 

Several researchers have developed complicated models to describe iodine radiolysis. 

These models include reactions between many different iodine species and the free radicals that 
result from irradiating water. Basic hydrolysis processes (the aqueous iodine reactions that would 
occur in the absence of radiation) are also included, since they would occur simultaneously. 
These can be extracted and used by themselves under conditions in which radiolysis is not 
significant. Two such f o r r n ~ l a t i o n s ~ ~ ~ ~  include the following reversible steps to model the overall 
reaction: 

lr, + 40 5 I -  + HOI + H' 
4 

4 
k, 

2HOI + I -  + HIO, + H' 

4 
4 

WQI + Hi02 + I -  + HlO, + H' , 

Values for the rate constants at 25°C are given in Table 4 and include several values that have 
been estimated but not measured directiy. As seen in the table, there is considerable variation 
between different researchers. Recent data taken at ORNL were used to revise the estimates 
of these rate constants and to investigate other reaction schemes as well. It was concluded that 
Fis. (22a,b,c) do represent an adequate description of aqueous iodine reactions, although the 
parameters given in refs. 37 and 38 were inadequate for modeling these data. Using a nonlinear 
optimization revised values for thcse rate coefficients were obtained and are also 
given in Table 4. Also shown are activation energies, corresponding to the rate coefficients 

determined at ORNL. The data used and the optimization process are described in greater 

detail in Appendix C. 
Also included in the model are the dissociation equilibrium, 

(23a) 
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Table 4. Parameters for isdine hydrolysis model 

Rate coefficients at 25°C" 
Activation 

Parameter Ref. 37 Ref- 38 ORNL energy (H/mol) 

kl 0.054 31 44.6 68 
k2 5.87 x lo'* 3.5 x 1015 4.7 x 1014 0 

k, 5 x 106 10'O 5.1 x 10" 53 

k5 3 2.3 x 16 6.6 x lo6 5 
k6 18 3.7 x 10-5 1.2 x 10s 5 

k3 105 10'O 1.3 x lo6 175 

"Units are s-l for k,, M-'s-' for k, and k,, M-5-l for k2, k,, and k6 .  

and the side reaction, 

(2%) 

The equilibrium constant is well characterized by the form39 

while the rate constants are reliably known at 25°C:40 

k, = (6.2 f 0.8) x lo9 M-ls-' 
kg = (8.5 & 1.0) x 106 . 

Although activation energies are not available from direct experimental measurement, 

k7 is wear the diffusion controlled limit; hence, an activation energy of 15 to 20 kJ/mol is not 
unreasonable. From the equilibrium constant for this reaction,39 it can be determined that 

valid within the range 0 to 100°C. Even though this is an approximation, Ey. (233) is not usually 
a major factor in reactor accident c ~ l ~ ~ ~ ~ ~ t ~ ~ n s ;  thus, it should suffice. 
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3.2 RADIOLXIIC CONVERSION OF I- TO I, 

The task oE describing aqueous iodine behavior under radiation conditions involves no 
less than the complete mechanistic evaluation of iodine in water, including hydrolysis, reverse 

hydrolysis, oscillatory mechanisms, and redox reactions. Studies of iodine behavior in water 
began more than 100 years ago. The primary difference between current and previous 
investigations is the availability of computers and routines for solving large systems of differential 
equations associated with reaction kinetics. However, the earlier investigators did not try to 
contend with the interaction of iodine species and the products of water radiolysis. In recent 
years, this problem was approached by performing experiments on the irradiation of aqueous 
iodine and setting up methods for solving a large set of differential equations (more than 100 
in some cases) in an attempt to reproduce the experimental results by mechanistic simulation. 

The practical problem to be considered is the extent of release of iodine from 
containments during reactor accident events and the ability to compute a realistic estimate of this 
quantity within the framework of existing accident analysis codes. To some extent, this puts 
limits on the range of conditions that must be evaluated. For example, the events of interest in 
a water pool will probably be restricted to a pH range between 3 and 9, since it is not likely that 
pH values outside this range will be attained in reactor accidents (with the possible exception 
of evaporation to dryness, which is not considered here; if this did occur, it is not difficult to 
predict what would happen by using experimental data on radiolysis effects and reverse 
hydrolysis). Other important parameters, such as temperature, iodine concentrations, and 
radiation dose rates, may also be delimited if we consider only the conditions of importance in 
reactor accidents. 

Practical considerations also limit the conditions that can be evaluated. A useful model 
must not require information that is not available in normal accident sequence calculations. It 

must also be efficient, easy to understand and use, and accurately reflect available data. It is 
desirable to use mechanistic formulations as much as possible; however, empirical elenients will 
no doubt be required as well. 

Based on the results of experimental studies, we may summarize the formation of I2 
during the radiolysis of I- as follows: 

1. At pH < 3, virtually all iodine is converted to I,; €or pH > 7, only a tiny fractian is 
converted. For 3 < pH < 7, conversion is highly variable (see Fig. 6). 

2. For a given pH and temperature, there is a threshold radiation dose to the water, which, 

if exceeded, ensures that conversion wil reach the steady-state value. If iodine is not 
added until this dose is reached, then steady-state conversion occurs very rapidly (within 
a few minutes). If dose is lower than the threshold value, then conversion will occur 
gradually until the steady state is reached. I 
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Fig. 6. Radiolytic conversion of I- to I , .  Source: c. e. Lin, "Chemical Effects of 

Gamma ~ ~ ~ ~ ~ ~ t ~ o n  on Iodine in Aqueous Solutions," J. I i ~ g  N u l .  Chenz, 4% 1101 (1980). 

3.  At very low aqueous iodine concentrations g-atonm/L) there is a tendency for 
iodate formation in the presence of irradiation and a tendency for iodine to show 
anomalous behavior in the absence of irradiation. Data in this region are less reliable, 
and, thcrefore, modeling results will exhibit greater uncertainty. 

Our approach to the use of kinetic rate exxprcssions i s  based on a narrowing of the 
problem to a range. of parameters that are of practical intercst and involves identifying the 

process(cs) that deterinins: the steady-state fraction of I- converted to I, at a given pM. This 
approach was selected rather than using more than 100 individual reactions because many, if m t  
most, of the rate constants in the Barge set of reactions must be estimated; as a result, large 
individual uncertainties would be propagated into the overall calculation. 
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3.2.1 Equitibrim Radiolysis 

The plateau in fraction of I- converted to I, implies that a steady-state process is reached 
during irradiation. During the irradiation of water, free radical products such as OH or H are 
present at very low concentrations (on the order of lO-" A4 or less). However, hydrogen 
peroxide (H202) will increase to concentrations that are comparable to iodide concentrations in 
containment water pools (lo4 to 1 0 - 6 ~ .  The concentration of H,Q, will depend on the 
radiation dose and on the extent of reaction with other specks in solution, such as I- or C1-. 

Hydrogen peroxide reacts with both I- and I2 as follows: 

I, + €&02 -. 21- -t 2H" + 0, - 

These reactions generated much interest in the 1920s and 1930s. Abe142 proposed a mechanism 
that gives the following steady-state relationship between I-, I, and H': 

where [H'], [I-], and [I2] are concentrations in m d / L  (M) and a and b are constants to be 
determined. His experimental studies indicated that the reaction of I- with H202 is first order 
in [I-] and in [H2Q2]. These prucesses can be described by the rates rl = k, [I 1 [H2021/ and r, = 
k, [H20A [HIO] -+ k3 [H2Q,] [IO-]. By definition, the steady state implies r1 = r, , that is, 

or 

171e equilibria 

and 
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are quite rapid, so we may substitute for MI0 and 10- as follows: 

where Kl and K2 are the equilibrium constants for Eqs. (25) and (271, respectively, Equations 
(28) and (29) may be substituted into Eq. (25) to give 

T h i s  can be rearranged to get 

which is in the form of Ey. (241, with 

The various rate and equilibrium constant.. have been measured at 25°C and are given in 

Table 5. 
Data at higher temperatures are sparse and sometimes inconsistent. SQRX ~~~~t~~~~~ 

cxpeihental cdence reveals that the coxiversion of I- to 1, decrcasss vdh increasing 

temperature. Tests of urns et on irradiation of 1 x g-atom I-L solutions, gave 45% 
conversion to 1, at 30°C, hut only 10% conversion at 70°C 

A series of tests were run at ORNL at 92°C. In these tests, sanipkx were taken by 
pressurizing the sample container during irradiation and thereby forcing a portion of the iodine 
solution up a narrow tube and into isooctane, With this technique, the sample was stripped QE 
I, only a few seconds after it left the irradiation zone. With initial iodidc concentrations of 
1 x g-atom I-& at pH 4.0 the measured fraction as I, was %9%, and the model salcralation 
gave 72.6%. At pN 5.0, the measured value was 3.1%, and the calculated value was 17.9%. 

Thus, the model tends to overestimate the extent of conversioi~ to 1, at temperatures >.30"@, 
The two equilibrium constants, Kl and K,, can be. given for tennperatures in excess of 3O"C, but 
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Table 5. Constants for radiolytic conversion 

Parameter Value Reference 

0.012 LJmo1.s 43 

37 L/moi.s 44 

45 

4.77 x 39 

2.31 x 10.’’ 46 

(6.6 & 2.0) x IO7 L/moi.s 

(6.05 k 1.83) x 10-14 Eta* (31) 

1.47 x 10-9 Eq. (31) 

at this time, there is no good representation of the rate constants k,, k2, and k3 at these 
temperatures; so it is recommended that the data for 25°C be used until such data are p~~duced .  

Table 5 gives measured values of the fraction of initial iodide that was converted to I, 
on irradiation, as well as the corresponding calculated values obtained frcm 
four sets of experimental data, the correspondence between calculated and experimental values 
is best for the data of Burns et  al.47 The worst model tit of experi ental data was at p 
4.5 and an initial concentration of 1 x PO-’ g-atom P-/L. In one case, Naritomi et al.@ give 2.5% 
conversion ab pH 4.4, and the calculated value was 18%. In the other case, the ORNL data give 
42% conversion at pH 4.5, and thc calculated value was 13.9%. It appears that the value sf 
2.5% at pH 4.4 and the 42% at pH 4.5 are not compatible with each other, and both may bc 
somewhat in error. At a concentration of 5 x 10’ g-atom I IL and pH 4.6, Burns et al. give a 
value of 30% conversion to I,, and the calculated value is almost identical to thi  at 29.2%. 
Burns e t  al. noted that concentrations < 10 g-alom I-/L gave scattered results. The comparison 
is also made in Fig. 7, where calculated values are plotted against data. Perfect cmrresspondcnce 
is represented by the diagonal line. As seen in the figure, there is considerable scatter in the 
data, but the calculation f i ls  as well as can be expected. 
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Table 6. Comparison of iodine radiolysis model with measured values at 25°C 

Bercedt molecular iodine (I2) 

Concentration Calculated 
initial 1- from 

PH g-atom/L Measured Eq. (3) Comments 

4.6 1 x IO4 
4.6 -5  x 10-5 

5.6 1 x 10"" 
6.6 1 x 10.4 

3.0 1 x 10-4 
5.0 1 x 10-4 

6.6 1 x 10-O 

4.4 
5.2 
5.3 
5.8 
5.8 
6 2  
6.2 
5.7 
5.7 

1 x 10" 

1 x 10-5 

1 x 10-5 
1 x 10"" 

1 x 10"" 
1 x 10-5 

1 x 10-4 

1 x 

1 x 

4.5 1 x 10-5 

4.7 7.0 x 10-5 

5.0 2 x 10.4 

4.9 6.67 x lo-' 

43.4 and 46.0 
-' 30 

5.4 and 7.8 
~ 0 . 0 1  and 0.017 

93.8 
8.0 
1.7 

2.5 
12.3 

0.33 and 0.63 
0.16 
1.2 

0.038 and 0.15 
0.49 
0.16 
3.7 

42.0 
35.0 
34.0 
18.8 

42.6 
29.2 

1.9 
0.02 1 

91.6 
17.9 
0.021 

18.0 
9.4 
0.73 
0.08 
0.79 
0.013 
0.13 
0.13 
1.2 

13.9 
29.4 
30.2 
27.8 

Bums et 

(Data taken from curve in 
report) 

0.2 M boric acid 

Lin4' pH not bu€€ered 
and may have varied during 
irradiation. Initial 
value given 4.5 MradJh 

Naritonii et al.48 

ORNL data - 0.37 Mradh 
in 0.2 M boric acid 
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Fig. 7. Comparison of steady-state radiolysis model with data. 
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From Eqs. (30) and (31), it is possible to speciEy the equilibrium distribution of I, and 

I-, given only the pR and the total iodine present: 

[IToT] = 2[12] I- [I-]. (g-atom) 

As mentioned, the individual reaction steps depend on the presence of H,O, to move toward 
equilibrium. In gcncral, the equilibrium is attained quite rapidly, provided that H20, is present 
in sufficient exccss, which is the case if irradiation occurs well before iodine addition. However, 
in many accident situations, iodine i s  likely to be the first fission product to enter water, and may 

even be its own primary radiation source. Hence, iodine conversion will occur a\: H,Q, is 
produced, creating a transient effect, depending solely on the production rate of H,O,. 

The equations of Boyd, Carver, and Dkon4’ are widely accepted as the standard model 
for the simulation of water radiolysis. Using this set, the bulk H,O, concentration was calculated 
under a variety of irradiation conditions, including a range of pH, dose rate, and dissolved 0, 
concentration. The results of these calculations were thcn fit empirically to the following form: 

where 

= dose rate (Mradh), 

t = time (h), 

[QJ 
8.41~4 + exp(1.975 p ~ i  - ma>’ 

= 9.549E-3 -t- 379.2 [O,] 3- -____ _ _ _ _ _ _  
ae 

f exp(3.02 pH - 7.09) 9 IL 1 
3E-4 + ZOl[O,] I c, = 2.14.E-4 9 46.1 [O,] -1- 

[O,] = dissolved 0, concentration (mol/L), 

pI-1 = log,, [H”]. 

If not lanow exactly, the dissolved 0, concentration can be estimated by assuming saturation in 
the liquid. Solubility data from Lange’s Hundbaopo show a fairly linear relationship between 0 
and 100°C, decreasing to 0 at 100°C. T h i s  relationship can be modeled by the regression 

[02] = 1.863 101’ - 1.893 10-~  T (00 , (33) 

which assumes 1 atm of pure Q,, and tely for other 0, 
pressurcs. The dose rate is detemin cies in the water 
as described in Weber.” The pH can be calculated using the model in Sect. 3.3. Thus$ iEq. (32) 

re should be adjusted proportis 
m the inventory of radioactive s 
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gives the time varying concentration of H,O, under the irradiation conditions specified by pH, 
d ,  and [OJ. In this form, it does not reflect temperature dependence because many of the 

kinetic parameters in Boyd et 
We assume the steady state in Eq. (25) is reached instantly for sufficient concentration 

of H,O, Every mole of I- converted uses 2 mol of H,O, [considering bath forward and reverse 
steps in Eq. (25)], and produces 0.5 mol of I,. Thus, the maximum conversion of iodide at any 
time is one-half of the available H202 (assuming that H,O, is not involved in any competing 

processes). Then the distribution of  iodine at any time t is given by 

are known only at standard conditions. 

where [H202] is calculated from Eq. (32) and [IZleCl is the value calculated from Eq. (24). 

Results of various experiments have shown that solution pH is the major factor in 
dctemining the amount of I, and organic iodide formation in ~olution.’~ Numero 
can influence pH in containment water pools during accident sequences, some of whish are listed 
in Table 7. This list includes both acidic and basic materials, some present under normal 
operation, and some only occurring in accident conditions. For situations in which no ch 
additives are present to control pH, the amounts oI HI, cesium borate or ~ y d r o ~ d e ~  and 
oxides reaching a sump will initially determine pH. In some sequences, the core-a-mcrete 
interaction would produce aerosols that contain the basic oxides K2 , Na,O, and Ca 
influence of these cExides on pII will depend on the amount that has entered the water pool, &he 
initial pH and buffering capacity of the solution, the  ti^^ of water, and the extent of 
dissolution of the aerosol material. Further discussion of materials that could determine pH is 
given in ref. 53. 

Water that is exposed to air absorbs CO, to ~ Q ~ I I I  carbonic acid, which lowers pM to a 
iimiting value of 5.65. In addition, irradiation of various organic matesials (paints, cable 
insulation, lubricating oit, etc,) could creatc large quantities ~ ~ H - I C L ’ ~  When deposited or washed 
into pools and sumps, it could significantly bwer pH. Although it has not been investigated in 
great detail, this latter etTect could be quite substantial. 

An effect that has been measured is the creation of nitric acid by the i ~ ~ ~ ~ i ~ t ~ o n  01 water 
and air. Table $ shows the relationship between the formation of nitrate ions and hydrogen ions 
f rcm the irradiation of an air-water system. Table 9 shows the decrease in pH fbr an irradiated 
solution that contained trisodium phosphate with an initial pN of 9.0. During the ~ r r a ~ ~ ~ t ~ o ~ ,  
nitric acid and atmospheric GO, decreased the pH as shown. Phosphate solutions have their 
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Table 7. Materials that affect pH in containment water pools 

8 Boron oxides (acidic) 

Basic fission-product compounds such as cesium hydroxide or cesium borates (bask) 

* Iodine as HI (acidic) 

* pl-l additives (basic) 

Atmospheric species such as carbon dioxide or nitric acid (acidic) 

L Core-concentrate aerosols (basic) 

* Pyrolysis products from organic materials (acidic) 

Table 8. Concentrations of Ht and NO3- in water due to irradiation" 

... ~ 

Irradiation time [M+l tw03-1 
(W from pH from ion electrode 

6 3.2 x 10" 6.5 x 10-5 
12. 6.3 x 6.7 x 10-5 

22 1.0 x 104 1.0 x 10" 
65 2.5 x 10" 1.8 x 10" 

114 5.0 x 10-4 4.0 x 

"100 mL in closed 200-mL container at rate of 0.6 Mradh. 
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Table 9. Effects of irradiation dosea on pH 
in trisodium phosphate solution 

0 
4 
7 

23 
41 
63 

9.0 
6.4 
6.5 

6.5 
4.7 
3.9 

"Dose rate = 8.53 Mradh. 

maximum pH buffer capacity at a pH near 7. ?%is buffer capacity is reflected here in the length 
of lime that the pH remained near 6.5. Once the buffer capacity was exceeded, the pH 
continually decreased. 

In a reactor accident, if the pH level is not deliheratcly controlled using additives, it may 
decrease sufficiently through radiolytic generation of nitric acid to iillow ~ ~ ~ n ~ i ~ ~ ~ a ~ l e  conversion 
of I- to I,. Hf the pod is neutral initially, then this effect soon dominates, resulting in 

where 

IN[+] = concentration of H+ (moH,), 

ShP = total energy deposition due to fission-product decay (MeV), 

V, = v d u m e  of water (L), 

g(WNO,) = rate of RN03 production due to irradiation (rnolecules/l 

x ld-3 (moleculeslmol). 

Tkc quantity E'+ can e determined (see 
water, which must be calculated. 
sequence ~ ~ m p u t a t ~ Q ~ ~ .  The data in Table 8 indicate that at 3O0C, 

be?') from inventories of fission p 
e volume of water also must be ~ v a ~ ~ ~ ~ ~ e  from accident 

This relationship is based radiation absorption by the aqueous phase. The actual mechanism 
for the formation of nitric acid is not known and may occur in the aqueous phase, in the gas 
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phase, or at the gas-surface interface, A comparison is made between experimental g-values for 
water and air in Appendix D. 

With knowlaige of any additivcs and all species likely to be present, the solution pl-1 at 
equilibrium can be determined by finding the minimum free energy. Such an approach assumes 
that all reactions that determine pH can be well characterized and proceed very rapidly. Within 
the range of interest for iodide conversion (3 < pH < 7), this assumption is generally the casc, 
as shown later by verifying calculations. 

Free energy minimization in water pools is performed using the principal subroutine of 
the SOLGASMIX which has been extracted for use in accident sequcnee calculations. 
The species included in the calculation of pH are listed in Table 80, in the order that they are 
indexed in the calculational routine. 

Data for the free energies of formation of the borate and phosphate specks were 
obtained from refs. 55 and 56, respectively. Free energy information for other specks was 
obtained from the FACT systems7 All free energy data were cast into a linear form, with the 
regression constants Q and b given in Table 10, 

where 

R = the universal gas constant in energy units consistent with AGO. 

AGO = the standard free energy of formation, 

Activity coeEficients for the aqueous ions were calculated from the Debye-Huckel 
expression,s8 

The quantities A and B are properties of water, and within our range of interest can be described 
by: 

A = 1.133 x T + 0.1733 
R = 1.663 x lo4 T + 0.2794. 
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Table 10. Species in pH calculation 

Free energy constants Activity wnstanta 

Phase Species a x b a' x 10s 

Gas 1. Ar 0.0 0.0 
2. H,O -2.91 3 5.435 
3. co, -4.745 0.0 

Aqueous solution 4. H20 
5. H,BO, 
6. Kf 
7. B(OR),' 
8. NO, 
9. H+ 
10. OH- 
11. B,(OH),- 
12. B,(OH),, 
13. B,(OH),,'2 
14. HC0,- 

16. H2C03 
17. PO,-3 
18. HPCdi2 

19. H2P8,' 
20. Ca+2 

15. CO32 

-3.429 
- 12.94 
-3.037 

- 16.29 
-2.557 
0.0 

-2.835 
-29.15 
-42.38 
-58.99 
-8.355 
-8.335 
-8.374 

-15.66 
-15.71 
-15.66 
-6.538 

19.324 
43.478 

- 12.077 
81.3 19 
40.862 
0.0 

3 1.602 
122.258 
170.45 1 
260.052 
43.478 
66.425 
29.589 

113.929 
87.359 
69.303 
-4.025 

3 
4 
3 
9 
3 
3 
3 

3 
4 
5 

Solid precipitate 21. Ca,(PO,), -49.1 -741 

23. Ca(H2P0,),H20 -40.6 137.721 

25. CaCO,, -14.51 31.602 

22. CaHPO, -21.61 51.564 

24. CdO € 3 2 0 3  -24.32 43.082 

26. e a 0  -7.643 12.681 

"Source: H. E. Barner and R. V. Scheuerman, ~~~~~~ of l%emochemical 
Datu for Compounds and Aqueous Species, Wiky, New York, 1978. 
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The constants 

strength is given by 

are given for each ion of interest in the last column of Table 1Q. The ionic 

where zi and mi are the charge and molal inventory of the i* ion, respectively. These inventories 
must be supplied by the user, considering the presence and transport properties of various 
additives and fission products. 

In PWR containments where pH control chemicals are used, borate buffers, phosphate 
buffers, or a combination of the two are formed. The direct calculation of pH in these complex 
solutions is difficult because of the low hydrogen-ion concentrations to M) that arc 
expected in water pools during severe accidents. In the process of computer calculation of 
equilibrium, the contribution of the hydrogen ion to the total free energy is vcxy small. For this 
reason, hydrogen ion concentrations in borate and/or phosphate bufEer systems are calculated 
from equilibrium expressions for the borate or phosphate specks, after thc free energy 
minimization. A comparison of calculated arid measurcd pN values in these systems, given in 
Table 11, shows that this technique is quite effective in yielding good calculated values of pH. 
Such a comparison does not encampass the entire range of pN expected in possible accidcnt 
sequences. However, to  lower the pW below 5, the huffering effect of various additives must be 
overcome by addition s f  strong acid (such as HNQ, or HI), which will dominate the p€I 
calculation. In such cases, it is fairly simple to calculate pH. Hence, the comparisons in 

Table 11 represent a comprehemsive demonstration that the calculational model is quite robust 
under a variety of possible conditions. Additional description of the calculational procedure is 
provided in Appcndh E, in conjunction with a listing of the mecessav input which must be 
supplied. 

Iodinc in water pools may interact with impurities in the water to produce chemical 
compounds or oxidation states that can alter its volatility. The water pool may contain dissolved 

minerals, such as iron or copper as ions, organic compounds, and also fission product and 
structural material aerosols. Silver could play an important role in determining the ultimate 
chemical form of iodine following a light-water-reactor (LWR) accident, especially in PWRs, 
where silvcr is a major component of the control rod alloy. 

Silver in the presence of radiation has proven to be very effective in converting dissolved 
iodine species into silver iodide, which precipitates out of solution. Silver readily reacts with 
elennental iodine, even in thc absence of radiation. Irradiation of solutions containing 
predominantly iodide ion or methyl iodide has also resulted in substantial conversio 
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Table 11. Comparison of measured and calculated pH values 

Amounts of materials (m01/m3) PH values 

NdOH H,BO, H3P0, NaHCO, Ca(OH), Na2B,0, Calc. Eqt. Reference 

2.61 
16.3 

40.8 

55.7 
79.63 
96.8 

45.5 
50.76 
69.7 

83.7 
98.4 

50.0 
50.0 
50.0 

50.0 

50.0 
50.0 

45.5 45.5 

44.9 44.9 
43.0 43.0 

41.6 41.6 
40.2 40.2 

10*0 

50.0 

7.8 
8.7 

9.5 

6.0 

6.9 

7.9 

5.0 
6.0 
7.0 

7.9 
8.9 
8.1 

20.87 12.3 
16.7 11.6 

10.0 9.0 

10.0 8.4 

7.8 
8.8 
9.8 

6.0 

7.0 
8.0 

5.0 

6.0 
7.0 

8.0 

9.0 
8.15 

12.26 
11.4 

9.2 

8.8 

60 
60 
60 

ORNL 
ORNL 
ORNL 

ORNL 
QRNL 
ORNL 

ORNL 
ORNL 
ORNL 

ORNL 
QRNL 

61 

61, at 95°C 

iodide. The mechanism is thought to be conversion of I- or @I%$ to I,, and subsequent reaction 
of I2 with silver:59 

The conversion of aqueous iodine s p i e s  to silver iodide has rceeived scant attention 
in the literature, in spite of its potential importance in severe accident sequences. Several 
studies by Furrer and ~ o w o r k e r s ~ ~ ~ ~ ~ ~  have provided a good qualitative frarnework. They also 
mention forward and reverse rate constants €or reaction (38) of 1 and although ‘there is 
considerable uncertainty in these values, and they do not specify the form of the reaction rate 
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eration of AgI for long-term storage of radioactive waste has 
adiolytic disssciation and regeneration of I,64 While thc rate is evidently measurable, it is 

quite low, with only ahout lo"% dissociation after an exposure of 12Q8 Mrad. The forward 
reaction in Eq. (37) overwhelms the reverse reaction; hence, for all practical purposes, reaction 
(38) can be considered irreversible for severe a ident calculations. 

To obtain more quantitative estimates, a number of experiments wa-e performed to 
evaluate the forward reaction in E q  (38)" In the absence of radiation, I, in solution was reacted 

cm2/g) or as part s f  
aerosol material from a fission product release test. 

The silver powder was reduced beforc each test by heating to 350°C in a 4% 
hydrogen-95% argon atmosphere. Varying amounts were then suspended in a well-mked 
solution containing 1.2 x 10'' m o l L  of I, at room temperature (23°C). After a specified time, 

the AgI was filtered out and the remaining 1, was reduced to I- by the addition of NaOH and 
measured using an iodide electrode. The results of eight such experiments arc given in 
Table 12 and show increasing conversion with time and silver concentration. 

silver in the form of a fine powder (BET surlacc area, 8 

Table 12. I, reaction with Ag particles 

15 
30 
45 
60 

120 
15 
30 
30 

35.6 
35.6 
35.6 
345.6 
35.6 

178.0 
19,8 
10.0 

4.3 1 
2. 
2.36 
0.91 
0.54 
0.38 
5.34 
6.13 
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Consistent with these data, E$. (38) is modeled as irreversible and first order in 
concentrations of both iodine and silver. Defining the variables 

we have the reaction rate expression, 

I 

rate of reaction = kC c I , '("v) 
where A and V represent the total surface area of paxtielcs (cm2) and volume oE solution (L)- 

The surface concentration c2 can be replaced by a volumetric concentration 

which represents rnols/L of silver on the surface of the particles ( i . e ,  available to react easily). 
The reaction rate then becomes 

-2C, f: --C2 = C, = k C , C , ,  

and the extent of reaction is 

e, = c, - c, = 2(C,, - e,) , 

where C,, and C, are the initial concentrations of I, and Ag. Rewriting Eq. (40) only in terms 
of C,  gives 

-2 dl = k C,(C, - 2C,, -b 26,) , 

which can be integrated exactly ta yield 
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Letting rn denote the mass (g) of silver particles used, Eq. (39) can be rewritten 

," 
where A = 808 cm2/g = BET surface area of particles. 

rearrangement then gives 

Substitution into Eq. (41) and 

y = k k x + @ ,  

The rate constant k is obtained from the slope of a linear regression of Eq. (42). The quantity 
* 

C,, , representing surface concentration of reaction sites (mol/cm2), is also obtained from the 

regression. However, since it is also required to calculate each y and x value, it must be obtained 

by trial arid error. That is, successive values of C, are guessed and the regression performed. 

The initial value em is then compared with ( V C , , / ~ ) c B ;  when they match, the calculation is 

conmplete. This procedure was performed for the data in Table 12, resulting in 

- 
- 

The regression line is plotted with the data in Fig. 8, showing a reasonable fit through most of 
its range. ~ u r r e r ~ ~  notes that conversion changcs very little with temperature, so the activation 
energy for reaction (38) is assumed negligible. 

A  lumber of tests were conducted in which a predotninaatly iodide solution was 

irradiated, lasing the  silver powder described in the previous section.6s In addition, a few 
experiments were perfmnied using actual aerosol material with a high silver content. The 
experimental conditions and conversions ~~~~~~~~ are shown in Table 13. This study was riot as 

useful foi mechanistic model devclopmcnt, hecause the radiolytic conversion to I, [cf. Eq. (37)) 

was also involved. However, it does give some indication of the applicability of mechanistic 
models in more realistic situations. 
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Fig. 8. I, convcrsion to AgI. 
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Table 13. Radiolytic canversion of I-D, to A@" 

1.2 3 14.9 
1.2 5 19 
1.2 5 19.8 
1.2 10 23 
1.2 10 20.5 
1.2 10 42 

20 10 82.7 
1.2 22 58.8 
1.2 28.5 56.2 
1.2 35 99 
1 .a 50 91.7 

1.25 XIb 98 

"Conditions: 50°C, pW = 4.0, dose rate = 0.83 Mradh; 
Vdunie = 10.2 mI, initial [I-] = 10" rnol/L, 
initial [I,] = l o6  mol/I,. 

HS-4. For further description, see M. F. Osborne, J. I.," 
Collins, and R. A. XmenL, ~i~~~~~~~~~ Rep~r;8 tor Fission 
i?wduct Release Tests of SinauIated L WR Fuel, ORNL/WRC/ 
LTR-85/1, Martin Marietta Energy Systems, Inc., Oak Ridge 
Natl. Lab., Technical Letter Report to 1J.S. Nuclear 
Regulatory Commission, Fcbruaxy 1985. 

bMatetial used is  actual control rod aerosol from test 

In order to simulate this situation, it is necessary to model both Eqs. (37) and (38). Even 
though the treatment of Eq. (38) is straightforward and simple (as done in the previous section), 

the radiolysis process in Eq. (37) involves many elementary reactions. 'L"hcse include the 
interactions of water radiolysis products with each other and with various iodine species, in 
addition to the thermal (hydrolysis) reactions of iodine in water. Some calculation schemes usc 

empirical models to simulate the actual chemistry (e.g., thy: treatment in Sect. 3.2 and that of 

latter case, many of the intermediate species and their reactions are known very poorly and their 
rate constants must be estimated (or guessed!). Nevertheless, such models have been somewhat 
succcssful in estimating the macroscopic behavior of aqueous iodine/iodide sollaitions under 

ref. a), while othe have proposed reaction sets which indude over 100 reactioma 57 111 the 
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radiation. However, this is generally the case only at room temperature. Few of the activation 
energies in use are derived directly from experimental data; hence, at higher temperatures the 
performance of such models is unreliable. 

In spite of the aforementioned uncertainties, one of the modelsa has been appropriated 
to compute the conversion of Eq. (37). This set of 120 reactions was solved simultaneously with 
the single reaction (38) in order to simulate each of the experiments in Table 13, The results 
are shown in Fig. 9, where the computed results are plotted against the corresponding 

experimental values. (A perfect match would lie on the diagonal line.) For a temperature input 
to the computations of 3 0 T ,  the computed solutions do match the experimcntal values quite 
well. However, at 20"C, the conversion is considerably overpredicted, and at 48°C it is 
underpredicted. At 50°C (the actual temperature of the experiments), the computed solution 
underpredicts conversion to AgI even further. This well illustrates the sensitivity of conversion 
to small concentration differences of I,,  as well as the difficulty OF mechanistic models in 
simulating realistic scenarios. Similar sensitivities (and computational diff-iculties) are also 
encountered by varying pH or dissolved oxygen concentration. 

In addition to the silver powder, iodide/isdine reactions with actual aerosol samples were 

investigated. The aerosol material was obtained from fission product release test Hs-4, which 
was conductcd on October 18,1984, at ORNL.@ This material contained 67% silver (by wcight), 
along with other metals, including tin, iron, nickel, and chromium. It consisted of a fine black 

powder that remained suspended in the water during the t a t .  
Because the reaction occurs on the particle surface, it is important to know the surface 

characteristics. Electron diffraction studies (see Fig. 10) indicated that most of the surface was 
silver, that is, the silver tended to condense on the surface or migrate to the surface, and is 
therefore available for reaction. It would be generally conservative tu assume that silver was 
represented on the surface according to its mass fraction within the aerosol. 

those employed for the silver powder, except that the aerosol Wds not reduced b ~ ~ ~ r ~ h a ~ ~ ~  As 
shown on the last line of Table 12, conversion to AgI was nearly complete in a very short time, 
exceeding the conversion using reduced silver powder. This is most likely due to the presence 
oE oxide on the surface, since reaction of iodine with oxidized silver is much faster than the 
measured rate for Q. (38). 

The cxperimental procedures and conditions using the 1-IS4 aerosol were t 

3.43 Overall Model 

Iodine in solution will react with any silver-containing aerosols that are washed into the 
reactor pool or sump. It is conservative (i-e., yields lower conversion of volatile I2 to involatile 
Agl) to assume that (1) all silver is completely reduced, and (2) silver is represented on the 
surface according to its overall mass fraction in the aerosol. Then the conversion can be 
modeled by Eq. (38), with reaction rate in Eq. (40) and replacingA with& wherex is the mass 



46 

OKNL DWG 92A--693 
100 

80 

60 

40 

20 

0 

m 

C 0 M P UT AT 1 0 N S AT : 
2O0C 
3 O 0 C  8 

4ooc A 

A 

A 

0 20 40 60 86 100 

EXPERIMENTAL CONVERSION (7;) 

Fig. 9. Radiolytic conversion of I- to AgI. 



47 

d m
 

'U
 

L
,
 

3
 

m
 



48 

fraction of silver in the aerosol. If other iodine specks are present, it will also be necessary to 
simultaneously model their conversion to 1, either by radiolysis [i-e., F4. (37)], or hydrolysis in 
the absence of radiation (see Sect. 3.1). 

The model for the formation of organic iodides in aqueous solution will be based on 
methane as the initial organic material. I’he reactions to form methyl iodide are 

The hydroxyl radicals are also consunied by the side reaction: 

If additional side reactions occur, then less OH is available for reaction (43), which implies less 

CH, is created. T h i s  in turn reduces thc production of @H,I in Eq. (44). Thus, it is conservative 

to assume no other signilkant side reactions arc involved. Assuming also that the concentrations 

of the radical intermediates OH and CH, quickly reach their steady-state values, the 

concentration of CH, is then given by 

where @(OH) is the formation rate of QI-I radicals in the bulk liquid (mroleculcs/l 

quantity is largely inde ndent of temperature and pH (within our ranges of interest). Values 

for this arid other quantities appearing in Eq. (45) are given in Table 14. 

The aqueous methane concentration is more diEcult to obtain. The main source of 
aqueous methane is that produced in the gas pbase by irradiation of organic materials (e.g., paint 
and cable insulation), and subsequently dissolved in water. For simplicity, equilibrium solubility 
between methane gas and aqueous methane is assumed and is given by 

E 

where PcH, is the methane pressure (atm). 
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Table 14. Constants for the aqueous formation of methyl iodide 

Parameter Value Reference 

kl 1.1 x 108 M%" 69 

k2 6.0 x io9 M-V 70 

Under high radiation fields, the value of Pcw4 will exceed the minimal value ncJt& in 

Sect. 2, due to the formation of organic gases from thc radiolysis of paints, cable insulation, and 

other organic materials in containments. Wing71 has estimated the gas generation rate far 

generic conditions often found in commercial LWRs. Assuming that all paint is epoxy based 

(conservative, since other types do not produce gases as readily), and all cable has layers of 

Hpalon and ethylene propylene rubber as insulation, then the gas generalion is determined by 

Id Ep + -  (4.98 GpSp 4 2.53 G g J I  + 1.83 x IO-' G S R )  , 
vhl, 

(47) 

where 

R = organic gas generation rate (molls), 

ky &a = energy release rates from y and j3 radiation sources (MeVls), 

V = bulk gas volume (em3)> 

Gp,GII,GR = gas yield from radiation absorbed in paint, Hypalon, and rubber 
(molecules/100 eV), 

S,,S,,S, = total external surface areas of paint, Mypalan, and rubber (cm?, 
r = average distance from radiation source to absorbing organic material (em), 

NA = 6.02 x lQB moleeules/rnol. 



The energy release rates, &y and k, ,  can be determined from the total fission-product 

inventories relcased into containment, as described in Wcber.’l The volume and surface areas 

must be determined or  estimated from reactor data. The distance r can be approximated by the 

radius of a sphere whose volume equals that o€ the containment. Wing71 estimates gas yields as 
follows: 

G, = 1.1 G, = 0.15 GR = 0.8 e 

Assuming the methane: is the only gas generated (conservative, since some of the gases will likely 

be nonvolatile), then Qs. ( 4 9  (46), and (47) yield the concentration of CH,, which forms CH,I 

according to Eq. (M}, with the following: 

Rate of aqueous CH,I formation = k,[CN,][I,] . (48) 



4. GAS-LIQUID INTERlt.'AcE TRANSPORT 

4.1 IODINE TRANSFER RATES TO SURFACE WATER 

Two models are used for the removal of gascous iodine by dissolution in water, one of 

which dominates under conditions of heavy steam condensation, whilc the other (based on a 

mass-transfer analogy to heat transfer) applies to wetted wall conditions regardless of steam 

condensation rates. It is recomrncnded that whichever modcl produces the highest transfer rate 

should be used. 

4.1 .I D-iophoresk in Condensing Stearn 

Under condensing steam conditions, a strong mass flux toward surfaces i s  expccted lo 

enhance the removal of iodine vapor species into 

(dillusiophoresis) is modeled by the following equation: 

where 

c.7i = 

x, = 

x, = 
M$ = 
M, = 
v =  
Q =  

surface liquid. 'f ik phenomenon 

concentration of depositing iodine specie (moVcm3), 

mole fraction of steam in the containmcnt atmosphere, 

mole fraction of noncondensibles in the eontainmcnt atmosphere, 

molecular weight of steam, 

average molecular weight of noncondensibles, 

containment cell volume (cm3), 

volumetric steam condensation rate onto surfaces (cm3/s). 

To derive this model, consider a solitary gas molecule (e.g., I,) of radius 

constant velocity vp through a stationary gas consisting of N moles/unil volume. In time At, the 

average number of  collisions of the "moving" molecule with the "stationary'8 gas medeculc would 

be expected to follow an expression like 

average number of collisions z v AS KPNA,, , (50) 

whereA, is Avagadro's Number. We now assume that the stationary gas ~ Q S S ~ S S ~  a Maxwellian 

velocity distribution so that the average molecular velocity is given by 

51 
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where rn is the mass of the molecule. 

momentum is given by 

For each collision above, assume the change in 

r- 

and, given the average number of collisions in Eq. (SO) ,  

At i s  

the total momentum exchange in time 

whcre M is the molecular weight oE the stationary gas species. By Ncwton's Law, the averagc 

force experienced by the molecule as it moves through the stationary gas i s  given by 

In the caSe of steam condensation onto surfaces, the situation can be imagined to be as 

follows. The "flux" of steam carries noncondensible gases (air) with it toward the surface until 

a concentration gradient of the air is built up causing back diffusion of the air at a rate that 

exactly balances the amount of air carried by the steam flux so that, in actuality, the air is 

stationary. The steam also carries the third gas molecule (I2) toward the surface by collisions 

betwcen the steam and the molecule. However, the molecule also experiences collisions with 

the air tending to slow its motion dawn so that there is some net slip between the molecule 

velocity v,, and the stea velocity v, . Therefore, the average force on the molecule due to 

collisions with the steam molecules i s  given by 

F, = N,W'(V, - 

In equilibrium, the force due to collision with air molecules will equal the force due to collision 

with thc steam molecules so that 
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N,R2(vS - v J J ~ ~  = N $ 2 ~ p / m V  , 

which is rearranged to get 

Equation (51) represents the velocity at which iodine species are transported to the condensing 

surface relative to the steam condensation velacity. If all iodine is absorbed at the surface and 

no desorption takes place, then vp represents a "deposition velocity" in the usual sense (Le, as 

a first-order removal rate coefficient): 

which is equivalent to Eq. (49). 

4.12 Natural Conveehn Mass Transfer 

In the absence of diffusiophoretic forces, natural convection within each control volume. 

should stdl promote considerable transfer of vapor species to surface water. Such a model would 

be in the form: 

where C i  is the equilibrium concentration, determioec, using the partition coefficient 

P = eJc; = c,'/cem - cg3. is implies that c,, i: GmP/(P + I) ,  whereem = cg + ct 
is the total in both phases. The inass-transfer coefficient JEW is generally expressed in terms of 

the Shemood number Sh = hJ/D. A correlation in wide use has been derive 

heat-transfer data and appropriating the mass-transfer analogy72 to get 

0.54 (Sc Gr)", Sc Gr c 10' 
S h =  I 

0.14 (Sc Gr)%, S c G r >  108 
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where 

L = Characteristic length of the surface, 

D = binary diffusion coefficient,. 

Sc = p/pD = Schmidt number, 

p = viscosity of containment atmosphere, 
p = density of containment atmosphere, 

Gr = g A T L3 p2 /T  p 2  = Grashof nurnber, 

A T  = temperature difference between gas and wall, 

g = acceleration of gravity. 

All experimental surfaces wcre suspended in a free volume of much larger dimensions. Slight 

variations in the leading coefficients of w, (52) were noted in ref. 72 for different transfer 

geometries, although Lloyd and M ~ r a n ~ ~  use it to correlate mass-transfer data for a number of 

geometrical shapes (their work suggests 0.16 as thc leading cocfficieicnt for turbulent flow). They 

also mention data for horizontal surfaces surrounded by walls and point out that Eq. (52) 

remains a good prediction. These authors also indicate that the characteristic length can be 

represented in Eq. (5%) by 6, = .4/p, where A is the surface area and is  the perimeter. Note 

that Eq. (52) is  used in the CONTAIN code4 to describe natural convection heat transfer. 

Consider the problem of I, (and @H,I) evaporation from a containment pool or sump 

to a gas space. This is generally modeled by assuming a two-film modell: 

where 

k, , kg = liquid and gas-phase film transfer coefficients (cm/s), 

C, , Cg = bulk concentrations (mol/cm3), 

P = thc equilibrium partition coefficient (inverse of Henry's Law Constant). 

Wewison and Rodliffe7' give a thorough discussion of the assumptions implicit in interphase 

transport modeling in general, and the two-film model applied to reactor accident situations. 

The partition coefficient as used here pertains to mechanistic mass transport of individual 

species and is the inverse of the Henry's l a w  Constant. It should not be confused with the 
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overall partition coefficient rcprescnting all iodine species together, which is often used in safety 

studies. For the two principal volatile species, the following empirical lorms have been 

determined :75776 

(for 12) 

(for CH,I) 

log,, P = 6.29 - 0.0149 T 

log,, P = -4.82 + 1597/T 
(T in Kelvin). 

For transfer in the gas film, Yuill et suggest the following coefficients, derived for 

forced convection parallel flow over an immovable flat surface: 

and assume no transfer resistance in the liquid { i q  k,=O). The quantity Re = Lv/T in Eq. (54) 
is the Reynolds number, where v is the velocity of one: phase with respect to the other. Hewison 

and Rodliffe7' also use Eq. (54) in the gas film and suggest Eq. (52) €or the liquid-phase 

coefficient, which was derived from a natural convection correlation, driven by a temperature 

gradient in the liquid. One problem with this approach is that use of a forced convection 

correlation presupposes one-dimensional semi-infinite plane flow of known velocity. In situations 

where forced convective flow is known, Eq. (54) is appropriate, combined with an analagous 

correlation for the liquid, such as that of G~hien.~' Otherwise, the natural convection 

correlations in Eq. (52) should be used for both air and water, as done for heat transfer in the 

CONTAIN code when water is warmer than air. 

When air is warmer than water, natural convection should not occur, although other 

Ioorces (e-g., venting) may stili induce circulating flows. Without such flows, molecular diffusion 

would be the mechanism oC ~ ~ u ~ ~ i ~ ~ ~ t i ~ n -  The CONTAIN code4 uses a correlation for heat 

transfer in this situation and mass transfer analogy could be cmployed here as well: 

This equation should be used with caution, however, since it is not well documented or compared 

with data. 
Naturail convection correlations [such as Eq. (5211 are usually derived for ~ ~ ~ ~ ~ - ~ n ~ n i ~ e  

surfaces totally suspended in a large free volume. Even though considerable studies of natural 

convection in closed compartments have been made, we have not seen any geometry that 

matches the general situation expected in a containment, which should include { 1) completely 

closed square or circular cylinder and (2) heatcd floor or cooled ceiling. Furthermore, the fluid- 
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fluid interface presents a different situation, since Eq. (52) was derived from experiments using 

a fluid-solid inter€ace. And finally, all correlations (including those that assume a hcat-mass 

transfer analogy) and almost all experiments concerning mass transfer assume that the driving 

force is a concentration gradicnt. In our situation, concentrations of fission-product specks are 

cxpected to be so small (IO4 to lo4 M) that negligible contributions to fluid circulation should 

result. Thus, we actually have mass lransfer in natural convection driven by a temperature 

gradient. Very few studies have touched on this phenoimpenon, although Khair and Bejax179 

showed smaller mass transfer by an order of magnitude in a computer calculation of flow near 

a semi-infinite heated vertical surface. Thus, . (52) is likely to be conservative, indicating 

much more evaporation than might actually occur. 

4.3. ON OF GASEOlJS I 

Numerous tests have indicated that containment sprays could significantly deplete 

airborne iodine concentrations during accident situations. However, the modeling of €low 

patterns, diffusion and reactions, is not well characterized even for a single droplet. Obviously 

then, the treatment of entirc sprays systcms will. involve considerable assumptions and heuristics. 

Virtually all modeling of iodine uptake in containment sprays has used the first-order rate 

equation 

dt 

where C is  the concentration of airborne iodine (all species), and X is a removal rate coefkicient, 

which has evolved through various s e ~ i - e m p ~ r ~ c a ~  forms. Postma and Pasadagm give a good 

review of early uses and provide a thorough assessment of the assumptions upon which Eq. (56) 

is based. Nearly half of these assumptions relate to the identifiability of conditions in 

containment (well mked with known volume, density, viscosity, diffusivities, et@.) or to the 

characterization of spray operation itself (drops are well characterized by some average size and 

fall vertically a known (constant) distancc at their terminal velocity). Obvi~u~ly ,  such 

assumptions, based on reliable understanding of spray operations, need to be made by any model. 

A few of the assumptiom deal with the applicability of certain correlations in establishi 

transfer coefficients which, again, must bc done intelligcntly by any modeler. The remaining 

assumptions (nearly half of those listed in ref” 80) regard the heuristic treatment of iodine 

chemistry, particularly in rcgard to the partition coefficient. ”heir approach does not easily allow 

variation with temperature, concentration in gas and liquid, or the distribution of iodinc species 

present. Although various improvements Rave been pcrforrned,*l the treatment of iodine 
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chemistry in models widely employed (e-g., the CONTAIN code') is still based predominantly on 
Eq. (56) as described above. 

In calculating the removal rate constant A, an overall partition coefficient is used to 

describc all iodine species simultaneously (not to be confused with the individual specks partition 

coefficients used in Sects. 4.2 and 4.3.11, and thus is an empirical variable. For most applications, 

a value of lo3 to Id is suggested, depending on conditions in the spray water. A value of IO5 

gave excellent agreement with the Containment Systems Experimcnts (CSE)," although it was 

apparently chosen to achieve that result, rather than for mechanistic reasons. If conditions vary 
from those of the CSE, then predictions could be seriously in error. For example, safety studies 

on Browns Ferry identified fire sprinklers in the rcactor building as a non-safcty system, with 

possible implications in severe These sprinklers use Pivcr water and produce larger 

ical reactor ~ n t a ~ ~ ~ e ~ t  sprays. Forcign reactors also may vary, and even 

American reactors will produce departure frona the basic patterns of the CSE. 
It is possible to overcome many (sf thc deficiencies escribed abovc with more rigorous 

treatment of iodine chemistry in both the droplets and the entire ~ o ~ t a ~ ~ ~ e n t  ~ ~ t ~ ~ .  

et a~~~ suggested a model which r e t a in4  some of the basic system assumpticsns of crnrlier work, 

but which treated io 

droplets. The present work builds on their ekTort, with ~~~r~~~~ squeous che 

the capability of ~ a ~ ~ ~ l ~ t i ~ ~  at any temperature. In contrast to Eq. (561, different iodine species 

arc now treated separately, and the behavior of each is treated as simultaneous mass transfer 

with chemical reaction. 

ecies ; n ~ ~ ~ ~ d ~ ~ ~ ~ y  and eonsidered 

1%~ mass transfer of any individual specie from gas to liquid is described by the t w ~ - ~ ~ ~  

model, as described in Sect. 4.2. To estimate the gas trmsfer coefficient, Postma et a!." have 

appropriated the correlation of Rantz and ~ a ~ ~ a l ~ , ~  which was derived for heat t r ~ ~ s ~ ~ ~  in flow 

past a single sphere.@ Using a mass transfer analogy gives t e ~ ~ ~ l ~ ~ ~ w i n ~  c ~ ~ r e l a t ~ ~ ~ ,  which is 

consistent with the heat transfer models in 

where 

d = drop diameter, 

D = dirfusion coefficient for iodine specie in gas, 
Re = dv/v = drop Reynolds number, 

Pr = v / a  = Prandtl number, 
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v = kinematic viscosity of gas, 

01 = thermal diffusivity of gas, 

v = velocity of gas with respect to droplet. 

Albert et  al.s3 prefer a correlation by Clift et  a1.% which was derived specifically for frecly falling 

droplets in air, 

where 

g = acceleration of gravity, 

p = density of gas, 

Ap = density dXference between liquid and gas. 

For the liquid transfer coefficient, Postnia and Pasadag" describe the model of GriffIthsg7 as the 

truncation of an infinite series for diffusion (the only mechanism) within a rigid spherical drop: 

where U ,  is the liquid-phase diffusion coefficient for the iodine specie. This cquation i s  
reasonable for very small droplets, but is quitc conservative for larger ones, where fluid 

circulation and drop deformation mix the fluid morc quickly.28 

In an effort to provide a more realistic model for the larger droplets usually encountered 

in containment sprays, Albert et al.83 suggest 

based on the penetration theory. 

Both Eqs. (57) and ($0) depend on the velocity of the gas with respect to the droplets, 

generally assumed to be the terminal velocity (see ref. 80, page 22, for a good discussion of the 

justilkations and implications). Shenvood et  alnB claim that as a first approximation, the terminal 

velocity can be represented by a correlation for hard spheres, up to drop diameters of 1 to 2 mm. 
Albert et  aLS3 uses an empirical formulation from Clift% to estimate the drop Reynolds number, 

from which the terminal velocity is then obtained. The CONTAIN code4 oes much the same 

thing, although the Reynolds number formula is different. 
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To estimate the remaining material and transport properties, it is neccssary to make 

standard assumptions. Diffusion coefficients can be obtained from well-known correlations by 

assuming pure binary systems of I, , HI, o r  CH,I in water and air (see ref. 28 or 85). Basic fluid 

properties can also be obtained from texts or reference materials for water and air. 

Most containment sprays are designed to be slightly basic because of' the addition of 

NaOH; hence, considerable hydrolysis of 1, is expected to occur. In some cases, water droplets 

may be neutral or acidic, as, for example, in fire spray systems or recirculating systems that have 

bcen neutralized over tirnc. Thus, the thermai reactions of I2 in water (hydroiysis) are important 

and must be modeled within droplets. 'The procedure i s  identical to that dewibed in Sect. 3.1 

for larger bodies of water and, hencc, will not be repeated here. 

During an accident, the containment may also be subject to considerable radiation doses. 

Thc effect on iodine speciation within droplets is not expected to be very great, however, 

because the average drop fall time ( IO to 20 s) is much less than the time usually 

the buildup of W,O, the primary reactant in iodine radiolysis. In situations where 

is  rccirculateed, this effect may be IIICPIT~ ~ ~ ~ ~ ~ ~ a ~ ~ .  If this i s  the case, ttie radiolysis model of 

concentration, and subsequent reaction 

within droplets is modeled analogous to this phcnomenon in a pool or sump. 

be employcd tu give a nonzero 

As with many organic compoun , organic iodides (of which C 
airborne specie) are only slightly soluble in water. Certain additives have been wed which can 

the CH31 that does dissohe, enhancing thc overall uptake. Even though sodium 

thiosulfate has k e n  used in the past, it is no longer advisable because 01 a number of other 

complications. Hydrazine in basic solution is uscd in a few locations and should have S Q ~ C  effect 

on gaseous CH31 concentration, 

Reactions with methyl iodi e generally lake the form 

CH+ -t- A 5 I- + organic , 

and thus are first order in the concentrations of both reactants. Hasty and his colleagues at 

Pacific Northwest Laboratory have measured and compiled the bimolecular reaction rate 

constants for several possible additives and impuritiesSaRw In particular, for reaction with 

hydrazine, they give 

k = 0.0011 M%' at WOC, E, == $4.4 kJ/mol . 



5. s APPLICATION 

The models described in this work have been developed over nearly ten years, utilizing 

considerable experimental data from QRNL and elsewhere. The purpose has been to solidicy 

understanding of iodine behavior in containments during reactor accidents to more accurately 

predict releases and consequences of severe accidents. In particular, the speciation of iodine in 

both gas and liquid phascs has been addressed. Significant mechanisms of both volatilization and 

retention have been includcd. 

As with any scientific endeavor, a ~ ~ s ~ e ~  to old questions often pose new questions. 

Many uncertainties in iodine behavior still exist. Some of the rate coefficients given in this study 

represent only order-of-magnitude estimatcs. Some of the models are necessarily vague or overly 

dependent on empiricism, since underlying processes are still poorly understood. However, 

probably the greatest source of uncertainty lies in the assumptions and circumstances of the 

accident sequence itself. Given perfect information concerning reactor gcometry, additives, cvent 

timing, operator action, etc., the underlying chemical processes can be reasonably calculated and 

iodine behavior predicted. But where can one expect a perfect description of chemical 

conditions within each control volumc? 

The purpose of this study has not been to predict what would happen in an accident, but 

rather to resolve many of the questions regarding chemical processes that might be influential. 

The assumptions and events of postulated accidents arc not considered here. Neither are actual 

calculations or simulations of iodine behavior. Such computation W Q U ~ ~  require considerable 

input from existing accident analysis codes (see refs. 2-41 in the form of temperatures, pressures, 

flow rates, sourccs released from primary system or fuel rubble, aerosol transport, and rather 

parameters. Iodine transport models i various stages of development have been used selectively 

in this way for LWR studies,” experimental evaluation,92 and a recent evaluation of acxident 

sequences for the High Flux Isotope Reactor at ORNL.93 In addition, there is some effort 

underway to include most, if not all, of these models as an iodine transport option in the 

CONTAIN er, there has becn no move to construct a comprehensive and readily 

accessible code containing all of these models for general sa€ety applications. 

1-1 
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APPENDIXA 

IUNETIC PARAMITERS FOR I2 DEPOSITIQN ONn> SIXEL SURFACES 

Numerous studies have been performed to determine le, deposition onto steels, although 

the data are not always amenable to re-evaluation. Furlhemore, most early experhents were 

designed to perform qualitative analyses, and are therdore not well suited Tor the quantitative 

dctermination of parameters for use in accident sequence simulations. In addition, there has 
been considerable variation in the approaches and assumptions, requiring that re-evaluation treat 

each set or data individually. Nevertheless, it is possible to glean sufficient information from 

previom work to supply reasonable values to the reaction parameters in Eq. (18). 

A1 DATA OF CROFT, I L B ,  AMI, DAWSm 

These rescarchers performed three adsorption experiments (with respective ~ u ~ ~ ~ ~ t i ~ s  

of 8S%, 65%, and lW%), each involving s ~ m ~ ~ t a n ~ ~ ~  ~ ~ ~ o s ~ t ~ o ~  onto mild steel, concrete, 

paint, and other materials. A single gas-phase iodine release occurred within the first few 

minutes and was allowed to deposit while the gas ~ ~ ~ ~ ~ r a t ~ ~ n  (and occasionally surface valenes,) 

wcrc measured at various time points. Desorption ~ x p ~ ~ i ~ e ~ t s  were also ~ ~ r ~ ~ ~ ~ e d  by placing 

various samples in a wdl-ventilated room for several days. All experiments occurred at room 

temperature (20 C). 

In order to model the reactions (I$>, we rmf assume (consistent with these data and 

others) that the chemisorbcd iodine is ~ r r ~ ~ e ~ i ~ l ~  bound [Le., k, = 0 in F?. (It?,)]. Defining the 

variables 

wherc the subscript i ranges over the different surface ~ a t ~ ~ ~ ~ l s ,  Eq. (18) can be descri 

the equations 
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where k,; , k,  , and k3; represent rate constants in Eq. (18) corresponding to surface material i. 
Note that the surface reaction rate does not depend on the concentration of deposited iodine 

or the number of surface sites available; this has been verified qualitatively in many experimental 

efforts. Tlie quantity ri = surface area/gas volume had a value for the current experiments on 

steel of ri = 3.026 cm2/m3. 

Data for the adsorption at 85% humidity is given in Table A.1, calculated from Figs. 2 

and 4 and Table 4 of ref. 30. The authors note that gas-phase concentration of I, is well 

described by the form 

Using Eq. (A.4) allows exact integration of E¶. (A.2) for i = steel, which, in turn, allows 

integration of Eq. (A.3); dropping the subscript i, the resulting solutions are 

The sum of these two quanlitics represents the total surface iodine, corresponding to column 3 

of Table A. 1. 
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Table AI. Data of Croft, Iles, and Davis” - adsorption of I2 onto mild steel at 20°C 

Time cs cs P k, 
(min) (mo1/m3) x 104 (mol/cm2) x 105 (min-moVcm2) x I d  (min”) x 16 

0 4.4488 0 
20 3.14% 0.2197 

100 2.0079 0.3638 
500 0.2441 0.4538 
1500 0,003 1 0.4757 

2.215 9.916 

8.981 4.050 
19.21 2,362 
17-52 2.714 

Avg = 4.761 

”Source: J. F. Croft, R. S. Isles, and R. E. Davis, Experiments on the S U ~ U C E  
Deposition of Airborne Iodine of High ~ ~ ~ ~ ~ ~ t r ~ ~ ~ r ~ ,  AEEW-R265, Atomic Energy 

Establishment, Winfrith, U K ,  June 1963. 

Concerning desorption, the author’s treatment is somewhat vague and inadequate for 

modeling purposes. The results are stated in terms of a mean desorption €actor (p which is the 

average over a four-day period of the desorption factor 

They state that this quantity undergoes a fourfold decrease over the fourday interval, which 

implies a decreasing trend not rcflectcd in the average (p. A desorption curve reflecting this 

behavior can be constructed at N time points by the form 

The fractionsf; must satisfy 
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which can he conibine 

We now seek specific values for these fractions which satisfy the above restrictions. For 0 5 

01 I 1, we have 

f i  = E A + ,  c (1 - a)A+l[y]  ' 

which are rearranged to get 

&+l = ( a  - a>--- At1 - &  
fit1 - ti ti 

As the number of points N increases, then the fractions become a continuous function 

determined by 

which has solution f(r) = f(ro) (f/f0)"-l .  If we take fo = 4 at to = 1 h, then at d = 86 h (4 d), a 

In4 
Irp 96 

fraction off = 1 implies a = 1 - __I_ = 0.6963. We then have the desorption factors 

The average factor for steel is  given as 

Substituting Eq. (k9) into Eq. ( k 1 0 )  yields the revised dcsorption factor 

- 0.3037 
= 0.028jf) 

('410) 
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Use of Eq. (k7) implies the general solution 

which assumes no irreversible desorption, However, analytic treatment of Eqs. ( k 2 )  and (A.3) 
when Cg = 0 yields 

where t = 0 denotes the start of the desorption phase. Summing these two yields the total 

surface concentration, C,, which can be expressed as 

h1.3 Pilrameter Estimation 

Using Eq. (AI I), the desorption concentration in Eq. (A.12) can be reconstructed. 

form of Eq. (A.13) is obtained by optimizing the choice of C,, and y to minimize the integral 

squared error 

This optimization was done numerically using the final value in Table A1 for initial input (iq 
concentration of adsorption time 1500 min z= C,(O) = concentration at dcsorption time O),  

resulting in the values 

Combining Eqs. ( k14 ) - ( k15 )  gives three relations from which the four quantities k2, k3, Cp@),  

and C,(O> must be calculated. A fourth relation can be obtained by dividing Eq. (Ah) by 

E!!. (AS), evaluated at adsorption time 1500 min (which corresponds to desorption timc zero), 
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These four relations can be combined and rearranged to obtain values for thc desired unhoavns: 

From the above, it appears that only about 21% [@,(0)/cs(O)l of the surface iodine is irreversibly 

bound at the end (1500 min) of the adsorption step. The surface reaction coiitinucs everr during 

the desorption phase, until about 85% [C,,/C,(O)] of the possible maximum is reacted. 

The remaining parameter to be determined i s  the adsorption rate constant k, , which is 

obtained by adding together Eqs. (AS) and (A.6) to get the total surface inventory during 

adsorption: 

The quantity P can be calculated at each adsorption time point where C, is known, and the 

ratio C,/P used as an estimate for k,. These values are shown in Table AI, along with the 

average rate constant value of k, = 4.761 x 10' min-'. 
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A2 DATA OF ROSENBERG, GENCO, AND MORRISOP 

A number of tracer experiments were pcrformed with a continuous flow of iodine 

through a test chamber containing a single material sample. Excellent results arc prcscntcd for 

both adsorption and desorption on stainless steel at 115°C. Additional results are given for 

dcposition only at othcr temperatures and for experiments involving multiple samplcs. The 

effects of various humidity levels are also included. 

A21 Adsorption Modeling 

Since the depletion of gaseous iodine is due only to deposition onto a single sample, 

Eqs. (A.l)-(k3) reduce to 

C, = k 3 C p ,  

whcrc f is tlic volume fractional flow rate 0T ventilating air, and <: is the inlet iodine 

concentration.. The last term in Ey. ( k l d )  did not appear in Ey. (AI) because that experiment 

included a single initial source, whereas this system includes a continuous inlet (and outlet) flow. 

Equations ( k l b )  and (A17) constitute a coupled sct of ordinary differential equations with 

constant coefficients. An analyiic solution is obtained by the procedure En ref. 94 for zero initial 

cmdi tions: 

gi 
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The chemisorbed concentration is obtaine 

integrating : 

by substituting Ey. (AZO) into (A.18) and 

In the above equations, m, and m2 are eigenvalues of the ODE system, given by 

M2 = - P - 4F-L 
1 
2 

P = -@I + 4 4- 4 +n 9 Y = k,R; + f &  + 

Note that both rn, and m2 are real and negative, indicating that all exponential terms decay as 

t increases. Thus, the iodine concentrations exhibit limiting behavior as follows: 

(A.22) 

(A.23) 

(t124) 

From these limits, it appears that Cg and Cp approach constant values, while C, becomes a 

linearly illcreasing function. 

If the iodine source in the ventilating air is terminated, then iodine gas concentration in 

the test chamber will fall quickly. Desorption from the surface (if it occurs to any great extent) 

provides thc only source oE gaseous iodine. Thus, we expect klCg < < k2Cp -t- k,Cp, which 

implies that Eq. (A.17) can bc simplified to get 

whose solution is 
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Again, the chemisorbed inventory is obtained by integration of Eq. (A.18): 

( k 2 5 a )  

(h25b)  

( A X )  

In Eqs. ( k 2 5 )  and (AX), it should be noted that t = 8 iinpilics the beginning of the d ~ $ ~ r ~ t ~ ~ ~  

process; hence, the initial surface concentrations are not zero. Tlbe total surface iconcentration 

is thc sum of  Eqs. (A.25) and (AX), which can be arrangcd in the form of Eq. (A13), with the 

definition of parametcix analogous to Eq. (A,14): 

( h 2 7 )  

A 2 3  Parameter ]Estimation 

Thc principal data transient at 115°C is shown in Fig. 7 (CUNGS A and D) of ref. 5. 

Some of thc data p in t s  have been transcribed arid are given in Ta 

composed of 56% air and 44% steam (by volume), with inlet iodine ~ o ~ c ~ n t r ~ t ~ ~ ~  of I- 

8% 

1.379 x do-' mol 12/m3. 
~ ~ ~ ~ ~ i ~ ~ a ~  ~ ~ ~ ~ r ~ ~ ~ ~ j o ~  on the ~x~~~~~~~~~~ ~ ~ ~ d ~ ~ i ~ ~ s  werc obtained lrom ref- 31. The 

le sizc is a thin rectangle with sudace area A, = 25.8 cm2 (1 in. by 2 in.), thc test chamber 

rt figeprm abslnt 

i s  a fubc of radius = 1 in., and the superficial. gas velocity k v, = 
L of tlhc test chamber could not be found, although it appeared 

1 ft. If this is assumed, then the fractional flow and ~ ~ ~ ~ a ~ ~ - ~ ~ - ~ l ~ ~ ~ ~ ~  ratio is determined as 

f = -  4 3  "' 35.433 h-*, p. = - 
L ER2L 

On the other hand, if only the portion or the test chamber in which the sample lies is considered, 

thenL = 2 in. In this case, we have 
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Table A.2. Moist air adsorption data at 115°C" 

Adsorption phase Desorption phase 
- __ _ _  . 

Time Surfacc concentration Time Surface concentration 

(h) (mol/crn2). lo6 (h) (moI/crn2) - lo6 

0 0 

4 1.161 

8 2.459 

12 3.972 

16 5.493 

20 7.049 

24 8.571 

0 8.571 

2 8.476 

4 8.416 

6 8.390 

8 8.373 

14 8.364 

22 8.356 

"Sorsrce: H. S. Rosenberg, J. M. Genco, and D. L. Morrison, Fission- 

froduct Deposition and Its Enhaptccment Under Reactor Accident Conditions: 

DcpositiorO on Containment-System Surjizces, BMI-1865, Dattelle Memorial 

Inst., 1969. 

In either case, the ratio of the two is constant,flr = 848.23 cmh. In reality, it is a sirnplifymg 

assumption of the modeling process that requires a value of L in the first place. A good choice 

would probably lie somewhcae between 2 and 12 in. 

The adsorption phasg: data are nearly linear, consistent with the analytic solution as t-3m 

[cf. Eqs. (A23), (A%)]. This behavior permits a linear regression on the total surface 

concentrations in Table A2 of the form 

(k30) 

Taking the logarithm of the surface concentrations during desorption also allows linear regression 

[cf. Eq. (A13)] of the form 

( A 3  1) 

'Ihis equation is  actually a nonlinear optimization because b, = ln(C,(O) - @,J In practice, 

many values of C,, are guessed and the regression performed until the specified value of C,, 

corresponds to C,(O) - e b d .  The fitting parameters in Eqs. (A.30) an  (A3 1) were determined 

to be 
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Ma = 3.61812 x 1W7, b, = - 2.410 x N7, Md = - 0.29035, h,* = I 15.3512 . (A.32) 

We now seek relationships between the three sate constants k,, k,, and k,, and the empirical 

parameters in Eq. ( k 3 2 ) .  From Eys. (A.24) and (A.13), it can be determined that 

Note again that CJO) in Eq. (A.33~) refers to the physisorbed conccntration at the beginning 

of the dcsorption phase. This corresponds to  the physisorbed concentration at the end of the 

adsorption phase and can therefore be obtained from Eq. (A.27): 

Wc thus have four relations to determine the four unknowns k ,  , k, , IC,, and Cp(0). These 

relations can be combined and rearranged, and the values from Eq. (A.32) lnsed, to get 

As menticsned prcviously, there is sonic uncertainty in lhe appropriate mixing lengih L of the test 

section surrounding the test specimen. This uncertainty only affects the calculated value OF 
k,  , as shown above. In practice, a value between the two is rcconranended. Itn the remainder 

o f  this work, a value of k,  =; it-' ~ ~ ~ ~ ~ ~ s ~ ~ [ ~ ~ ~ d i ~ ~ g  to a mixing length L = 2.48 in.) will be used. 

These researchers ran a special experiment in which deposition in moist air was foollowed 

by desorption in dry air (see Fig. 7, curves B and C, of ref. 5). Ttae data are shown at various 

points in Table k 3 .  Unlike the case of desorption in moist air, considerable desorption resulted. 

This result indicates that in dry air, chemisorbed iodine was not irreversibly bound, so that k,  f 

0 in Eq. (ILlj- Thus, the desorption step is now described by the equal; '011 set 



C, = k3C2 - k4C3 , ( k 3 5 b )  

which replace the single equation model of Eq. ( k 2 5 ) .  

solu tiorn 

Because this set has constant 

rocedures analogous to those in Sect. A.2.1 can be employed to obtain an analytic 

where Cvo = C,(0), C, = Cc(0), and m, , mz are the eigenvalues of system ( k 3 5 ) :  

Notc also that i = 0 corresponds to the start of the desorption phase. 

parameter values given in Eq. (A.34). Tke conditions are slightly different than those in 
Sect. h2.3 ,  with v, = 0.43 cm/s, c . = 8.629 x Using a mixing length, I, = 
2.48 in., gives k,  = 90.0 h-I, f = 245.7 h-', r = 0.2021 cm". Substitution into Eqs. ('419) and 

(A.20) with i = 20 11 yields the concentrations at the end of the adsorption step, corrcsponding 

to the beginning of the desorption phase: 

For the adsorption step, Eqs. (klS)--(k18)  still represent a reasonable mo 

mol 12/m3. 
@ 

Cpa = 1.OCl5 x C, = 4.102 x lo-' (msl/em2) . (A.38) 

Additig these quantities gives the total surface concentration C, = 5.10'7 x lo6 mol/cm2, which 

mmpares well with the data value in Table A.3. Note that although changes in the mixing lcngth 

L have a noticeable effect on k,  , f, and r, their effects on Cpo, C, , and C, are negligibly small 

(<0.1% changc for 2 in. < L < 12 in.). 
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Table A.3. Desorption in dry air at 115°C 

Adsorption phase (moist air) Desorption phase (dry air) 

Time Surface concentration Time Surface concentration 

(14) (moI/cm2) a IO6 (h) (rnol/cm2). 106 

0 0 

4 0.946 

8 2.201 
12 3.361 

16 4.65 1 
20 5.786 

0 5.786 
12 2.837 

39 2.158 

61 0-97 1 

'Source: H. S. Rosenherg, J. M. Genco, and D. I.,. Morrison, Fission- 

Product Deposition and Its Enhancemeal Under X c a c f ~ r  Aceiderit Conditions: 

Deposition on Confainrnent-System ,Yu$mes, 

Inst., 1969. 

MI-1865, Rattelle Memorial 

For the desorption step, Eys. (A.36a) arid ( k 3 6 b )  are added to get the total surface 

concentration, 

This equation represents a very nonlinear function of the  unknown rate constants k, , 
k, and k 4 .  Comparing Eq. (A39) with the desorption data in TaMc A3 ailom a nonlinear 

optimization scheme to minimize the sum of square error. This resulted in k, = 0, but gave 

inconclusive resulh for k,  and k, . This implies that no irreversibk sorption occum without some 

water vapor present, which is consistent with cxperirnental observations in absence of water (see 

ref. 5, page 16). 

Implementing the result k3 = 0 yields the simple form for Eq. (33), namely 
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In the caqe of k, < k, , the second term dies out more quickly; however, since the first term is 

always negative, the entire surface Concentration C, would be negative after a short time. 

Clearly, this cannot happen; hence, wexestrict k, > k4 . 
If k, > > k, , then thc second term dominates very quickly, allowing Eq. (A.40) to be 

represented in the linear form 

In fact, the desorption data in Table A.3 are well fit by the above form, yielding the regression 

parameters 

= - 12.20'771 4 = 5.613 k4 = 0.1452 h-' . 

There is some coiicern that the assumption k,  >> k, is not adequately satisfied. 

IIowever, a recalculation using these values indicates that the first term in Eq. (k40) contributes 

less than 1% to the total at all of the time points where data exist (Le., 12, 39, and 61 h). 

The previous analysis did not consider the process of physisorption itself, which is 

reversible. In dry air, this process is not very fast or extensive; hence, very little change in the 

gas concentration should occur. Assuming that Ce = c . = constant, the unknown surface 

concentration is  determined by the single equation 
F 

1 e* = ---k c - l$c 
9 " l g  P' 

whose solution is readily found to be 

L 

From Taklc 2 in ref. 1, we obtain the single data point C,(r = 22 h) = 2.256 x lo-' mol/cm2 for 

the conditions c . = 5.91 x mol/m3, P = 0.465 an-'. TJsing the value of k, determined 

previously, we have 
s 



APPENDIX B 

KINEIIC PARAMETERS FOR DEPOSITION ONTO PAINTS 

The procedure for establishing rate constants here is similar to those steps fallowed in 
Appendix A; however, there is one important difference - nonlinearity. Deposition onto steel 

is virtually unlimited, implying that the kinetics do not depend on the number of available surface 

sites; hence, the governing equations are linear [cf. system (kl)-(k3)] and therefore amenable 

ta  analytic solutions. This is not the case with paint, since data clearly indicatc that surface 

saturation occurs. This effect requires that the number of available surface sites be included in 

the analysis, resulting in a slightly nonlincar set of governing equations, and requiring numcrical 

solution. 

B.1 PROBmMFO- - '"IQN 

The experiments and apparatus arc described in refs. 5 and 95-97, In each of the 

experiments, a single sample is situated in a continuously trowing system which contains a known 

T, gas concentration at the inlet during the adsorption phase. This step is followed by a 

desorption phase in which no iodine is containcd in thc ventilating gas. Periodic measurerncnts 

are taken of the total surhce concentration during both adsorption and desorption steps. This 
effectively results in two data transients, one for adsorption and one for desorption, each with 

its own initial values and data. 

Referring to the processes in Eq. (191, we define the variables 

83 
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1 
r C; = k,C, - &C, - k,C2C, 

i; = R;c*c, 

where r = paint mass @>/gas volume (L), 

f = volume fractional flow rate (h-’), 

c6 = inlet gas concentration (moUL). 

As described in Appendix A, Sect. A.2.3, the quantities r and f both depend on t l x  volumc V’ 

in the vicinity of the sample. Since this quantity is not clearly defined, both r andfwill also be 
regarded as optimiza le parameters, along with the rate constants k,, k2, and k,. Initial 

conditions for the adsorption step are 

ci = 0 (i=1;2,33), c, = c@) , 

for the desorption step are 

c‘, = C6 = 0, dEs c4 = c,, , &% c5 = c, . 

The above quantities that are readily identifiable from data are total surface concentration ( ~ 2 )  
and total number of surface sites (cz”, .  These quantities are listed in Table B.1 along with 

other relevant experimental parameters. However, the distribution between physissrbed (CJ 
and chemisorbed (C,) inventories i s  not known, and therefore care must be taken in the 

selection of c,” and cg. In addition, the nu ber of remaining surface sitcs is not k n o w  at 

the end of adsorption (beginning of desorption). Thus, the quantities c$?, 
also treated as unknown parameters subject to optimization. In certain instances, additional 

quantities will also be optimized, including the inlet concentration, c6, and the initial 

concentration, c,””. 



Table B.1. Experimental parameters for I, deposition onto paint" 

~~ ~~ 

Concentration x 10' Sample size 

Paint 
mass 

(cm) (mg) 

Flow rate Area Length 

C Y  c,"" (LW (cm') 
Paint un Temp 

type designator "6) 

Vinyl VAM 33KB-3 

VAM 33HB-4 

Acrylic latex VAM 1756-1 

EPOXY VAha 1756-2 

Phenolic v m  66-3 

w 302-3 

VP302-5 

I15 
170 

115 
170 

115 

1-70 

115 

170 

0.796 42.3 

0.737 8.2 

0.709 61.7 

0.701 13.9 

0.741 555.4 
0,674 323.7 

0,144 4i)f.Q 
0,470 293.9 

42. I 
7.9 

61.5 

13.9 

547.6 

311.2 

2114.5 
293.9 

28.6 

38.9 

30.3 

29.7 

30.2 

30.2 

30.7 

30.8 

12.9 5.08 17.8 

12.9 5.08 82.2 
11.3 4,45 94.5 
11.3 4.45 101.5 

12.9 5.08 84.1 
6.45 2.54 50.8 

12.9 5.08 39.0 

6.45 2.54 35.8 

00 cn 

"Sources: H. S. Wosenberg, 3. ha. Genco, and D. I,. Morrison, Fkslosz-Product Deposition and Its Erzhancement Under Reactor 

Arciderzt Conditions: Deposition an C ~ ~ t ~ i ~ ~ e I ~ ~ - ~ ~ s ~ ~ ~ ~  Surfaces, BMI-1865, BatteIle Memorial Inst.. 1969; 9. M. Genco et al., Fission 

Product Deposition and Ifs Efihancement ~ ~ ~ e ~ ~ ~ ~ ~ ~ o r  A~ciden~ Conditions, BMI-X-10179, Battelle Columbus Laboratories, Columbus, 

Ohio, October 1966; J. M. Germ et al., Fission Pmdmt Deposition and Its Enhancement Under Reactor Accident Conditions, BMI-X- 

10193, Battelle Columbus ICAmatories, Columbus, Ohis, April 3964; and 3. Ad. Genco et aI., Fission Product Deposition and It8 

Enhancement Under Reactor Accident Conditisns, attelle Columbus Laboratories, Chiurnbus, Ohio, January 1968. 
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B.2 Parameter Estimation 

In all cases, the measured quantity is  total surface concentration (CJ, which implies that 

optimal Parameter fitting will minimize the sum of squared error 

where e5i are data points at respective times ti. This represents a noillinear optimization 

problem, since C,(ti) in Eq. (B.6) must be determined by solving system (B.l)-(B.5). 

A numerical solution is obtained, using the following sequence of steps (note ui = Pn ki): 

1. 

2. 

3. 

‘l’he desorption data alone are used, assuming negligible gas concentration and therefore 

negligible adsorption. Optimization of u2, u3, c,, des , and ~2 give generally good 

estimates of thesc quantities. The assignment of 

solution of system (B.l)-(BS) or the optimization in any way. 

is arbitrary and does not affect the 

The adsorption data alone are used to optimize ul ,  r, f, and cLh. Optimal values of u2 

and u3 from step 1 are uscd, but are not subject to optimization. If step 1 has produced 

a viable optimization of c$’, then a reasonable estinsate is 

Both adsorption and desorption data are used simultaneously for optimal refinement of 

all parameters. 

Initial parameter values for steps 1 and 2 are generally picked from a grid search, using 

reasonable estimates for initial concentrations. Initial values for the step 3 optimization use as 

initial gussses the values from the provisional optimizations in steps 1 and 2. If unique values 

have not been identified in stcps 1 and 2, then a range of initial guesses is used in step 3. In 
each step, the numerical optimization proccdure is that described in ref. 27. Results of each step 

are shown for the four paints in Table B.2. 



Table B.2. Optimization results for iodine deposition onto paints 

Run Optimization 

designator step 

VAM HB33-2 1 

2 

3 

VAM 1756-1 1 

2 

3 

VAM 66-2 1 

2 

3 

VP 302-3 1 

2 

3 

Parameter' 

b -- 
11.24 

11.19 

-- 
8.6 

8.067 

__ 
9 

8.380 

_ _  
7.78 

5.964 

3.357 
_ _  
3.678 

2.644 
_ _  
1.969 

0.5 
-- 
0.2921 

2.14 
-- 
1.228 

9.6 
_ _  
9.543 

9.3 
-- 
9.297 

5 
-- 
4.772 

6 
-- 

5.941 

Concentration x lo6 

21.6 00 
4 

-- 
380 

-- 

'ui = In ki; units of ki are h-', h-', and g/mol*h-l, respectively. 

bPararneter optimization not performed, or convergence to optimal value did not occur. 





APPENDIX c 

PlUUMETER FSTiMLATION FT3R HYDROLYSIS R E A c T l o N S  

Aqueous iodine chcmistry has been studied extensively in the past, and hundreds at" 
experimental results have been obtained. Invariably, these involve much higher concentrations 

than would occur in reactor containments, and often contain salts or othcr "impurities' that might 

affect hydrolysis processes. In addition, rate constants have been determined only for certain of 

the reaction substeps, usually by different researchers and involving different conditions and 

assumptions. Unmeasured parameters are usually assigned values by heuristic estimation or 

speculation. It is not known that the chosen reaction set (22) is a true depiction of sub 

Most likely it is not, and, hence, in some ways rcprescnts an empirical model with six parameiers. 

This implies that the rate constants are dependent on each other, and ogtinial values must be 

determined by consideration of the overall model rather than independent subproeesses. 

However, it  is also important that sufficient data be available to dearly identify cach parameter. 

With these considcrations in mind, a recent effort was conducted at ORNL, both to obtain new 

experimental data and to adequately estimate the parameters in thc overall model (22). 

To provide more useful data, a number of  batch exxperimcnts were performed under 

a ~ x p ~ o p ~ a t ~  conditions for nuclear accident analysis. ese generally involvc pH values of 3 to 

9, temperatura between 25 and %IT, a ~ ~ ~ s p ~ e r ~ c  pressure; and total iodine c ~ ~ ~ ~ n t ~ a t ~ o ~ s  of 

IO5 - 10" M. Tlhe results form a sufficient data base for the quantitative selection of rate 

constants for models discussed in previous scctions. 

Each batch experiment involvcd the dissolution of various iodinc species in water, and 

the measurement o f  X , I,, and 10; after a specified time. For the forward ~ ~ ~ d ~ ~ ~ l y s i s ~  reaction, 

a small quantity of /;a I, solution is added to a boratcd water solution. For thc ~CVCFSC 

( ~ ~ s ~ ~ ~ ~ ~ ~  reaction, CsI, HI, and HIO, are added to borated water, the pfl  being adjmtcd by 

thc ~ ~ s t ~ ~ ~ ~ u ~ ~ o ~ ~  of species. 

Borate is typically uscd in experimental studies supporting reactor safety, because virtually 

every LWR uses borated water as a neutron absorber. Borate is also an cffeetive buffer, 

allowing the reactions to procccd at ncarly constant ~ € 1 .  Reactions between borate and the 

various iodine species have not been notcd in any of the literature rcvicwed for this work, 

although a slight ionic strength effect may occur at neutral pTT- 

89 
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The measurement procedure itself is similar to that described in refs. 52 and 65 and is 

summarized as follows: 

1. 

2. 

3. 

The I, is extracted into isooctane, and then backstripped into 0.2 &J NaQH solution 

containing hydroxylamine-hydrochloride. The resulting iodide i s  measured with a specific 

ion electrode. 

The I- occurring in the original solution is measured using a specific ion electrode. 

After removing I, with phenol, the 10, i s  convertcd into 13- by the addition of excess 

aciditjed I- via the reaction 

IO3- + 8 1 -  + 6H' -.. 31; + 3x-40 

and measured by W-visible spectroscopy. 

Typically, these steps are performed simultaneously by three different people. The 

concentrations of measured species are frozen in each step within 30 to 60 s (by isooctane 

extraction, quick measurement, and addition of acidified I-, respectively). For lorag transients, 

this measurement time is immaterial; however, for the most rapid transients (e.gp Transient 15) 

the time delay of measurement may impose experimental error of 5 to 10% for same of the data 

points. 

C 2  DATA ANALYSIS 

Data from over 108 batch reactor experiments are shown in Tables @.I and C.2, grouped 

according to similarities in initial concentrations, temperature, and pH. Each of these ~ o u p ~ n ~ ~  

is then considered as a single transient (Le., the description of time varying behavior of a single 

system). The initial inventories are shown for the two different types s f  experiments-the 

Dushman reaction of I- and IO3-, and the hydrolysis of I,. Also shown are the final inventories 
of each measured specie, normalized by dividing by the total initial inventory. 
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Table C.1. Dushman reaction data 

Initial inventory Final inventory fraction 
(g-atom/dm3) x id (g-atom basis) 

Time Run 
(mil¶> 1- 10,- Total I- 4 10; No. 

Group 1 
piCr = 2.8 
T = 25°C 

Group 2 

T = 25°C 
pH = 37 

Group 3 

T = 25°C 
pH =I 3.2 

C;roup 4 
pH = 3.2 
'r = 25-c 

Group 5 
ptE = 3.0 
T = 50°C 

Group 6 

T = 5 0 T  
= 3.2 

Group 7 

T = 90°C 
pl-1 = 3.2 

5 
1s 
30 
60 

S 
1s 
15 
30 
50 

120 

30 

120 
240 

1s 
30 
30 
60 

90 
120 
120 
150 
150 
WO 
360 
360 

5 
15 
30 
60 

15 
15 
30 
60 

I20 
240 

1s 
38 
60 

0.1 
0.1 
0.1 
0.1 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.507 
0.555 
0.524 
0.503 

0.S693 
0.5528 
0.5587 
0.4734 
0.531 1 
0.5552 
0.5320 
0.5300 
0,5334 
0.5468 
0.5088 
0.589 
0.55% 

0.1 
0.1 
0.3 
0.1 

0.mO 
OA77 
0.535 
0.490 
0.493 
0.5.9 

1.998 
2.056 
2.021 

1.412 
1.635 
1.654 
1.451 

0.900 
0.850 
0.787 
0.917 
1.118 
0.963 

0.1104 
0.0%) 
0.095 
0.094 

0.0204) 
0.0lW 
0.0192 
0.0191 
0.0190 
0.0198 
0.01%6 
0.0193 
0.0193 
0.0191 
0.0182 
0.0202 
0.0204 

0.823 
0.894 
0.911 
0.880 

0.0 19 1 
0.0200 
0.01% 
0.0 IW 
0.0198 
0.0198 

0.0729 
8.0716 
0.0746 

1.5 12 
1.735 
1.754 
1.551 

1 .oOo 
0.950 
0.887 
1.017 
1.218 
1.063 

0.611 
0.b5.1 
0 618 
0.597 

0.5893 
0.5718 
0.5779 
0.4925 
0.SSQ 1 
0.5750 
0.5587 
0.5493 
0.5527 
0.5659 
0.5271 
0.6101 
0.5%W 

0.923 
0.994 
1.01 1 
0.980 

0.519 
0.437 
0.555 
0.510 
0.513 
0556 

2.07 1 
2-128 
2.096 

0.0339 
0,0130 
0.0101 
0.0 100 

0.0887 
0.0781 
0.0827 
0.0562 
0.0286 
0.0217, 

0.6.59 
0.642 
0.539 
0.435 

0.852 
0.87 1 
0.846 
0.864 
0.8 10 
0.765 
0.793 
0.803 
0.740 
0.721 
0.724 
0.640 
0.452 

0.050 
0.043 
0.03s 
0.017 

0.795 
0.733 
0.915 
0.866 
0.637 
0.788 

0.886 
0.856 
0.573 

0.0325 
0.0515 
0.0573 
0.0629 

0.0157 
0.0272 
0.0282 
0.0468 
0.07 10 
0.0836 

0.105 
0.152 
0.235 
0.245 

0.0131 
0.0167 
0031 1 
0.0330 
0 0442, 
0 0716 
0.0547 
0.0550 
0 0713 
0.0855 
0.1203 
0.0644 

0.026 
0.054 
0.W8 
0.078 

0 0198 
0.0227 
0.0384 
0 0536 
0.1000 
0.1330 

0 072 
0.099 
0.120 

1).')874 
0.9 193 
0.9019 
0.8214 

0.7 198 
0.7183 
0.7665 
0.7 166 
0.7342 

0.174 
0.125 
O.i% 
0.122 

0.0289 
0.8269 
0.0276 
6.0312 
.om 
O.0230 
0.0lhiJ) 
0.0224 
0.0194 
0.0186 

. O X  1 

.0177 
0.0240 

0.75 1 
O.% 
0.793 
0.789 

0.0287 
0.03 12 
0.0247 
0.0227 
0.0170 
0.0029 

0.020 
0,014 
0.010 

69 
70 

108 
112 

64 
61 
71 
65 
53 
62 

101 
104 
103 
111 

78 
93 
95 
91 
98 
94 
92 
97 
95 
99 

100 
109 
114 

81 
79 
80 
82 

87 
115 
118 
117 
116 
119 

12 I 
128 
122 
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Table C.2. Hydrolysis data 

Final inventory fraction 
(g-atom basis) 

Time Initial I, Run 
(rnin) (g-atom/dm3) x lo4 I- 12 10,- No. 

Group 8 

T = 25°C 
p1-I = 7 

Group 9 
pII = 8 
T = 25°C 

Group 10 
PI-X = 8.5 
‘I- = 25°C 

Group 11 

T = 25°C 
p H  = 9 

Group 12 
pH = 7 
T = 50°C 

Group 13 

T = 90°C 
p H  = 5.5 

Group 14 

T = 90°C 
PI-I = 6 

Group 15 

T = 90°C 
pH = 7 

15 
15 
30 
30 
60 
60 

120 
240 
360 
420 
960 

5 
5 

10 
10 
15 
15 
30 
30 
30 
60 
60 

120 

5 
15 
30 
60 

1 20 

3 
5 

10 
15 
30 
60 

15 
30 
60 

15 
30 
60 

1 20 

10 
15 
30 
60 

5 
10 
15 
30 

1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 

1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 

1.2 
1.2 
1.2 
1.2 
1.2 

1.2 
1.2 
1.2 
1.2 
1.2 
1.2 

1.2 
1.2 
1.2 

1.0508 
1.1589 
1.0143 
0.8842 

1.0203 
1.1590 
0.9548 
0.9432 

1.2 
1.2 
1.2 
1.2 

0.082 

0.206 
0.228 
0.218 
0.239 
0.313 
0.356 
0.342 
0.486 

0.403 

0.460 
0.457 
0.483 

0.596 
0.578 

0.661 
0.675 

0.534 
0.604 
0.673 
0.719 
0.735 

0.671 
0.606 
0.863 
0.676 
0.733 
0.807 

0.336 
0.401 
0.462 

0.274 
0.445 
0.429 
0.566 

0.440 
0.542 
0.592 
0.735 

0.522 
0.699 
0.595 
0.741 

0.893 
0.847 
0.666 
0.674 
0.730 
0.692 
0.553 
0.561 
0.475 
0.399 
0.274 

0.5 10 
0.514 
0.539 
0.53 1 
0.328 
0.400 
0.225 

0.241 
0.155 
0.202 
0.112 

0.293 
0.155 
0.091 
0.049 
0.026 

0.165 
0.133 
0.062 
0.050 
0.027 
0.016 

0.421 
0.253 
0.222 

0.529 
0.409 
0.282 
0.247 

0.407 
0.355 
0.228 
0.153 

0.120 
0.068 
0.045 
0.017 

0.013 
0.012 
0.02 1 
0.021 
0.03 1 
0.049 
0.050 
0.063 
0.089 
0.093 
0.111 

0.056 
0.049 
0.065 
0.068 
0.096 
0.093 
0.114 
0.107 
0.108 
0.149 
0.119 
0.128 

0.082 
0.116 
0.122 
0.12s 
0.128 

0.126 
0.119 
0.145 
0.13 1 
0.148 
0.160 

0.079 
0.090 
0.059 

0.067 
0.108 
0.116 
0.1 15 

0.048 
0.091 
0.095 
0.119 

0.121 
0.133 
0.133 
0.133 

4 
6 
2 

43 
26 
28 
27 
41 
31 
51 
30 

38 
18 
44 
45 
31 

1 
20 
35 
36 
16 
34 
46 

43 
42 
41 
40 
39 

50 
26. 
49 
23 
22 
21 

58 
57 
59 

13Q 
128 
131 
129 

127 
124 
125 
126 

54 
56 
53 
55 
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Each transient has an initial nonzero concentration either for I,, or  for 1- and 10;. 
These arc shown in columns 3 through 5 of Table C.1 and column 3 of Table C.2. Entries 

showing one or  two significant digits were estimated using assumed compositions of initial 

solution ingredients; those with three or four digits were actually measured by the same 

procedures used for final reaction products (Le-, using either step 1, or stcps 2 and 3 in Sect. 

4.1). The unccrtainty in either approach is probably 5 to 10%. 

Notc that these results involve only the end products I-, I,, and Q-, which are stable and 

measurable with rcliable laboratory methods. Any intermediate species are assumed to be 

present in small enough aniounts so that (1) failure to mcasurc them will not significantly alter 

the total recorded iodine inventories, and (2)  only negligible quantities of volatilc intermediates 

will evaporate. Initial concentrations of these specks are assumed to be zero. 

Whilc the pH and temperature are constant, the initial species concentrations for each 

batch experiment within a group may vary slightly. Hence, an averagc value is used for the 

group as a whole. Table C.3 depicts these mean values, together with the standard deviations, 

which in most cases are lcss than 10% of the mean values. This error in averaging is pro”bably 

no greater than the uncertainty in the individual initial concentrations. For groups whose initial 

inventorics wcre estimated, rather than measured, the average is equal to this estimated value 

and the deviation is zero. 

,hsumitag each reaction is elementaiy, exprcssions for rcaction rates in Eqs. (22) and (23) 
are used to obtain the overall mathematical description of system behavior. The concentration 

variables (md/L) are defir.>ed as 

Then, the rcactions (22) and (23) are modeled by the following ordinary differential equations: 
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Table C.3. Mean (5) and standard deviation (a> of initial species inventory 

(g-atorn/drn3) x lo4 

I- 10,- 

(T 
- 
X a - 

X 
(T - 

X 
Transient 

1 1.0 

2 1.0 

3 4.22 

4 5.42 

5 1 .o 
6 5.05 

7 5.40 

8 

9 

10 

11 

12 

13 

14 

15 

~~ 

0 15.38 1.24 

0 9.43 1.1 1 

0.24 0.980 0.0067 

0.27 0.193 0.0455 

0 8.77 0.38 

0.27 0.197 0.003 1 

0.078 0.195 0.0039 

1.2 

1.2 
1.2 

1.2 

1.2 

1.027 

1.019 

1.2 

0 
0 
0 

0 

0 

0.113 

0.099 

0 
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The transients represented by the 15 groups in Tables C.1 and C.2 can each be simulated 

by solving this system of equations, using the average initial values shown in Table C.3. As 
previously discussed, the uncertainty in these valucs arises both from the averaging process 

(quantified by the standard deviation) and from errors in the initial concentrations of the batch 

reactor data. The total uncertainty is generally in the range of 16) to 2596, indicating that 

variations in thcse initial values should also be considered in simulating each transient, Such 

consideration is accomplished by treating the nonzero initial conccntrations as a 

parameters that can also be varied to optimize the system. (The mathematical details of this 

procedure are described in ref. 27.j Thus, the final result will be optimized with respc~t to both 

the nonzero initial values and the reaction rate coefficients. 

'Fhe ~ a t ~ e ~ ~ a ~ ~ c a ~  optimization procedures described in ref. 27 can be r ~ ~ o ~ ~ ~ ~ ~ ~ ~  applied 

to find local opeirnal values in the neighborhood of the initial guesses. To achieve global 

convergence, it is important that the initial guesses tbernsehes be rcascmable, and their sclectioa? 

is in some ways the most difficult part of the process. Tne initial values ~ ~ ~ ~ ~ ~ t e ~ y  uscd In this 

resul ted from considerable effort, including the use of grid searches, heuristic ~ ~ ~ ~ ~ ~ a t ~ ~ a ~  

reasoning, and an understanding o f  the underlyin 

The Arrhenius form is commonly used to t ~ ~ n ~ ~ r a t ~ r ~  dependence 08 ratc 

coefficients: 

wherc: A is the frequency (or prc-exponential) factor, and E is the activation energy for the 

reaction. For a bimolecular reaction in aqueous solution, transition state thcory suggests t 

an approximate value for A is M%*, ~ r Q v ~ ~ e ~  that batla interacting species rare not 

~harged,'~ For species of like charge, this value should decrease by one order of ~ a ~ n ~ t ~ ~ e  for 

each charge placed on ip ~nolecule; for species of oppusiti: charge, A should increase ~ n a ~ Q ~ ~ ~ ~ ~ y .  

In practice, aclamal frequency pdctors may vary from this idea!. by several orders of 

The activation energy is a measure of l i k c ~ ~ ~ ~ o ~  that the reaction will occur once the two 

molecules do interact. A value of E = 0 suggests that the reaction will occur s 

however, a value ofE = IN1 W implies that reaction is unlikely. In general, it is ~ ~ a s o ~ a ~ ~ c  to 

expect activation energies betwccn 10 and 60 W, and most likely occurring hetween 20 and 

40 H. 
If the frequency factor is considered to lie in the range 10" S A I 18" and activation 

energy in the range 20 H S E d 40 W, then at 25°C the rate caefikient will satisfy: 
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9.2 I u I 24.2, 

where u = In k. This gives some idea of the likely range, although it is still quite large, and will 

require scoping calculations to reduce it further. Furthermore, this range should not be cnforced 

too strictly, since it is possible that some rate constants will fall outside of it. Furthermore, 

reactions which are not bimolecular may casily violate these limits. 

Certain equilibrium relationships are known which create relationships between the rate 

constants. In particular, the equilibrium constant for Eq. (22a) and the overall equilibrium 

constant for all three reversible reactions (22a)-(22c) are known.39 This results in the following 

restrictions on the initial choices of rate constants at 25°C: 

u2 - up = 28.4 u4 f u6 - u . ~  - us = 23.0. 

(2.5 PA ON - WSULTS AND DISCUSSION 

Various trial values satisfying the relations in Sect. C.4 were uscd for rate constants, and 

the rate equations solved to simulate the eight data transients at 25°C. The total error was 

calculated by summing all the squared error residuals between computed solution and 

experimental data. The best parameter values (i.e., those producing the lowest squared error) 

were then used as initial guesses for iterative optimization, as described in ref. 27. 

Of 27 such optimiLations, the final sum of squared error for 17 was decidcdly better than 

the rest (at least 20% lower). Simple averaging of the parameter values from these supxior 

runs yielded the mean values and standard deviations shown in the second and third columns of 

Table C.4. The assorted values for initial guesses within these 17 runs are given in column 4. 
The results for the case with lowest overall error are given in columns 5 through 8 of 

Table C.4. Shown are the optimked parameter values (columns 5 and 6), the standard errors 

(column 7), and the initial guesses which yielded these results. As seen in the table, a variety 

QE initial values were used, and optimal results from many different calculations were reasonably 

close, as measured by the standard deviations in column 3. It is intcresting that the best 

optimization results (columns 5 through 8)  did not necessarily arise from the best initial guesses. 

Although initial guesses for u1 and uj were quite close to the final values, this is not true for the 

other parameters. 

It is clear from both columns 3 and 7 that the last rate constant has been determined 

with considerably more accuracy than the others. IIowever, all are better than 

order-of-magnitude estimates. It is important to realize that the standard error (column 7) 

measures the ability of the model [i.e., Eq. (2211 bo extract rate information from the particular 
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Table c.4. Optimization results at 25°C 

Results of 17 superior optimizations 

far parameters vj = !nuj Qverall best optimization 
Parameter 

index' Mean Standard Initial Optimal vatucb Standard Initial 

i value deviation values UJ = In k kJ error (%)' guess 

1 4.503 1.254 -1,3,7 3.197 44.6 43.7 3 

2 34.13 1.14 27,3 1,35 33.78 4.m x 1014 56.2 31 

3 13.97 0.64 5,10,15 14.05 1.26 x 106 77.4 5 

5 15.67 1.13 10,15 15.70 6.62 x IO6 158 10 
6 18.60 0.02 11J6 18.62 122 x 108 3.7 11 

4 29.12 2.29 2732 25.95 5.08 x 10" 260 27 

"Corresponding to rate constants k, in Eq. (22). 

bunits fork, are !I-' o=jl), TJmol-h (j=3,5), and L2/moI2-h fj-2,4,6). 

"Fxpressed as 76 of k,. 

data used. It does not meassure the eftkctiveness or utility of the o ~ ~ ~ ~ ~ ~ a t ~ ~ ~  procedure o r  

numerical methods. Thus, to improve on these parameter estimates ( is . ,  lower the standard 

error), it would be necessary to use additional data or to reconsidcr the reaction set being used. 

Activation energies were obtained in a similar manner. The best rate constants at 25°C 
(ic, columns 5 and 6 of Table C.4) were Ficd and various valucs of activation energies were 

chosen. The rate coefficients at higher tempcratures were thcn calculated as 

Thc rate equations were then solved for each of the data transients at 50 and 90°C. Again using 

the best trial values to begin iterative optimization, the final values in Trable C.4 were calculated 

using the optimization procedures in ref. 27. 





APPENDIX D 

COMPARTSQN OF g-VALUE 'Iy) AIR AND g-VALUJ3 
TO WATER FOR HNO, FORMATION 

The actual mcchanisin of RNO, formation in irradiated air-water systems is still 

unresolved. In their early work, Linacre and Marsh" suggested i t  was a gas-phase effcct, due 

to the crcation of free radicals in air. Hence, their experiments were conccrned with radiation 

dose to air (or to nitrogen), This idea has been continued by the study of May e t  al.,'oo which 

was designed to model gas-phasc formation, assuming that is how it occurs. Recent cxperi 

at ORNL suggest that Cormation cannot possibly take place in the gas phase. In these studies, 

a small container filled halEway with purified water is irradiated. The gas space is ~ ~ ~ t ~ ~ ~ ~ u s l y  

ventilated with room air and the elfluent passcd through a cold trap. Periodic ~ ~ ~ a s ~ ~ ~ m ~ ~ ~  of 

the irradiated watcr showed a steady increase in [NO3-] and a corresponding decrease in pH. 
Elowever, measurements of the trap indicated no changc in pW and no  presence s f  nitrate. 

Thus, it appears that reaction(s) takcs place either in the liquid (involving dissolved air) or at the 

gas-liquid interface. In either case, it makes more sense to measure the dose to liquid, since this 

produces the reactive species. 

f d  to csrnparc the 

production based on dose to water with that based on dose to air. For any region, we have the 

rate s f  energy absorption, 

Because of the varied theorics of HNO, formation, it is 

where 

R =: rate of cncrgy absorption (MeVh), 

p = density of medium (g/cm3),, 
E = incident photon cncrgy (MeV), 

4 = gamma flux density (photons/cm'-s-MeV), 

pk = linear energy absorption cocfficient (cm-I). 

aterial rcgion is homogeneous, then p is indcpendcnt of location, and Eq. (A.l) can be 

rcvised to givc 
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- 
E )  i s  the volume average flux, 

S S S V * r  

If an experimental vessel contains distinct regions o f  air and water, then Eq. (D.2) can be applied 

to each: 

Most radiation chemistry experiments use small containers, whose dimensions are but a 

fraction of the mean-free path of the source radiation (60Co has two dominant decay modes, both 

of which havc mean-free path > 15 cm). For this XXSQII, the flux should vary only slightly 

throughout the yessea, and it is  reasonable to assume 5 ( E )  at (e. Furthermorc, the energy 

absorption mass coefficients in air and water are: approximately the same through a large range 

of energies, (pk /p )8  %6 ( y k / p ) ,  (see ref. 101). Thus, the energy integral terms in Eqs. (D.3) and 

(D.4) are approximately cqual, which implies 

- 
g 

For the data in Table 8, V' = V, , and at nominal temperature and pressure p l  / p g  = 840. Thus, 

the doses to water and air should differ approximately as 

The g-values for reactions should differ inversely. hs mentioned in Eq. (34), when measured in 

terms of dose to water, the HNO, formation rate is  
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g(HN0,) -- 0.00623 molecules/lW eV absorbed in water , 

This suggcsts that if dose to air is intended, the g-value should be 

g(HN0,) = (0.0068) (840) = 5.7 rnolecules/l00 eV absorbed in air. 

is value is about a factor of 3 higher than that suggest4 by other  researcher^.^^,'^ However, 

considering the approximations involved (and that some consider dose to nitrogen rather than 

air), this value is a reasonable comparison. 

. 





APPENDIX E 

MsTRuclloNS FOR DATA INPUT/OUTPUT FOR pH CAUTULAI’IONS 

1. PTOT is pressure (atm]. For most cases, this can be left at 1.0. 

T is water pool temperalure in (K). 

B(J,1) values are the amounts of each clement (g-atom/m3), as described in Table E.1. 

The desired output is HCON, the hydrogen ion concentration (mol/L>, or HP, the pII. 

2. 

3. 

4. 
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Table E. 1. Elemental inventories for pH calculation 

J Elementa Comments 

1 H  Count 2 g-atom for every mole of water in the pool. Other species 

containing H can also contribute. For cxample, H,BO, and HNO, would 

contributc 3 and 1 g-atom/mol, respectively. 

2 0  

3 B  

4 K  

5 C  

6 N  

Count 1 g-atom for every mole of water in the pool. Other contributors 

might be H,PO, and HNO,, both contributing 3 g-atom/mol. 

Most likely in the form of H,BO, (1 g-atom/mol), but possibly Cs 
(4 g-atodmol) or  others may also be present. 

This includes all alkali metals such as CsOH, Na,O, KH,PO,, K,O, which 

contribute 1, 2, 1, and 2 g-atom/mol, respectively. 

The amount of CO, in normal air is already included. Another source is 

Cs,CO, (1 g-atom/mol). 

Nitrogen occurs here only as NO;. I-Iswever, all strong acids are treated 

as if they were nitric acid. (For 111 entering water, count 1 g-atorn for 

the purpose of calculating pH.) 

7 P  This is most likely in the form K,HE"Q, or KIp,$O, (1 g-atomhol), both 

of which are additives to control plp. 

8 Ca This would likely come only from core-concrete debris. 

9 h y  This includes all noble gases. 

"Corresponding to  B(J,l) input values. 
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