NUREG/CR-5950
ORNL/TM-12242

lodine Evolution
and pH Control

T T SR N— - R S p— S o SIS S ——— ———
— e m— o e : aryer ity e ,.,___.__.Iv.._ = e . s S B e G e S e A e e 1 O 50 e = PSS = WA= 53

Preparcd by
‘!" kY “:\Ihﬂ: R ~ :l‘i:_‘.’\.’A‘ 3 \\‘ch('l

Oak Ridge National Laboratory

Prepared for
U8, Nuclear Regulatory Commission

9301080235 921231
PDR NUREG
CR-5950 R FPDR

T R IR R TRRRRRRRI——=, S R ——— e e i B o ——— T — — RN SRS SRR SN e e A T W S ST ™



'a
E )
!
|
|
|
E

AVAILABILITY NOTICE
Avaiablity of Retsrence Matenals Cred in NRC Pubiications

Mos! documents chted i1 NRC publications will be availabie from one of the following sourges.
1 The NRC Public Document Room, 2120 L Street, NW., Lower Level. Washingten, DC 20855

2 The Superintendent of Docurnents, U .S, Government Printing Office, P 0. Box 37082, Washington
DT 20013-7082

3. The National Technical information Service, Springfield, VA 22161

Although the fisting that follows represents the majority of doournerts cited In NRC publications, It 1s not
intended 1o be exhaustive,

Aeferenced documants avallable for inspection and copying for a fee from the NRC Public Dogument room
inciude NRC porrespondence and internal NRC memoranda; NRC bulleting, circulars information notices,
inspaction and investigation notices . kcensee event reports, vendor réports and carrespondence; Commis-
slon papers. and applicanmt and kcenses documents and Correspondence .

The following gocuments In the NUREG series are avallable for g« hase from the GPO Sales Program:
formal NRC siaff and contractor reports . NRC-sponsored conferer - proceedings. international agreement
reports . grant publications, and NAC booklets and brochures. Aisc avallable are regulatory guides, NRC
regulations in the Code of Fedare/ Reguiations, and Nuclear Aeguiatcry Comimission Issuances

Documernts available from the Natlonal Yechnical information Service include NUREG-series reports and
tachnical reports prepared by vther Federal agencies and reports prepared by the Atomic Energy Commie-
sion, forarunner agency to the Nuciear Reguiatory Commission

Documents avallable from public and spesial technical braries inciude all cpen literature tems, such as
books journal articles. and transactions. Federal Register notices. Federal and State legisiation, and con-
greasional reports can usually be obtained from these libraries

Documents such as theses dissertations, foreign reports and translations, and non-NRC conterence pro-
ceodings are available for purchase from the organzation spensuring the publication cited

Single copies of NRC draft reports are avallabie free, to the extent of supply, upon writlen request to the
Offies of Administration, Distribution and Mall Services Section, U S. Nuclear Reguiatory Commission,
Washington, DC 20858

Coples of industry codes and standards used in a substanttve manner in the NRC ragulatory process are
malntalned at the NRC Library. 7820 Norfolk Avenue, Bethesda. Maryland, for use by the public. Codes and
standards are usually copyrighted and may be purchased from the originating organization or, If they are
American National Standards, from the “maerican National Standards Institute. 1430 Broagway, New York,
NY 10018,

DISCLAIMER NOTICE

This repont was prapared as an account of work sponsored by an agency of the United States Government.
Naither the United States Government nor any agency tharec!, or any of thair employees, makes any wamranty,
expressed or impiied, or assumaes any legal iabiiity of responsibility for any third party's use, or the results of
such use, of any information, . Jparatug, product or process disciosad in this repon, or represents that iis use
by such third party would not infringe privately owned rights.




NUREG/CR-5950
ORNL/TM-12242

>y - r— - -  — v —

Iodine Evolution
and pH Control

Propared by
E. C. Beahm, R. A Lorenz, C. F. Weber

Oak Ridge National Laboratory

Prepared for
U.S. Nuclear Regulatory Commission

9301080238 221231

CR-5950 R PDR




SVAILAGLITY ROTICE
Avallabilty of Reterence Materials Citad in NRC Publications

Moet doouments cited in NRC publications will be avaliabie trom one of the foliowing sources,
1. The NRC Pubiic Document Room, 2120 L Street, NW., Lower Level, Washington, DC 208465

2 The Superintendent of Documents, U.S. Governmant Printing Oftice, .0, Box 37082 Washington,
DC 20013-7082

3. The National Technical information Service, Springfield. VA 22161

Although the listing that follows represents the majority of documents cited In NRC publications, it Is not
intended 1o be exhaustive.

Reterenced documents available for inspection and copying for a fee from the NRC Putiic Document Room
Include NRC correspondence and Internal NRC memoranda: NRC bulleting, olirculars, information notices,
napestion and investigation notices: icenses svent repots: vendor reports and correspondence . Comrmis-
sion papers; and applicant and licensee documants and correspondence,

The foliowing documents in the NUREG saries are avallable for purchase from the GPO Sales Program:
format NRC staff and contractor reperts, NRT-sponsored conference proceetings, international agresment
reports. grant publications, and NRC bookiats and brochures. Also avallable are regulatory guides, NRC
reguiations in the Code of Federa/ Reguiations, and Nuclear Reguiaiory Commission igsuances

Docwrnents uvallable from the National Technica! Information Service include NUREG-series reports and
technical reports prepared by vther Federal agencies and reports prapared by the Atomic Energy Conunis-
slon, forerunner agency to the Nuclear Reguistory Commission,

Docurmnerts avallable from public and speclal technival libracies inciude all open literature ems, such as
books, journal articles, and transactons. Federsl Register notices, Federal and State legislation, and con-
gressional reports can usually be obtained from these iibraries,

Documents such as theses, dissertations, foreign reports and tranglations, and non-NRC conference pro-
ceadings are avalable for purchase from the organization sponscring the publication cited,

Single copies of NRC draft reports are avallable free, to the extent of supply, upon written request 1o the
Office of Administration, Distribution and Mail Services Section, U 5. Nuclear Regulatory Commission,
Washington, DC 20585,

Coples of Industry codes and standards used In a substantive manner in the NRC regulatory process are
maintained at the NRC Uorary, 7820 Norfolk Avenue, Bethesda, Maryland, for usae by the public. Codes and
standards are usually copyrighted and may be purchased from the originating organization or, If they are
American National Standards, from the American Natlonal Standards Institute, 143G Broadway, New York.
NY 10018,

DISCLAIMER NOTICE

This repon was prepared as an account of work sponsored by an agancy of the United States Government.
Naither the Unitad States Govermment nor any agency thereaf, or any of thair employees, makes any warranty,
exprassed or implied, or assumes any legal liability of responsibllity for any third party’s use. or the resufts of
such usa, of any information, apparatus, product or process disclosad in this report, or reprasents \nat its use
by such third party would not infringe orivately owned rights.




NUREG/CR-5950
ORNL/TM-12242
R3

lodine Evolution
and pH Control

Manuscript Completed: October 1992
Date Published: December 1952

Prepared by
E. C. Beahm, R. A. Lorenz, C. F. Weber

(Oak Ridge National Laboratory

Managed by Martin Marietta Energy Systems, Inc.

Oak Ridge National Laboratory
Oak Ridge, TN 37831-6285

Prepared for

Division of Safety Issue Resolution
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20558

NRC FIN L2039



Abstract

In accident sequences where pH falls below -7, 1, will acid, produced by irradiation of water and air, and
form in irradiated water pools. In containments where hydrochloric acid, produced by irradiation or heating
no pH-control chemicals are present, the acidity or of electrical cable insulation. The maximum duration
basicity will be determined by materials that are of & basic pH, in the absence of pH-comiol chemicals,
introduced into water as a result of the accident itsell. was calculated 10 be ~60 10 100 h.

The most important acids in containment wiil be nitric
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Executive Summary

pH is the major factor in determining the extent of |,
in solution. In containment where no pH-control
chemicals are present, the scidity or basicity of the
water pool will be determined by materials that are
introduced into containment as a result of the acci-
dent itself. These materials may be fission products
(i.e., cesium compounds), thermally produced prod-
ucts (i.e., core-concrete aeroscls), or compounds
produced by radiation (i.e., nitric acid).

In situations where pH levels fall below -7, the
formation of I, will occur in irradiated iodide
solutions. A correlation between pH and iodine
formation is needed so that the amounts of 1, in
water pools can be assessed. This, in turn, deter-
mines the amount of I, in the atmosphere available
for escape by containment leakage. A number of
calculational routines based on more than 100
differential equations representing individual
reactions can be found in the literature. In this
work, it is shown that a simpler approach based on
the steady-state decomposition of hydrogen peroxide
should correctly describe iodine formation in severe
accidents. Comparisons with test data show this
approach to be valid.

The most important acids in containment will be
nitric acid (HNO,), produced by irradiation of water
and air, and hydrochloric acid (HCI), produced by
irradiation or heating of electrical cable insulation.
The most important bases in containment will be
cesium hydroxide, cesium borate (or cesium carbon-
ate), and in some plants pH additives, such as
sodium hydroxide or sodium phosphate.

Some aspects of the timing of pH changes can be
obtained from what is known about fission product
release into containment. Initially, the pH should be
hasic because of cesium entering water pools as
hydroxide, borate, or carbonate. However, once
fission products enter a water pool, a radiation dose
rate is established, and nitric acid begins to form and
neutralize the basic solutes. This leads to an inter-
esting trade-off — a high concentration of fission
products that contain basic solutes brings about a
high initial pH but also a high radiation dose rate,
which results in a relatively high production of nitric
acid. From these offsetting effects, we may calculate

the time necessary to reduce the initial basic pH
down 10 7.0. This time can be considered 10 be the
maximum duration that a basic pH will ocour in the
absence of pH control additives. It is a maximum
because it considers only the basic contribution 10
pH and the formation of nitric acid.

The maximum duration of a basic pH was calculated
for the seven accident sequences that were evaluated
in NUREG/CR-5732 (Beahm, 1991). The time to
reach pH 7 is remarkably similar for the caiculations
wheie the assumed initial form of cesium was hydrox-
ide. This similarity appears in spite of water volumes
that ranged from 3.00 x 10° gal (1.15 x 10° L) t0

1.37 x 10 gal (5.17 x 10* L) in the different
sequences. This maximum duration for a basic pH is
~100 h. ‘The times for pH >7 were ~60 h when it
was assumed that cesium entered a water pool as
cesium borate (CsBO,). Thus, ~60 to 100 h is the
maximum duration that a basic pH may be main-
tained in the absence of pH control additives. A

pH <7 may be attamed in <24 h if boric acid or
HCI becomes a component of the water pool.

Amounts of hydrochloric acid on the order of 10" to
10* mols may be anticipated in some accident
sequences. This would introduce chlorine containing
species that are 10 1o 100 times the amount of iodine

containing species.

There are two major uncertainties that result from
the production of HCl in containment. The first is
the uncertainty in the formation of 1, during irra-
diation of water pools that contain both chloride and
jodide ions. The model for steady-state fraction of
iodine as I, does not specify a mechanism for the
initial production of 1, There are no experimental
data on irradiation of solutions containing chloride
and iodide at pH <7. In the absence of experimental
data, the range of applicability of the sieady-state
model remains speculative, As was the case in solu-
tions containing iodide alone, it is only pH <7 that
would be of any importance in [, formation.

The second uncertainty is in the behavior of I, and
organic iodide in charcoal filter systems when any
combination of HCl, HOCI, C1,, or organic chlorides
are present. Again, there are no experimental data
on this. The evaluation in Appendix D.4 was based

NUREG/CR-5950
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on chemical reactions that may be expected 10 occur, retention of iodine species in charcoal filters will be
and these indicaie that both the capacity and degraded when chlorine species are present.
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Introduction

1 Introduction

There is evidence that pH' is the major factor in
deiermining the extent of I, in solution (Deane, 1986;
Vikis, 1989). lodine in solution as I, will partition 10
the atmosphere and be available for release through
containment lcakage. In containments where no pH-
control chemicals are present, the acidity or basicity of
the water pool will be determined by materials that

are introduced into containment as a result of the
accident itself. These materials may be fission
products (i.e., cesium compounds), thermally produced
products (i.e., core<concrete aerosols), or compounds
produced by radiation (i.e., nitric acid). A list of
materials that will determine pH in a severe accident
is provided in Table 1.1.

Table 1.1 Materials that will determine pH in
containment water pools

. Boron oxides (acidic)

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

. lfodine as HI (acidic)

& pH additives (basic)

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

L] Core-concrete aerosols (basic)

® Hydrochloric acid from cable insulation (acidic)

Because pH values lower than -7 are associated with
the formation of 1, in irradiated water pools, it is
necessary to assess the materials listed in Table 1.1 10
obtain some sense of the pH values that may be
attained in severe accidents. Further, because it is
desirable to maintain pH values of 7 or above, the
ability 10 maintain or buffer pH in the presence of a
number of scids and bases must also be evaluated. In
this work, the assessments are based on the amounts
of materials that may be present in containment, along
with calculations of pH values. At Oak Ridge
National Laboratory (ORNL), a computer program
based on the main subroutine of the SOLGASMIX
code was written 1o calculate pH in containment water
pools for use in TRENDS (Transport and REtention
of Nuclides in Dominant Sequences). This routine

was used in evaluating pH values in the present study.
A description of this routine is given in Appendix A.

In situations where pH levels fall beiow -7, the forma-
tion of I, will occur in irradiated jodide soiutions. A
correlation between pH and iodine formation is
needed so that the amounts of I, in water pools and
the containment atmosphere can be assessed. A
number of caiculational routines based on more than
100 differential equations representing individual
reactions can be found in the literature. In this work,

‘pH values given in this study refer 1o 298 K (77°F)

NUREG/CR-5950



Introduction

it is shown that a simpler approach based on the
steady-state decomposition of hydrogen peroxide
should be adequate for describing iodine formation in
severe accidents.

The work of Liljenzin (1990) and (Fridemo, 1988) on
the pyrolysis of electrical cable insulation alerted us 10

NUREG/CR-5950
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the possibility that the formation of hydrochloric acid
(HC) in containment would need 10 be considered in
evaluations of pH. As this possibility was examined, it
became clear that (1) radiation, as well as heat, could
produce HCL, and (2) HCI may react with metals and
with the products of water radiolysis in containment.



2 Acids and Bases in Containment

2.1 Background

The materials listed in Table 1.1 are shown alternately
as acids and bases. If a waier pool in containment
could be described as a single large sink for all of
these chemicals, it would be possible (o determine an
overall pH based on assumed amounts of each mate-
rial. Because of the different types of acids and bases,
the calculation of an overall pH would require a suit-
able computer routine, such as the one developed for
TRENDS. However, during & severe accident, these
malterials may influence pH levels at different times or
may react prior (o having any influence on pH at all.
For example, fission product cesium compounds may
increase pH and later be neutralized by an acid (see
Table 1.1). Alternatively, boric acid sprays with a pH
<7 may contact surfaces and then enter a water pool
where the pH is subsequently increased. Thus, pH can
vary with time during a sequence and from one
sequence to another; it will certainly vary for each
reactor plant.

2.2 Acidic Materials in Containment
2.2.1 Boric Acid

Boric acid will enter containment from accumulators,
rfueling water storage tanks, sprays, and the reactor
coolant svstem (RCS). Boron concentrations of more
than 4000 ppm boron (as boric acid) may be attained
in the water pool. Boric acid sprays would have a pH
of -5 and would come into contact with most surfaces
in containment,

In systems that employ pH-control chemicals (Section
23.3), a large portion of the basic material is used 10
increase the pH of boric acid solutions. The use of a
borate, suchk as Na,B,O, - 4H,0 (disodium oc*a-
borate; trade name, Polybor), would enable boron o
be introduced in a prencutralized form (Hodge, 1992
Boron constitutes 21 wt % Na,B,O, « 4H,0 but only
17.5 wt % boric acid. Borates are also easier 10
dissolve and more soluble than boric acid. If a borate,
such as disodium octaborate, was stored in aqueous
solution prior 10 use, it would be necessary to have an
inert cover gas over the solution to prevent reaction

with atmospheric CO,, which occurs with all basic
materials that are stored in air.

222 lodine as HI

Hydriodic acid (HI) is a strong acid, but relatively
small amounts are likely 10 v¢ in containments. An
evaluation of iodine chemical 10rms in light-water
reactor (LWR) accidents suggested that iodine enter-
ing containment from the RCS may be described as
5% in the form of elemental iodine and HI, with not
less than 1% as either clemental iodine or HI; the
remaining 95% would be Csl (Beahm, 1991). The total
amount of jodine in containment would be on the
order of 100 mol, so less than ~5 mol as HI is
anticipated.

2.2.3 Carbon Dioxide

Pure water will attain @ pH that approaches 5.65 due
10 the absorption of CO, from air and the subsequent
formation of carbonic acid. Other sources of CO,
include limestone concrete, which is <30 wt % CO,,
and pyrolysis or radiolysis of electrical cable
insulation.

Carbonic acid is a weak acid, but CO, is readily
absorbed by water and basic materials. Hydroxides
may be converted to carbonate by absorbing CO, and,
in the case of total conversion, some bicarbonate may
also form. The carbonate or bicarbonate would give a
pH that is lower than that of the original hydroxide.

2.2.4 Nitric Acid

Nitric acid (HNO,) is produced by the irradiation of
water and air. The mechanism for nitric acid is not
known. Two types of test were run at ORNL to
evaluate the formation of HNO,. In the first test,
water and flowing air were irradiated. After passing
through the irradiator, the air was bubbled through
pure water to strip any acidic gases. These tests
showed that acid appeared only in the sample water
and not in the flowing gas. Details of these tests are
given in Table 2.1. In the other series of tests, water
and air were irradiated in a closed vessel Acidity was
measured with a pH electrode and the correlating

NUREG/CR 5950



Acids and Bases

Table 2.1 Acid formation from irrsdiation of waler and air®

Irradiation time Sample volume, Trap volume, o Samphe pH Trap pH
6 h, 14 min % 37 72
6 h 100 44 7.7

*Acwd formazion from iroadiation of water and air: *“Co y dose rate 5.3 % 10" rad/h; 350 o vessel with 23 co outiet tube to trap, breathing air
fow tate 167 wfmin, sir inteoduced =3 om above waler surface; air exit at top of vorsel; initial pH 6.6 10 6.7, gas trap pure water cooled in

an e bath

nitraie jons were measured with a specific ion
clectrode. The radigtion G value (molecules/100 ¢V)
for nitric acid formation based on radiation absorption
by waler was:

G(HNO,) = 0.007 molecules/100 ¢V . (1)

This radiation G value corresponds 10 7.3 x 10°

mol HNOJL Mrad (Megarad). Thus, for a pool dose
rate of 1 Mrad/h, starting from neutral solution, pH
levels of 5.1 and 4.1 would be reached in | and 10 b,
respectively. Radiation dose rates as calculated for a
previous study ranged from ~0.4 Mrad/h in & boiling-
water reactor (BWR) suppression pool to >5 Mrad/h
in a pressurized-water reactor (PWR) sump (Beahm,
1991).

2.2.5 Acids from Electrical Cable Insulation
2251 Description of Electrical Cabie lnsulation

Electial cables have been modeled as a copper core
with an ethylene-propyiene rubber elastomer as
insulator and a jacket of Hypalon (Bonzon, 1980,
Wing, 1984 Hypalon is a registered trademark of
DuPont for chiorosulfonated polyethylene rubbers.
The prevalence of the combination of ethylene-
propylenc rubber and Hypalon car be confirmed by an
examination of final safety analysis reports for reactor
plants. In these reports, the organic materials present
in containment are given in Section 6.

Hypalon is a chlorosulfonated polyethylene,

CeH,:C1,80, This material as described by the
formula contains 27 wt % chlorine. The chlorine
content of different types of Hypalon varies from

NUREGACR-5950

24 wit % 1o 43 wt % (Ostrowski, 1985). The actual

wt % chlorine of as-fabricated material is approxi-
mately one-half these valuss because of the addition of
fillers and other materials. Assuming & nominal

17.5 wt % chlorine as-fabricated, ethylene propylenc
rubber/Hypalon would contain -1 mol of chlorine for
cach pound of cable insulation. From the description
of electrical cables (Bonzon, 1980), cable insulation in
containment would be 46.4 wt % Hypalon, with the
remainder as cthylene propylene rubber. Wing reports
that a survey of the total estimated weight of cable
insulation materials ranges from 16,600 o 190,000 Ib.
A survey made for the present study found approxi-
maiely the same range, as shown in Table 2.2. Smaller
amounts of chlorine in the form of polyvinyl chioride
(PVC) gaskets or insulation méierial may also be
found in containments.

The formulation of Hypalon typically used in cable
materials includes clay as a filler, lead monoxide for
viscosity stabilization, carbon black for weathering, and
& number of organic additives (Fabris, 1973; Verbanc,
1981).

The chlorine content of electrical cable insulation is
emphasized here because studies of the radiolysis or
pyrolysis of Hypalon and other polymers which con-
tain chlorine have found that the vapor produced is
mostly HCI (Arakawa, 1986; Liljenzin, 1990). This is
known as dehydrochlorination. Hypalon performed
well in IEEF standard tests for electrical cables in
nuclear power generating stations (Boston Insulated
Wire, 1975). However, such tests measure flammabil-
ity and electrical properties of the cable insulation, not
gaseous products. Flame resistance and radiation
resistance of chlorine containing potymers is brought
about by dehydrochlorination. The emitted HCH reacts
with free radicals, such as OH, produced by flames or



*

Table 2.2 Amounts of EPRMHypaion cable insnlation for seleciod plants

Cable insulation
Plant (b) Comments
Catawba 16,662 PWR
River Bend Station 17419 BWR
Palo Verde 39,500 PWR
Seabrook 50,000 PWR
Fermi 2™ BWR
137,000 Excluding drywell
5,340 Drywell
Grand Guif BWR
176,400 Excluding drywell
9,835 Drywell

*Source of data: updated finsl safety analysis reports
** An additional 15% of cabie i in conduit.

radiation to stop reaction chains that would damage
the backbone of the polymer:

HC1 « OH -~ Q1 + HO. (2

2252 Acds Produced by Radiation

Arakawa et al. (1986) have investigated gas evolution
from irradiated chlorine-containing polymers. Most of
their irradiations were carried out at room tempera-
ture: however, some specimens were heated 10 266°F
(130°C) after rradiation. Three types of chloro-
sulfonated polymers were irradiated: (1) pure polymer
of Hypalon-40; (2) Hypalon-40 with added vulcanizers,
MgO. Nocceler TRA (dipentamethylenethiuram tetra-
sulfide), TIO,, and fillers such as calcium carbonate;
and (3) a special formulation of Hypalon of unknown
composition. Irradiation of pure Hypalon-40 gave
radiation G values (molecules HCV100 eV) of 2.1 for
HC! and 1.8 for SO, However, the evolution of SO,
reached a maximum at a radiation dose of -5 x 10’

rad, whereas HCl evolution continued 10 increase at
doses up 10 the maximum used in these tests

(1.16 x 10" rad). Heating specimens 10 266°F (130°C)
after irradiation yielded add'tional HCL This addi-
tiona! HC! would increase the radiation G value 10
3.4. These radiation G values were obtained from
experiments performed in vacuum. The tests in
oxygen at room temperature resulted in a G value of
4.8 for HCL

Tests that were run with Hypalon-40 plus the
vulcanizers and fillers did not produce detectable
amounts of HCI or SO, This formulation contained
magnesium oxide and calcium carbonate, which are
able 10 neutralize HCI in situ. The formulation of
Hypalon typically used in cable materials does not
include magnesium oxide or calcium carbonate
(Clough, 1982). Basic fillers, such as calcium
carbonate, reduce the flame resistance of chlorinated
polymers 5o they are not used in applications where
Nammability characteristics are important. A typi~al
flame resistant Hpalon formulation contains PbO,
clay, iron oxide, and a chlorinated saturated

NURDG/CR-5950



cids Produced by Pyrolwsis




Acids and Bases

Tuble 23 HQ1 generation for radiolysis of Hypalon using
Updated Best Estimate LOCA Radiation Signature

g-mol HQ

e 1a 1d 44

Catawba 27 x 10 26 x 100 43 < L1 x 10t
River Bend Station 39 x 1F 38 x 100 6.3 x 10 1.6 x 10"
Palo Verde 3.0 x 10° 29 x 10 48 x 10 1.3 x 10
Seabrook 33 x 10 32 < 10¢ 5.3 x 10° 14 x 10*
Fermi 2 82 x 10F 22 x 10 13 x 10° 34 x 10
Grand Gulf 22 x 10° 2.2 x 10 36 x 104 92 x 10

HCY, SO, and CO,, which are similar 10 the gases that
evolved from the irradiation of electrical cable insu-
lation. Materials that were tested included PVC and
Lipalon. Lipalon reportedly contains 17.5% chlorine
and 1.1% sulfur (Fridemo, 1988).

Liljenzin reported that acidic gases were released from
electrical cable insulation that was heated al tempera-
tures of 752°F (2400°C). The amounts of acid pro-
duced by pyrolysis, in a nitrogen/steam atmosphere,
from insulation in typical Swedish BWR containments
were 1.6 x 10" mol at 752°F (400°C), 1.3 x 10*mol at
1112°F (600°C), and 1.2 x 10" mol at 1472°F

(800° C).

It the Swedish work (Liljenzin, 1990), two accident
sequences were used 10 evaluate the pH of water
volumes as a function of time. In these calculations, it
was assumed that the organic material below the BWR
vessel was pyrolyzed at 1472°F (800°C). It was also
assumed that the amount of pyrolyzed material
increase from zero to half of the maximum amount
possible as a linear function of the amount of core-
melt leaving the vessel. In both a TB and AB
sequence, the wetwell pH was initially basic because of
cesium hydroxide and subsequently reached a pH of -3
in 3104 h. It should be noted that radiation-induced
nitric acid formation was not included in these
calculations.

2.3 Basic Materials in Containment

23.1 Basic Fission Product Compounds

Cesium may enter containment in the form of cesium
hydroxide, cesium borate, or cesium iodide. Cesium in
other forms, such as zirconate and molybdate, ere also
possible. Cesium hydroxide and cesium borates are
basic materials. In containment, cesium hydroxide
may react with CO, to produce cesium carbonate. if
all the cesium hydroxide in a region within contain-
ment is converted 1o cesium carbonate, further reac-
tion with CO, would produce cesium bicarbonate.

The amount of cesium entering containment would be
<500 to 1000 mol. When this material enters water
pools, the concentration would be on the order of 10
10 10" mol/L, depending on the volume of water in
containment. The reaction of cesium hydroxide with
boron oxides or CO, results in & partial neutralization
of the hydroxide. Thus, a 10 M solution of cesium
hydroxide would have a pH of ~10, but the same con-
centration of a borate or a carbonate would give a
lower pH. In TRENDS models, a variety of chemical
forms may be selected for cesium, and it shouid be
noted that retention of cesium in the hydroxide form,
even i controlled laboratory atmospheres, is
extremely difiicult.

NUREGATR-5950
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23.2 CoreConcrete Aerosols

Aerosols from limestone concrete will contain the
basic oxides CaO, Na, O, and K,0. The amounts of
basic materials will vary from sequence to sequence
and for different reactor systems. These basic
materials will be constituents of aerosol material that
contains other products such as silicon dioxide (SiO,),
iron oxide (FeO), fission product oxides such as La,O,,
and metals such as silver or manganese. The influence
of core-concrete aerosols on pH will depend on the
extent to which the basic oxides can enter solution.

A series of pH tests was run at ORNL on aerosol
material from the SURC3 (Copus, 1990) experiment
that was kindly supplied by Sandia National Labora-
tory (SNL). Results of these tests are given in

Table 2.4. Maierial from Impactor D gave a basic pH;
however, since there was no buffer capacity (see
Section 2.3.3.1), the pH decreased by more than one
unit on standing in air.

233 Chemical Additives to Control pH
2331 pH Buffers
The measure of pH buffer capacity, B, is defined as

l-"b 3

db = an increment of stroug base
(b = an increment of strong acid), and
dpH = the change in pH that results from the

addition of an increment of scid or base,

Bates has shown that buffer value may be expressed in
terms of the equilibrium constant for dissociation of
the weak acid (Bates, 1973):

it ECH) . m9.0u),

B
X + H)

equilibrium constant for dissociation of
the weak acid or weak base,

initial concentration, for example, of
boron in & borate buffer or of phosphorus
in a phosphate buffer (mol/L),

(H*) hydrogen ion concentration (mol/l), and

(OH)

hydroxide ion concentration (mol/L).

A borate buffer that controls pH at values near 9.2
has a dissociation constant of 5.8 x 10, and a
phosphate buffer that controls pH at values near 7 has

where a dissociation constant of 6.3 x 10® (Dean, 1985).
Table 2.4 Results of pH tests on material obtained in core-concrete
interaction experiment SURC3'
Concentration
Sampic (1) pH Comments
Impactor D 1.0 9.52 No buffer capacity
Impactor D 0.1 8.50
Preseparator D 1.0 125
Impactor D 1.0 833 Decrease in pH most likely due

after citting in air for 1 d

to dissolution of CO, from air

"Tests were run ai ORNL on material supplied by SNL.
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132 Materials for pH Control
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Table 2.5 Calculated pH levels for various
based on information for sump at Palo Verde

pH value
17 86 104

4400 ppm boron as 4400 ppm boron as 2000 ppm PO

boric acid plus "Polybor® plus

2000 ppm PO, 2000 ppm PO,

(condition expected)
water to form calcium phosphates which would This would decrease the ability 1o control pH by
precipitate as solids from solution according to the removiang phosphate from solution.

following equation:

2., > : (2) During storage, trisodium phosphate may react
e I O, (el .. mm) with CO, in air to form a carbonate.

NUREG/ACR-5950 10



Model

3 Model of lodine Radiolysis

3.1 Background

The task of obtaining rate constants to be used in
describing iodine behavior in containment involves the
complete mechanistic evaluation of iodine in wailer,
including hydrolysis, reverse hydrolysis, oscillatory
mechanisms, and redox reactions. Studies of iodine
behavior in water began more than 100 years ago.
The primary advantage that we have now over carlier
investigators 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 1o contend with
the interaction of iodine species and the products of
water radiolysis. In recent years, this problem was
approached by performing experiments on ihe iifadia-
tion of aqueous iodine and setting up methods for
solving a large sei of differential equations, more than
100 in some cases, in an attempi 10 reproduce the
experimental results by caiculation.

The practical problem (o be considered is the extent of
release of iodine from containments during reactor
accident events. To some extent, this puts limits on
the range of conditions that must be evaluated. For
example, the events of interest in @ water pool will
probably be restricted 1o a pH range between -3 and
8. At pH values above 8 conversion of I to [, by
radiolysis is very small and hydrolysis is quite rapid. It
is not likely that pH values below ~3 will be attained
in reactor accidents (with the possible exception of
evaporation 10 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 concentra-
tions, and radiation dose rates, may also be delimited
if we consider only the conditions of importance in
reactor accidents.

A useful model must not require information that is
not available in normal accident sequence calculations.
It must also be efficient, easy 1o understand and use,
and accurately reflect available data. It is desirable to
use¢ mechanistic formulations as much as possible;
however, empirical elements will no doubt be required
as well.

11

Based on the results of experimental studies, we may
summarize the formation of 1, during the radiolysis of
I as follows:

(1) At pH <3, virtually all iodine is converted to I
for pH >7, only a tiny fraction is converted.
For 3 < pH < 7, conversion is highly variable
(see Figure 3.1),

(2) Foragiven pH and temperature, there is &
threshold radiation dose 1o the water, which, if
exceeded, ensures that conversion will 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 untii the sicady
state is reached.

At very low aqueous iodine concentrations,

< ~10*° g-atom UL, there is a tendency for iodate
formation in the presence of irradiation and a
tendency for iodine 10 show anomalous behavior
in the absence of irradiation. Data in this
region are less reliable, and, therefore, modeling
results will exhibit greater uncertainty. Fortu-
nately, the total quantity of iodine is low in this
case as is the fraction as 1,

Cur approach 10 the use of kinetic raie expressions is
based on a narrowing of the problem to a range of
parameters that are of practical interest and involves
identifying the process(es) that bring about the plateau
in fraction of | converted to [, at a given pH. This
approach was selected rather than using more than
100 individual reaction: because many if not most of
the rate constants in the large set of reactions must be
estimated, and, as a result, have large individual
uncertainties that would be perpetuated into the
overall calculation.

3.2 Description of the Model

The plateau in fraction of I converted to [, implies
that a steady-state process is reached during irradia-
tion. During the irradiation of water, free radical
products such as OH- or H- are present at very low
concentrations on the order of 10 M or less.

NUREG/CR-5950
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pH AT 298 K (77°F)

Figure 3.1. Model calculations of fraction as I, vs pH
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