
_ . _ _ _ . _ . _ _ . _ __ . _ . _ .. _._ _ _ _ _ . _ __.

X

,

.

NUREG/CR-5950- )

ORNL/TM-12242- |

--
-_-

Iocine Evolution
'

anc pE Contro. 1

- - -

.
. . .

.
. .

.

- -

Prepared by
IL C llcahm. R. A. l.orenz, C F, Weber

- Oak Ridge National I,aboratory

;-

Prepared for
U.S. Nuclear Regulatory Commission

9301080235 921231
PDR NUREG
CR-5950 R PDR i

+

v , e-h,,-,.e.ry,- ,.,,-,.-..,~-,r,,-w..9.,,,..w-w.w ,,y3-, ,,...y y w- ,,,,,-,#,-..m, ,,-c,,ve,, . , ,, , , ,,,w. ,,,wo<w-- .,-,..ww#.+w.,w.,.,, .-w-,w. , , , ..-i+

'



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

e

.-

_.

1

i:j

AVAILABluTY NOTICE

Availabihty of Reference Matena|s Crmd in NRC Put* cations .

I
Most documents cited b NRC pubEcations will be avaHable from one of the following sources:

.J
.

1. The NRC Public Document Room 2120 L Street, NW., Lower Levet, Washington, DC 20555
_

2. The Superintendent of Documents, U.S. Government Printing Office, P.O. Box 37082 Washington, !
IDC 20013-7082

3. The National Technical information Service Springfield, VA 22161

Although the toting that follows represents the majority of documents cited in NRC pubtleations, it is not
intended to be exhaustive,

Referenced documents ava#able for inspection and copying for a fee from the NRC Fublic Document Room
include NRC correspondence and internal NRC memoranda | NRC. bulletins, circulars, Information notices,
inspection and investigation notices; licensee event reports, vendor reports and correspondence; Commis-
slon papers; and applicant and hcensee documents and correspondence.

The following documents in the NUREG series are aval!able for p, base from the GPO Sales Program:
formal NRC staff and contractor reports, NRC-sponsored conferer proceedings , international agreement
reports, grant publications, and NRC booUets and brochures. Also available are regulatory guides NRC

'

regulations in the Code of Federel Regulations, and Nuclear Regulatory Commission Issuances.

Documents available from the National Technical information Service include NUREG-series reports and
technicai reports prepared by other Federal agencies and reports prepared by the Atom!c Energy Commis-
sion, forerunner agency to the Nuclear Regulatory Commission,

Documents available from public and special techr'Jeal librarios include all cpen literature items, such as
books. Journal articles, and transactions. Federat Register notices, Federal and State legisfation, and con-,

gressional reports can usually be obtained from these libraries.
~

Documents such as theses dtssertations. foreign report $ and translations, and norENRC conference pro-
ceedings are available for purchase from the organ 2ation . sponsoring the pub!leat On cited.

~

Single copies of NRC draft reports are avadable free, to the extent of supply, upon written request to the.
Office of Administration, Distribution and Mail Services Section, U.S. Nuclear Regulatory Commission,
Washington, DC 20555.

Coples of Industry codes and standards used in a substantNe manner in the NRC regulatory process are
maintarned at the NRC Library, 7920 Norfolk Avenue, Bethesda, Marylandi for use by the public, Codes and
standards are usuay copyrighted and may be purchased from the originating organl2ation or, if they are

. American National Standards, from the American National Standards institute,1430 Broadway,' New York.
NY 10018.

DISCLAIMEFt NOTICE

' This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, or any of their employees, makes any warranty,
expressed or implied, or assumes any togal liability of responsibility for any third party's use, or the results of
such uso, of any information, aparatus, product or process disclosed in this report, or represents that its use
by such third party would not infringe privatoly owned rights.

I

i
I.

|'
l

|

.~ -.- . - - - - .-- - _ . - . , . . - - - + . - . _ . . - . . . - . . . _ . . . . . . , , - . . - ,-.-



-Q 'C mb 4 ^~' Q , L t*; J. \,f k.f -_ -.

b g_. 3,na r d,% =
,) }": y ;-} 34.,F ; { q -; gz _Rg ,

- ;pg g, K.
1 q .,r y G f f:yh)w v v

,y, %_A-.w.)p sygg q *
, &nn''OL g';,3 '

| f

O ay&n, g,e
z. a n~ s(_,;y.,3 ,

g

MW ,/p&gg_, O'% . v wr
,pe g%g, %c+M ppe'

w- - mc1 a -y 4, yg g" --( g +' d y-sda m g p%g-pPq ~ ra y ;,

:--h n rM ,:f' W w p 2 ~s h' V - v m wn umw nu a q (c a . ' r p di_%wu. v :-v y% ',, JQ|:" sW:o y .. wg c m * ~ Q: ' W%; y , f.Q, "f n '' L Q:
w mn ,aw ~ + - '

Q::7' - - + . LD Qff_T i _ ., mgr m ,.

-

-

. #
-_, m- 4 - , ,

-YL -h m

#
. k: , ,

-

'

m - w_ a m o_ m - * - , _||J,VQf- ,1 . m[. " _
4

~~ '
h .

_ ~
-

, .

[ +% ,_ [ ' e_ $, .)m,,f [z_;p s .mQ^. g Q&R-Q %.Q-Q|.yhQ)E^J "
_

, . . ,
i.

,

e .. - xm m .m , .

,
- - %a, m m

*

__ .= _m - m yM . e - = - - m ,:
um " m%e@.ww ws m i'I'

' n'- ; '' m
;M.,

y
b

-~~ 2 ~a ~"m #nnu ~
hr D. ' , 4 4 W N' @ * -' -4

"

s. 4 "[* $ y [v: :..,3 ,_ w .. . s-$ ;e : ; . _ m; _ pn f. p= e .T i

m FNunsoz"ncass950
,- -' k.? % s 74 a i

w% a ww - "atn ,

F ..s> . < n ;Q t q.,,f- ;,s, . R,.,,,,.__ .~.tm4'.--~ ,0-g: -
, q;_;;. .

MORNU,o/TM,412242%g4
'

:

5+;% #_gMT W;i i
i ;,

_s s _c : c --- . 4 c, -c g- ,
>C,j

*w --

_ k , z y. -
. .t. '

Y- >
- u

.
-

_
-

, ms 1y

g t-
I

.m- 79m ; -

s,-:.. fy
si

_

+ = - W . _ f %:, i ,,sY k$? Y . 2; y s

'^' ~
~

r:m

&&
Uf',4 9 s1W . ,9g ga sym - -.

, ,
_ - ' '

4> c_ -_ _
*

,t
+

-

g- a

,

- .
-r n_f * 4-t .1 ", ,t

:) s:
._

;,p_qt ;' a. r m. e -

<:
1

< ,

- " '
y ,

.,. ,s '

*

'-h,.
_,

, ,

c p, r,. .%.w f,.'f,.1
Y

d,-
- y. _

hw
* n ;r.@4

,

m.~A+
6c.

@,,4- I h.M. ,MM ,[. d --.,* , p ,6 4 / , w ; a .m n
g'.,f.,.

.F
r .~ , ;... ,

. ; >- L b - WQ' Y
. . ' I. i f *h J~ _-.

#-)Q' b'ocmeMD ution 1 m GI-7- --

. . . '-- - - - -. : .
.

Band. oH Control - G'HAA@ '7M[
'

~.
-" ..., , , -J g. YW f .v; *

,_ c 4 y sw 4 ~ !L

'

..

J ..

-

wg gym-;. -

3.> 9 > . i
- >

ou ;" m ^w = s
,h. an;.#M:.2,

-e
,

+ - '' A I' 3
' t4M J

C wea
+v.p 9:g . i 12sq- * -

1
e .

.i:@T[J [
' 4 _ o( Q: :; , *.

w ,
,' aq- 4 _ q'' ;..;I

_

.e . " 3*M "_ W,e
'"

..T@-
-

i V --.l''':W
.

g ' ,- g,_u ... jgg3
, _ 4 i .

e >;' i a,,o g., y i_ y.Wv-%,, . .._ e
.

g@^=..Q;v
mi- ,5 6 y .

m;'
..-cl. ' $%. .

-

,- ,
. np agg

>

m. , 9, . m ,

- 2
-. , y3y, . - .

'

u w~ gMM,y.\ c
* %" ri ,z.

apps '-.ei, p' 'e >
#-a_ &,+ e . . x'}w .. fy

~

"'% )^ 1

n..r c9- ma. w - m ,,.

t
,

,1
- :&"" ~ , - w 4

,
A 7 q., q ,

~

+' , ' - yy f Y * _- f -* 2
^

s, m.ww~ -

. . s
E il W' 4 h 8 u. p%

+
A

.&'v,

4 " r egr. ts > ~

% u% W Y
> ~ % :; f; f y, l.Q t $

- s
,'w. .

' :QQ.
* , ' ~\^ \

ng -
-

7n

g+ y;, . . . . a&p
---.n; .c

4

#._'M f_' ' 4_=d 'h gr ' 'o' _g ( 3 ' g, _
g; .,"

- . _:c ,
* -

- .-

s.
- r'| -., -

. . , , . y' - W' q'7t

$'h
' . ' '

,,,,t( $ Pre urbd byi ^
, 1

-

$t

t u. _ O2+ . 2 leahm/R< A. Loren4 C. . FJ Weber > -. - <
* < -

,.m
'- #q g g ~ , , sf 9 L 1 . _ . ,

~ *

f - _ w -

a 4

+. , . , :W- _ . .i~'.t~ i. 1~x - -
[ ' ,hh f .1 ,

j g T- i 'b " ,,, 5 . ~.ki..i Y 'd.h* Y f, k
.7'

_

*
~

b y ~ %.[M.\ .*v ,
t * / Td_4' g

I .m n..* 's
r i ~ s

g4 6

,>'fc]M ;- j,-l' 4 , -- ' 1.g y'$ M,<'J.7p dy

':j<M W.[, . .,g, - . 2 s
. _

-

3, 4%.~

w%w ,0a. ,, --- -k:R dge N. ation.., . .
,

al L bo. .,ra. tory ~- - . &m - , - cim,a
. .

* ' = ' , .wm, a.w m-

w' D.3._ '--

' y+'" -
.,

. . .%- .
~

n,.m.' mn.. -

,

tW;. . . J.' " ~ |w|.'- O
'

, '- s - m
'

, ''
L

q'Q'h ' b"|
.

-p
~

.p r. f. . . 'j , .. -

jf .

+

L - - ; . - . ,,$r.Q
(

~

jy ; - , j ' ? , __j.Q .,:Y'
'

:. w , .

-

.
- . y m .- ; _ , q9;ry: ag

- 1c, .m , , . ,

, , , .. 4, 1, - 1 w,e MPrepared for -

'.2
-

s
.

. ?
-

>

.

qv< < <

. _ 97C, LU S. Nuclea. Regulatory Co.mmiss. ion. * i
'

4

.
r . 1-

; ,

-
. ~

-

,
u

-

=,
_

m..n1 . .ep- ,
%.;w y N

k ~ 4

~ q,i 5 k ',. i')
.

i

7
N -b

~

'k,g

.' ( f m; &N.s .w w + " w .,

: W' Q
' O> '" , g3 A,A&

, x
* ' 'i yp 2 ;|Qg %

, -u- ::.1
, . . .

y% m%--*
' ' " }ja , $ i } gg,n]~ - -

, - _y
y

1-
, a'

Y- ! Y- T / j' ,1[ .43 4 * vf >y

4:n- u
1

g i,e- .6s. g
f ,[

,
p

h'-, ~ D.
p

'~
e ' MLN.j ?

. - p%;Q:Wm , ...A. "

,
- s

4:* :s gYt }; e 'd2 fc, ,
' 'WM^ , ,

c

, W~sw
,

; ,

-.m _ _

wu- , ,
8 1 9;..aw;

_.

-.b'' 'w; y, . h T

, ,

y } j.^, g
s ',

-

. g %.

, - <.
,

w.

W
.

Ny 1, A
..

,

g.-
_

,
- ,

o " - y ,n-

C ''
% ~ + b if ,,-'''j?"._<,y :

,

i ,4 . 3 f W, 'a':
a r

- - ''M
cE y j - *}

g'.s,,

--K' 9301080235 921231
, *; -"i . .(

,

zy

WM;). ; WC!

Db W ~ ' PDR NUREG : +&~ w,

,. .. 'lW~ +s
'

M.o ,n ~..m u R,a5950 R
--

M C PDR
,

r
^ '

',73 ap,
'n.)'

-c

e a w.. c < , _ ~- -. #-
.a . , ~- -

n.mgn
-4-S .

t ;w ', m% ? .p' ; %!LR gg% W_m * 't i m.s.i
"

p . q'[.yy; ' m.h. ^1~.t "'v'''
t .

j|
i

C'-
1L (y:I

- w
%.m,~ s ;h 3

..m,. wm n - - - ' ^

S

, (
_

14.4. -''Y Ih~t
' '

'Dr
'Q F y d hc /,c= 4 ] <-1, ,& J. 1 _.,,3,

ww~ a i J s y;;
,

e; ' >
^-a .;

*~- *g ) y
*y--.

h-- r#y >,-r y-1 w-* c- y



4 4 g " '
_ M M 4*

ey , ,

K' - <

y mp;m ' ~
y,

? v
,

_ , ,

'
3, .

f "Jn' ' g
,

_

;1
,, ,

#
^

M- ,-

N ' 3 , '
-

,

1-.

g
'eg . __.._- 4 :

"
_

_
! ,. gja

~'Q
;

# .
NAILA6!UTY NOUCE S

'

E
'

f ,
q Avaltat@ty of Reference Materfels Citad in NRC Pubncatons ?'

JMos' documents ctted Iri NRC publications will be'_ava8able from one of thN following sourcesrN t ,

r ' 1,' . The NRC PubGo Document Roomi 2120 L Street. NWJ, Lower Level,LWashington; DC [20$553 _r
_

#*. _

h "Z -2. The Superintendent of Documents, U.S. Govemmont Printing Office.: P,0.7 Dox 37002. Washington ( n

$ DC 20013 7082
' ' '

,

,pp,

N'p . ,

Am 3. The Nauonal Technical information ServiceiSpringfield. VA 22161 i d
p~w -

- 1,

'
' ' '' ~ "

hk Although the Beting that foGows represents the majortty of documents citNI in NRC pubRcations, it is ncN
"

5

~ '

-

intended to be' exhaustive,
g1

b - Referenced documents available for bspection and copying for a fee from the NRC Public Document Roomp
Include NRC correspondence and intomal NRC_ memoranda: NRC bulletins | circulars information noticesWg ,

L .hspection and hvastigation notices; Econses event reports vendor reports and correspondence: Commish
O alon papers; and appDcant arxl licensee documents and correspondence;

The fonowing documents in the NUREG series are avattable for purchase from the 'CPO Sales Program;f dm
formal NRC staff and contractor reports. NRC-sponsored conference proceetnngs, international agreement S J%

U
,

_
reports, grant publications,-~and NRC booklets'and brochuresi Also avaHable are regulatory guides',1NRC" gy

M regulattons In the Code of Federal Regulations, and Nuclear Regulatory Commission Issuances,.
-

~q. , ,

]y"'
-4'

.

Documents avaBable from the National-Technical Information Serv!ce includs NUREO;sedes reports $nd ?'

h; _ techrdcai reports prepared by other Federal agencies and reports prepared by the Atomic Energy Commley
_

,

-' sion, forerunner agency to the Nuclear Reguietory Commission.
' '

Y
'

i 7 ,b
m

! .~ . ..'..a. +v. 'h t

Documents ava!!able from pubno and special technical libraries include.at open Eterature itemaisuch asJ +4
1

books, journal articles, and transactions,J Federa! Register notices | Federal and State legislationi and cors *
*

1gress!onal reports can usually be obtained from these Dbraries,
' ~ ~

k
.

&<

h$ Documents such as thesesc dissertations; foreign reports and translations,- and non-NRC conference prod M [
;|; ceedings are 'available _for putchase from the orgardtation sponscring the publication cited /

'N'

..

. . .. . : .. + ,,
^Single copies of NRC draft reports are avaHable free! to the; extent of supply?upon written request to the ;

p% Oftco of Administrationf Distribution and Mall Services Section,: U.S/ Nuclear Regulatory Commissions '

3 Washingtone DC 20555; - 0
5 9>

.p . . . , __~ . ,. w L , . .

1"
ci

? Copies of Industry codes and standards used in a substantive mar:ner in the NRC regulatory process are ;
maintained at the NRC Ubraryc7920 Norfolk Avenue, Bethesda, Mary 4and, for use by the publicJ! Codes and :--

_

standards are usually copyrighted n'nd may be purchased from the orig!nating organizattor( ct,-if they are i
~

American National Standards,' from the American National Standards institute,1430 Broadway, New York,=
"NY - 10018; ~

< ,,

,.

..a

_' (' |_

$< d
DISCl. AIMER NOTICE < s"

'a'
this report was prepared as an accourtt of Work sponsortd by an agency of the United States Govemmefit. A;,
Netther the United States Govemment nor any agency thoroof, or any of their employees, makes any warranty / - 1

@[ - . expressed or Implied, or assumes any legaf flab.ility of responsibility for any third party's useJer the results of '
'

,_j

1

_
,

h : such use, of any information, apparatus; product or process disclosed in this report, or represents Viat its use ' - M
,

J by such third party would not infringe privately owned rights.
- -

-.

'ft-.

F: O'
&. : -

4'
.

-i | $
. ,~ s

x

W
'N .

'
, ,



o

NUREG/CR-5950
ORNIIrM-12242
R3

Iodine Evolution
and pH Control

Manuscript Completed: October 1992
Date Published: December 1992

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

Oak Ridge National laboratory
Managed by Martin Marietta Energy Systems, Inc.

Oak Ridge National 12boratory
Oak Ridge, TN 37831-6285

Prepared for
Division of Safety issue Resolution
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555
NRC FIN L2039

- - - - - - . - . - - . . . . . . = . . .



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

Abstract

. In accident sequences where pH falls below -7,1 will acid, produced by irradiation of water and air, and -2

form in irradiated water pools. ;.In containments where hydrochloric acid, produced by irradiation or heating
no pli-control chemicals are present, the acidity or of electrical cable insulation. The maximum duration
basicity will be determined by ' materials that are of a basic pH,in the absence of pScontiel chemicals,
introduced into water as a result of the accident itself, was calculated to be -60 to 100 h.
The most important acids in containment wul be nitric

.
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P, - Prandtl number (llewison,1987)
PWR Pressurized water reactor

Reynolds number (Hewison,1987)-R, _ ,
R,n hcl generation rate from beta radiolpis of Hypalon (g mol/s)

Rn. hcl generation rate from gamma radiolysis of Hypalon
7 2

S Total surface area of electrical cables (cm )
S, Schmidt number (Hewison,1987)

Si Sherwtxx! number (llewison,1987)
T Temperature

lieta radiation flux on electrical cables (McV/cm'-s)'s)4,c
Gamma radiation flux on electrical cables (McV/cm -4c9
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Executive Summary

the time necessary to reduce the initial basic pHpH is the major factor in determining the extent of 1 2

in solution. In containment where no pH-control down to 7.0. This time can be considered to be the
chemicals are present, the acidity or basicity of the maximum duration that a basic pH will occur in the

water pool will be determined by materials that are absence of pH control additives. It is a maximum

introduced into containment as a result of the acci- because it considers only the basic contribution to

dent itself. Dese materials may be fission products pH and the formation of nitric acidi
(i.e., cesium compounds), thermally produced prod.
ucts (Le., core-concrete aerosols), or compounds he maximum duration of a basic pH was calculated

produced by radiation (i.e., nitric acid). for the seven accident sequences that were evaluated
in NUREG/CR 57.12 (Beahm,1991). The time to
reach pH 7 is remarkably similar for the calculations

in situations where pH levels fall below -7, the where the assumed initial form of cesium was hydrox-

formation of I, will occur in irradiated iodide ide. His similarity appears in spite of water volumes
4 5

solutions. A correlation between pH and iodine that ranged from 3.00 x 10 gal (1.15 x 10 L) to -

formation is needed so that the amounts of la in 1.37 x 10' gal (5.17 x 10' L) in the different -

water pools can be assessed This, in turn, deter- sequences. This maximum duration for a basic pH is -

mines the amount of 1, in the atmosphere available -100 h. The times for pH >7 were -60 h when it
for escape by containment leakage. A number of was assumed that cesium entered a water pool as

calculational routines based on more than 100 ' cesium borate (CsBO ). Thus, -60 to 100 h is the2

differential equations representing individual maximum duration that a basic pH may be main-

reactions can be found in the literature. In this tained in the absence of pH control additives. A -

work, it is shown that a simpler approach based on pH <7 may be attained in <24 h if boric acid or
the steady state decomposition of hydrogen peroxide HQ becomes a component of the water pool.

should correctly describe lodine formation in severe
accidents. Comparisons with test data show this Amounts of hydrochloric acid on the order of 10' to

approach to be valid. 10 mots may be anticipated in some accident4
.

sequences. This would introduce chlorine containing -

The most important acids in containment will be - species that are 10 to 100 times the amount of iodine

nitric acid (HNO ), produced by irradiation of water containing species.
3

and air, and hydrochloric acid (HQ), produced by
'

irradiation or heating of electrical cable insulation. There are two major uncertainties that result from

The most important bases in containment will be the production of HQ in containment. The first is
cesium hydroxide, cesium borate (or cesium carbon- the uncertainty in the formation of 1 during irra-3

ate), and in some plants pH additives, such as diation of water pools that contain both chloride and

sodium hydroxide or sodium phosphate. iodide ions. The model for steady. state fraction of
iodine as 1 does not specify a mechanism for the2

initial production of 1. There are no experimental2

Some aspects of the timing of pH changes can be data on irradiation of solutions containing chloride

obtained from what is known about fission product and lodide at pH <7. In the absence of experimental

release into containment. Initially, the pH should be data, the range of applicability of the steady-state

basic because of cesium entering water pools as model remains speculative. As was the case in solu-

hydroxide, borate, or carbonate. However, once tions containing iodide alone, it is only pH <7 that -

fission products enter a water pool, a radiation dose would be of any importance in 1 formation.2

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 he second uncertainty is in the behavior of I and2

products that contain basic solutes brings about a organic iodide in charcoal filter systems when any

high initial pH but also a high radiation dose rate, combination of hcl, HOCl, Cl , or organic chlorides2

which results in a relatively high production of nitric are present. Again, there are no experimental data
acid. From these offsetting effects, we may calculate on this. The evaluation in Appendix D.4 was based

ix NUREG/CR-5950
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on chemic:1 reactions that m:y be expected to occur, retestion of lodinc species in ch:rcoal fill:rs will be'
and these indicate that both the capacity and degraded when chlorine species are present.,

.
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' Introduction

1 Introduction

'Ihere is evidence that pH* is the major factor in are introduced into containment as a result 'of the
determining the extent of 1 in solution (Deane,1986; accident itself. These materials may be fusion

2

Vikis,1989) lodine in solution as 1 will partition to products (i.e., cesium compounds), thermally produced
3

the atmosphere and be available for release through products (i.e., core-mncrete acrosols), or compounds
containment leakage, in containments where no pH- produced by radiation (l.c., nitric acid). A list of
control chemicals are present, the acidity or basicity of materials that will determine pH in a severe accident
the water pool will be determined by materials that is provided in Table 1.1. -

Table 1.1 Materials that will determine pli in
containment water pools

o Boron oxides (acidic)

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

o lodine as HI (acidic)

o pH additives (basic)

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

o Core-concrete acrosols (basic)

o Hydrochloric acid from cable insulation (acidic)

Because pH values lower than -7 are associated with was used in evaluating pH values in the present study,
the formation of 1 in irradiated water pools, it is A description of this routine is given in Appendix A.

2

necessary to assess the materials listed in Table 1.1 to
obtain some sense of the pH values that may be in situations where pH levels fall below -7, the forma.
attained in severe accidents. Further, because it is . tion of 1 will occur in irradiated iodide solutions. A3

desirable to maintain pH values of 7 or above, the correlation between pH and iodine formation is
ability to maintain or buffer pH in the presence of a needed so that the amounts of 1 in water pools and2

number of acids and bases must also be evaluated. In the containment atmosphere can be assessed. A ..
- this work, the assessments are based on the amounts number of calculational routines based on more than
of materials that may be present in containment, along 100 differential equations representing individual:

_

with calculations tsf pH values. At Oak Ridge reactions can be found in the literature. In this work,

National Laboratory (ORNL), a computer program
based on the main subroutine of the SOLOASMIX
code was written to calculate pH in containment water
pools for use in TRENDS (Transport and BEtention ~

* it values given in this study refer to 298 K (77'r').of Nuclides in Dominant Sequences). This routine P

'
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Introduction -

.

it is shown that a simpler approach based on the the possibility that the formation of hydrochloric acid :
steady-state demmposition of hydrogen peroxide (hcl) in containment would need to be considered in
should be adequate for describing lodine formation in _ evaluations of pH. As this possibility was examined,it

.' severe accidents, became clear that (1) radiation, as well as heat, muld
produce hcl, and (2) hcl may react with metals and

The work of Liljenzin (1990) and (Fridemo,1988) on with the products of water radiolysis in containment,
the pyrolysis of electrical cable insulation alerted us to

.

4 NUREG/CR-5950 2
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Acids and Bases

2- Acids and Bases in Containment

2.1 -Background with attnospheric CO , which oxurs with all basic2

materials that are stored in air.

The materials listed in Table 1.1 are shown alternately
as acids and bases. If a water pool in containment 112 lodine as HI
could be described as a single large sink for all of
these chemicals, it would be possible to determine an Hydriodic acid (HI) is a strc.ng acid, but relatively
overall pH based on assumed amounts of each mate, small amounts are likely to be in containments. An
rial. Because of the different types of acids and bases, evaluation of lodine chemical farms in light-water -
the calculation of an overall pH would require a suit. reactor (LWR) axidents suggested that iodine enter-
able computer routine, such as the one developed for ing containment from the RCS may be described as
TRENDS. However, during a severe accident, these 5% in the form of elemental iodine and HI, with not

materials may influence pH levels at different times or less than 1% as either elemental iodine or Hl; the -

may react prior to having any influence on pH at all, remaining 95% would be Csl (Beahm,1991). He total
For example, fission product cesium compounds may amount of lodine in containment would be on the
lacrease pH and later be neutralized by an acid (see order of 100 mal, so less than -5 mot as H1 is

Table 1.1). Alternatively, boric acid sprap with a pH anticipated.
<7 may contact surfaces and then enter a water pool
where the pH is subsequently increased. Thus, pH can 113 Carbon Dioxide
vary with time during a sequence and from one
sequence to another; it will certainly vary for each Pure water will attain a pH that approaches 5.65 due
reactor plant. to the absorption of CO from air and the subsequent2

formation of carbonic acid. Other sources of CO

2.2 Acidic Materials in Containment include limestone concrete, which is -30 wt % CO ,
2

and pyrolpis or radiolysis of electrical cable
I"S"l*Li "-111 Boric Acid

. . Carbonic acid is a weak acid, but COjis readily
Boric acid will enter containment from accumulators' hoM M hHM6refueling water storage tanks, sprap, and the reactor

may be converted to carbonate by absorbing CO and,2coolant swtem (RCS), Boron concentrations of more
in the case of total conversion, some bicarbonate maythan 4000 ppm boron (as boric acid) may be attained g g ,

in the water pool. Boric acid sprap would have a pH
pH that is lower than that of the original hydroxide.of -5 and would come into contact with most surfaces

in containment. 114 Nitric Acid
In systems that employ pH.ctmtrol chemicals (Section

Nitric acid (HNO ) is produced by the irradiation of .2.3.3), a large portion of the basic material is used to 3

water and air. De mechanism for nitric acid is notincrease the pH of boric acid solutions. The use of a
borate, such as Na B Oo 4H O (disodium oc'a, known. Two types of test were run at ORNL to -

2 2

Imrate; trade name, Polybor), would enable boron to evaluate the formation of HNO . In the first test,
3

be introduced in a preneutralized form (Hodge,1992). water and flowing air were irradiated. After passing

Boron constitutes 21 wt % Na:B,Ou 4H O but only through the irradiator, the air was bubbled through
2

17.5 wt % boric acid. Borates are also easier to Pure water to strip any acidic gases. nese tests

dissolve and more soluble than boric acid. If a borate, showed that acid appeared only in the sample _ water

such as disodium octaborate, was stored in aqueous and not in the flowing gas, Details of these tests are

solution prior to use, it would be necessary to have an given in Table 2.1. In the other series of tests, water

inert cover gas over the solution to prevent reaction and air were irradiated in a closed vessel. Acidity was
measured with a pH electrode and the correlating

3 NUREG/CR-5950 -
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Acids and Bases

Table 2.1 Acid formation from irradiatkm of water and alt'

Irradiatkm time Sample wlume, oc 'IYap wlume oc Sample pli Trap pH,

6 h,14 min % 65 3.7 7.2

6h 100 . 65 4.4 7.7

8' Acid formaen Imm irradiation or water and air: ** Coy donc rate 5.3 x 10 rad,t; 350 cc vessel with 23 cc outlet tute to trap; breathing air
now rate 1614:Anin; air intmduced ~3 cm atwwe water surface; air exit at top of veract; initial pil 6 6 to 6.7; gas trap pure water cooled in
an ice bath.

nitrate ions were measured with a specific lon 24 wt % to 43 wt % (Ostrowski,1985). The actual
electrode. The radiation O value (molecules /100 eV) wt % chlorine of as. fabricated material is approxi.
for nitric acid formation based on radiation absorptio i mately one. half these values because of the addition of
by water was: fillers and other materials. Assuming a nominal

17.5 wt % chlorine as-fabricated, ethylene propylene
rubber /Hypalon would contain -1 mot of chlorine for

G(HNO ) = 0.007 molecules /100 eV , (1) each pound of cable insulation. From the description3

of electrical cables (Bonzon,1980), cable insulation in
containment would be 46.4 wt % Hypalon, with the

his radiation O value corresponds to 7.3 x 10' remainder as ethylene propylene rubber, Wing reports
moi llNO/L Mrad (Megarad). Thus, for a pool dose that a survey of the total estimated weight of cable
rate of 1 Mrad /h, starting from neutral solution, pH insulation materials ranges from 16,600 to 190,000 lb.
levels of 5.1 and 4.1 would be reached in 1 and 10 h, A survey made for the present study found approxi.
respectively. Radiation dose rates as calculated for a mately the same range, as shown in Table 2.2. Smaller
previous study ranged from -0.4 Mrr.d/h in a boiling. amounts of chlorine in the form of polyvinyl chloride
water reactor (BWR) suppression pool to >5 Mrad /h (PVC) gaskets or insulation mr.terial may also be
in a pressurized. water reactor (PWR) sump (Beahm, found in containments.
1991).

The formulation of Hypalon typically used in cable -
2.2.5 Acids from Electrical Cable Insulation materials includes clay as a filler, lead monoxide for

viscosity stabilization, carbon black for weathering, and
2.2.5.1 Description of Electrical Cable lasulatkm a number of organic additives (Fabris,1973; Verbanc,

1981).
Electdcal cables have been modeled as a copper core
with an ethylene. propylene rubber elastomer as he chlorine content of electrical cable insulation is
insulator and a jacket of Hypalon (Bonzon,1980; emphasized here because studies of the radiolysis or

Wing,19M). Hypalon is a registered trademark of pyrolysis of Hypalon and other polymers which con.
DuPont for chlorosulfonated polyethylene rubbers, tain chlorine have found that the vapor produced is
The prevalence of the combination of ethylene. mostly hcl (Arakawa,1986; Liljenzin,1990). This is
propylene rubber and Hypalon can be confirmed by an known as dehydrochlorination. Hypalon performed
examination of final safety analysis reports for reactor well in IEEE standard tests for electrical cables in
plants. In these reports, the organic materials present nuclear power generating stations (Boston Insulated
in ctmtainment are given in Section 6. Wire,1975). However, such tests measure flammabil.

ity and electrical properties of the cable insulation, not
_ aseous products. Flame resistance and radiationHypalon is a chlorosulfonated polyethy!cne, g

HmClo Or This material as described by the resistance of chlorine containing poly'ners is broughtC,3 S

formula ctmtains 27 wt % chlorine. The chlorine about by dehydrochlorination. The emitted hcl reacts
content of different types of Hypalon varies from with free radicals, such as OH, produced by flames or

| NUREO/CR.5950 4

|

|
,

.,wr r- = * - - e-ya u*i*s ir'= -,-m - r.-*-wM -4---d-- e w m- - - u-,s 2- - --.p., , , , . - , . , ,m 4 ,- -



AciJ.s and Bases

Table 2.2 Amounts of EPRAlypalon cable insulation for selected plants *

Cable lasulation
Plant (Ib) 0===rets

Catawba 16,662 PWR ,

J

River Bend Station 37,419 BWR

Palo Verde 39,500 PWR

Seabrook 50,000 PWR

Fermi 2" BWR
137,000 Excluding drywell

5,340 Drywell

Grand Gulf BWR
176,400 Excluding drywell

9,835 Drywell

*Sounc of data: updated final safety analysis reports.
"An additional 15% of cable is in conduit.

radiation to stop reaction chains that would damage rad, whereas HQ evolution continued to increate at

the backbone of the polymer: doses up to the maximum used in these tests
(1.16 x 10' rad). Heating specimens to 266* F (130*C)
after irradiation yielded add!tional hcl. This addi.

HQ + OH ~ C + H 0. (2) tiona! HO would increase the radiation O value to2

3.4. These radiation O values were obtained from
experiments performed in vacuum. The tests in

2.2.5.2 Acids Prtxtuced by Radhtion oxygen at room temperature resulted in a O value of
4.8 for HQ.

Arakawa et al. (1986) have investigated gas evolution
from irradiated chlorine-containing polymers. Most of Tests that were run with Hypalon-40 plus the
their irradiations were carried out at room tempera- vulcanizers and fillers did not produce detectable
ture: however, some specimens were heated to 266*F amounts of HQ or SO . This formulation contained2

(130* C) after irradiation. Three types of chloro- magnesium oxide and calcium carbonate, which are

sulfonated polymers were irradiated: (1) pure polymer able to neutralize HQ in situ. The formulation of
of Hypalon-40; (2) Hypalon-40 with added vulcanizers, Hypalon typically used in cable materials does not
MgO, Nocceler TRA (dipentamethylenethiuram tetra- include magnesium oxide or calcium carbonate
sulfide), TiO , and fillers such as calcium carbonate; (Gough,1982). Basic fillers, such as calcium

2

and (3) a special formulation of Hypalon of unknown carbonate, reduce the flame resistance of chlotinated

composition. Irradiation of pure Hypalon-40 gave polymers so they are not used in applications where

radiation O values (molecules HQ/100 eV) of 2.1 for flammability characteristics are important. A typim!
HQ and 1.8 for SO,. However, the evolution of SO, flame resistant Hypalon formulation contains PbO,
reached a maximum at a radiation dose of -5 x 10' clay, iron oxide, and a chlorinated saturated

5 NUREOfCR-5950
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Acids and Ibes

hydrocarbon (Fabris,1973). In addition, tests of cable insulation, the volume of containments, and
conducted on in situ absorption of HQ during the radiation G value. These calculations employed
pyrolysis of chlorine-containing polymers showed that G(hcl) of 2.1, whereas Wing used a value of 0.15 for
the efficiency of acid neutralization depended on the organic gases and hydrogen. Wing had to use an
amount and type of fillers, and the total percentage of estimated G value because no experimental data on
absorbed HG varied from 21.8 to 84.4% (O'Mara, Hypalon irradiation were available at the time of his
1971). Thus, acid evolution at room temperature in report. Recently, Arakawa et al. (1986) gave data that
the presence of added basic materials may not reflect mrrespond to e G value for Hg evolution from
acid evolution at elevated temperatures in the Hypalon of 0.29 to 0.58.
presence of the same basic materials.

The overall amount of HQ calculated to be produced
in the absence of other data, we will adopt a radiation by irradiation of the containment inventories of cable
G value of 2.1 for the formation of hcl by irradiation insulation and the ' Updated Best-Estimate LOCA
of Hypalon. This is the value that was reported for Radiation Signature (Bayer,1981) are given in
irradiation of pure Hypalon-40 at room temperature in Table 2.3. U;ing 17.5 wt % chlorine for as-fabricated
vacuum (Arakawa,1986). It is less than the value for Hypalon, the fractional release of chlorine as hcl was
irradiation in oxygen. He use of fillers and vulca. calculated to be 5 to 15% at 12 h and 9 to 25% at I d.
nizers in the Hypalon in reactor containments may nus, because of the large amounts of cable insulation
vary, and it is not likely that irradiation wotid occur at in containments, significant quantities of HG may be
normal room temperature during a severe accident. produced and the cable material will still retain most
Thus, the presence of oxygen and elevated tempera. of its original chlorine.
tures produce G values in excess of 2.1, but fillers and
vulcanizers favor G values of <2.1. For comparison, ne method for calculation of dehydrochlorination of
we note that the radiation G value for hcl produced Hypalon by radiation is ghen in Appendix B.
by itradiation of PVC at room temperature was
reported as 7.7 in vacuum and 18.3 in oxygen. Even at
room temperature, the fillers and vulcanizers were not 2.2.5.3 Acids Producal by Pymlysis
able to neutralize all the acid produced by irradiation
of PVC (Arakawa,1986). The pyrolysis of Hypalon has been described as a

three-stage process with each successive stage
The amount of hcl produced by the irradiation of occurring at a higher temperature (Smith,1966):

4electrical cable is estimated as 4.6 x 10 mot of hcl Stage 1, loss of SO, groups; Stage 2, loss of hcl
per Ib of insulation per Megarad. His estiinate is (dchydrochlorination); and Stage 3, breakdown of the
based on the model description of electrical cable and hydrocarbon chain. Thermal analpis of the pyrolysis
a radiation G value of 2.1. The total amount of hcl of Hypalon 20 and Hypalon 40 by Smith showed that
produced per Mrad, based on the plants cited in Table these materials behaved similarly: the loss of -SO
2.1, would range from 7.7 mol/ Mrad for Catawba to groupt accurred at temperatures wear 392*F (200*C),

,

86 mol/ Mrad for Grand Gulf. The overall extent of loss of hcl occurred at temperatures near 572*F
hcl production would depend on the total dose. (300*C), and breakdown of the hydrocarbon chain

occurred at temperatures near 752*F (400*C). From
ne amount of HQ produced in the six plants listed data given by Smith, the half life for release of hcl
in Table 2.1 has been calculated using a procedure was I h at 486*F (252*C) and I min at 666*F
given by Wing (1984). In this proceduw, energy (352* C).
deposition on the cable insulation was obtained from
the " Updated Best. Estimate LOCA Radiation Liljenzin conducted a series of tests in a nitrogen /
Signature" of Thayer et al. (1981). The total amount steam atmosphere to study gas evolution during the
of cable insulation in containment was assumed to be pyrolysis of electrical cable insulation (Liljenzin,1990r,
krated in trays midway between the center and walls Fridemo,1988). These tests showed that both con-
of containment. The calculation iar evolution of hcl densible and noncondensible gases and acidic
was the same as Wing's calculation for the evolution substances were given off at temperatures as knv as
of organic gases and hydrogen except for the amounts 752*F (400*C). The acidic substances were mainly
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- Table 23 hcl generation for radiolysis of Hypalon using
Updated Best Estimate LOCA Radiation Signature

g-moi 11C1 .

Plant
1 12 h Id 4d- , 1

2.6 ' x 10' 43 x 10' 1.1 x 104 '
2

Caiswha 2.7 x 10

- River Bend Station 3.9 x 10 - 3,8 x 10' 63 x 10' l.6 x 10'2

Palo Verde 3.0 x 10 2.9 x 10' 4.8 x 10' 13 x 10*2

2 $ 4

Scabrook 33 x 10 3.2 x 10 53 x 10' 1.4 x 10

2 4 4

Fermi 2 8.2 x 10 2.2 x 10' 13 x 10 3.4 x 10

5 4 4

Grand Oulf 2.2 x 10 2.2 x 10' 3.6 x 10 9.2 x 10

HCI, SO , and CO , which are s!milar to the gases that 23 Basic Materials in Containment2 2

evolved from the irradiation of electrical cable insu.
lation. Materials that were tested included PVC and
Lipalon. Lipalon reportedly contains 17.5% chlorine 23.1 Basic Fission Product Compounds :

. . .

and 1.1% sulfur (Fridemo,1988).
.

.

Cesium may enter containment in the form of cesium
Liljenzin reported that acidic gases were released from hydroxide, cesium borate, or cesium iodide. Cesium in
electrical cable insulation that was heated at tempera- other forms, such as zirconate and molybdate, cre also
tures of 752*F (a400*C). The amounts of acid pro- possible. Cesium hydroxide and cesium borates are
duced by pyrolysis, in a nitrogenhteam atmosphere, basic materials. In containment, cesium hydroxide
from insulation in typical Swedish BWR containments may react with CO to produce cesium carbonate. If2

were 1.6 x 10 mot at 752*F (400*C),13 x 10*mol at all the cesium hydroxide in a tegion within contain.$

1112*F (600*C), and 1.2 x 10 mot at 1472*F ment is converted to cesium carbonate, further reac- -d

(800* C). tion with CO would produce cesium bicarbonate.-2

in the Swedish work (Liljenzin,1990), two accident De amount of cesium entering containment would be
sequences were used to evaluate the pH of water -500 to 1000 mot. When this material enters water

$volumes as a function of time. In these calculations,it pools, the concentration would be on the order of 10
was assumed that the organic material below the BWR to 10 mol/L, depending on the volume of water ind

vessel was pyrolyzed at 1472*F (800*C). It was also containment. De reaction of cesium hydroxide with
assumed that the amount of pyrolyzed material boron oxides or CO results in'a partial neutralization2

d
. Increase from zero to half of the maximum amount' of the hydroxide.- Dus, a 10 M solution of cesium
possible as a linear function of the amount of core- hydroxide would have a pH of -10, but the same con-
melt leaving the vessel. In both a TB and AB centration of a borate or a carbonate would give a
sequence, the wetwell pH was initially basic because of lower pH. In TRENDS models, a variety of chemical
cesium hydroxide and subsequently reached a pH of -3 forms may be selected for cesium, and it should be
in 3 to 4 h. It should be noted that radiation-induced noted that retention of cesium in the hydroxide form,
nitric acid formation was not included in these cven in controlled laboratory atmospheres, is
calculations. extremely difficult.

7 NUREG/CR-5950
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~~ Acids and Bases
.

23.2 Core-Concrete Aerosols db = an increment of strong base
(-db = - an increment of strong acid), and

Aerosols from limestone concrete will contain the d pH the change in pH that results from the=

basic oxides CaO, Na20, and K O. The amounts of addition of an increment of scid or base.
basic materials will vary from sequence to sequence
and for different reactor systems. These basic,

materials will be constituents of acrosol material that Bates has shown that buffer value may be expressed in'

contains other products such as silicon dioxide (SiO ), terms of the equilibtium constant for dissociation of
2

iron oxide (FeO), fission product oxides such as La20, the weak acid (Bates,1973):
and metals such as silver or manganese. De influence
of core-concrete acrosols on pH will depend on the

* ' E (H 7extent to which the basic oxides can enter solution. B= - 2.303 + (H ') + (oH-) (4).,

d pH ,(K + (H ')/
A series of pH tests was run at ORNL on aerosol
material from the SURC3 (Copus,1900) experiment where
that was kindly supplied by Sandia National Labora-
tory (SNL). Results of these tests are given in K equilibrium constant for dissociation of=

Table 2.4. Material from impactor D gave a basic pH; the weak acid or weak base,
however, since there was no buffer capacity (see
Section 23.3.1), the pH decreased by more than one C initial concentration, for example, of=

unit on standing in air, boron in a borate buffer or of phosphorus
in a phosphate buffer (mol/L),

233 Chemical Additives to Control pH
(H+) hydrogen ion concentration (mol/L), and=

233.1 pH Buffers
(OH') hydroxide ion concentration (mol/L).=

De measure of pH buffer capacity, B, is defined as

dbB= @ A borate buffer that controls pH at values near 9.2-
, p 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 63 x 10 (Dean,1985).8

Table 2.4 Results of pH tests on material obtained in cxwe <nncrete
interactica experiment SURC3'

Concentration
Sampic (g/L) pH Comments

Impactor D 1.0 9.52 No buffer capacity

impactor D 0.1 8.50

Preseparator D ; 1.0 7.25

Impactor D 1.0 833 Decrease in pH most likely due -
after titting in air for I d to dissolution of CO from air-2

* Tests were run at ORNL on material supplied by SNL

NUREO/CR-5950 8
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8in a buffer solution, the maximum buffer value is 3.5 x 10 mol/L and V = 5 x 10". Similar concentra-t

attained when the hydrogen ion concentration equals tions of a phosphate buffer would maintain the pH

the dissociation constant or K = (H'). When this level to within 0.1 unit at a pH near 7,
occurs,

233.2 Materials for pH C4mtrol

03 C
B""" = = 0.576 C . (5) ne pH buffer materials for use in containment must

4 be borate or phosphate. No other chemical additives
would have the desirable pH range and chemical
stability. Typically, the phosphate is in the form of

The importance of this result is that a given trisodium phosphate that is held dry in baskets that
concentration of a phosphate bulfer would have the are located in containment ne amounts of trisodium

4same buffer value at a pH near 7 as a similar phosphate may be quite large; 26,500 lb (3.2 x 10
concentration of a borate buffer would have at a pH mol) of Na3PO * 12H O is in place at Palo Verde4 2

near 9. according to the updated final safety analysis report
Berate bnffers are made up of sodium hydroxide and

De use of these equations for buffer value may be boric acid that are stored separately and combined in
illustrated by assuming that an increment of acid,-db, spray systems. Boric acid would also be used in sprays
will be added to a water pool in which we wish to in passive pil control of trisodium phosphate.
maintain pH. The amount of strong acid will be x

The combination of trisodium phosphate and txiricmois, which will be present in a total volume of Vt

(liters): acid would result in a phosphate-borate buffer with a
total buffer value that is the sum of the values for the
two comp (ments. This may be illustrated by an

*-db = (6) example based on data from Palo Verde. After the
.

V initiation of boric acid spray, the sump would containt
4400 ppm boron as boric acid and 2000 ppm phos-
phate, according to the updated final safety analysis
report. Table 2.5 gives some calculated pH values

ne pH change would be obtained as follows: based on information for the sump at Palo Verde. A
pH of 7.7 was calculated for the conditions expected in
the sump. However, most of the trisodium phosphate

* 2303 KC (H') (7) in the sump would be used to neutralize the boric
d pH - V ,/ (K + (H *))2 acid. This is shown by the value of the pH that is

t
given on the far right of Table 2.5, for the case where
no boric acid was assumed. His result will generally
be observed whether pH control is attained by sodium

At the maximum buffer value, hydroxide or by trisodium phosphate. Most of the
base will be used to neutralize the boric acid. An

d pH = E-/0.576 C . (8) alternative to boric acid may be suggested. Disodium

V. octaborate contains 21% lx) ton by weight, whereast
boric acid is only 17.5% baron. In addition, disodium
octaborate solutions would have a pH of 8.0 to 8.5,

As an example, we may calculate the concentration of and this material is more soluble than boric acid (see
a borate buffer that will maintain the pH level within Section 2.2.1).
0.1 unit when 10' mot of acid is added to containment
water pools. The value of V will range from -10' to Two potential difficulties may be cited with regard tot

5 x 10* L At the mavimum buffer value at a pH of passive trisodium phosphate:
9.2 for a borate buffer, the pH would decrease by only
0.1 unit when the borate buffer concentration was 0.17 (1) Calcium oxide or calcium hydroxide from core-

5mol/L and V = 10 or when the concentration was ccmcrete aerosols may react with phosphate ino

9 NUREG/CR-5950
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Tabic 2.5 Calculated pli levels for various assumptions
based on information for sump at Palo Verde

pil value

7.7 8.6 10.4

4400 ppm boron as 4400 ppm boron as 2000 ppm Poi
boric acid plus 'Polybor" plus
2000 ppm POI 2000 ppm poi
(condition expected)

water to form calcium phosphates which would 'Ihis would decrease the ability to control pH by
precipitate as solids from solution according to the removing phosphate from solution,

^

following equation:

3Ca . + 2PO|~ ~ Ca (PO)2 (solid) . (g) with CO fn air to form a carbonate.
2 (2) During storage, trWium phosphate may react

3
3
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3 Model of Iodine Radiolysis -

3.1 Background Based on the results of experimental studies, we may
summarize the formation of 1 during the radiolysis of

2

I as follows:The task of obtaining rate constants to be used in
describing lodine behavior in containment involves the
complete mechanistic evaluation of lodine in water, (1) At pil <3, virtually all iodine is converted to if

including hydrolysis, reverse hydrolysis, oscillatory IfPH >7, only a tiny fraction is converted.

mechanisms, and redox reactions. Studies of iodine For 3 < pH < 7, conversion is highly variable

behavior in water began more than 100 years ago. (see Figure 3.1).

The primary advantage that we have now over earlier
investigators is the availability of computers and (4 Far a given pH and temperature, there is a

threshold radiation dose to the water, which, if
routines for solving large systems of differential

exceeded, ensures that conversion will reach the -
equations associated with reaction kinetics. However,
the earlier investigators did not try to contend with steady-state value. If iodine is not added until

this dose is reached, then steady-state conversionthe interaction of lodine species and the products of
water radiolysis. In recent years, this problem was occurs very rapidly (within a few minutes). If

dose is lower than the threshold vnlue, then
approached by performing experimems on the liradia-

conversion will occur gradually until the steady
tion of aqueous iodine and setting up methods for

state is reached.solving a large set of differential equations, more than
100 in some cases,in an attempt to reproduce the
experimental results by calculation. (3) At very low aqueous iodine concentrations,

<-tr g atom 1/L, there is a tendency for todate

he practical problem to be considered is the extem of f rmation in the presence of irradiation and a
tendency for iodine to show anomalous behaviorrelease of iodine from containments during reactor
in the absence ofirradiation. Data in thisaccident events. To some extent, this puts limits on

the range of conditions that must be evaluated, For regi n are less reliable, and, therefore, modeling
results will exhibit greater uncertainty. Fortu-example, the events of interest in a water pool will
nately, the total quantity of iodine is low in this

probably be restricted to a pH range between -3 and
case as is the fraction as 1 -8. At pH values above 8, conversion of I' to la by 2

radiolysis is very small and hydrolysis is quite rapid, it
is not likely that pH values below ~3 will be attained Our approach to the use of kinetic rate expressions is

,

in reactor accidents (with the possible exception of based on a narrowing of the problem to a range of

evaporation to dryness, which is not considered here). parameters that are of practical interest and involves

if this did occur, it is not difficult to predict what identifying the process (es) that bring about the plateau
in fraction of I' converted to I, at a given pH. This

would happen by using experimental data on radiolysis
effects and reverse hydrolysis. Other important approach was selected rather than using more than

100 individual reactiom. because many if not most of
parameters, such as temperature, iodine concentra,
tions, and radiation dose rates, may also be delimited the rate constants in the large set of reactions must be

estimated, and, as a result, have large individual
if we consider only the conditions of importance in

uncertainties that would be perpetuated into the
reactor accidents.

overall calculation.

t-

A useful model must not require information that is 3.2 Description of the Model
not available in normal accident sequence calculations.
It must also be efficient, easy to understand and use, De plateau in fraction of I' converted to 1 implies2

and accurately reflect available datar it is desirable to that a steady-state process is reached during irradia-
use mechanistic formulations as much as possible; tion. During the irradiation of water, free radical
however, empirical elements will no doubt be required products such as OH or H are present at very low
as well. concentrations on the order of 10 ' Af or less.4

j-

|~
.
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ORNL DWG 92A-16
1.0 i , , ,

0.9 -

0.8 - -

0.7 - -

N
_ 10,-4 g-at. 1/L
<n 0.6 "-

-

<
z 0.5 - -o
I 10-5 g -at. 1/L
Q 0.4 -

-

Cr
L.

0.3 -
-

t

0.2 - -
.

10-6 g-ot.l/L
0.1 -

-

0 ' ' ' '

2 3 4 5 6
,

pH AT 298 K (77 F)
|-

| Figure 3.1. Model calculations of fraction as 1 vs pH2
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llowever, hydrogen peroxide (11 O ) will be present at reveals a difficulty in toth the experimental and calcu-
2 2

concentrations that are comparable to iodide concen. lational approaches to iodine radiolysis. There is a

trations in containment water pools: 104 to 10 Af. steep transitional region where a small change in pH4

The concentration of H 0 will depend on the radia- results in a large change in the fraction as I,. He pH
2 2

tion dose and on the extent of reaction with other region from -3 to -6, which is of interest in contain-

species in solution, such as l' or CI'. ment water poch, is precisely the one that is most
sensitive to small changes in pil.

liydrogen peroxide reacts with both l~ and I, as
At a g4 en pH, the culves show that the fraction as lafollows:
will be decreased as the total iodine concentration

21 + 2H ' + H O - 1 + 2H O , (10) decreases. Rus, a large water volume would have a
2 a 2 2 smaller fraction as I, than a small volume containing

the same amount of iodine.

12 + II 0 - 21 + 2H ' + O . (11) This model does not specify a mechanism for the
2 2 2 initial, production of 1 or H O . The production of3 2 2

H,O, in irradiated water is well documented (Buxton,
1988), he model represents the catalytic decompost-

nese reactions generated much int: rest in the 1920s
tion of H O by iodine species, and H O does not2 2 2 3

and 1930s. Abel (1928) proposed a mechanism that
gives the following relationship between l',1, and H':

appear in the overall equation (Eq.12) that represents
this process. With this model, the only effect of dif-3

ferent radiation dose raf es would be the time required
(g .)2 g .)2 - d + e (H ') , (12) to reach steady state. Experimentally,it has been

0) observed that at dose rates >-0.3 Mrr 3/h, steady state
2

would be reached within a few hours,

where (H+), (l'), and (lJ are concentrations in mol/L

(Af) and d and e are constants. He constants are 3.3 Iodine Distributionderived from a comb 5ation of three reaction rate
constants and two equilibrium constants, as described
in Appendix C. This equation can be solved for (1,) if 3.3.1 lodine Partition Coefficient
(H') and (l') are known. he value of (H+) can be
obtained if the pH is known: pH = -logi. (H'). For ne equilibrium distribution of la is represented by the
iodine concentrations >-10 M, todate concentrations partition coefficient PC(IJ:4

are small in irradiated solutions; thus, we may say that:

PC(1 ) " ((1 )aq (I4)2

1) gas '2

Toul kee ennmaraum ***'" D . a-) + 20) . (13) 2

where (1 )aq is the aqueous I, concentration, Af, and3

(1) gas is the gaseous 1 concentration, Af. The(Note: Bccause 1 contains 2 g. atom I per mol and l' 3 33

contains only I g. atom, it is convenient to use g. atom partition coefficient for 1 can be obtained from2

rather than mot in aqueous iodine concentrations.)
Figure 3.1 gives plots of fraction of I converted to 1 IO8to PCO ) = 6.29 - 0.0149 T (15)

2
2as a function of pH that were calculated from Equa. T (K) .tion 12 and d = 6.05 x 1R", c = 1.47 x la' (see

Appendix C). He cuives havn the expected sigmoid
shape that has been observed in studies of iodine ne distribution of ! may be calculated using the2

radiolysis (Lin,1980), and the calculated values are in iod ne model (Section 3.2) to obtain (Idag and using
reasonable agreement with experimental measurements PC(Id to obtain (I ) gas. This would give the
as shown in Appendix C. The shape of these curves equilibrium distribution that is likMy in a bubbling

13 NUREO/CR-5950
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suppression pool. In a quiescent pool, it might take principal iodine loss mechanism when the iodine
some time to approach ;uch an equilibrium. was input with pure steam. Stanford (1972)

modeled this mechanhm.

3.3.2 The Behavior of 1 and Cll 1 in Steain The Steam Generator Heavy Water Reactor mockup .2 3

Suppreuion Pools provides a variety of test conditions (Rastler,1981;
Section 7.1.2). The steam content ranged from 0 to

De results of suppression pool crperiments per. 100%. Dree clution tests were performed. The
formed at five different laboratorim wete analyzed fo, resulting decontamination factors scatteted more than

efficiency of absorption of 1 and CH 1 by Rastler desirable even after correcting for the air flow rate.
2 3

(1981). In most cases, the apparatus was designed to Part of this might result from air flow time differences

be a scale model af a nuclear reactor emergency steam that were not mentioned in Rastler's resiew. A copy
suppression pool. of the original work could not be k)cated. The initial

pool temperature was 10*C which should have

ne important finding of this anahsis is that the mass resulted in essentially 100% steam condensation for

transfer between iodine in the gas' input steam the 100% steam tests. He DFs for the 100% steam
(bubbles) and iodine in the pool water was very fast. runs were not any higher than those runs which

in all cases, equilibrium or near-equilibrium was includeJ moderate volume air flow. This suggests that

reached. This was demonstrated in the following ways. there was significant iodine transfer from the pool to
the gas space above by way of the pool surface.

(1) lodine trapping was independent of the depth of A study conducted in the United Kingdom (Diffey,

immersion of the bubbler, immersion depths 1965; Rastler,1981; Section 7.1.3) used two differem

were typically 30 to 120 cm. A miniature appara- sizes of apparatus and included H1 as well as 1 and
2

CH 1. It was concluded that "with a favorabletus tested by Diffey (1965) was effective because 3

of the small bubbles formed (3<m immersion geometry, the peneiration of methyl lodide, hydrogen

with 0.3-cm-diam outlet). iodide, and elemental iodine at high concentrations is
limited to approximately that by which Henry's law

(2) Air bubbled through the pool after lodine addi- can be incoretically predicted to be in equilibrium
tion was stopped contained the same concentra- with the solution formed." Tests with low concentra-

tion 1 showed much better retention of lodinc in thetion of iodine as duing the addition phase. This 2

water.demonstrates tht, equilibrium was reached during
desorption as well as adsorption.

The PIREE experiment (Rastler,1981; Section 7.1.4)

(3) Mass transfer of iodine from a noncondensing gas was nat designed to study nuclear reactor steam sup-

was as complete as when part or all of the gas was pression pools, but it provided similar results. The

steam that condensed in the pool, experiment consisted of testing 1 in high pressure,2

high temperature CO bubbled into a pressurized2

(4) The amount of untrcpped iodine was essentially 148 ft'(42 m') tank. The depth of bubbling was
directly proportional to the volume of varied by changing the amount of water in the tank.

uncondensed gas. There was no effect of bubbling depth when the
results were corrected for the volumes of water and
CO . One difference from other studies is the DFs(5) The 1 or CH 1 partition coefficients (iodine 22 3

concentration in the pool / average concentration in were not higher for the low iodine concentration

the gas leaving the pool) were very close to those studies. This might possibly be the result of organic
from the literature for the given concentration, iodide contamination of the source 1 or organic iodide2

pH, and temperature. formation in the high-temperature, high-pressure CO2

carrier gas.

(6) Mass transfer from the surface of the pool to the
gas space above it was significant. His was the A test conducted at ORNL (Stanford,1972; Rastler,

1981; Section 7.1.6) used 1 with c(mditions selected2

NUREG/CR-5950 14
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*to nmform as chiscly as pinible to the design basis he above observations and suggestions provide a
accident? Tests were performed with I,in pure steam simpic meth(xl for aulsting in the calculation of
and in steam with 2% hit, Decontamination factors hxline behavior in nt pprosion pools. Note that the
for the pure steam tests averaged about a factor of 3 transport of particulate hx!!nc with gas flowing out is
higher than for the 2% air tests. %c volume of air in not quantified here. If this simplified meth(xl is usal,
the air steam mixture appeared to be more than three it may be desirable to show that mats transfer for the
timo the alt space ateve the water. hidme transfer particular geometry and saident omditions
from the pool surface to the air space alove the pol approaches the suumed equilibrium tenditions on a ;

was shown to be significant in the tests that used only plant by plant basis, j
steam and lodine as the input mixture. For all cases i

of a steam-alt odine input, calculations showed that 3.3.3 Hvaporation of Volatile Imline Species
an equilibrium was reached between kxline in rising frorn Water
air bubbles an:1 the surrounding water. |

. . Comider the problem of 1, evaporation from a !
Another tot series (Siegworth,1971) used a 1/10,(AK) amtainment pol or sump to a gas space. nk is . !
scale imxici of a Mark I IlWR pressure suppreulon generally smxicted by auuming a two film rmxici: |sysictn. Only Cil.1 was tested. A downcomer
immersion depth of I ft resulted in Cil 1 absorption3

only 20% lee than for a 4.ft immersion depth. n.: m her.* . Kr. - icQ. j . { y' , (16a,b)
Critical information, such as time of Cil 1 injection3

and air flow volume, were not given,

wherc
In summary,it appears that the mass tramfer of vapor
forms of hxline (1,,111, and Clhl) is rapid enough in k,and A, denote liquid and gas phase filtu transfer
r,tcam suppression pois that equilibrium betwcca gas coelucients (cmA) C,and C are bulk nmcentrations
bubblo and pol water can be assumed. For sub. ,nol/cm'), and l'C is the equilibrium partition
umled pois, the steam will be amdensed and onl1 w:fficient (inverse of llenry's Law Gmstant).
the nonamdemible gases (usually air, inciting N and
11 ) will carry hx!!nc through the pol. For sicam' liewium (1987) gives a thorough discuulon of the3

6aturated pools, the volume of unconderned steam will assumptions implicit in interphase transport imx! cling
also tramport hxline through, but equilibrated with, in general, and the two-film model applied to reactor
the pool water. aciid(i.1 situatiom.

%c tram [ ort of particles from the bubbles is slower Fo sfer in the gas film, Yulli et al. (1970) suggest
than for hxline in vapor form but has been found to the , , wit:1:, coefficients, derived for forced convec-
be significant. Most of the hidine sorbed or tion paralici thiw over an immovable dat surface:
umdensed on the particles will dinolve in the poi
and omtribute to the gas / water equilibrium. He
amount of hx!!nc transported from particles in the M . % & " Sc & 5 2 x if, (17)

H8

bubbles to pool water in soluble form is probably D p0M &" ScH8 & > 2 x 109
close to 1(XY5.

- and assume no tramfer resistance in the liquid. One
When the volume flow rate of gas (alt, N F.3 and problem with this approach is that use of a forced3
steam) bubbling, from the surface of the pool is small, omvection airrelation presuppose one-dimensional
the transfer of hx!!ne between the poolis small, the semi infinite planc flow of know veh> city. Obviously, a
tramfer of hx!!nc tetween the poo! Surface and the umtainment is a closed compartment, with two-_

gas space almve it can become significant. Induced dimensional surface and unknown flow vehicities,
and natural amvection in the pool will probably keep
it well mixed. For a closed system, such as a Mark i llewbon also uses Equation 17 in the gas film and
torus, gas to liquid kxthe equilibrium will probably be suggest a liquid phase coefficient derival from a
maintainul,
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natural convection correlation, which assumes a Sh = 0.27(Gr Pr)o2s , OW
temperature gradient in the liquid: ,

Natural convection mrrelations (such as Equation 18)
OM tehf" are usually derived for scrnl infinite surfacts. While'

34 - y . > '#**Q84,0$ (b"""') (18) there has been mnsiderable study of natural con.8

2 m av < o<h a = 10" 9 4,d,w) vcction in closed compartments, we have not seen any- ,

geometry that matches the general altuation expected
in a mntainment, which should include (1) rectangular

Equation 1H is derived using the mass transfer analogy or cylindrical and (2) heated floor or cooled ceiling.
to heat transfer for an infinite heated horizonal Furthermore, the fluid fluid interface presents a
surface, and is camsistent with the natural convection different situation, since Equation 18 was derived from -
heat trarafer correlations used in the CONTAIN code experiments using a fluid solid interfacc. And finally,
(Washington,1991)(applying to both fluids) for water all correlations (including those that nssume a heat.
warmer than air,

=

mass transfer anakigy) and almost all experiments
concerning mass transfer tasume that the driving force
is a ccmcentration gradient, in our situation, concen. .

When alt is warmer than water, natural convection trations of fissiou. product species are expected to bc [
4 ishould not occur, although other forces (e.g., venting) so small (10 10 Af) that negligible amtributions to

may still induce circulating flon Without such flows, fluid circulation should result. *lhus, we actually have
molecular diffusion would be. the mechanism of equili. mass transfer in natural c4mvection driven by a tem. !

bration. The CONTAIN axle (Washington,1991) pcrature gradient. Very few studies discuss this
uses a cortclation for heat transfer in this situation phenomenon, although Khair (1985) showed smaller
and the mass transfer analogy is employed here as mass trarafer by an order of magnitude in a computer

*

well: calculation of flow near a semi infinite heated vertical
surface,

r
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Analpis and Conclusions

4 Analysis and Conculsions

Some aspects of the timing of pli changes can be he time durations for pli level above 7 are shorter
obtained from what is known about fission product when it is assumed that cesium enters a water poi as
release into containment. Initially, the pli should bc CsBO,. His is because this assumption implies a j

basic becauw of ceslum entering water pois as some partial neutrailration before reaction with nitric acid:
,

combination of hydroxide, borate, or carbonate. Ilow. !

ever, on(c fiolon products enter a water pool, a radia.
tion dose rate is established and nitric acid begins to CsOli + 1100 = CsB0 4 211 0 . (20)3 3 2 2

form and to neutralize the basic solutes. His leads to
an interesting trade-off- a high concentration of j,

fission products that contain basic solutes brings about Mc range of values in this case is somewhat gtcater
a high initial pli but also a high radiation dose rate, than that with cesium hydroxide because a terate
which results in a relatively high production of nitric buffer forms (Section 2.3.3.1).
acid. From these offsetting effects, we may calculate
the time necesary to reduce the initial basic pil to From this evaluation. -G) to 100 h is the maximum
7.0. Tnis time can be considered to be the maxirnum duration that a basic pil may be maintained in the
duration that a basic pil will occur in the absence of absence of pil control additives. A pil of 7 or less
boric acid, cabic decomposition products, and core. may be attained in times shorter than this if boric acid
omcrete acrosols. It is a matimum because it con. or a strong acid, such as llCl, is present in the water
siders only the basic contribution to pli and the pool. For example, boric acid at cuncentrations of
necessary result of the introduction of fission products >-0.12 Af would attain a pli of 7 in 24 h in the
into a water pool (i c., formation of nitric acid). Grand Gulf suppression pool during the TC sequence.

Strong acids, in amounts a500 to 1000 moi, would also -
produce a pli of 7 in 24 h or less in any of the-

His maximum duration of a basic pli was calculated accident sequences.
as follows: (1) %c radiation energy deposited in
water pools and the amounts of ecsium (in mols) were A survey of accident sequence calculations that
obtained from Tables El through E4 of NUREO/CR. employed the Source Term Code Package (Oleseke,-
5732 (Deahm,1991) (lodine Chemical forms in LilR 19M; Denning,1986) revealed that temperatures in
Sercre Accidems); the water pool volumes were excess of 572'F (300*C) in containments is often pre-
obtained from the same report. (2) It was assumed dicted, in these sequences as well as those where
that all of the cesium in containment entered the radiation dose rates in containment approach those of
water pools as cesium hydroxide (CsOll) or cesium the ' Updated Best Estimate LOCA Radiation

order of 10(Thayer,1981), amounts of liCl on the
Signature"borate (CsB0 ) (3) The formation of nitric acid was3

4to 10 mots may be anticipated. His =calculated from the radiation O value (Section 2.2.4).
- would introduce into containment amounts of chlorine
containing species that are 10 to 100 times the

- De results of these calculations are listed in Table 4.1 c. mounts of lodine containing species.-
for the seven accident sequences that were evaluated
in NUREO/CR.5732. The times to reach pli 7 are Some plants that employ pli control chemicals will be
remarkably similar for the cases where the assumed able to maintain pli a 7 even with this influx of }{Cl.
Initial chemical form of cesium was hydroxide, despite In containments where pil control chemicals are not
the range in water volumes from 3.00 x 10' gal used. Table 2.3 may be used as a guide to the timing
(1.15 x 10' L) to 1.37 x 1(f gal (5.17 x 10' L). De of the decrease in pli due to liCl. At times between
calculated times arc similar because of the trade off in 1 and 12 h, the amount (mols) of 11C1 would exceed
amount of fission products that enter the pool and the the amount (mols) of cesium in containments. His
formation of nitric acid, which have already been timing. based on radiation degradation of chloro- ,

described, sulfonated polyethylene, is supported by the evaluation *
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i.
Tatac 4.1 Nitric add neutrallratk n of ecslum msnpound--

matiruum time to reach pil 7.0

' lime (h)

Plant ' Calum Calum
and- hydttukle borate

sequerne (0 01I) (ODO ) '3

.

Grand Gulf
TC 98 60
TQUV 110 67

i

Peach flottom
TC2 99 58

*

AE 110 75

Sequoyah
'113A 118 99

. Surry
'

TMLB' 104 101

AB: 124 121

!

of Liljenzin (1990) that was based on thermal (2) the aqueous to gaseous partition coefficient of Cla .
degradation as cited in Section 2.2.5.3 of this report, and 110C1,i

(3) the effect of organic chlorides on the formation of
The evaluation of liCl emission from ciectrical cable - organic lodides, and
materials was based on a model description of _

_ . ,

ethylene propylene rubber insulation and liypalon (4) the influence of gaseous chlorine species on the
- Jacketing that was used in previous studies (Bonmn, - capacity and retention of lodine species in

1980; Wing,1984). Other chlorinated polymets, charcoal filters,
neoprene and chlorinated polyethylene, arc also used

_ .

In some containments. Dehydrochlorination of these liere are some of the important interactions of
materials by radiation or by heat is similar to 11ypalon chlorine species. , in irradiated water pools, chloride
(Arakawa,1986; Smith,1966). lons will react in acid solutions with water radiolysis ; *

products to form Cl, and other oxidized chlorine
_

species:
_ Hydrochloric acid in containment may do more than

| decrease pil. The following interactions of chlorine
species in containment are evaluated in Appendix D: 2CI' + 2OH ~ Cl + 2011 . (21)2

' (1) the competitive reaction of CI' and l' with 011:
. _

radicals, hxilde ions (l') readily react with chlorine to form 1 :
3
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Analysis and Conclusions

21' + Cl2 * I + 2 C1 ' . (22) Also, because it is a stiong acid, llCl will react with2

metals to form hydrogen.

Two major uncertaintics result from the production of'

ne reaction shown in Equation 22 is the basis of a 1ICI in containment. De first is the uncertainty in
standard method of analysis for chlorine in water. De the formation of la during irradiation of water pools
model of lodine radiolysis (Section 3), based on that contain both chloride and iodide ions. As noted
reaction with II,0,, did not specify a mechanism for previously in Section 3.2, the model of steady. state

,

fraction of lodine as 1 does not specify a mechanism i- initial I, formation, and it is likely that this model 3

would still be valid even if Equations 21 and 22 occur. for the initial production of 1, Dere are no experi.
Ilowever, the total lodine concentrations where iodate mental data on irradiation of solutions containing !

lons (IOi) appear in irradiated solutions may be chloride and lodido at pli < 7. In the absence of
different when CI'is present. In solutions without CI', experimental data, the range of applicability of the
iodate forms only at concentrations of < ~10' g. atom steady-state model remains speculative. As was the
total lodine /L !! 15 not clear whether this will occur cme in solutions containing lodide alone, it is only
at the same total lodine concentration in a soludon pl{ < 7 that would be of any importance in I,
that contains Ch Rus, C1' may influence the range of formation.
total iodine concentrations in situations where the
model is applicable, ne second uncertainty is in the behavior of la and

organic iodide in filter systerns when some combina.
flydrochloric acid or chlorine may affect retention in tion of IICl,110Cl, Cl , or organic chlorides are

i

charcoal filter systems, in impregnated filters,llCl present. Again, there are no experimental data on
may interact with the deposited chemicals; alterna- this. Mc evaluation in Appendix D.4 is based on 1

tively, it may occupy surface sites instead of lodide. If chemical teactions that may be expected to occur, and -
chlorine enters a filter system, a reaction expressed in these indicate that both the capacity and retention of ;

Equation 22 may occur and 1 could form from iodine species in charcoal filters will be degraded when *

3

deposited hxilde (l'). chlorine species are present.

i

!

5

9

1

*
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Appendix A

%c pil model, SOLOASPli.FOR, is based on the borate or phosphate buffer splems are calculated after
main subroutinc of the SOLOASMIX program nls the free energy minimization from equilibrium expres-
subroutine obtains the equilibrium distribution of sions for the borate of phosphate species. A compari-
species by finding the minimum free energy, %c pil um of calculated and measured pil values in these
model is used to calculate hydrogen ion amcentratiom systems, given in Table A.2, shows that this technique
for use in the modeling of radiolytic ctmversion of is quite effective in yiciding g(xxl calculated values of
aqueous l' to la and kWine hydrolysis. In these appil- pit.
cations, it may be said that it is only acidic pil values
that are umsistent with kxline as 1,. Radiolytic con.

.
.

version of I'to la does not occur in basic solutions, and Data for the frec energics of formation of the borate
I, in basic solutions is hydrolyzed to l' and lOi. Thus, and phosphate species were obtained from Mesmer
a pil of 10.0 mmpared to 9.5 or even 9.0 is of little (1972) and Mesmer (1974), respectively. All other
significance. At Imth pil 10.0 and 9.5, no radiolytic free energy data were obtained from the FACT system
mnversion of I' to 1, will occur, and the hydrolysis of (FACT,1985). The free energy data were cast into
la is very rapid. On the other hand, a pit of 4,0 the form:
compared to 4.5 or 5.0 would be- quite important with
respect to the chemical forms of kxline. %c pl{ 40' OVAL 1 + OVAL 2 T , (A Orange of -3.5 to 5.5, depending on total kx!!nc concen- =

R
tration,is the range where the transition of I' to 13
oaurs during irradiation.

where

the standard free energy of formation,ne species included in the calculation of pil are A O" =

listed in Table A.I. He order given in Table A.I is
the univerni gas mnstant in energy unitsthe order that they are indexed in the calculational R =

routine. In PWR ctmtainments where pil amtrol camsistent with AO*,
'

chemicals are used, borate buffers, phosphate buffers,
or a combination of the two are formed. The direct OVAL 2 and OVAL 2 -- constants fit from

'

calculation of pli in these complex solutions is dif. tabulated data, and

ficult because of the low hydrogen ion concentratiom
temperature in K.8(-10' to 10 M) that are expected in water pools T =

during severe accidents. In the process of compulcr
calculation of equilibrium, the contribution of the Activity cocificients for the aqueous ions were
hydrogen ion to the total free energy is very small. calculated from the Debye.Ilockel expression as
For this reason, hydrogen ion concentrations in described by Barner (1978).

3
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Appendis A

Table A.! Spedcs la pil calculation

Oas Aqueous solution Solid predpitate

Ar }{30 Ca3(PO.): !

If 0 11 B0 CallPO.2 3 3

CO, K+ Ca(H,PO ),ll:04

B(Oll)/ Ca0 8 03 3

NOi CACO3

11' Ca0

0 11-

B,(01I)/

B (Oll)g3

3B.(Oll)ii

liCOi

Coi*
H CO2 3

8
; poi

( liPOi2

liPOi2

|
Ca**

1
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Appendix B

ne rate of IICI generation can be wTitien as: (MeVA), and r is the radiation length in umtainment
air; given by Wing as r = 2.23 x 10' cm.

(U l) ne magnitude of S will vary for each umtainment ,R - R,u + Rau .
.

cable inventory. It is given by |

where R is the totalliCl generation rate from y and 6 S = f . 2.261 x ,
radiolysis of flypalon, and R,n and Rm are the llc 1
generation rates due to gamma and beta radiolysis, where f is the total length of cable, and 2.261 is the
respecthcly, ne units for the rates are g. mots /s. cable diameter (Bonzon,1980).

From Wing (1984) De total mass of EPR/llypalon able insulation is N
lbs, then

(B.2) N Its 453.59 5. 4.3339 x 10 N grams .4,c * S * Avs *R,n - O 2n
Ib

where The weighted density of EPR/llypalon cable is
1.40 g/cm' (Wing,1984).

On = radiation O value (molecules llc 1/100 cV) for
*radiolysis of flypalon. Volume EPit/Ilypalco -

8 (B.5)1.40 (g/cm )

4,c = gamma radiation energy flux (McV/cm' n) on - 3.24 x 10 * N (em ) ,2 8

the flypalon surface,

total surface area, cm', of the cables, and His volume of EPR/llypalon can be equated with the3 =

dimensions of the cable as:

A,n = absorption of gamma radiation energy by
liypalon.

I' " ~ * * ' " '
De O value will be 2.115 molecules liC1/100 eV 2 2

f 2.'3455 2 3.24 x 10 N, er (B.6)
'

2

2i (cm) = 1.38 x 10 N .
I I 'Yo, 2.115 '"im +v ' a m2 = no e av (B.3)a

0=.sai:ioa$. From this,

S - 1.38 x id" N 2.261 vi, or (B7)The gamma radiation energy Hux will be given by 3,9g g,p )(after Wing,1984)

From Wing,
4'C , S , il - e-su n io '' ) 'MeV' (B.4)_

t em s ,
'

(U 8)8V 3.74 x 10-s
A,n 1,79 x 10'2 ,

where E, is the total gamma energy release rate nen,

|

B.3 NUREO/CR 5950
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R,, a 3.512 x 10 # . '8 Y . t . The magnitude of 4,.c s (Wing,19M)
,MeV,- V

2 D95 x 19 (g,9) E, ' MeV '-

(B.11), ,
,

9Il x 10 a N (cm ) 1.79 x 10 3 3.96 x 10'8 Y 88 8 i m s,c
'

R,, .1.32 x 10~" '

y and Ay,is ghen by:

A .11 = 1.0.where V is the net free volume of the containment p

building (cm').
%cn Rp, can be written as:

De expression for R,i s obtained in a similar
_

i
manner. From Wing (19M), _ R,, '8'Y = 3.512 x 10* I +

e , Mev ,, ,

"' V 9.81 x 10 * N (etn ) (0.12)8 8

3.96 x 10'8
Rpu " O ts.cSA (U' )u pJi - R ,, 8.70 x 10m . E, N8-

.

%c definitions of On and S are as above, and 4sr and %e magnitudes of N and V can be obtained from
Ani are the beta analogs of 4,,c and A,,e updated final safety analysis reports.

I

NURPA3/CR-5950 B.4
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Appendiz C

De m(xlel is based on the dea)mposition of 11,0 by and C6 may be substituted into Equation C2 to ght
3

l' and I, as developed by Abel. His treatment
. proccals as follows: Experimental $tudies of Atel g, g,) g, g,)

(C.7)
l (1928) indicate that the reaction of l' with 11,O,is first k 01 * k - + L,K, 01'f 0 -)i a

Ol*) 0 7order in (l') and in (11,0 ). %us, this process can be3

described as rate ! = k (I)(H,0 ). At steady state,iti 3

has been prope c4 that rate 1 is balancal by the rate
of reaction of 11,0 with both 1110 and 10'. %1s rate (1') (C.8)

4

3

OI,N O,) (k K + k (jg *)) ,=K1.s c2 pressed as rate 2 = k,(11,0 ) (1110) + k (11,0 ) 3 2 22 3 3

(10). Ily definition at the steady state, rate 1 =
rate 2: ,

Rearranging Equation C8 gives ;

!

k, 0-) 010 ) = k, 010,) (1110) (C.1)3 3 2

+ k, (110 ) (00') 01*)2 0-)2 ,, Kg g, ,)) . (C.9)3 3 ,

0) k
3 g

or
he constants d and e are defined as:

k, 0-) = k (1I10) + k, 00 *) . (C.2)
2

'

d= ,e= ; (C.10)' ' '

k, k,
De equilibria

then

12 + II 0 * 11' + l + 1110 (C.3)
Ol *f 0 ~)* = d + e 01') .

0)2 -
'

and

^' """"*"'**"''""#
IllO = 11' + 10 (C.4)

8k= 1.2 x 10 1/mols s (Liebhafsky,1932A),i

k, = 3.7 x 10' IJmots. s (Liebhafsky,19328), ,

are quite rapid, so we may substitute for 1110 and 10'
cs folknus: k= (6.6 a 2.0) x 10'IJmots.s (Shiraishi,1991),3

K = 4.77 x to" (Palmer,1985), and
I* (C.5)

i

GIIO) = K, OI')0 ~)
,

K = 2.31 x 10" (Eigen,1%2).
3

%us,

K K 02) (C.6) d = 6.05 x 10" i 1.83 x 10",
K,Gi1O) 2 i

00 ~) = ,
,

Ol') Ol')*O')
e = 1.47 x 10~'.

ehere K and K, are the equilibrium constants for Dese data were obtained at 77'F (25'C). -%ei
Equations C3 and C4, respectively. Equations C5 experimental values were obtained at ambient

C3 NUREONR 5950
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mnditions, which would be near 77'F (25'C). Here representation of the rate constants k , k,, and k ati 3
is some additional experimental evidenw that the these ternperatures; so it is remmmended that the
conversion of 1 to I, decreases with increasing tern- data for 25'C (77'F) be used until such data are
pcrature. Tests of Burns (1990), on irradiation of prWuced.
1 x 10' g atom I/L solutions, gave -45% conversion
to I, at 86'F (30'C) but -10% conversion at 158'F Tabic C1 clves measured values of the fraction of ini-
(70* C). tial lodide that was mnverted to I, on irradiation, as

well as the corresponding calculated values. Of the
A series of tests were run at ORNL at 198'F (92'C). four sets of experimental data, the mrrespondence
in these tests, samples were taken by pressurirJng the between calculated and experimental values is tot for
sample containct during irradiation and thereby forc- the data of Burns (1990). The worst model fit of -
ing a portion of the i(xline solution up a narrow tute experimental data was at pli 4.4 to 4.5 and an initial
and into isouctane, With this technique, the sample concentration of I x 10s . atom 1/L In one case,g

;was stripped of 1, emly a few seconds after it left the Rritomi (1991) give 2.5% conversion at pli 4.4, and ~

irradiation inte. With initial iodide concentrations of the calculated value was 18% in the other case, the
-1 x 10' g atom 1/L, at pli 4.0, the measured fraction ORNL data give 42% conversion at pil 4.5, and the ;

as 1, was 38.9% and the model calculation gave 72.6% calculated value was 13.9% It appears that the value
of 2.5% st pH 4.4 and the 42% at pl14.5 are not
compatible with each other and txith may be

At pil 5.0, the measured value was 3.1%, and the cal. somewhat in error, At a mnantration of 5 x 10'
culated value was 17.9% Thus, the model tends to g stom 11L and pH 4.6, Burns (19'X)) give a value of
overestimate the extent of conversion to I, at tempera- -30% conversion to I,, and the calculated value is
tures >86*F (30*C). De two equilibrium mnstants, almost identical to this at 29.2% Burns (1990) noted
K and K,, can be given for temperatures in excess of that concentrations <10d g stom 17L gave scatteredi

86*F (30*C), but at this time, there is no g(xx! results.

NUREO/CR 5950 C4
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Appendix C

hide Cl Q>mpariu>n of modd of kuline radk> lysis with secasured values

O)nocatratk>n ]
pil faltlal l' Measured % as I, Calculatal % Q>mments

'

g.atoen/L as 1 !3
;

44.6 1 x 10 43.4 and 46.0 42.6 Ilurns (lVX))
84.6 -5 x 10 -30 29.2 (Data taken frorn curve in report)

45.6 i x 10 5.4 and 7.8 1.9
46.6 i x 10 <0.01 and 0.017 0.021 0.2 M boric acid

43.0 1 x 10 93.8 91.6 Lin (1980)-pli not buffered and may
5.0 1 x 10' 8.0 17.9 have varied during irradiation.

46.6 1 x 10 1.7 0.021 Inltial value given--4.5 Mrad /h -

4.4 1 x 10 ' 2.5 18.0 Naritomi (1991)
8

5.2 1 x 10 12.3 9.4
85.3 1 x 10 0.33 and 0.63 0.73 -

5.8 1 x 10' O.16 0.08
3.8 1 x 10'' l.2 0.79

56.2 1 x 10 0.038 and 0.15 0.013
6.2 1 x 10' O.49 0.13
5.7 1 x 10' O.16 0.13

85.7 1 x 10 3.7 1.2

4.5 1 x 10' 42.0 13.9 ORNL data-0.37 Mrad /h in 0.2 M
4.7 6.67 x 108 35.0 29.4 boric acid
4.7 7.0 x 108 34.0 30.2

85.0 2 x 10 18.8 27.8

|
o

:

|

|

|
t
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Appendix D

!

UmD.1 Competitive Reactions of G and o, . . (n,4),

I with OII Radicals 3 , ka (C17
k, (1-)

| %c initial step in the oxidation of I' or Cl in irra-
diated water will te the reaction of these ions with the i

Oil radical. When both r and C1 are in solution, %e ratio of Ocy to Or will be:
there will be a competition between these ions to react
with 011 Om

k,(I7
1+

ne probability for the reaction of Cl with Oli is: o, ko (Cl-) (D.5=.)n

I '' "
(C1) -- ,

ka (0-) + k, (17 k, (1 -) ka (Cl-)1+ 1+
k,(O*) k (1-)g

-

.

The probability for the reaction of I' with Oil is: G. 1 + ( (Cl*) (D.5b)
k (1-) j 1 + k, (I -) k, 0 -)

(D.2)
*a , ,

ka (Cl-) 0,ka (C -) + L, (1 -)
1 + ka (Cl-)

.

k, (1 -)

G. ka (Cl-) (D.Sc)a
where '

O ( 0 *)p

ka = rate constant for Cl + Oil ,
At 77'F (25'C), ka = 43 x 10', k = 1.1 x 105

i
k, = rate constant for l' + Oil , and (Buxton,1988). From this;

O , p x p-t , (Cl-) (D 6)() = denotes concentration in mol/L a
,

O-
- The number of Oli radicals that are produced per unit t 07-
radiation energy input of 100 eV will be represented
by Gon. Then the number of Cl reacted per unit When the chloride ion concentration is > 2.5 times
radiation energy input, Ocy will be: the kx!!nc (uncentration, oxidation of CI' will

predominate over oxidation of l'.

G" .) (D.3) D.2 The Gaseous / Aqueous Partition.O-a -

*' ('
1 Coefficient of 0 and HOO2

A , (Cl-)c
Elemental chlorine, Cl, formed by reaction of Cl with
water radiolpis products in acid solutions, will
hydrolyze to form 110C1, and it will partition, be

and the corresponding number of I' reacted per unit distributed, between the gas phase and the aqueous
radiation energy will be: phase. Thermochemical data obtained from the FACT

DJ NUREO/CR-5950
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(1985) system have been used to evaluate partitioning
and hydrolpis of Cl,. It should be noted that iodide Cg (aqumus)

~
as l' in aqueous solution or as deposited on a surface Caan (aqumus) @ II)
or in a metal kidide would react with 0, or llOCl

C . (aqueans) * C . (aqueana) ,either aqueous or gaseous to form 1,: u o

where as before O , etc., rekr to the mncentration ing
21 + Cl * I2 + 2Cl * . (D 7) mel/L 1his is written as an approximation because all2

activity coefficients, even those of the ions, are taken
as unity. The relation given by Equation D.ll is

'Ihc partition mcfficient for Cl, PC(Cl,) is defined as: shown only to indicate that under most circumstances
the concentration of flOCl in solution would bc

ceritratim f , in a<jucans phase greater than the concentration of G, because Cu.IQCl,) - ,

concentraticas of Cl in gas phase (aqumus) and Cn (aqueous) would toth bc <1082

mol/L

If it is assumed that Cl, behaves ideally (activity The partition coefficient for llOCl at 77'F (25'C),
coefficient equals one) in toth the aqueous and gas calculated in the same manner as the partition
phase, the constant for the equilibrium between Cl,in coctricient for Cl,, is 33. TV volatilhy of 110C1 from
the gas and in solution may be written as: solution is thus intermediate wtween Cl, and I,.

4 '''"") 4 '''"")
(D.8) D3 The Effect of Organic Chlorides.

P, 2o5 to i . 238 . c (,") on the Formation and Retentiona g
* * *'"'' of Organic lodides

where Co (aqueous), Cg (gas) are the Cl, concentra. The pyrolysis or radiolysis of cable insulation may
tions (mol/L) in the aqueous and gas phases, resper. produm hydnicarbon gases as well as liCl (Wing,
tively, and Pn is the partial pressure of Cl,. 1984; Liljenijn,1990) (also, Section 2.2.5). The co.
Rearranging th[uation D.8 gives: occorrena of hydrocarbon gases and chlorine species

could result in the formation of organic chlorides. For
C , (squeous) this evaluation, methyl chloride, Cll Cl, will repicsentci 3

PC (0,) at 25'C = = 1,5 . (D 9) all organic chlorides, and methyl iodide, Cll 1, will3
0 repmsent organic kWides.

This partition mcfficient may be compared to the lhe reaction of 1, with Cli Cl to form Cil,1 should3

partition coefficient for 1, at 77'F (25'C),70.8, as not occur because of unfavorable thermodynamics:
calculated from Equation 15. Thus, Cl,is much more.
volatile from solution than Ir

Cli Cl + 1/21 # CII l +1/2Cl '- (D I2)a 2 s 2

'lhe hydrolpis of Clamay be written as:
,

liowever, a similar reaction of ill with Cil,Q muld'

Q (aqueous) + II,0 a llOCl + II' + Cl* . (D.10) occur if the ratio,

P P"O <7 x 10 ,The equilibrium constant at 77'F (25'C) may bc 0 43 5

rearranged to give: P Poi,o m

NURIK1/CR.5950 D.4
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Appendix D

where Pny, etc. are the partial pressures of the iodine how radiciodine terrmal try charcoal filters is effected
or chlorine species. Occurrence of this reaction la by liCl or C4 but it is possible to predict their
based on the postulatcd gaseous equilibrium: interactions with r.ctivated charcoal and the

impregnants.

Cil 0 + lil + CII 1 + 110 . (D.13) nc tetention of 1, by activated charcoal has been3 3

described by Evans (1975) in the reaction:

As noted in Section 2.2.2, it is not likely that large 1, 4 2yJ . 2Ogg . D'16amounts of 111 will be in containment.
2K * + 21' + II 0 + 1/2O *2 3

If the chloride ion cuncentration in aqueous solutions
is great enough to scavenge Oli radicals (see above in this reaction, the potassium ions (K*) and
Appendix D.1), then reaction of dissolved organic bydroxide ions (011') arisc from the natural content of
gases may be suppressed: the material or from impregnants. Coconut charcoal

is valued because of its relatively large inventory of K'
and 011'. Studies of the adsorption of 1, on basic

Cll, + Oil - Cll3 + 1I 0 . (D 14) oxides that were conducted at ORNL found that the2

products were iodide (l') and lodate (IOi) (Beahm,
1990). Evans (1975) admits that todate may also form

his reaction is the initial step in the formation of along with iodide on activated charcoal. In the
Cil 1 in solution (Paquette,1990). If scavenging of presence of IICI or Ci,, we would expect that reaction3

Oil by Cl occurs, then Cll, will not be available to D.16 will be superceded by:
form Cll 1 by the reaction:3

' ~ * *
Cil + 1 - CII 1 + 1. (D 15)

3 2 3

or
Thus, a high chloride concentration in solution could
indirectly result in a decrease in the extent of Cil 1 Cl2 + 2K * +2110 ' - (D.18)

3

fonnaimn.
2K * + 20' + 110 + 1/20 ~2 2

Re behavior of Cli Cl in charcoal filter systems3

should be similar to the behavior of CII 1. Thus, Reaction D.18 may also have an oxychloride anion3

GI Cl would occupy the same type of sites (see such as Cloi as a product. The result of the3

Appendix D.4) and may decrease the capacity for Cil 1 interactions of liCl or Cl, would be to reduce the3

absorption. capacity of activated charcoal to absorb iodine.
Radiolodine that is adsorbed may react with Cl, as

D.4 The Influence of Gaseous expressed in Equation D.6 to form 1.3

Chlorine Species on the Capacity Potassium iodide as an impregnant on charcoal
and Retention of Iodine Species removes radioindine by isotopic exchange, if Cids

in Filters introduccd, the following reaction would occur:

liydrochloric acid or chlorine may affect the capacity 2KI + Cl - 2 kcl + I . (D.19)
and retention of inline species in filters. Containment 2 2

filters have activated charcoal that may be impreg-
nated with triethylenediamine (TEDA) and/or an

in thb case, the 1 released would most likely beiodide, such as Kl. There are no experimental data on 3

natural iodine with a small fraction as radiciodine.

D.5 NUREG.CR-5950
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llowrver, the ability of this impregnant to remove his would prevent the reaction of TEDA with Cli,1.
radioicxilne as I, would be degraded. The basic TEDA would prefer to react with the strong

acid llO. Wren (1991A.1991D) studied the weather.
Tilethylenc41 amine (TEDA) impregnant binds methyl ing of TEDA impregnated charcoal by 50. In a wet3

odide (Cil 1) in a quaternary ammonium salt: charcoal bed, the SO: most likely deposited on the3

1 chanx>al as sulfuric acid II,SO %c fraction of Cif,1
rc cased was much higher for the wet charcoal bed .N(Oi,01),N + 20t,I ~

(D*2())3

[lI,CN '(OI 01 ),N 'Q[311t * . compared to a dry but under the same SO: loading.
3 3 This result was most likely due to the reaction of iI

sulfuric acid with the basic TEDA. In the case of

I. _llydrochloric acid would react with TEDA to form Ild, moisture should not be necessary for the
triethylenediamine hydrochloride: destruction of TEDA because it is already a strong i

acid.

N(Cil Cil),N + 2110 -
D.203

[lIN *(Cil Cil ),N *H12Cl .2 a

;

|

|
|
|
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