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The evaluation of iodine behavior in' steam generator tube rupture ''
,

Laccidents'in: pressurized water reactors requires information on both '

!, iodine speciation and'on iodine partitioning between aqueous solution ;
i/DTJ |and|the gat phase.'JThis work was carried out in two experimental :
Y . programs: (1); Measurements of Iodine Speciation in the Primary Coolant' . ]

~

h[d( L of(Two Nuclear' Power Plants and '(2) Studies in a Pressure Vessel System>
>

[ 'to Measure Iodine' Partitioning 'and Iodine 'Speciation as a Function of pti J

g{ .and Oxygen Environment.'

p
.

g, Results of these experimental programs aro= described in the two
. parts offthis report. . Both parts are presented in form and content as . |
. virtually stand alone documents.' The-final sections of Part 2 provide at :

S't, correlation of thet two. methodologies. '
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;;
EXECUTIVE SUMMARY,

m

[ The' evaluation of iodine behavior in steam generator tube rupture
'

s' (SCTR)' accidents in pressurized water reactors'(PWRs) requires informa-'

.h tion on both iodine speciation and on iodine partitioning between
;' aqueous solution and the gas phase. Thir work was carried out in two

experimental programs: (1) Measurements of Iodine Speciation in the
[, | Primary Coolant of Two Nuclear Reactor Plants'and (2) Studies in a
k" Pressure Vessel to Meacure Iodine Partitioning and Iodine Speciation as
I a Function of pH and Oxygen Environment.

Results of these experimental programs are described in the two
! parts of this report.

Part 1. Samples of primary coolant at two PWRs in the United
States have been collected and analyzed to determine the f. action of the

F radiciodine present in volatile forto The volatile species, In and
b organic iodides, would be available for prompt release following an SCTR
h accident which overpressurizes the secondary coolant system and causes a

venting to the atmosphere. Coolant samples were collected at full

'

power, during power reduction at the start of an outage, and up to 48 h
after. shutdown at two PWRs.,

D'sring temperature reduction and depressurization, the release
rates of radioiodines from the plenums of the fuel rods to the coolant

:

are elevated and a spike in the concentration of radioiodine in the
coolant is observed. /. significant fraction of the radioiodine injected j
into the coolant from the fuel rod plenums appears to be in the form of '

elemental iodine. About 20% oi.the total radiciodine was found to be I2
in sampics of coolant collected near the time of shutdown. Boration
(and acidification) of the coolant using boric acid did not cause an
increase in the elemental iodine fraction. Volatile iodine fractions of
about 30 to 40% were found at later times (about +35 h) at both plants.

Part 2. Measurements of iodine speciation in aqueous solution at
-285*C and 1000 psig show a higher percentage as I2 in solutions at trace |
concentrations than ct '.sigher concentrations. A 1 x 10'' H I solution
resulted in 2% 1 whercas a 1 x 10'' d I~ solution had only 0.1% I -2 2

In Part i of this report, the maxima in percent iodine as 1 for2
* I at times near shutdown war given as 20.9% at Plant 1 and 16.5% at
Plant 2. Using an estimated partition coefficient (PC) for I , we2
calculate iodine PCs on a concentration basis of 102 1 72 and 152 i 91
at the maximum 12 Percentage at Plant 1 and Plant 2, respectively.
These calculated values may be compared to a test in the simulated steam
generator experiments where 22% as la resulted in a measured PC of 350.

, . Further calculations indicate that an I2 Percentage of
<1.25 1 0.75 is necessary if one desires to have an iodine PC, on a

e concentration basis, of >2000, which is the minimum allowable lim! t from
-document 10 UFR 100.

xiii

'

.



.

.

'e

1

PART 1 MEASUREMENC OF RADIOIODINE OPECIES IN SAMPLES
OF_ PRESSURIZED WATER REACTOR COOI. ANT

Paul G. Voillequ6
- Utility Services Operation

5 Science Applica* ions International Corporation
101 South Park Avenue

__

Idaho Falls, Idaho 83402

1. INTRODUCTION

_

one of the design basis accidents for a pressurized water reactor
(PWR) is *he rupture of a steam generator tube. This failure releases
primary coolant at hi h temperature and pressure and the associatedS
radioactivity into the secondary coolant system. Some activity will be
released to the environment via the condenser off-gas system. Larget
releases of radioactivity will occur if the secondary system is over-
pressurized and the relief valves open. The magnitude of the resulting
thyroid dose to persons off-site depends, in part, on the amount of

~,
volatile radiciodine in the primary coolant. Iodine present as I or2

organic lodides is more available for prompt release following int.tia-

|
tion of n tube rupture accident. The purpene of this work was to
measure 'ne volatile fraction of radioiodine isotopes present in primsry
coolant of PWRs.

Previous measurement r9sults exhibited variability but indicated
that the volatile species fraction (FV, the sum of the concentrations of
I; and organic iodides divided by total iodine concentration) could t
large. Measurements at five nuclear power stations, which were reportedc

by Martucci,1 showed values of FV ranging from <0.9% at two plants to
about 20% at the other three plants. At two plants, the principal

'

volatile iodine species was elemental iodine. Those measurements showed
about 70% 1 ; at the third plant, only 10% was in elemental form. The===

2

boron, hydrogen, and lithium concent rations in the coolant were
documented at the five plants. The measured concentrations of H2 rangs.

3from 19 to 45 cm /kg; the values of FV were not correlated with the

measured values of [H ). The coolant boron and lithium levels ranged2

from about 200 to 1000 ppm and 0.09 to 1.8 ppm, respectively; neither
variable was correlated with FV. Power levels and operating histories
of the plants where censurements were made were not given..,

[ Results of a time sequence of measurements of the volatile radio-
- iodine fraction in coolant samples collected prior to and during the

course of a shutdovn were reported by Mandler et al.2 Fourteer, sami.es
_

w e collected during a period beginning about 30 h prior to reactor
t..p and extending to abou. 50 h after the trip. ..t abe it 7 h after-

231snucdown, the volatile iodine fraction was 37% of the total 1 in--

orimary coolaat. The increase in FV (from <1% prior to st ut .iown)
-- appeared to be correlated with additions to the caolant from the horated

water storage tank (BWST). The boration process also lowared the pH
from 9.1 to :.8. A second increase i n FV from about 2% to rearly lot !

[" followed the addition of hydrogen peroxide to the coolant. Sepa' ration !
[
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'( of.tib volatile fraction into 12 and organic: iodides was performed on,

,' only one sample;': iodide and iodate fractions were< determined for each
' '

p sample.
. ,

I[ Both of th'e' studies cited above. support a need for additionalJ

measurements. .In the.first. case, there is a need to understand the
'

K. reason (s)' for: the order of magnitude ' differences among the measured;$'' ' values'of FV at different
k ' changes in'FV,! apparent 1y' plants.The second study identified potential'

due to changes.in operation conditions, which"'

could.be important in the event of an accident. Oxygenated fluid, like
that from the'BWST,' could be added to the primary system to replace

; coolant lost due to leakage during a steam generator tube rupture (SGTR)
1 accident.

The measurements-reported here were performed to obtain additional>

' data'on the forms of radiciodine in conlant at. operating PWRs. In
. 'cddition, collection'of other information on the status of the primat.,

'

.C
system'(measurements made by the plant operator) was.given priority.
Those data provide a basis for arsessing the effects of operational '~3

*

-

changes on'the iodine species distributions. The methods used for
coolant sample collection and' analysis are dercribed in Sect. 2. 'The,

,

results.of the coolant radioiodinc species mearurenents are presented in
| -Sect. 3. Also-discussed'in that section are the data on otherLplant' ' : variables obtained from the participating utilities. Data interpreta-

tion and discussion are presented in Sect., 4. Section 5 contains the'

conclusions drawn from the measurements and analyses. The Appendix,

contai.is'the radioiodine-results and uncertainties, as well as compila-
tions of measurements obtained from plant personnel.

I

The froctional amounts of the radioiodin'e forms in coolant samples
are described cusing the folb wing sy' %1s: F1 refers to the iodide j"

ferm, F2 refers to iodatas atd periodates, F3 refers to elemental 1

iodine, x and F4 refers to tin o gwie iodides. In each case, the frac-
tion is that part of the tc:c.i ' I-(or other iodine isotope) activity
present in the specified fo?in u.: the time of sampling. The procedura
used to achieve separation >f these four components is described below.

[ 2. ANALYTICAL HETHODS I
i

7

Primary coolant samples, obtained by utility personnel using the )normal reactor coolant sampling line, were delivered to the radio-
chemistry laboratory area for processing. Cnolant samples were '

)

withdrawn from the letdown line upstream of the coolant filtratirn andj . itin exchan;;a beds. Prior to sample collection, the sampling line was.

"

flushed to assure that fresh coolant was obtained. The time between
>

~

co 1ection and the first separation averaged 26 min. Most (72%) of the' samples were delivered !n 25 min or less. A delay of more than 40 min
' +

was experienc<>d for three coolant samples,
g-
y After receipt, the samples were subjected to a series of chemical7 'sa,. oration steps. 'First, the carrier-free 50-mL coolant sample was
. ,, contacted with an equal volume of CC1, in which the volatile species4
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are soluble.' Then, the elemental iodine fraction was back extracted
from the. CC1. phase into thiosulfate solution containing iodide cartier.o

The CCi phase. ind the thiosulfate solution were counted to determine
- the organic iodine (Fraction r4) and elemental lodine (Fractinn #3)
activities, respectively, The aqueous phasa from the first separation
was contacted with 50 ml of CC1. containing~ 3 g/L of dissolved 1. The2

iodide fraction (Fraction #1) exchanges with the elemental iodine in the
CC1 ; the iodate and per:.odate activity (Fraction #2) remains in the
aqueous phase. These fractions were counted to determine the radio-
iodine activities present in tho'e forms. This chemical separation
technique was basically the same as that employed in Refs. I and 2 and
is based on procedures developed by Castleman et al.8 and, subsequently,
by Lin.'

Each of the four ceparated fractions was counted using a
calibrated gamma spectrometry system with a high resolution solid-state
detector. The counting system was transported to each plant and set up
near'the radiochemical separation work area to provide rat id counting
capability for the samples and to assure the detection of short-lived
radioiodines (132I, 18'I, and 1851).

The detector calibration technique for extended sauples was devel-
oped by Cline;5 it employs sources traceable to the National Institute
of Standards and T9chnology. Counting times were necessarily limited to
about 1000 s 'a.caase of the large number of analyses required in a rela-r

tively short. time. Under these conditions, a typical minimum detection
limit wes about 0.2 nCf/r, (corrected to the time of sampling). However,
as shown in Tables A1 and A2 of the Appendix,.both lowar and higher
values were achievei for some individual samples. Corrections were made
for radioactive decay between sampling and analysis for all counting
results, but were only important for the very short-lived radioiodines.

3. RESULTS

Measurements of radioiodine concentrations and chemica) forms in
coolant were performed at two PWRs in the United States. To understand
the results, the radioiodine data must be examined in the context of
other plant parameters. The plant operating conditions affect radio-
iodine levels in the coolant and the potential for subsequent release to
the environment. F r this reason, the data describing plant conditions
are presented in the first subsection and the radioiodine data follow in
Sect. 3.2.

3.1. PLANT OPERATING CONDITIONS

Each set of n.casurements was organized around a scheduled plant
shutdown which was defined to occur at t - O h. Coolant sauples were
colleated and analyzed according to the protocol described above from
about -35 h to +48 h at Plant 1 and from about -19 h to +38 h at
Plant 2. During these intervals, the plant staff were also making
measurements for their own purposes. Data on the pH of the coolant and

the H2 and boron concentrations in coolant vere obtain+d from the staff.
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Also provided to us were records containing data on thermal power lavel
h! and primary coolant. temperature and pressure at various times during they _ period of rinterest, Tabulations of the data collected on plant operat-

.

1
.

g .ing conditions are contained in the Appendix to this report, ,

U'
Reduction its reactor power level began several hours before shut-,

down at both plants; the rate of decrease was 10 to 15% per hour (see
r ,

Fig. 1), Power reduction'was preceded by desassing of the primary
,

1

h(l syrtem, which reduced the H2 concentration from the normal cperating
8 8level: of.about 35 cm /kg to <10 cm /kg. Figure 2 shows the concentra-

tions of H2 measured in reactor coolant at both plants. After shutdown, *

the coo 14nt temperature was reduced from the normal range of 270 'to
290'C to about 90*C by +20 h. Figure.3 shows the coolant temperature
and pressure data for Plant 1. -The reactor coolant temperature at 'i

,

Plant 1 was held'at the operating value until about +10 h. Pressure
. reduction at Plant l'was also delayed, although this is not shovn in the
pressure data'provided to ? 10.'. Somewhat more detailed data were '

obtained for. Plant 2 and al.- presented in Fig, 4. At that plant, pres-
sure reduction began soon after shutdown and was accomplished in two
steps.. Normal operating pressure was about 15 MPa (2250 psi). At

- 415'h, the pressure had been reduced to about 12 MPa;(1700 psi), and the
second reduction to aboe.: '1 MPa (150 psi) occurred between. +20 h and
+22 h."-

Boration of the primary coolant was accomplished by addition of
boric acid at both plants, but the times of boration differed. Figure 5
shows the boron concentration and pH measurement results for Plant 1.
The first measurements of boron concentration and pH after shutdown show
that boration wasidelayed.until the pressure and temperature reductions i

'

began. Then the concentration was. raised from 1 to about 510 ppm. ThepH changed from 8,8 to 6.3. At Plant 2, the boric acid addition. occur-
red promptly after shutdown and the boron concentration was increased
from about'70 ppm to 750 ppm by +2 h (Fig. 6). The pH decreased from
7'5 during operation to about 6.6 at +22 h..

At Plant 1, hydrogen peroxide wae added to the coolant ae +41 h. I

This practice is followed at some PWRs to increase the solubility of
a radioactive corrosion products in coolant and then to remove them before

the clean up system is shut down.' No peroxide was added to the coolant
at Plant 2.

3.2 DA'"!. FOR RADIOIODINES

!
The measured concentrations of 1"I in reactor coolant at the two iplants are shown in Fig. 7. The maximum concentration at Plant I was

, . observed at +21 h, It is likely that an initial peak (before +10 h) was
J6' 1 missed. At Plant 2,.the concentration peaked at +6 h. Bec., "e the.

concentrations of 1"I in coolant at Plant I were rather low, more of
the counting results for separated fractions were less than the de:ec-
tion limit. Typical counting uncertainties for 1"I at Plant I were 15
to 25% before shutdown and 5 to 10% afterwards. At Plant 2, counting
uncertainties for 48 4[ were 5 to 10% before shutdown and only 2 to 4%

,
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for lathr samplos., Uncertainties for each' sample are shown in. Tables A1'y .

jg '

and A2 in the Appendix.'
~[

1-

y,

f, Y ' Figure 8 shows the behavior of the 1327 , 1331, and lasI concentra. -

k<#c tions in coolant'near the time of shutdown of Plant 2. Sharp increases, ;EL T :or-" spikes," in the~concentrt. tion were observed.for all three nuclides r9' soon'afte'r shutdown.. This behavior was not observed for 13'I,<whose !', ', concentration decreased continuously after power, reduction began. ')
~W . . iC . The largest fraction of the radiciodine present in most of the 1

, >

M, . samples was found to be iodide (F1). This is shown in Tables 1 an.12, ;
,

which contain values of F1 to F4 for the coolant samples collected at E'

' Plants.I and 2,'respectively. ~The fractions ~ vere computed using the lg&. ,

aspur ption that the undetectable radiciodine activities were just below ';
'

,

4 .th'e: detection'11mits.(i.e., using'the maximum iodine concentrations '

shown in column-2): .In some' cases,-the tabulated values of F1 and F2.
|n', fare.actually lower bounds because activity was not detected in the other'
,

(
''

+
. tubsamples. Values are given to the' nearest 0.1% only to show the '

activity balance. For example, at t 9.6 h at Plant 1, the tabulated.
_

_

value of F1 is:90.9%, but the true value could be 1004. For subsamples I~'

. . .
containing detectable amounts of 181 1, typical counting uncertainties

a were.15'to'2bt before shutdown at Plant 1 and'5'to 10% after shutdown. 'i,
-

n -At Plant 2, they were lower: 5 to 104 before shutdown and 2 to 44
-

.' '

[ afterward (see Appendix).L

, ..,

. . . .' t
The< elemental iodine fractions (F3).for 131I measured at the two )

:/c -

' .

' plants are shown in Fig. 9. Open points indicate that F3 was below the
!

c" minimum detectable vale for the analysis 'At both' plants. increases in
.

F3 were observed at shutdown and the maximum value was seen at times. i
. <

between +35 and &40 h. Fractional uncertainties for-the plotted values ;

of:F3 were''about 30% at Plant i and about 5% at' Plant 2. At bothD' plants,-the values of F3 for laag , 134I, and 13'I also increased at I
*

shutdown to betwe,an 15% and 206. The behavior.of 233I at Plant 2 was !,<

similar. .However, at~ Plant I no spike.in the total 283& I concentration j'

was. observed'and che activity.in this fraction wan,' generally below thefr
'~'

detection 111mit.

,

.. Organic lodide' fractions were generally small. Only one positive I
,0- ..value was observed for 2821 at Plant 1; F4 was 6.3% at +29 h. The ;q

O. ' result for 132'

1 at the same time was 4.5%. At Plant 2, F4 was between
2.3% and 3.9% at +0.3 h for all five radioiodines. The highest values

'

for'F4 at Plant 2 were seen at +21 h when results for the four longer-
,

lived isotopes ranged from 4.7% to 6.5%. This occurred soon after the j
second stage of depressurization and the startup of the shutdown cooling ,

( .systen.
'

'

i,

The fractional concentrations of iodates in the coolant at Plant 1 {
.t .are shown in Fig. 10. The values of F2 were <7%, and many were below {''

the detection limit, until +43 h. At the same time, F2 increased
dramatically and remained very high until 448 h. Similarly large values >.,.

yV of F2 were observed for 132 1 at the same times. Concentrations of F2
were below the detection limits for 133 1, 23'I and 135

t

1 at the time. At

~

|,
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'lable 1. Total coolant concentrations and radiciodine
distribution fractions for Plant 1 ;'

m.

i

Total coolant
concentration (nCi/a) Radiciodine' distribution fractions (%)

Time (h) Maximuma Minimumb F1 F2 F3 F4 fs

,

Results for 131 1

.-34.5 4.5 4.4 91.8 5.3 <l.4 <l.6-18.8 4.4 4.3 90.4 7.1 <2.2 <0.3-15.6 4.2 4.0 91.2 <2.4 4' 0 <2.4.

-19.6 4.1 3.7 90.9 <3.9 <2.9 <2.2.

- 5.5 '5.6 5.2 92.5 <l.4 <2.5 <3.6
'~;

- 3.9 5.3 4.9 92.0 <2.8 <3.0 <2.1
- 1. 7. 3.3 3.1 73.9 <l.8 20.9 <3.3 i

0.0 6.4 6.2 87.9 <1.6- 8.8 <l.7
+10.4 17.4- 17.3 96.5- 2.1~ 1.0 <0.4

' +18.2 11.3 11.2 88.6 8.9 1.9 <0.7+23.8- 28.2 28.1 95.0 1.9 2.9 <0.2 r

+30.1 16.2 16.2 85.5 3.2 5.0 6.3
+40.2 6.5 6.5 60.6 3.4 33.9 2.1

~

t

+42.7 2.5 2.4 38.9 55.8 <3.0 <2.4
444.9 2.2 2.1 20.9 73.1 <2.9 <3.1
+46.2 2.4 2.3 22.1 70.9 4.2 (2.8'

+47.8 4.7 4.6 81.0 15.2 2.6 <l.2

se Results for 1321
.

-34.5 85.2 85.2 98.7 0.4 0.3 0.6 1

-18.8 77.9 77.9 96.0 1.6 1.0 1.4
- -15.6 83.9 83.6 98.7 1.0 <0.2 <0.1- 9.6 79.1 78.9 98.9 <0.2 U.S 0.3i

- 5.5 95.9 95.9 97.2 1.8 0.4 0.5 l

- 3.9' 91.0 91.0 94.2 2.2 2.6 0.9 '

- 1.7 118.5 118.2 83.9 0.7 15.2 <0.2
0.0 86.9 86.9 89.3 1.2 8.2 1.4

+10.4 83.3 83.3 97.8 1.5 0.4 0.3,

|. +18.2 52.1 49.3 92.9 <2.9 1.8 <2.5
+23.8 54.6 53.3 93.8 1.6 2.3 <2.2

L +30.1 30.9 30.9 88.1 3.6 3.8 4.5U +40.2 20.5 17.8 55.6 <9.3 31.1 <4.0
: +42.7 11.1 9.9 29.6 59.9 <9.9 <0.5

+44.9 8.1 8.0 22.1 76.0 <l.1 <0.7
|- +46.2 9.6 9.6 17.0 80.2 <0.6 2.2

+47.8 5.6 5.5 29.2 68.5 <l.4 <0.9
L

|
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. Table /l (continued)

'
'

'u ,

g .' !
' '

p

Total coolant !
| concentration (nCi/a) Radiciodine" distribution fractions (%) !

-Time (h) Maximuma Minimumb' p1- F2 F3 F4 !
.,.- ,

l
1'

Results for 1331
'

4

- 34. 5.. 36.3- 36.1: '99.5- <0.1- <0.2 <0.2 :'

i 18.8 ;30.8 '30.4 '98.6 <0.5 <0.4 <0.5 1
-15.6 |32.2 31.1 96 . 6 -- <2.8 <0.2 <0.4,

c - ; 9 '. 6 31.9- 31.6 96.7 <0.4 <0.3' <2.6
,

|- 5.5 32'2 31.9 '99.0 <0.4 <0.3 <0.3.

L . - 3. 9. 26.2 25.3- 96.5 <2.5' <0.5 <0. 4 -- ]
'

4

e - 1.7 '20.7 |20.1 '97.3 <0.3 <1.7 <0.6 J
0.0. 22;8' 21.7 95.3 <2.9- <1.2 <0.6 j

".-' +10.4~ 14.8 14.6 97.4 <0.6 0.9. 1.1- 'l
+18.2 1.6 1.5' 84.0 7.5 <4.1- <4.4 |

23.8- . 7,0 ' 6.8 97.0 <l .1- <l.1 <0.8 i+.

a +30.1 0.72' O.0 c' c c c .

+40.2. 0.55 . 0.0 e c. c c ]+42.7 0.38 0.0 e 'c e c
>'

1

J +44.9 0'37- 0.0 e c c c :>.
^

~ +46.2' O.36 0.0 e c c 'c 4
+47.8: 0.28 0.0- c c c c

'

g,

>

Results for 1341 4

i-34.5 181.9 181.0 99.5 <0.2 <0.1 <0.2
-18.8- .163.6 163.6 95.3 1.4 1.1 2.2
-15.6 212.4 212'1 98.4 1.2 0.3 <0.1.

' --9.6 134.0 133.9 97.8 1.2 0.9 <0.1
- 5.5 177.9 177-9 97.2 1.8 0.7 0.3 ;

;

.

- 3.9- 128.8 128.8 93.9 2.4 3.3 0.4 '

- 1.7 189.9 189.9 83.2. 0.6 15.1 1.2 ;
'0.0' 41.5 41.5 88.2 1.5 8.0 2.3

+10.4 6.1 0.0 d d d d t
+18.2 0.54 0.0 d d d d

- +23.8 0.51 0.0 d d d d
+30.1 0.46 0.0 d d d d
+40.2 1.5 0.0 d d d d

. +42.7 0.48 0.0 d d d d
"

+44.9 0.41 0.0 d d d d
+46.2 0.46 0.0 d d d d ,

+47.8 0.37 0.0 d d d d !

'
,

,

, . . , . . _ ~ _
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;-<... Table 1 -(continued),

-

i

Total coolant
0; 'ggncentration inci/c) .Radioiodine distribution fractions (%)

"

h

L Time Ih) Maximuma Minimumb F1 F2 F3 F4 __

(, Results for 1351

p - 3 4 '. 5 - 83.8 83.4 99.5 <0.1 <0.2 <0.2-18.8- 75.9 75.9 93.8 2.2 2.3 1.7-15.6 75.0 74.8 97.5- 'l.5 0.8- <0.3- 9.6 87.8 87.8 97.0 1.5 0.8 0.6- 5.5 85.1 84,8 97,7 1,4 0.6 <0.3
, 3. 9 79.7 79.7 92.8 2.7 3.2 1.3- 1. 7 - 69.4- 69.4 81.9 0.8 16,1 1.1

t 0.0 46.9 46.9 88.3 2.1 9.2 0.4
t. +10.4; 10.9 10.6 97.2 <l.5 <0.5 <0.9+18.2 3.1 2.9 93.8 < 1. 8 - <2.7 <l.7'

:+23.8 3.7 3.5 92'5 <2.3 <2.9 <2.3.

+30.1 3.9 3.6 92.8 <2.2 <2.8 <2.2+40.2' O.30 0.0 e e e e+42.7 0.39 0.0 e e e .e+44.9 0.41 0.0 e e e ,
+46.2' O.47 0.0 e e e ,
+47.8 0.38 0.0- e e e e

;

.a
! ,

acomputed by assuming that undetectcble concentrations were equal to the
detection limit,

bCompu.cNo'13gedbyassumingthatundetectableconcentrationswerezero. .I was detected in the sample.
!dNo 1341 was detected in the sample.
IeNo 1351 was detected in the sample. 1

!

i

r

f

t

i
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s' Table 2. Total coolant concentrations and radioiodine
. distribution fractions.for Plant 2"

Total coolant
concentration (nCi/a) Radioiodine distribution fractions (%)4

= Time (h) Maximum . gigigggb F1 F2 F3 F4-a

Results for 131 1
*-18.6 8.1 7.9 96.6 2.0 <0.6 <0.8-

- 6.0 6.2 5.5 88.1 <l.4 <9.2 <1.3
. c - 4.0 8.8 7.9 90.5 ' 2.4 <6.4 <0.7<

- 2.0 15.2 14.8 94.0 <l.2. <l.0 <3.8
+ 0.3 32.7 .32.7 76.0 4.3 16.5 3.2
+ 2.4 75.8 75.7 86.8 <0.2 12.0 1.0
+ 4.7 82.8 82.8 97.1 2.0 - 0.6 0.3
+ 8.2 75.1 75.1 96.3 2 . '.! 1.2 0.4
+14.8 63.0 63.0 91.9 2.1 5.7 0.3
+20.8 44.8 44.8 88.7 3.E 2.9 4.7
+23.1 41.6 41.6 94.9 3.0 1.3 0.9
+26.3 35.0- 34.8 94.0 5.5 <0. 3 ' <0.2

-+30.1 33.7 33.7 92.3 5.9 1.0 0.8
+34.4 26.5 26.5 51.6 6.0- 40.7 1.8
+38.3 24.1 28.1 85.9 9.0 3.9 1.2

Results for 1321

-18.6 51.5 50.6 98.2 <l.4 <0.2 <0.2
- 6.0 44.0 44.0 96.1 2.2 1.5 <0.2
- 4.0 45.1 45.1 94.6 3.2 1.7 0.5 -

- 2.0 51.2 51.1 98.0 1.6 <0.3 <0.2
+ 0.3 57.1 57.1 77.7 4.0 16.0 2.3
+ 2.4 56.7 56.7 85.7 2.1 11. "- 0.7
+ 4.7 59.4 59.3 97.0 2.2 0.6 <0.2 ,

+ 8.2 45.9 45.9 95.1 2.7 1.4 0.8"

+14.8 30.4 30.4 92.2 1.8 5.5 0.5
+20.8- 17.5 17.1 93.0 <0.9 <0.7 5.5
423.1 14.1 14.1 94.6 1.4 2.8 1.2

'

+26.3 15.3 15.3 91.1 6.0 1.6 1.4
+30.1 13.3 13.2 93.1 4.4 1.9 <0.7
+34.4 6.8 6.8 75.3 15.0 6.3 3.4
+38.3 11.5 11.4 83.8 12.6 2.8 <0.8

>
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L ', Table 2 (continued)

V.'

C[ - .
-Total. coolant>

concentration (nci/a) Radiciodine distribution fractions (%)
bTime (h) Maximuma Minimum . F1 F2 F3 F4

'
, ,

g Results for 1331
N .

_

p -18.6 32.4 32.2 97.2 1.5 0.7 <0.6- 6.0 23.8 23.7. 97.0 1.9 0.8 <0.3' |
P 4.0 '30.1 30.1 95.3 2.4 1.6 0.7

-

F 2.0 1 34.9 34.9 96.5 1.9 1.4 <0.2
.

L + 0.3 48.3 48.3 77.8 3.9 15.1 3.1" + 2.4 89.9 89.9 85.8 2.0 10.9 1.3'

+ 4.7-- 88.2 88.2 97.1 1.9 0.6 0.4-'+ 8.2 67.6 67.6 96.2 2.0 1.3 ' 0. 5+14.8 44.8 44.8 91.9 2.0 5.7 0.5
>

! +20.8 29.3- 29.3 87.8 4.6 2.7 4.8+ 23. l'
+26.3'-

25.8 25.8 95.0 2.4 1.5' l.1
19.0 '19'0 92.8 4.7 1.8- 0.7.

[ .- +3 0.1 '18.5 18.5 91.6 5.9 .1.3 1.2
-

C ' 34.4 13.3 13.1 50.5 6.9 41.2 <l.4+
, +38.3 <11.7 11.7 85.8 8.7 2.7 2.7

p -

,.

.: t

Results for 1341 -

L -18.6 97.8 97.1 96.4 2.8 <0.4 <0.4 f- 6.0 62.4 62.4 96.4 1.9 1.3 0.4- 4.0 60.3 60.3 94.6 3.0 1.7 0.7 '!
<

- 2.0 36'.0 35.9 96.1 2.6 1.1 <0.2 1.+ 0.3 12.6 12.5 70.3 6.9 19.2 3.5 1+.2.4 4.8 0.0 e e c c ;
+ 4.7. 1.4 0.0 e c c c -|

'

+ 8.2 1.6 0.0 e c c c '

t. +14.8 2.8 0.0 e c c c+20.8 0.64 0.0 c c c c
+23.1 0.53 0.0 e c c c
+26.3 0.45 0.0 e c c c
+30.1 0.90 0.0 c c c c j-

g +34.4 0.95 0.0 e c c c l. 38.3 0.73 0.0 e c c c |
+

,

|
1

|
|

!

i
"

, . _ . .
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; Table 2 (continued)
!:,.

. ,

:

'
1

f Total coolant . .,

concentration (nCi/a) Radioiodine critiribution fractions (%) i

Time (b) Maximuma .Minimumb F1 12 F3 'F4'

;,
;* !,

Results for 1351
l'

-18.6 53.7- 53.4 97.5 2.0 <0.2- <0.3-
' 6.0 43.9- 43.9 95.4 2.5 1.1, 0.9 1o.

U 4.0 43.C 43.6 93.5 3.4 2.1 0.9- i

2.0 -39.3 39.2 95.5 1.8 2.5 <0.3. |W 4

t
. + 0.3 37.3 37.3 73.7 4.5 17.9 3.9c
+ 2,4- 48.3 48.3- 84.4 3.0 11.4 1.2 't

h '+ 4.7 39.7 39.6' 95.8- 2.8 1.1 <0.4
'

+ 8.2 24.8 24.7 -95.1 2.8 1.7 <0.4 i,

' +14.8 10.8' 10.7 89.1 3.6 6.5 <0.8'

' ' +20.8 6.0' 5.7" 89.4 <2'9 <l.2 6.5.

: +23.1. 6.7 6.5 89.5 8.2 <l.2 <l.1 :

+26.3 5.1 4.9 88.1 8.1 "<l.8 <2.0 !

+30.1 4.8 4.5 93.3 <2.3 ' l .8 <2.7 i<

+34.4 4.0 3.9 '47.1 <4.3 46.9 <l.7
+38.3 4.0 3.8 81.2 13.4 <2.1- <3.2

L

-|

;

acomputed by assuming that undetectable concentrations were equal to the
detection limit for the analysis. !

bComcNoggjedby-assumingthatundetectableconcentrationswerezero,I was detected in the sample. t

.

.

I

e

F

i
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Fig. 9. Measured elemental iodine fractions (F3) for mI in i

reactor coolant near the time of shutdown (time - 0) at the two WRs
(open points indicate values below detection limit).
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132Fig. 10. Measured iodate /perledate fractions (F2) for I in

reactor coolant near the time of shutdown (time - 0) at the two PWRs
(open points indicate values below detection limit).
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M ' Plant 2,'a gradual increase in F2 after 20 h and the maximum value fori .,

# "1'

1 was only 8.2% (Fig. 10). -There were similar increases in F2 for |
;

\ ' "21 . "31, and "SI at Plant 2. The. maximum value of F2 was-15t'for n2
' m

3
1'g .at +36 h.''

+

m'
,

- -4.>>
'

>

'
DISCUSSION-

'h; i

S?' '- The data; collected at1the operating Pk'Rs. reflect radiolodine ?
i

!'

behavior at'very low mass concentrations. In addition to the five
radioactive isotopes discussed above, the stable isotope 12'I . and the '' ;very long lived nuclide lasI were-produced in the fuel.' For plants.that '

'_ '

have-operated'for several years, these two isotopes comprise about 90%".' '" of the mass of iodine in.the fuel,7 ;
,

s

#
'

' . .The amounts of the!various radiciodine~ isotopes in theLeoolant j
,

Edepend'on processes governing transport from fuel to coolant, as:vell as
i<the coolant cleanup rate.' Iodine ~ moves from the fuel' pellets to the

.

' '
r

plenum within!the fuel. rod and subsequently into the cool' ant viafpene~ (trationsLin the fuel cladding. A simple model (Fig. 11) of the movement ;

~

of' iodine can be used to estimate the mass' concentrations of iodine in 'i

coolant. The' general equations describing the-iodine atom inventories
for a particular isotope are given below. The same equations apply to

~ a
-

. 'each~of'the isotopes -with appropriate changes in the fission yield and-
* '

"
half-life.

,

[o, 1

dAp-
!Jo g-- - Pf7 - ( A + A ) Ap . .(1).2

:
dAD-A Ap - ( A + A ) A '(2) !

i
1 2 p,

-

dA
iAp*(| 2:sc +~

cu) Ac ,- (3) .(dt
~ i

where !

.-

- Ap - inventory (atoms) of the isotope in the fuel,
Ap - inventory (atoms) of the isotope in the fuel rod plenums,- *

;
inventory (atoms) of the isotope in the coolant,A -

c *

P - reactor power level (MWt),
sf - fission rate per unit power level,
?y - fission yield of the isotope,
|.At- fuel-to-plenum escape rate constant (s-2) ,

A2~ plenum-to-coolant transfer rate constant (s'l), fk - fraction-of fuel rods that leak,
[A - radioactive decay rate constant (s'1) , '

cu - rate constant (s-1) describing removal by the cleanupA

system, namely (Fcu/M )c. (In this ratio, F is thec eu ;

cleanup flow rate (g/s), M is the mass (g) of the reactore
coolant, and e is the overall efficiency of the cleanup
system.)

! 1

!

,. t'
.

,
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Fig. 11. Simple model of radioiodine transport from fuel pellets
to reactor coolant.
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;, ['( For radiciodine, e is near. unity. Values of (Feu/M ) can be
T :

, . - .
, .s

.

1: % ccomputed from-data on the removal of the activation product 2'Na from
the coolant- following shutdown.' . Values of A estimated in this way,qu9 are 2.8' x 10? s*1 at Plant 1.and 1.'6 x 10'5 s at Plant 2. The., .,

Y 4 principalc reason for the difference is a smaller primary coolant. mass 'at -
Plant-1.

Under, equilibrium conditions, the atom inventory of the isotope in-
the coolant-(Aco) can be obtained from Eq. (3)' i

'O *
A** - (4).

(A + Acu).,

i .where A
'and '(2)pe .ia i the equilibrium inventory in the plenum. Solving Eqs. (1)p. at equilibrium and using those results in Eq. (4) yields

Aa kAs Pfy .j
(5) t.A . .c (A + Acu)(A + A )(A + A )2 1

For the isotopes.1871 and 129'

1, re.dioactive decay can be ignored and: "
>

Eq. (5) reduces to '
,

.

;, A , N D'
(6)- c .

A cu

.The; activity inventory of a radioactive iodine isotope in the' coolant at
equilibrium is Qce (nC1):

.,

AA NA2 1 Pf7
(7)ce ,37 (x + A ,

cu)(A + A )(A + A )2 1

/where 37 disintegrations /s nCi is the activity conversion factor.
!

Beyer et al.' have summarized data on PWR- coolant activity and,
,

fuel rod failures and Beyer' has developed' an approach to the utiliza- ','. . tion of the data to estimate fuel rod failure. The model employs a
correlation between the two rate constants A and A2 and the observation1

that the fuel-to plenum escape (A ) is dependent on A. The dependence3

on A of transport from fuel to coolant has been observed by others.10
The following relationships were developed by Beyer; a more complexv
' model is given in Ref.10.

A -aA5 , and (8)
0

3

a-b+cA (9)2 -

t

_

*C, E. Beyer, Estimating Number of Failed Fuel Rods and Defect Size from
PWR Coolant and BWR Of fgas Activities, Draf t EPRI Report, Battelle
Pacific Northwest Laboratory (January 1988),

i

[ s
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f' Estimated values of As based on PWR coolant data range from
6 x 10*7 to 6 x 10*6 per second.20 The observed spread in values of the i'

parameter a for the PWR data is also about an order of magnitude. I
Beyer's best-fit values for the parameters in Eq. (9) were !

(['.
v

b - -4.76 x 10% and c - 6.51. Deviations of individual observations |4

0< from the values predicted using Eq. (8).and the best fit parameters.for
!

| the entire data set are as great as a factor of 2.5.'

t) .. . !
i' The coolant concentration data for four radioiodines at Plant 2

were used -with 'the . range of A2 values cited above to estimate the 28'I |"

and 12?I concentrations in reactor coolant. Equations (9) and (8) were j,

! ,- used to estimate A3 and k was calculated from Eq. . (7). Then, k was used |
in Eq. (6) to calculate Ace, which was converted to the mass concentra- '

E tion of iodine.in the coolant. A nominal value of A2 was taken to be. .

-2is l'9 x'10 6 s This lead to estimated asss concentrations cf |.

|' ' 3. 6 x 10 12 to 1.9 x 10'20 g stel per gram of coolant.
7, tasy , ge of mass
This ran

og, and f131i' concentrations arises from the use of the data for
L' 1 to obtain four separate estimates. The' estimates obtained using d

235
'

the 182 2:31 and 1 data, which should be the most reliable, were -
-

1293. 6 x 10 12 and 4.~7 x 10-12 g 1 per gram of coolant, respectively. The ,

calculated concentration of 2277 ge.about 10% of that for 7,129
,

4 ,

The model in Fig. 11 is also useful for the analysis and discus-
.

sion of the measurement results. If.it is assumad, as a first approxi- !
h mation, that the input from plenum to ecolant is a constant during the

time periods between samples, then the' coolant concentration data can be !
used to determine the magnitude of the radiciodine inputs during those '

. periods. The average input of an iodine isotope to the coolant between !'

times t3 and tg (Iet2, nCi/s) is [
f

leta - A.19e2 - Qet exp l- A.(t2 - ts)]I/(i - exP l A.(t - t )]) (10)2 t

.

In this equation, A (- A * Acu) is the effective removal rate constant
(s'2) for radiciodine from the coolant and Q,3 and Qez are the radio-
iodine activities (nC1) in coolant at the two times,

p

At Plant 1, the picture is incomplete because it is likely that
the initial peak in coolant activity wai, not observed. Data for two
plants. in Ref. 8 show that there was a sharp increase in coolant-

concentration at shutdown even though the temperature and pressure of
the primary system were maintained at the operating level well after
shutdown. Because the data are incomplete, radiciodine injection rates . t
were not calculated from the measurements at Plant 1.

,

Results of the calculations of injection rates for four radio-
iodines at Plant 2 are shown in Fig. 12 for the time period during which
the cleanup system was in operation. The primary injection of activity
occurred at shutdown, but there was a second pulse in the injection rate
at about +20 h when the second depressurization occurred. The input of
2:2 1321 to coolant is the sum of contributions from the decay of Te and
plenum-to-coolant transfer does not exhibit the same sharp rise af t er
shutdown.

. . - _ . . _ . _ . . ._ _
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Table 3 summarizes the radioiodine spiking results at Plant 2. ;
qs

The observed ratios of the peak coolant concentrations to the pre. l,

h. .

~ y'
D-

,

'

shutdown values:are-shown for four!radoiodines. Also shown are the
' ratios |of the peak. injection rates |to those' required to maintain the' ,

[d
,

J. concentration' measured six hours before shutdown.
y,
M ' Table. 3,' . Summary o'f radiciodine spiking data for Plant 2 i

Ratios of peak' values to preshutdown ( 6,0 h) values :
'

i
*

: Isotope Coolant ' Plenum,to coolant

concentration injection rate'

I i
,

1:11 ?3.0 66.0 [

132I 1.4 l',4

issy . 3,8 12.0'
' 1881 1 ~.1 1.7

s

The ratios'in' Table 3 are substantially smaller than those |
'

normally assumed in evaluating potential accidents at PWRs. They are,
however, larger than the ratios observed when prompt'depressurization
.does not occur. For example, ratios of peak to preshutdown'2811 !~

"

concentrations' reported in Ref 8' ranged from 6'to'8. In'those cases,

the effect of depressurization was separated in time from the shutdown. -

Examination of the data on the measured elemental iodine fractions -

asiat Plant 1 shows.that the peak in F3 for l (see Fig. 9) occurred
durin{34thelastphaseofpowerreduction, 'the highest values of F3 for

*

7, 1, and'" I were also found in the sample collected at 1.8 h.'132 -

-

,Boration did not begin until about.+10,h and could not be the reason for j,"

the elevated values of F3'at shutdown. The addition of boric acid did '[
2not. appear to'have a marked effect on F3, which remained at.1'to 2% in

the samples collected between +9 and +23 h. The foregoing observations
suggest that'the rise in F3 at the time Plant 2 was shut down'was due to ,

the power, temperature, and pressure changes that were occurring, rather |
'

than to the addition of boric acid (which also occurred immediately ;

after shutdown).
,

The largest increase in FV reported in Ref. 2 was attributed to
,

addition of oxygenated fluid from the BWST. However, the data indicate ,

that at about +2.6 h, the boron concentration was already about 800 ppm )
and no change in species had occurred. Cooldown of the system was in *

process when the increase in FV occurred, Unfortunately, data on' >

coolant pressure were not given, but it is possible that the Prairie s

Island data reflect radioiodine injection at the time of depressuriza-
tion, as was observed in this study. .

r

Increases in F3 at both plants appear to be correlated with
injections of radioiodine from the fuel rods into the coolant. This

,

6

_ _ _ _ . _ _ __. _ __ __
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suggests that the increases in F3 are due to injection of elemental
iodine' from the fuel rod plenums.: Figure 4 shows that 1 - in the coolant
does not remain for long; removal half-times of 2.2 to 2.5 h were esti- .

2,

{mated from the data collected near the time of shutdown. For the data
collected at Prairie Island, a half-time of 3.4 h was estimated follow-
ing the large increase in FV, which was observed at 11 h after shutdown.

At Plant 1, the maximum value of F3 occurred at +40 h, before
hydrogen peroxide was added to the coolant. It is believed that this
peak was due to the final cooling and depressurization of the coolant.
At Plant 2, the highest F3 also occurred late in the shutdown (+34 h). [

;
'

There is no clear correlation of this value with plant operations.
Cooldown and depressurization had been completed and the shutdown
cooling system had been operating for some time. At both plants, the
residence half time of 1 in the coolant was shorter (<1.2 h) than that2

seen following the earlier peak. For the second peak in volatile iodine
concentration described in Ref. 2, the half time was about 2.1 h, alsoshorter than for the first peak.

The largest organic' iodide fractions were also observed well after
shutdown. At Plant 2, F4 was about 36 for all radioiodines at shutdown,
but the values for all detectable isotopes were between 5 and 6% at
about +21 h. AtPlant1,F4wasgenerallybelowthedetectionlimitfor1311,_but was about 6.3% at +29 h. For 28 I, F4 was 3.8% in''the'same
sample. The isotopes 7, 13'I, and 135132 I present as organic iodides were
detectable in several samples before and near t - 0, but F4 did not
exceed 2.5%. Thus, these results generally agree with the observations jof Martuccil who reported that the predominant volatile species at two
of three plants was elemental iodine, j

j
The principal effect following peroxide addition at +41 h was the '

!

conversion of large fractions of the coolant radioiodines to the iodate
forms. jThe results in Fig. 10 show this change in F2 clearly. At
Plant 2, where the coolant was oxygenated slowly during operation of the (
shutdown cooling system, a gradual increase in the iodate fraction was
observed. This oxygenation may also have contributed to the late peak .

I

in F3 observed at Plant 2. These observations differ from those inRe f. 2. As noted in Sect. 1, an increase in FV to about 10% was
reported following peroxide addition. No change in F2 was observed..

Coolant pressure was not reported; however, the temperature data suggest
that final depressuri zation took place between 3 and 12 h prior to ,

peroyide addition.

The potential off-site dose from volatile radioiodines depends
primarily upon two time-dependent factors. They are the volatile
activity concentrations of the five isotopes and the effective coolant #

release to the environment. Also affecting the calculation of potential
dose are the assumed atmospheric dispersion parameter, the exposed
individual's breathing rate, and the dose conversion factors for the
radiciodines. The driving forces for the release are the pressure and

'
temperature of the primary system. When this is considered, it is clear
that the most important volatile iodine measurements are those near the

1
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Ei time of shutdown. Increase's in the volatile iodine fraction that' occur ,;

hy when'the pressure and-temperature have been lowered are not important to <

'an assessment of the consequences'of SGTR accidents.h mo <

i:
.

The-dat,a collected for Plant 2 can be used to approximate the time- |

,

L
.

. .

,

[ - 1 sequence of volatile radiolodine concentrations following an SGTR.' The

(- concentration'of volatile radiciodine'i'in the coolant is CVi (nci/g),- ;
'

{; FV , , (11)i (F3 '+'F4 ) - CiCVi-C i1 g

a ,

is the total concentration (nCi/g) of isotope i in the coolant !U> where Ci
'

!.and F31.and F41 are the elemental iodine and organic iodide fractions,g
r .respectively. The contribution of a particular radioiodine to the : !

potential dose and risk from an SCTR accident depends'on the. thyroid!:

6' dose conversion factor.for that isotope. A thyroid risk weighted g

volatile concentration'CV*'(rem /g) can be computed using'

,
i og

~ t?, CV* - I CVi DCFi, '(12)

where DCF -(rem /nC1) is-the thyroid dose conversion factor for the .;''
i

for the adultparticular radioiodine. Best estimates of the DCFi'

thyroid are given in ICRP Publication 30.21 Those DCFi and the time'
i

!histories of.C and FVi measured at Plant 2 were used to compute CV* ast
a-function of time before and after shutdown. The coolant pressure "

ratio-(PR), defined as the pressure at a particular time divided by the
normal operating pressure, was used as a gross' indicator of coolant |

'

release potential. The product (CV*)(PR) was computed for 14 measure-'"
ment times at Plant 2; the'results are shown in Fig. 13. 'Even though ;

[ CV* at +34 h was 'comparabic to ' that of +2.4 h, the potential risk at -
;. +34 h was lower by more than an order of magnitude. ;

' The amounts of volatile radioiodines actually released' depend on ;
-

5

( the time history of their availability, as well as the primary system
temperature and pressure, the magnitude of the primary to secondary *

1eakage, mixing-and removal processes of the secondary side, and the set !

points of the. secondary-side relief valves.12 The effective coolant !

release to the environment may consist of several pulses. In one case,

there were five safety valve openings and discharges during~a 2 h
period.13 ,

The data for Plant 2 show that most of the volatile iodine that,

was present was elemental iodine, rather than organic lodides. This ,

fact may be considered in detailed evaluations of the iodine transport >

through the steam generator.12 Radioiodine in elemental form will
deposit on surfaces in the steam generator and the steam dryer, but

(2 organic forms will not be removed by this process. Scavenging by
secondary-side liquid will also be more effective for elemental iodine.
The relative importance of the two forms will depend on the assumptions t

*

made about the effectiveness of these processes for removal of elemental
iodine.

I
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- : 7 5. CONCLUSIONS
m. ;.,

. .

.

'During temperature reduction and depressurization, the release '
e

. rates of radioiodines from the plenums of the' fuel' rods to the coolant.
are elevated and a' spike in,the concentration of radioiodine in the. :

'

coolant is observed, A significant; fraction of the radioiodine injected - |
into'the coolant from the fuel rod plenums appears to be in'the form of

'elemental iodine. About 20% of the total'radictodine was found'to be I
, . in the samples of coolant collected near the. time of shutdown. Boration

'

;

(and acidification) of the coolant using boric acid did not cause an i

increase in the elemental iodine fraction, Volatile iodine fr'ctions of :
~

> ' a
'

about 30 to 40% were.found'at later times (about.+35 h) at both plants.
onejof the peaks could have resulted from the final depressurization of
the coolant, but the operational cause of the other peak is not clear,
Contrary-to a previous report, measurements showed that addition of a>

e
'

hydrogen peroxide.to the coolant at one plant did not increase the
~

elementa1' iodine fraction.
,

7

An SGTR accident would cause a shutdown and. provide a path for
discharge of radionuclides to the environment. The potential off-site

g dose _ primarily depends on the volatile iodine species concentrations and
.the driving force'(high pressure and temperature of the primary system) '

for a release. The initial increase in the volatile iodine fraction'and
the spike in radiciodine concentration are clearly important to the *

assessment of off site dose. However, later increases in the volatile t

iodine fraction are of less consequence because the driving force for a i

release to the environment has been substantially reduced,
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APPENDIX A
,

TABULATION OF PLANT MEASUREMENT DATA

This Appendix contains the data obtained during the field
measurement campaigns at the two pk'Rs. .The radioiodine concentration
measurements were performed by SAIC as described in Sect. 2 of the j

report. Other data on plant operating conditions were obtained from
station chemistry logs, printouts of plant operating parameters, and
discussions with plant staff. These data are grouped by variable and
tabulated in the following sequence.

;

Tables

Radiciodine concentrations in coolant A1, A2
Reactor power level A3

'Reactor coolant. pressure A4
Reactor coolant temperature A5

*

Boron concentrations in coolant A6
llydrogen concentrations in coolant A7
pil of coolant A8

The data are presented in sequence with negative (-) values before
and positive (+) values af ter the time of reactor shutdown. Reactor
shutdown (time - 0) is defined to occur at the time the power level
reached zero. r

.

- - - - - - - - - _ _ - - . . - _ . .
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r Table A1. Radioiodine concentrations measured at PlantL1t ;,

!. |

. .h
- Concentrations'inci/o) in crimary coolant fractionsa
L 1986' '

S ' QAM ' limtb- 1sotone . Fraction #1 Fraction #2 Fraction #3 f_ taction #4 ..!
.

O-

9-25 1615 131 1 4.13i.39 0.24i 05' <0.061 -<0.070
^

1321 84,1 1.2 0.34 .12 0.271.10 0.'48i.10
(-34,5)' 1331 36,lil.8 <0.053 <0.068- <0.062 ,

1341 181i3 <0.43 <0.13 <0.30
,

*

'1351 83.414.7 <0.098 <0.16 <0.16

'

9-26 0800 131 1. 3.971 54 0.311.10 <0.096 <0.14
1321 74.8 1.3 1.25i 30 0.77i.14 1.111 24-

'

(-18.8) 1331 30.41 8 <0.16 <0.11 <0.15
134 '"

1 15614 2.25i.38 1.77 .25 3.591 55
1351 71.214.7 1.661 32 1.78 .41 1.27 .24i

9-26 1100 131 1 3.84 .50 <0.10 0.17 .08 <0.10
132I 82.812.5 0.851 30 <0.14 <0.11 ;

( 15.6). 1331 31.1 .7 <0.89 <0.078 <0.12
1341 20911G 2.51 .50 0.72i.16 <0.18
1351 73,114.9 1.091 33 0.57 .18 <0.21 5

e

i 9 26' 1700 131 ' 3.71 .68 <0.16 <0.12 <0.090I

1321 78.212.6 <0.19 0.43 .15 0.27i.ll
(-9.8) 1331 31.6 2.6 <0.12 <0.088 <0.86

134I 13116 1.58 .32 1.25 .41 <0.15
1351 85.2i5.9 1.34 .24 0.73 .21 0.57 .22 .

9-26 2100 131 1 5.16 .72 <0.080 <0.14 <0.20,

1321 93.2i3.3 1.76 .16 0.42 .13 0.48 .12 .

(-5.8) 1331 31.9i3.8 <0.13 <0.090 <0.11

134I 173 10 3.15i.47 1.19i.21 0.57 .14
1351 83.1 5.1 1.22i.21 0.47 .19 <0.27 '

n

i

I
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Table A1. Radiciodine concentrations measured at Plant l'(cont.) i

f- |
.,

_ .iV e ,

1986. . .

-Concentrations (nti/a) in orimary coolant fractionsa ;
.

d

b, Djtta 1imtb. Isotope -Fraction #1 Fraction (2 -Fraction ~#3 Fraction #4
.I
<,

'

9-26 L2240 131 ' 4.85 .64 <0.15 <0,16- <0.11. |1

132- 85.812.1 2.03 .19 2.401 22 0.811 311

I '(-3.9) 1331 25.3il.2 <0.66 <0.14 <0.11 )
| 1341 121il7 3.13i.31. 4.22i 40 0.471 19' )

1351 74.0i5.2 2.12 .32 2.58i'.33 1.031 24 i |
t'

i
9-27 0050 131 1 '2.441 61 <0.060 0.69 .18 <0.11 !.

1321 99.412.3 0.791 15 18.01 6 <0.27 !

(-1.8) 1331 20.lil.1 <0.068 <0.36 <0.13

1341 158111 1.101 28 28.6i2.6 2.22i.57
1351 - 56.912.9 0.57 .11 11'.21 9 0.77i.23

:i

9-27 0235 131 1 5.59 .56 <0.10 0.56 .15 <0.11
~

1321 77.6 1.7 1.01i.20 7.091 53 1.18i.04
(0.0) 133 21.7 3.1 <0.65 <0.27 <0.141,

1341 36.615.5 0.64 .17 3.31i.33 0.95 .23
.

1351 41.4 2.6 1.001'.17 4.321 62 0.17 .06 ]
|

9-27 1300 13I I 16.8 .6 0.36i.06 0.181 04 <0.068 .;
1321 81.4 3.2 1.261 27 0.30 .12 0.291 09 ;

(+10.4) 133g 14,4il.4 <0.089 0.14i.04 0.16i.04 !

134J <l.7 <3.2 <l.0 <0.16 |

1351 10.6 1.2 <0.16 <0.055 <0.093

9-27 2050 131 1 10.0i.5 1.00 .41 0.21 .06 <0.080
,

1321 48.4i2.4 <l.5 0.921.31 <l.3 >

(+18.3) 133I 1.34 .39 0.12i.03 <0.066 <0.070< '

1341 <0.27 <0.093 <0.080 <0.10

1351 2.93 .74 <0.055 <0.084 <0.054

.t

. _ .
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Table A1.
Radioiodine concentrations measured at Plant 1 (cont.) (

I
'

!

L Concentrations (nCi/a) in crimary coolant fractionsaC ,1986
L DAlg lingb Isotone Fraction #1 Fraction #2 Fraction #3 Fraction #4
[

-

9-28 0255 131 1 26.8il.4 0.53 .07 0.82 .08 <0.061 ,

1321 51.2 1.5 0.90i 40 1.261.23 <1.2 I

(+24.3) 1331 6.761 45 <0.080 <0.078 <0.053
'

1341 <0.23 <0.11 <0.091 <0.082
135I 3.46 .70 <0.085 <0.11 <0.086

t
i

;. 9-28 0840 131 1 13.8 .7 0.52i.07 0.81 .08 1.011 08
,

.

; 132I 27.21 8 1.10 .22 1 171.39 1.40i.23 (.

(+30.1) 1331 <0.46 <0.076 <0.093 <0.089
1341 <0.19 <0.11 <0.079 <0.078 '

135I 3.6 1.0 <0.085 <0.11 <0.086i

; 9-28 1850 131 1 3.95 .26 0.22 .05 2.21 .12 0.14i.05 i

1321 11.4 .6 <l.9 6.391 30 <0.83
(+40.3) 1331 <0.25 <0.055 <0.20 <0.049

1341 <1.2 <0.12 <0.10 <0.076
135I <0.10 <0.059 <0.059 <0.085 '

:

9-28 2115 131 1 0.97 .13 1.39 .13 <0.074 <0.059
1321 3.28 .24 6.63i.36 <l.1 <0.054

(+42.7) 133I <0.14 <0.13 <0.070 <0.043
1341 <0.087 <0.18 <0.13 <0.078
1351 <0.088 <0.14 <0.093 <0.070

9-28 2330 131 1 0.46 .12 1.61 .14 <0.064 <0.069
'

1321 1.80i.21 6.18i.35 <0.087 <0.060
(+44.9) 1331 <0.14 <0.13 <0.058 <0.043

134 1 <0.085 <0.16 <0.080 <0.083
'

1351 <0.096 <0.14 <0.084 <0.090

1

'
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Table' A1.; Radioiodine concentrations measured at Plant -1 (cont.) _

y[ ' ; ;
'

:>
; I'' . . Concentrations (nCi/a)- in orimary coolant tractionsa

0> .1986. :,

(.; , QLt1 Timeb isotope Fraction #1 Fraction #2 . Fraction #3'. Fraction #4 |
m,

,. }

:9-29 ?0045 '131 1 0.521 11 1.67i.15 0.102 04 '<0.065- 1
' '

1321 1.64i.22 7.721 42 <0.058 0.21i.04 I
'

(+4'6. 2 ) 1333
* o,13 <o,14 <o,037 <o,048<

1341 <0.078 <0.20 <0.087' <0.095 i
,

135g- <0.11 <0.16 <0.098 <0.10- !
<

;: a
9-29 0220.- 131 - 3.78 .82 -0.71i.10 0.12 .05 <0.0561

1321 1.'64i.32 3.85 .29 <0.081 <0.051
'

+

,

(+47.8). 1331 -<0.083 <0.096 <0.052 <0.046

134! <0.078 <0.10 <0.11 <0.080
'

,

1351 0.088 < 0.12 ' <0.10 <0.071<

:
< ,

T.5 j
aResults are 1:1 sigma uncertainties (or are <2-sigma detection limits) E

and have been decay-corrected to the time of sampling. -

.

bSampling time, with' time-(h) before (-) or after (+) shutdown'shown in '

parentheses, j
'l
;-

,

.|t

V ;
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'm Table:A2.: Radioiodine; concentrations measured at Plant 24 1-

I

jb E
Concentrations (nCi/a) in orimary coolant fractionsa'

:1986u .

1 QA.tg . J.jmg.b 1

'Isotooe Fraction '#1. Fraction #2 Fraction Q Fraction #4
,

n ;,

_
_

10-24 <0710 131 1 7.781.35 0.161.06 <0.047' <0.064 !

- i.<

132 50'611.4 <0.70 < 0 .' 12 <0.11 I1 .

f' -(-18.6) 1331 31.511.0' O.'501.07 0.221.04- <0.20 .

'l
'

1341 94.41'4.9' 2.731.53 <0.39 <0.36 . ;

'

135 -1 52.413.0 1.061.24 <0.13 <0.16 !<

10-24' 1945 131 1 ~ 5.481.46' .<0.084 <0.57 <0.083 :
'

.

132 ' 42.312.2 0.991.34. 0.661.09 .<0.0881

| ('- 6. 0) 133I ~ 23.11.5 0.461.08 0.18!.06 <0.074 ,

>l341 .60.115.5 1.201.10 0.821.18 0.231.10 .i'

1351 41.912.1 1.111.25 0.491.19 0.401.12
, .

.

~

10-24 2145 131 1 7.941.42 <0.21 <0.56 <0.062
1321 42.711.2 1.451.23' O.771.13 0.211.08 ;

(-4.0) 133 28.71.6 0.721.09 0.471.06 0.211.05 11

1341. 57.012.6 1.821.43 1.021.18 0.421.12
1351 40.712.3 1.491.21 0.931.06 0.401.08

,

.

r

10-24 2345 1311 14.81.5 <0.19 <0.15 <0.60
1321 50.211.7 0.811.12 <0.15 <0.081

.

(-2.0) 133I 33.712.4 0.671.07 0.501.07 <0.058
1341 34.611.7 0.931.34 0.401.15 <0.068 1
1351 37.511.8 0.691.16 0.971.17 <0.11

'

a

w 10-24 0200 131 1 24.81.5 1.411.11 5.381.20 1.061.09
,

1321 44.411.3 2.291.21 9.121.33 1.311.21
S.. (+0.3) 1331 37.612.1 1.891.11 7.321.48 1.511.11 I

1341 8.811.2 0.871.24 2.411.39 0.441.18
1351 27.511.3 1.681.28 6.671.53 1.441.25

|

.

il 3,

+
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: Tab 1'e A2. Radioiodine concentrations measured 'at Plant. 2 (cont.). :

'

m
;,

%s .
. j

;,

. aConcentrations-(nCi/a) in orimary coolant fractions t
"

1986' i'
' '

bar Qaig Ilme . ' Isotone Fraction #1 Fraction #2 Fraction #3 Fraction #4 |
i'

,4

i 10-25 0410' 131 1 65.811' 8 <0.17 9.091.54 0.791.04
'

g

k /
'

1321 48.611.6' l.171.16 6.521.32. 0.391.15 :!

pc, (+2.4) 133 ' 77.114.3 1.801.11 9.801.22 1.201.081

'0.096 ~I/' 1341 <3.4 <0.16 <l.1'
<

135g 40.811.7 1.461.23 5.501.48 > 0. 571'.'13 -!
p; ^t

- .10-25 .0625 131 1 80.412.8 1.621.11 0.491.06 0.281.06 i
b 1321 57.611.8 1.321.15 0.341.09 <0.11

1331 85.6 2.6 1.711.10 0.541.06 0.341.06*'
. (+4.7)- .

'

1341 <0.73 <0.35' <0.14- <0.19
135 38.111 8 1.101.22 0.421.09 <0.15 i1

n
I

10-25; 0955 131 1 72.312.5 1.621.10 0.891.07 0.271.06'
'

'

i132- 43.611.5 1.261.13 0.621.08 0.371.063

(+8.2) 1331 65.011.9 1.351.09 0.901.06 0.351.05 6

. 1341 <l.1 <0.25 <0.11 <0.10
'

3351 23.611.3 0.691.12 0.431.13 <0.099 i

!

10-25 1630 131 1 57.911.4 1.311.09 3.581.14 0.191.06 [
1321 28.01.8 0.551.11 1.671.19 0.161.06 i

(+14.8) 1331 41.211.2 0.881.07 2.561.11 0.211.04 |,

|' 1341 <0.37 <0.14 <2.2 <0.10 [
| 1351 9.611.1 0.391.09 0.701.11 <0.088

'

. , ,
'

10-25 2130 131 1 39.81.8 1.611.10 1.321.08 2.131.11

1321 16.21.7 <0.15 <0.12 0.951.15
'

(+20.8) 133I 25.71.8 1.361.08 0.801.07 1.41!.49
1341 <0.37 <0.11 <0.074 <0.084

1351 5.331.56 <0.17 <0.074 0.391.08

. _ . - -



qmg , 4 *
,

h f"Q[
'

' '

40' *

N
@w

. , -

' '. ,

. Table A2. Radioiodine concentrations measured at Plant 2:(cont.)
/(

'D = Concentrations (nCi/a) in orimarv' coolant fractionsa-

1986-. <

6(. QAlt llEgb Isotooei
''

Fraction #1 Fraction #2. Fraction #3 Fraction #4'
, . >

[ L10-26 0050 131 - 39.51.8 1.241.08 0.531.'06 '0.371.061r

132. 13.31.5 0.191.06 0.401.06 "0.171.061

it (+23.1)- 133I 24.511.3 0.621,06 0.391.05 0.291.04-''
1341 <0.28 <0.10 <0.076 <0.073

?'' 1351 5.971.66 0.551.10 <0.080 <0.072-
..

,

10-26 0405 131 1 32.911.2 1.921.11 <0.096 <0.072
( 1321 14.01.9 0.921.06'. 0.241.06 0.211.057

-(+26.3)- 1331 17.61.5 0.891.08 0.341.04 0.131.04
'

E 1341 <0.25 <0.083' <0.067 ' 0.055<,

1351 4.461.48 -0.411.13 <0.093 <0.099
'

;- .

:

10-2E '0750 131 1 31.111.0 1.991.10 0.331.06 ~0.271.06
1321 12.41.7 0.581.13 0-251.06 < O.088

'

.

(+30.1) 133I 17.0 3.4 1.101.08 0.24'.04 0.221.05i. .

[- 1341 <0.27 <0.30 <0.13 <0.20
1351 4.491.64 <0.11 <0.085 <0.13,

10-26 .1210 131 1 13.711.1 1.581.40 10.81.5 0.471.06
e 1321 5.131.41 1.021.20 0.431.02 0.231.06c,

(+34.4) - 1331 6.691.22 0.91 .07 5.461.16 <0.19
| 1341 <0.43 <0.18 <0.24 <0.10

1351 1.871.32 <0.17 1.861.31 <0.069

10-26 1600 131 1 20.71.7 2.171;13 0.931.06 0.291.07
1321 9.61.8 1.441.18 0.321.06 <0.095

'

(+38.3) 1331 10.01.3 1.011.10 0.321.06 0.321.06 '

134 1 <0.37 <0.17 <0.080 <0.11 ,,

1351 3.281.49 0.541.11 <0.085 <0.13
,

-
,

'
.

aResults are 11-sigma uncertainties (or are <2-sigma detection limits) and
p have been decay-corrected to the time of sampling.
!, bSampling time, with time (h) before (-) or af ter (+) shutdown shown in
i parentheses.
, . .

e e
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i ,, | Table A3. . ' Reactor power level ' data ~ !
,

< s-
hT' !

%':.g
,

,< ,

s;;
.

!- -

Plant 1 Plant 2 .

!; .
: i

<< s

.. Power .
Power

[| Time ihla. ' level Time ~(h)a level
[-

g ..t
.

.

"'
,

100%- -18.6 100% j-42.5.
!- 18.' 8 . 100% -13.0' .100% '

3

- 7.8- 100% - 6.4 '100% 1
a

'f . 7.4 95% - 4.7- 70%: i-

'

,

--6.4 85% - 2.3- 10%'

.5.5 75% 0.0' 0%
,

t|

- 4 .1 '- ~50% ;

- l'.7- 25% ;
,. 4

0.0 0% .,

-f,

;
:

':
!

'

- aTime (h) before shutdown. (,

.+
1

e

;

I
'!,

I'

.i
<

-

E
4

5

e

!-

i

e

k
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Table'A4. Reactor. coolant pressure data'

J: *
'

.

p
.. 1

[ g ,N '
-

i Plant l' Plant 2
-

,

k i , "' ' ' '
L -

.

'

Coolant oressure"I | Time (h)a- 1911g1 (MPa) Time'fhia. Coolant oressure-
(osia) (MPa).e .

..
J '

-42.5 1990 13.7 -18.6 2250 15.5'
.

-18.8 ~1990 13.7 - 6' 0 .2250 115'.5
- 7.8. 1990 13.7 - 4.0 2250' 15.5
- 5.8 1990. 13.7 -12.0' 2250 15.5

: - 3.9 1990! 13.7 + 0.3 2250: 15.5
--

i- if .l.8 1985- 13.7 + 2.4 2250- 15.,51
* 0.0 1990 '13.7 + 4.7 2150 '14.8'

'

k ' 21.9 650 4.5 + 8.2 1990 13.7
+<

c.

+33.0. ) 400 2.8 ;+14.8. 1700- -11.7
+40.3 378 2.6' +10.8 1700. 11.7n

E +42.7- 378 2.6 +20.8 400 2,8

+44.9 ,378- 2.6 +23.1 170 1.2h~ +46.2 ~ 378 2.6 +26.3 170 1.2
+47.8' 378 2.6 +30.1 170 1.2

.. +34.4 170 1.2
+38.3 170 1.2-

>

L-,

s

aTime (h) before (-) or after (+) shutdown.
, .

i+

*
6

{'|_

i

1.

1

i- 4
s

'

i

1-

L4 '*

a !
,

. - - . . ________
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Table A5. . Reactor coolant temperature data 1!
'

>

i
r.

,

'
Plant 1 Plant 2

|

[ Time (hja ' Coolant temoerature Time (hja Coolant temperature

L*f.1 L*Cl L*E.1 L*Cl . ;

42.5 575 302 -18.6 532 278 ;

18.8 565' 296 -13.0 532 278 ;

7.8 565 296 - 6.4 532 278 ;

- 8.2 565 296 - 4.7 532 278 |

- 7.4 565 296 2.3 532 278 |
5.8 564~ 296 0.0 532 278 |

- 3.9 558 292. + 3.0 450 232
.

|;- 1. 8 ~ 549 287 + 9.8 350 177

0.0- 543 284 +14.8 325 163 |
+10.4 540 282 +15.8 300 149 |

+18.3 $90 204 +18.5 230 110 {
+21.9 394 201 +22.3 210 99 !

f+23.8 .350 177 +23.7 200 93

+33.0 177 81 +32.3 140 60 |

+40.3 '140 60 +38.3 140 60 I

+42.7 137 58 i

+44.9 137 58 I

+46.2 135 59 !

|447.8 135 59
.

4

!

aTime_(h) before (-) or after (+) shutdown. !

.I
,

i
|

t

[

|

- - . . - - .___- __-.- - -__ - _ ___.__ - _.
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c. Table A6. Boron concentrations in reactor coolant
.

I
.

'

Plant 1 lPlant 2
i[ Boron) [8oron) :Time ihik inom) Time'fh)4 inom)
|.

-42.5' !.9 18.6 85 f
<

: -18.8 1.8 -13.0 70 !I - 5.8 1.9 0.0 70
fr - 3.9 1.9 + 0.3 173 .!'

1.8 1.9 + 1.8 750 -[!' , 0.0 1.9 + 4.6 783 |f + 4.0
I

. 1.9 +20.8 1010 |+13.6 371- +21.8 998 [> +17.2 388 +23.1 1057 I+23.8 384 +25.3 1000
1

|- +25.6 198 +38.3 1067 }

;

'

+30.1 505 !

+31.5 519

.+44.9 514 '

i

|5

aTime (h) before (-) or after (+) shutdown.
,

.

j. r

1

!

.

1
'

!

! |

<

<
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Table A7. Hydrogen concentrations.in reactor coolant
'

n
m

Plant l' Plant 2
| i.

{ 'c' [Hydgogen) (Hydg/ka) ogen)
' lime fhia (cm /ka) Time (hla (cm ,

'42.5 35.2 -18.6 26.0-,.

34.5 35.2 -13.0 18.0

18.8 14.7 + 0.3 8.4
'

15.6 12.2 + 6.5 4.9'
i11.8. 12.5
;

7.2- 7.3 -

.i

- 3.9 7.0 . >

" - + 1.3 8.1 |
+ 6.7 7.9 ;

+13.2 5.2 ;
'

+17.2 3.1 *

+21,9 2.5 1

!

+26.8 1.3 |
.+33.0 2.3 ,

+40.3 1.8
!

i

i

i
-i

aTime (h) before (-) or after (+) shutdown. I

!
r

F

.,

t

!

I
*

,

f

;

e

t'~ !

.
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E ~ sp q6 . Table'A8.: pH of reactor coolant, >

. . , ., ,# .

,.

j <cf
,. :c

v' '

Plant'l Plant 2
,,

> '

cy 'i.:,< -

q. , . Time lhia .atL Time thi*- .atL
1

.v,

y, 42.5 4 8.8 -18.6 7.5''

~18.8 8.8 + 0;3 7.I'
,

' .

5.8' 8.8 +23.1 6.6
q. y - 3.9 8.8 449.8 6.6 . *

- 1.8_ 8.7
" '

' 0.0 8.8
-

a
,

'+10.4 6.9
'

+18.3 6.5. ,

+23.8 6.5 .

,.
,,

+30.0 6.3
i

. :
+40.3 6.3 ' '

, . o
;

442.7 6.4
't

+44,9- 6.4
a,.E +46.2 6.4',3-

+47.8 6.3 .1
;

,

t
T V. .r

,

:
,

h

- :
b

,

4 Time (h) before (-) or after (+)' shutdown. ii
'

,

5

,
;:c. , . , .

' l
v

'

'
'I

|,

|

. . '- '''

3 ^!
,S, '!

;
;

i
i

!

!

!
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i
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' PART.2: IODINE PARTITIONING IN_PRESSURIEED_WhTER
REACTOR STEAN GENERATOR ACCIDENTS

E. C. Bonhm, S. R. Daish W. E. Shockley, and J. Hopenfeld
Chemical Technology Division-
Oak Ridge National laboratory

Post Office Bex 2008
Oak Ridge, Tennessee 37831 6221'

1. INTRODUCTION

1.1 BACRGROUND ,

Pressurized water reactors (PWRs) are designed to withstand ,

certain postulated accidents, called design basis accidents. The
release of radioactive fission products to the environment through a ,

path 9pened following a rupture of one tube in the steam generator falls
int > this category of accidents. The release doses depend directly on .e
the concentration levels of fission products in the primary coolant;

,

therefore, these levels are kept below those that could result in i

exceeding the allowable release doses discussed in the regulatory
document 10 CPR 100.8

As described by Hopenfeld,8 the partition coefficient (PC) that ;

expresses the volatility of iodine is a very important factor in dose i
calculations. A high PC would tend to increase the retention of iodine

,

within the secondary circuit, resulting in relatively small off site
,

radioactivity releases. Conversely, low PCs would tend to yield high |
dose releases. '

Thermochemical data are not available at temperatures of interest
,

to calculate iodine partitioning. The reducing conditions expected in ;

. primary coolant systems would suggest that 1 will not be stable, t

However, tests of primary coolant show large variations in 12 content.8 ;

It is possible that the results reflect the very low concentrations t

(10'' to 10 2: H) where anomalous behavior may exist.
,

Styrikovich,' obtained data on iodine volatility attributed to HOI [
solutions, which show strong pH dependence. However, Martucci's study i
of iodine species in reactor coolant indicates that iodine volatility s

does not depend on pH.8 '!
,

Because of these uncertainties and the lack of data, an 'f
experimental program was initiated to study iodine behavior under ;

prototypic conditions that represent an accident involving the rupture *

of a steam generat.or tube, i

This program was carried out in two parts: (1) tests of primary [
coolant from reactor plants and (2) tests under simulated conditions. ;

The primary coolant tests, carried out by Vo111equ6, are described in L

Part 1 of this report. |
,

t

.

.
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1.3 ' IODINE BERhVIOR AT 14W AQUROUS CONCENTRATIONS
,

it is' well .known that very low concentrations of many materials
exhibit behavior that is unlike the interactions of the saec materials
at high concentrations,* Tracers have been called "a special state of
matter" because of the unusual properties they often display, .Unueual
o* tracer behavior is of ten observed at concentrations frore less theno . -10'S to 10'8 H.5 'In many cases, such interactions can be explained bys

fundamental chemistry. For example, at very low concentrations, chemi.
L cal reactions with rates that are dependent on the trace element to

greater than first order are not as likely to occur because of the law
of mass action. Because reaction paths that are.available at high
concentrations are sometimes not operable at low concentrations, other
interactions that were overwhelmed at high concentrations may become
important.

In addition, at very low concentrations, there can be impurities
in the system that'are often undetectable, which may actually have a<

it greater. concentration than the trace element. The concept of "omni.
! ' presence concentration" has been introduced by Noddacks to illustrate
, that every element has a borderline concentration at which it can be
}, 'found virtually everywhere. For example, the omnipresence concentracion'

of such common elements as Si, Ng, Ca, and Fe is approximately 10 % .
, The importance of the omnipresence of impurities is that they can inter-L

act with the trace element and cause it to exhibit unusual behavior,
a

Anomalous behavior of low concer.trations of radiolodine has been
-

reported since the very earliest studies 7 Generally, the anomalies
consist of unexpected distributions of iodine species and unidentified

eiodine species. The hydrolysis of iodine, given in Eq. (1), provides
;, a clue to this behavior:
t-

31, 4 3H O = $1' + 10f + 6H' . (1)2i

! 'In this reaction, iodine appears in three oxidation numbers, and there
U

is little doubt that other oxidation numbers must be involved since the
. reactant la has a' value of 0 and the products have values of 1 and 45.
; At trace concentrations, bimolecular reactions of iodine species would

not readily occur, and intermediate oxidation states could persist or'
;; react by alternative mechanisms,

In the sin,ulated steam generator tests that are reported in thisp.

work, the aqueous iodine concentration was 10'' ti; the primary coolant
in operating Pk'Rs would have iodine concentrations less than or approxi-
mately equal to this value." Thus, tracer effects, along with more
common processes such as oxidation, hydrolysis, and adsorption, will
determine which lodine species will be present in the solution.

L
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2. EEPERIMENTAL PROCEDURE

2.1 SIMULATED STEAM GENERATOF. TESTS

The experiment.a1 system, used to study the vapor liquid partition-
ing of iodine in a simulated PVR steam generator, consists of a large
(152-cm long, 8.9 cm diam) stainless steel autoclave, which is heated
electrically in three zones along its length and is connected to a
separate condenser vessel via an orifice and air operated valve. A
schematic diagram of the system is shown in Fig. 1.

The experimental procedure was as follows. Teed solutions were
prepared the day before the experiment. Sufficient orthoboric acid (JMC
puratronte grade) to give a concentration of 0.05 to 0.5 8 (usually
0.2 B) was dissolved in demineralized distilled water. If necessary,
Lt.e pil was adjusted by addition of 1.0 8 Na0ll, and the volume was
adjusted to 1.2 L (some tests were carried out with 1.75 L or 4.0 L of
feed solution). Just before the experiment, the 1831 tracer was added.
The tracer was received in the form of " carrier free' Na2811 in
0.1 H Nacil solution (Dupont); this was diluted and added to the feed
solution to give -1 x 10'' C1/mt. This gave a total iodine concentra-
tion in each of the experiments of 1 x 10'' 8 to 5 x 10*8 d.

If the experiment was to be performed in an argon atmosphere, the
feed solution would be sparged with argon for 16 h. A 20 mL aample was
taken for iodine analysis, and the solution was loeded into the top of
the pressure vessel through a stainless steel funnel. Further argon
sparging could take place at this stage; oxygen free argon was supplied
to the bottom of the vessel, and the oxygen content of the exhaust gas
was monitored with an oxygen analyzer. The oxygen content was always
<2.5 x 10'' atm 0 before the test was started, when oxygen free condi-2
tions were required. In order to reduce the amount of inert gas, the
chamber was vacuum pumped to 0.2 atm before the start of the test,
Af ter all valves to the vessel had been closed, the sinctlated steam
generator was heated to 285'c and 1000 psi pressure.

The use of radioactive tracers at low concentrations in large
vessel at high temperature and pressure makes it necessary to ensure
that appropriate handing and operating procedures are followed. This
involves, among other good practice techniques, thoroughly cleaning the
system between runs and also maintaining a temperature profile that
eliminates steam condensation at the top of the pressure vessel. Steam
reflux in the pressure vessel removes lodine from the vapor phase and
results in an erroneously low apparent iodine volatility.

Af ter a period of equilibration at steady temperature and
pressure, usually 4 to 6 h af ter startup, a sampic of the vapor phase
was teken by opening the air operated valve for 10 to 20 s and allowing
steam te pass through the orifice into the condenser. After waiting a
few minutes to allow cooling, the condensate was drawn of f f rom the
bottom of the condenser. At this time, a sample of liquid was also
taken from the main vessel. Samples were taken in this way periodically

,, , , , . . . . . . _ - . . - - - ,
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Fig. 1. Experimental system for investigating iodine transport
from a simulated steam generator.
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througho.it the test. Adsorption of iodine from solution onto the vessel
8Hwalls was determined by comparing the 1 in the liquid samples with

that.in the feed solution and correcting for the amount in the gas
phase.

The amount of in! in the liquid and condensate fractions was |
determined by counting 1.mL aliquots using a Nuclear Data System 680 1

with a Na1 well detector. The data were corrected for decay, back.'-

ground, and counter efficiency. Samples were counted for between 1 and
16 h, according to their activity; this gave statistical counting errors .;

W of between 0.03 and 2.06.

Iodine speciation in the liquid samples was determined by extract.
ing (with minimum delay time) 10 mL of sample soluticn into 10.mL of
CC1. to remove la and organic lodides; the phases were separated, and ,

1 mL of aqueous phase containing the -I* and loi fraction was counted as ,

"above. The organic phase was then back. extracted with 10 mL of 0.10 3
NaOH, using 0.01 g NHgGH hcl solution to convert the 1, to l' and ',extract it back into t.he aqueous phase - any organic iodides remained in
the organic portion. The phases were again separated and counted as

'
before.

It is very difficult to quantitatively evaluate extraction ,

techniques when the material being extracted is present in tracer
concentrations. We have tested the extraction technique to determine >

the recovery of the initial iodine in the pH range of 5 to 9 that was ;

used in the simulated steam generator tests. The extraction tests were i
done at room temperature on solutions that had not been heated. Table 1

'

shows the percent recovery of initial iodine, 2 , and (1* + 10f). The >

3
recovery was good throughout the pH range. The percentage of iodine ;

that extracted as la decreased with increasing pH. This, too, is- [

reasonable behavior for iodine (see Sect. 3.1). |
|

Table 1. Iodine extraction of feed solution at pH 5, 7, and 9
from -1 x 10*8 g 1* solutions in 0.2 g H 50 t

3 3
.

I

Sample la l' 4 10a* Recovery l

(4) (4) (%) f
F
:

As made, pH $ 0.3 98.1 98.4 |
After Ar sparge, pH $ 2.6 98.5 101.4 [

!
pH 7 set with NaOH 2.0 x 10 2 97.01 97.03 j
pH 9 set with NaOH 7.0 x 10'' 98.63 98.64

!

!
.

,

>

;

:
1

___
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At the end of the experiment, the heaters were switched off and
! the system was allowed to cool overnight. The vessel was emptied

through a drain at the bottom and was refilled with distilled water to
wash off any residue. The rinse water was drained and the process
repeated several times to ensure that all chemicals were removed from
the inside of the vessel before a new test was begun,

!

3. EXPERIMENTAL RESULTS

3.1 LABORATOkY TESTS

3.1.1 Partition coefficients
!

Volatility can be conveniently expressed in terms of PCs. They
can be given in terms of concentration per unit volume or in terms of
mass. In this work, the iodine PC is defined as:

PC e ncentration of iodine species in aqueous solution
g)concentration of iodine species in gas ,

Because the concentration of iodine species in the gas appears in the
denominator of the PC equation, small values of the PC correlate with
high volatility, and large values correlate with low volatility. PCs,
given on a concentration basis as in Eq, (2), may be converted to PCs on
a mass basis by multiplying by the gas to aqueous density ratio:

density of gas
iodine PC (mass basis) - PC (density of aqueousy

The PCs given by Eqs. (2) and (3) refer to the concentration or
mass of all of the iodine species, For example, the concentration in
the aqueous phase may be made up of I', IOi, I , and possibly other
chemical species. It is sometimes useful to define a PC in terms of t

only one species, Since 12 and organic iodide are expecated to be the
dominate volatile iodine species in these tests, two additional PCs are
defined as follows:

concentration of I in aqueous solutionPC of 12- gconcentration of Is in gas

and

PC of CH 1 concentration of CH 1 in aqueous solution3
3 ,concentration of CH 1 in gas3

,

Several tests were run at pH 5 to evaluate the effect of the tem.
perature profile in the pressure vessel on the reasured PCs. In a test
where the aqueous temperature was 22*C hotter than the top of the steam
space, a PC of 3.7 x 10' was measured. k' hen the situation was reversed

L

and the top of the steam space was 210'C higher than the aqueous solu-
tion, a PC of 3.50 x 102 was measured. All of the PCs reported in thio
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section were run with a ten:perature profile such that the top of the.
-pressure vessel near the opening for the steam sample was h10'C hotter |

r .than the aqueous surface, and there was a smoothly decreasing j
temperature gradient from the top of the vessel to the aqueous surface.

,

This was done'to prevent reflux in the pressure vessel and ensure that I
the true equilibrium PC was measured. !

. .. 'l
The matrix for the simulated steam generator tests consisted of-

experiments performed at pH levels of 5, 7 and 9 (measured at 25'C)
t' with an atmosphere of air / steam or argon / steam. Table 2 gives the

results of these tests in terms of PC and the percentage of iodine in
aqueous solution as In and organic iodide. Hydrolysis of la and
oxidation of 1* are the two processes that may be cited as important in

[ determining the iodine speciation and, thereby, the PCs. In iodine
solutions'with concentrations above trace levels, hydrolysis of 1

(g depends on pH.13 This is also probably true of iodine in trace
! concentrations. The results given in Table 2 show that in either an

,

[ argon / steam or an air / steam atmosphere, tests run at pH 9 gave a lower !

| In percentage than those run at pH 5. The PCs at the higher pHs were
higher than those at the lower pH and, from the definition of PC given,

in Eq. (2), this is the behavior that would be expected in solutions ;

[ with a lower percentage of 1 .3

L

Table 2. Summary of results from steam generator iodine experiments
285'C, 1000 psi, 0.2 8 horate, 1.0E.9 8 l'

'

:

pH 1 Organic 1 Partition |,

Atm at 25'c in liquid in liquid coefficient,|
'

(t) (t) PC
- ;

| Argon 5 2.04 0.11 6.87E+03
7 0.44 0.07 5.18E403
9 0.02 0.00 4.75E404

!. Air 5 22.00 3.95 3.50E402
L 7 1.20 0.15 8.88E402

9 0.12 0.01 7.16E403

! After all of the simulated steam generator tests at low iodine
concentrations (-10'' d) were conpleted, several tests were run at
concentrations near 10'' H in order to compare the results with those

i obtained in tests run at trace concentrations and to obtain data on the
i aqueous / gas partitioning of 1, at 285'C. A test performed in argon /

steam at pH $ with 1 x 10'' d I' gave 0.1% in in aqueous solution and a
8[ PC of 8 x 10 . The low percentage of Ig and the relatively high PC in

t this test, compared with results und(r similar conditions shown in
Table 2. 2ndicate that the aqueous iodine behavior is different at trace
levels from that observed at concentrations above trace levels. The low
percentage of 12 in the tests run with 1 x 10'' d l' is more consistent

7

|
,
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.k 's f

Sith what 'aight be sxpected for an iodine solution with 'a very , low
6

'
t

oxygen content ~.

kg 3,1,2 Adsorption of Iodine from Solution
'

,i
. Adsorption ^of trace elements from aqueous solution onto surfaces"
often depends on pH. .Cenerally, the adsorption of anions is enhanced at
2cw pH, and'the adsorption of cations is enhanced at high pH.S

.

A
somewhat simplified rationale for this behavior is that at high pil, ,

trace anions must compete with OH' ions for the available adsorption
sites, and at low pH, cations must compete with H* ions. For adsorption
of 1*, this interaction can be expressed as.'

(Oll') surface + 1' = (I*) surface + OH' . ( 6 )' -

Following the treatment given by Benes and Majer,5 a distribution
coefficient, q, is defined by

nq.--*, (7)
.

y
"L

,

where e, and mL represent the amounts of I' adsorbed on the surface and
in solution, respectively. . Assuming the equilibrium given in Eq. (6) ,

and a constant number of adsorption sites, it can be shownS for anions
such as !* that. '

log 3o q - k pH, (8) i

where the constant k includes (1) terms for the initial concentration of ,

the tracer, (2) the equilibrium constant for Eq. (6), (3) the number of Iadsorption sites, and (4) the dissociation constant of water. In any i

real system, it would be very difficult to evaluate k by any technique
other than empirical measurement.

-

The present study is consistent with the general expectation of
adsorption of I'. Tests that were run at a pH of 7 or greater (measured
at 25'C) gave little indication of adsorption onto the walls of the 4
container. However, tests run at lower pH IcVels always had an initial 6181aqueous 1 count rate greater than that obtained when the sample was !in. the system at operating conditions. #,

,

Table 3 gives values of the distribution coefficient q3 that show
less adsorption at the higher pHs. One test run at pH $ had 1 x 10'8 H

|
,

N0f in solution and resulted in a distribution coefficient of 0,53, ~

'

which is only slightly greater than values obtained it pH 7 or 9. This i'.is consistent with the argument that the extent of adsorption depends on
the number of ions competing for adsorption sites. j

-t
:

i

.6

.

t

I
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Table 3. Distribution coefficients for the adsorption of iodine
on stainless steel pressure vessel valls

-

pH Solution volume Distribution coefficient
(mL) q; - m,/mL

4.7-5.2 1200 4,23
5.0 1200 0.53 (NO * added)3

5.0 1200 1.45 (air)
3.8 1200 1.45 (0.5 H H B03 air)3

7.0 1200 0.26
7.0 1200 0.33
7.0 1400 0.00
9.0 1200 0.10 (0.5 g HaB03 air)

4. DISCUSSION

4.1 FORMATION OF I AT TRACE CONCENTRATIONS
.

In the simulated steam generator iodine tests, there is cicarly
some mechanism capable of maintaining a fraction of the aqueous iodine
in the form of 1 . The mechanism is most effective at low pH and with3
oxygen in the system. Since lodine hydrolysis [Eq. (1)) is faster at
high pH and oxidation of l' becomes easier with increasing amounts of
oxygen in the system, the results of these tests are in line with
expectations.

Some additional observations provide insight into the mechanism.
First, the mechanism must be capable of maintaining a concentration of
In evet though hydrolysis is destroying it. We ran a test in argon /
steam at pH 5 (under the conditions listed in Table 2), except the
initial iodine was in the form of 12 with a concentration of 5 x IO'S d
(1,0 x 10" gram atoms 1 as 1 /L) . The liquid samples taken from the2
pressure vessel system had only 0.3% I , with the remainder as I' andt
10 * . Thus, hydrolysis was very effective at removing I, at pH 53

(maasured at 25'C) when the system temperature was 285'C. '

The second observation was that under a given set of conditions, a ;

higher percentage of In can be formed at trace concentrations than at
higher concentrations. This indicates a mechanism that is either not
effective (i.e., cannot compete with other processes) at higher concen-
trations or one that is limited in the total amount of iodine that it
can maintain as 1 .3

A third observation was that the 1 fraction decreased when i
2

nitrate ions were in the system. A test at trace iodine concentrations
(with 10** H No ') gave 0.4% 1, rather than 2% without the nitrate.a 2

This could indicate that the reaction forming 12 occurs on the surface,

t
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.:
because'the nitrate also resulted in. lower adsorption of iodine on the
vessel surface (see Table 3). Alternatively.-it could indicate that a i

,

reaction in solution was inhibited by the excess anion. Fudge and Sykes i
have studied the effects of nitrate and other anions on the :
reaction:18 D

,

8 8Fe ' + I ' = Te 1 + ,
L

Tela, , g , y,2+ , 3, , [.

Fe + + I * * Fe + + y , , [
8 2

8 82 Fe + + 21' = Fe + + I g . ' (9)

Their studies were carried out at 20'C. There was some retardation of
thz reaction rate due to nitrate, but it only amounted to a few percent
at 1 x 10'8 H NO ', which was the lowest concentration used. However, in3

8their tests, the Fe ' and l' concentrations were well above the trace
' levels of 1.67- x'10" H and 5.0 x 10'8 H, respectively. The retardation.
was attributed to the formation of FeNO +, which lovers the concentra. ,'

3tion of ferric ions.

We may also propose a surface reaction that directly involves !oxygen:
i

821' + 1/2 02=0'+I ,
;

8Fe 4 + O*3 = reo ,

Fe+2 + 21' + 1/2 Og a Fe0 + 1 (10)3 .

>

In the tests run in argon / steam, the gaseous oxygen content was i4s2.5 x 10 atm. If we assume the equilibrium at 285'C, then '

i

't0 a 0 (11) '2 2 .
gas aqueous r

;

which corresponds to an aqueous 02 concentration of s10'8 H. This fconcentration is of the same magnitude as the aqueous iodine concen- itration in the simulated steam generator tests, f
;

It does not appear to be possible to choose between the mechanisms (given by Eqs. (9) and (10), or perhaps others, based on the present ;studies. '

f
i

Additional factors need to be considered in the discussion of the Iprimary coolant tests. First, when a primary coolant sample is taken, i
it is necessary to depressurize the specimen, and the depressurization iis accompanied by the release of hydrogen. Thus, in the process of .itaking a sample, the conditions of the specimen are altered from what 1

>

!

!

!

!

i
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they were in the primary coolant. However, the test results show that )
no 12 was present when the primary coolant initially contained its i

normal Ha content. Thus, the primary coolant conditions prior to i

sampling must have been a determining factor in the percentage of 1 .3

Also, the peak in percentage la observed at shutdown defies
explanation by a sampling effect. At both plants, the coolant hydrogen i

concentration was lowered at least 20 h before shutdown, yet the peak in !

percent 12 occurred during the decrease in power just prior to shutdown
;

or at shutdown. '

During reactor operation, water radiolysis products such as 011,

e'hp, re and H 0
H 2 2 are in the coolant. Hydrogen added to the system

sses the amount of oxidizing radiolysis products such as Oli andsu

11:0 .1' When a sample is withdrawn from the primary coolant, it is2

removed from the intense radiation dose rate, and free radicals such as
H and OH react very rapidly and thus are dissipated. Some hydrogen
peroxide may remain in the sample specimen and this may react with I' to
form 1 . Again, this possible sampling effect is counter to the obser-2

vations of a peak in percent 12 at shutdown. It is not clear why this
mechanism would be favored at shutdown - the dose rate should be reduced
and somewhat lower concentrations of water radiolysis products would be
expected at shutdown.

4.2 HI A8 A SOURCE OF IODINE VOLATILITY

This work has centered on 1 , with some measurements of organic2

iodides, as the potential sources of volatile iodine in steam generator
accidents. The chemical species HI could also be mentioned as an
additional possibility. At the relatively high aqueous temperatures in
the primary coolant, the dielectric constant of water is not as great as
it is at lower temperatures, and there may be some association of 11' and
I* even in such a strong acid as HI.

If we assume the following equilibria,

HI,q a H+ + 1* (12) ;

and

H+ 4 I' a HI , , (13)g

we can calculate a PC due to HI, based on Eq. (13). To do this, we
recognize that in aqueous solution the concentration of I' >>
concentration of HI; therefore, we define the PC due to HI gas as:

PC (due to HI) * * "#*" #" " " " * " " (14)-

concentration of HI gas

Assuming ideality, the standard free energy change, 4G , for the
reaction given by Eq, (13) can be written
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IHI '.AC' - RT In (15)! ' concentration of concentration of
,

; l' in aqueous- H' in aqueous t

where T is expressed in Kelvins. .

Using the ideal gas' law to substitute concentration of HI gas for
Pgi and thermochemical data from Barner and Scheuerman 15 we find at.
285'c (558 K):

'

9.6 x 102
i PC (due to HI) = (16) f.
F

H' concentration i
,

'

From this, it seems that very high hydrogen ion concentrations would be
.

required to make the PC (due to HI) low enough to create a volatility |
t

problem. -Por example, a PC (due to HI) of 2000 would require the
extremely high H* concentration of 0.48 H. '

I s
F This analysis is supported by a test run at pH 5 (measured at

25'C) with an iodine concentration of 1 x 10" 8 Under the normal
. operating conditions of argon / steam at 285'C, the measured PC was .

8'~ .

8 x 10 , and this was at least partially due to the 0.1% Is in the jaqueous solution.
[

,

L
!'

4.3 INTERRELATION OF PRIMARY C00!Jt.NT TESTS AND SINULATED
TESTS

!,

In the simulated tests, it was possible to measure both the iodine
i' speciation in solution and the iodine PC, whereas only iodine speciation

}could be measured in the primary coolant tests of Voillequd. The con- !version of aqueous iodine speciation data into PCs requires values for |
c

the PC of 13 and possibly the PC of CH 1, as defined in Eqs. (4) and j3

(5). Attempts to directly measure the FC of I in the simulated steam
{

-

t
[ generator pressure vessel were unsuccessful. Samples containing In !

.above trace concentrations require a low pH to prevent hydrolysis. As {

described in Sect. 4, a test at pel 5 containing 5 x IO'S M In resulted ',
[ in almost complete hydrolysis of the 1 . A similar test at pH 2 j2
; produced large quantities of corrosion products from the vessel walls, !
L which obscured attempts to analyze iodine species.

j
L

!| Parsly has evaluated PC values of Ig at temperatures up to -185'C, !
| the boiling point of iodine.35 Palmer et al." fit Parsly's data for

iT >385 K as: '

, |
ti 5615.4 '

loga PC of I 25.179 + 0.02990T . (17) j
-

T
;

Vhile Eq. (16) givos a minimum PC value of 12 of 5.45 at 160'C,
:

extrapolation to temperatures above 160'C gives increasing values for '

PCs of 1 . At 285'C, a value of 37 Is calculated from Eq. (17). It i2

i

6

h

_-_
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should be pointed out that extrapolation far from a minimum value may-'

not be completely justified. It is done here because it is the only
value that can be compared with results obtained in the simulant tests.

If it is assumed that the PC values from the simulant tests given'-

in Table. 2 were due only to volatility of 1, we calculate an average PC3
,

| 7 of In for those tests of 23.7 1 17.8. From this value and the extra.
y - polation using Eq. (17) we estimate the PC of In at 285'C as 25 1 15.

2H1 atL In Part 1 of this report, the maxima in percent iodine as la for
! times near shutdown was given as 20.9% at Plant 1 and Plant 2, respec.

Ii tively. The maximum in In percentage at Plant 1 may be compared to a
| test in the simulated steam generator experiments where 224 as I, !

resulted in a measured PC of 350. |
|

.' The minimum allowable iodine PCs, in terms of concentration per :
unit volume,' is 2000 (from document 10 CRP 100). Use of the estimated"

PC for In indicates that an 1, percentage of <1.2510.75 is necessary
,,

if one desires to have a PC >2000. By comparison, a simulant test that
showed 1.24 as la gave a PC of 888. In the plant tests, values of'-14

as 13 were at or near the borderline of detectable concentrations. |
!

!. In Table 2 the 1/ organic iodide ratio is -5 to 20 and this is3

also true of the plant tests, The volatility of organic iodides varies ,

greatly for different species, with Cit:1 being the most volatile. There t

are no data on the PCs of organic lodides at temperatures near 285'C.,

At 25'C, Nishikawa et al.se give a PC for Cil 1 of 4.5 to 4.9, and a PC'
3

for Cdl 1 (iodobenzene) of 19.2 to 22.4. These values may be compared'

3

with a PC for In of 81 at 25'C that was calculated from thermochemical
f data given in Ref.11. Thus, even though th91/ organic iodide ratios3

are much greater than 1, a significant fraction of gaseous iodine could
L be in the form of organic iodides.

:

L 5. CONCLUSIONS .

L ;

The simulant steam generator tests indicate that iodine at trace [
concentrations can have a species distribution in solution that is not i

t expected or observed at higher concentrations. This is in agreement
with pre'vious experiments on radiciodine, which were conducted at trace :

h concentrations but at lower temperatures.de j
; ;

The present work has concentrated on studying iodina at primary 'i' -

: coolant conditions. During an accident involving the rupture of a steam ;

generator tube, there may be some mixing of primary and secondary'

_;
coolants. The extent of this mixing would have to be evaluated in model ;
calculations of such accidents. Secondary coolant generally contains
ammonia or morpho 11ne for pil control and hydrazine as a reducing agent.

'

It is clear from the results of our work that high pil and reducing !

conditions favor low percentage 1 . Thus, large scale mixing of primary '

3

and secondary coolants should decrease the percentage 1 . Additional3 ,

studies to verify this effect and to determine whether volatile iodine
'

species are formed in the reaction of iodine with morpholine degradation
,

products would be useful. '

,

|

.
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