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ARRTRACT 

The results of an analysis of radioiodine behavior during and after the 

March 28. 1919 accident at TMI-2 are presented. All available measurement 

data for 1291 and 131 J are summarized. Measurements show that from 11\ 

to 28\ of the iodine originally in the fuel could be accounted for outside 

the core on August 28. 1919 (when the fi rst basement water sample was 

taken). To fill in gaps where measurements are not available mathematical 

models are used. Models for the transport of iodine from the fuel to the 

Reactor Building are developed and benchmarked to measurements. It is es­

timated that approximately 1\ of the iodine originally In the fuel was made 

ai rborne during the accident. and the maximum air concentration during the 

accident resulted from transport of 0.2\ of the original core inventory. 
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INTRODUCTION 

The purpose of this work was to perform a preliminary analysis of the 

fate of radioiodine during and following the accident at Three Mile Is­

land. Unit 2 (TMI-2). The plant ha1 been operating for approximately 95 

~ffective full power days when it tripped at 0400 on March 28. 19'19. Sub­

sequent events lead to reactor coolant system (ReS) liquid being released 

to containment until approximately 0620 when the block valve (RC-V2) was 

closed. At this time radiation monitors began recording substantial radi­

ation levels in containment indicating that the loss of coolant had caused 

fuel damage. Starting at approximately 0713 and lasting until approxi­

mately 1700 hours. coolant. as steam and liquid. was released to contain­

ment intermittently carrying radioactivity from the damaged core. At 1350 

hours. containment sprays were initiated for approximately 5 minutes which 

reduced concentrations of radionuclides in the containment atmosphere. 

Containment pressure fell below atmospheric pressure at 1730 hours and re­

mained there. indicating that little or no vapor escaped from the Res 
after that time. However. some leakage of RCS liquid continued. 6 

This work summarizes the quanti ties of iodine 1n plant systems Clnd 

compartments from the start of the accident. The systems and compartments 

included are the reactor coolant system. containment basement. surfaces 

inside containment. contai nment atmosphere and the aux 11 iary building. To 

the extent possible. measurement results were used in the analysis. For 

time intervals when data were not available. mathematical models were used 

to fi 11 in the mt ssing infolcmat ion. Models were adjusted Lo correspond 

wi Ui measurements made pr ior to and following such intervals. 

Relevant measurement results are summarized 1n the first part of the 

report. The second pnrt of the report describes the mathematical models 

and pr~sents model results. 
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RADIOIODINE MEASUREMENTS AT TMf-2 

The results of rddioiodine measurements made dt TMI-2 are summarized 

in this section. The media sampled included reactor coolant, the Reactor 

Building atmosphere, the Reactor Building basement liquid, liquids in the 

Auxiliary Sui lding, effluent air discharged from the Auxi 1 iary and Fuel 

Handling Bulldings, charcoal from filter beds in the Auxiliary and Fuel 

Handling Building discharge lines, and samples of paint from surfaces in 

the Reactor Building. In addition, iodine concentration on Reactor Build­

ing surfaces was estimated from gamma spectra obtained by a collimated de­

tector positioned outside the building. Most of the samples collected 
131 soon after the accident were analyzed for J by gamma spectrometry. 

Subsequent samples were analyzed for l29[ by x--ray spectrometry and neu­

tron activat ion analysi~. Each major inventory component is treated in a 

separate subsectior. To fael litate comparisons among nuclides and between 

samples taken at di fferent times, the measured act i vi ties have been decay 

corrected to the time of reactor shutdown, 0400 on March 28, 1979, and ex·­

pressed as a fractiun of the shutdown inventory of the measured radio­

nuclide. 

Reactor Coolant System Liquid 

Jodine-131 was detected in reactor coolant system (RCS) liquid samples 

collected before August IS, 1979. 1 ,2 The concentration of 129r has 
3-5 

been measured in two RCS samples. The resu I ts of the measurements 

are given in Table 1. In additlon to these measurements, the 131 1 con­

centration of a sample taken at 0850 on the day of the accident was re-
6 

ported to be 81 lJCilml. However, the result is questionable because 

of sampling difficulties and the probahle existence of a vapor barrier be­

tween the liquid in the core and the liquid being sampled. After :WOO 

hours on the day of the accident, an in-service reactor coolant pump as­

sured reasonably good mixing in the RCS. Iodine-129, -131, and -133 con­

centrations were measured in the first RCS sample listed in TabJe ]. The 
131 133 d h f' 129 J . d resul ts for I, I, an t,~ ] rst measurements are 1n goo 

agreement and indicate that about Q.2% of the iodjne inventory was in the 

ReS 37 hours after reactor shutdown. The quantity of radioiodine in the 

2 
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TABLE 1. MEASUREMENTS OF RADIOlOOINES 
IN THE TMI - 2 REACTOR COOLANT SYSTEM 

Time (hr) After Percent of InitiAl 
Shutdown (Date) Radionucl1de Core Inventory: Reference 

31 (3/29/19) 1311 1.6 2 
1331 8.9 2 
1291 11 3 
1291 0.18 3,4 
1291 19b 5 

316 (4/10119) 1311 14 1 
458 (4/16119) 1311 12 1 
483 (4/11119) 1311 12 1 
522 (4/18119) 1311 12 1 
605 {4/22/19) 1311 9.1 1 
616 (4/25/19) 1311 8.9 1 
841 (5/2119) 1311 6.1 1 

1040 (5110119) 1311 1.5 1 
1230 (5/18119) 1311 8.0 1 
1510 (6/1119) 1311 8.0 1 
1110 (6111'19) 1311 5.2 1 
1860 (6/i3/19) 1311 4.1 1 
2000 (6/19/19) 1311 4.6 1 
2190 (6/21119) 1311 4.2 1 
2380 (1/5/19) 1311 4.9 1 
2530 (1/11/19) 1311 5.8 1 
2610 (1111119) 1311 3.6 
2840 (1/24/19) 1311 5.1 1 
3010 (1/31/19) 1311 3.1 1 
3200 (8/8119) 1311 0.43 1 

12100 (8/14/80) 1291 1.0 3 
1291 0.5 3,4 

a. computed using a reactor coolant system volume of 3.23x108 ml and 
initial inventories of 1.0xl01 Ci, 1.6xl08 Ci, and. 0.22 Ci for 131!, 
1331, and 1291, respectively. The inventories were taken from Refer­
ence 2l. 

b. Possibly not an aliquot of the same sample. 3 

3 



Res liquid at times prior to 37 hours can only be inferred from calcula­

tional models. Samples taken from 37 to 522 hours showed that the Res 

liquid iodloe increased to 12--14\ of the core inventory and then declined 

to about J\ of the core inventory at 12,100 hours after shutdown. The in­

crease 15 believed to be due to leaching of iodine from the dama<]ed fuel 

or from internal surfaces of the primary system, where it may have depos­

ited following release from the fuel. The decrease after about 522 hours 

is due to leakage (jf water from the RCS into the Reactor Building Base­

ment. Radioiodine input and output rates to the RCS liquid are similar to 

radiocesium input and output rates during the same time period. 6 

Reactor Building Basement 

The Reactor Bul Jding BaRement is potentially a large reservoi r for 

radtoiodines. The few measurements that have I~en made are summarized in 

Table 2. Each value is the sum of radioiodine In the liquid and in fil­

terable solids, when present. Each sample is discussed briefly below. 

The first set of samples was taken on August 28. 1979 and analyzed by 
7 Oak Ridge Nattonal Laboratory (ORNL). The samples were taken through a 

long tygon tube threaded through a penetration above the basement water 

Jevel. Al though tygon is a notorious "'Jetter" of elemental iodine when 

used for air sampling, it is doubtful that much plateout of iodine occur­

red from the liquid stream. This is because the deposition rate iR con­

t rolled by the mobility of the ion in a liquid and is therefore very slow 

compared to the sampling ratE!. The bottom sample. taken three inches 

above the floor. contained solids which were centrifuged and analyzed sop-
131 arately. The only value for I concentration 1n thl'? basement (0.12 

llCi/ml) is from the liquid portions of these samples. and is equivalent 

to 17 percent of the core inventory at 0400 hours March 28. 1979. This 

est imate is based on 516.000 gallons of liquid in the reactor build! ng 

""8 1979 Th l/.9r i ' h l' id f hdsement on August /.. . . e concentcat on In t e lqU rac-

t ion of the sarnpl es. 0.078 }.Ig/ml. represents 12 percent of the core in­

ventory. The 129J concentrat:lon in the solids is reported in terms of 

the total volume of the bot tom sample: 0.07 }.Ig/m!. The ca lculation of 

the 1291 inventory in hasem€'nt solids requires an assumption on the 

4 
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TABLE 2. MEASUREMENTS OF RADIOIODINES IN THE 
TMI -2 RFACTOR BUILDING SUMP 

Time (hr) After 
§hutd9Wll (Date) 

3,680(8/28119) 

18,680(5/14/81) 

21,810(9/24/81) 

Radionuclide 

1311 

1291 

1291 

1291 

Percent of Initial 
Core Inventorya 

Liquid ~ol1ds 

l1D N.M.c 

12b O.4-1d 

5.5e 0.5-Sd 

25f N.M. 

Total 

>11 

12-19 

6-11 

>25 

Reference 

1 

1 

8,9 

10 

a. Core inventories at shutdown of 1291 and 131 1 taken as 0.22 Ci and 
1.0xl01 Ci respectively. 

b. Based on an estimated basement volume of 5.16xl05 gal on August 28, 
1919 and the average concentration found in three samples of liquid. 

c. N.M. = not measured. 

d. Varies according to amount of solids estimated. See text. 

e. Based on an estimated basement volume of 6.4xl05 gal on May 14, 1981 
and the weighted averag~ of the concentrations found in four samples of the 
liquid fraction. 

f. Based on an estimated basement volume of 6. 5xl05 gal on September 24, 
1981. 
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depth of solids-laden water. The mj nimum depth is three inches. whl ch 

corresponds to a volume of 1.69xl04 gallons. 'rhe maximum possible depth 

is just below the next higher sample (60 inches above the floor). 1n which 

no solids were reported. which corresponds to a volume of 3. 3Bxl05 gal­

lons. The 129r core inventory in the solids thus ranges from 0.4 to 7 

percent. The total core inventory in the basement ranges from 12 to 19 

percent. 

A second set of basement samples was taken during the tenth entry (May 

14. 1981) and analyzed by EG&G Idaho. Inc. B
•
9 The lowest sample of the 

four was from the basement floor and contained solid materials. The next 

sample up was 5 31.B inches above the floor. 

"contained no observable 3011ds". B.9 The 

It and the top two samples 
129 

I concentration in the 

1 iquids decreased toward the bottom of the basement. The fraction of the 

core inventory in the liquid was 5.5 percent. The 129r concentration 1n 

the solids. determined by neutron activation analysis. was 0.065 percent 

by weight. There was 0.9 mg of solids per milliliter of the sample. so 

the 1291 concentration in the solids was 1.OxlO-4 ~Ci/ml of sample 

as collected. The amount of 1291 in the basement solids depends on the 

depth of solids-bearing water used 1n the calculation. An upper limit is 

5 inches which yields a core fraction of 5 percent. If a O. 5-1nch height 

is assumed as the lQWl?r limit, this represents 0.5 percent of the 1 )9r 
core inventory. '!'oe tot a 1 core inventory represented thus lies between 

about 6 and 11 ~rcent. 

The final basement sample, CIOl, was collected September 24, 19B1. 

prior to the start of processing of the basement water by the Submerged 

Demineralizer system. lO Although the sample was filtered, the only 

1291 value reported is for the liquid port ion and is thus a lower 
-5 

limit. The concentration of 2.2xlO ~Cl/ml corresponds to a core-

inventory fraction of 25 percent, the highest measured. 

The calculations of fractional core jnventories of iodine 1n the base­

ment all share the assumptiorl that each sample h, representative of the 

entire basement at the time of coIlpction. The differences in the results 

are probably due at least partly to j nhomogenei Ues j n the basement con-

tents. 

6 



The fi rst sample of the reactor bui Iding atmosphere was collected 75 

hours after shutdown on Mitrch 31.1979. 2 Ten more samples were collect­

ed and ana 1 yzed for 131 J • 11 -1:3 'rhe 1 ast two 131 I measurements were 
14.15 ;nade using an airborne radioiodine species sampler. The results of 

these m(?asurements are shown in Tahle 3. Also shown in Tilble 3 are the 
129 results of - r mnasurements made during 1980. both prior to and after 

the Reactor Building purge. 16 •17 

The average of the two analyses performed on the first sample repre­

sents 0.005\ of the original core inventory. Subsequent samples represent 

fractional core inventories which range from a low of 0.001% to a high of 

0.03%. The average of all samples is 0.01% of the original core inven­

tory. From June 1979 to May 1980. iodine levels in containment atmosphere 

steadily declined from 0.03% to 0.0015%. After purging. the level 

(0.0011"") was not much lower than the level just prior to purging 

(0.0015\). The reason for the decrease from June 1979 to r1ay 1980 may be 

that the rate of resuspension of iodine from surfaces decreased over that 

time period thus changing the iodine equilibrium between surfaces and 

air. A more detailed discussion of iodine behavior is included in the 

next section. Suffice i I. to SilY here that at 75 hours the measured l(~vel 

of iodine in containment atmosphere was 0.005%. 

The radioiodine species sampling results are quHe ~;imi lar for gaseous 

l29 r and 131 I. 'rhe principal species found in all measurements was 
* organic. The commonly recognized volatile forms of iodine are elemental 

*References 14 nnd 15 describe a sampl ing system in whid~ ai r is 
passed serially through four ndsorbers which selectively co) lect di fferent 
forms of iodine. The f1 rst is a parUculate fi lter which collects and re~­

tains iodine irreversibly attached to particles. The second adsorber is 
CdI2 which retains elemental and passes less reactive forms. 'rhe third 
is IPh which collects a form of iodine called HOI which penetratef; the 
CdI2 adsorber but does not adsorb CH1J. The fourth adsorber is impreg-­
nated charcoal or silver zeolite which collects all known forms of iodine. 
and placed after CdI2 and IPh j. collects the least reactive forms of io­
dine. ~.g .. organic iodine of whjch CH31 is the most likely forl1l. 10 
this wport elementa), HOI and organic iodine refer to those forms of io­
dine identified with the above sampling system. 

"I 



TABLE 3. MEASUREMENTS OF ~DrOIoorNES IN THE 

Time (hr) After 
Shutdown (DaLe) 

15 (3/31n~) 

121 (4/2119) 

890 (5/4119) 

1130 (5/14119) 

1420 <5/26179) 

1450 (5/21119) 

1520 (5/30/19) 

1540 (5/31119) 

2040 (6i21119) 

2170 (6/26179) 

2480 (7/9/79) 

9590 (511/80) 

9630 (5/3/80) 

11110 (7/31/80) 

TM1-2 REACTOH BUILDING Jl.TMOSPHERE 

Radlonuc lidE~ 

1311 
131r 
131 r 
131

1 
]31r 

131
1 

1311 
131r 
131 1 
1311 
131 r 
1311 
129r 
1291 
129r 

Percent of Initial 
Core Inventorya 

0.0026 

0.0065 

0.0012 

0.0053 

0.0058 

0.020 

0.019 

0.030 

0.019 

0.014 

O.OIGb 

0.0089c 

0.0017d 

a.OOlSe 

O.OOllf 

Reference 

2 

11 

12 

12 

12 

12 

12 

12 

12 

12 

13 

13 

16 

16 

17 

-------
a. Computed L!sing an average net ai r 
Reactor Ruqding for the 131 r samples. 
a1 [ v(Jl~lille was taken to be 5 .. 37x1QIO 
the volume taken up by s~~p water. 

volume of 5.46xlO lO cm3 1n the 
For the 129r samples, the net 

cm3 . The difference 1 s due to 

b. Radioiodine species: 0.04% of airborne activity associated with 
particulates, 7.8% 12' 5.7% HOI, aud 86% organic iodides. 

c. Radioiodine species: 0.04% of airborne activity associated with 
particulates, 9.2% 12' 13% PoOl, alnd 78% organic iodides. 

d. Based on average of four Siamples of total gaseous iodine collected 
over 2-day period. 

e. Gaseous radioiodine species:: 19% 12, 16% HOI, 6S% organic iodides. 
The uncertaint ies associated wHh these species fract 10ns are -30% of 
the values, much larger than the uncertainties for the other species 
measurements. 

f. ~eak activity measured after most of the purge had been completed and 
airborne activity returned to equilibrium. Gaseous radioiodine species: 
2.5% 12' 1.3% HOr, 90% organic iodides. 
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(12)' organic (~.g., CH3I) and a form which bf:haves unlike 12 or or­

ganic which is generally called hyporodous acid (HOI). In addition to 

these forms, iodine can exist in particulate matter (~.g., as CsI) or ad­

sorbed on particulate matter. The iodine on building surfaces could have 

been transported there in any of these states, either singly or in combi­

nation. 

Reactor Building Surfaces 

The first estimates of the l~dioiodine concentration on surfaces with­

in the Reactor Building were derived from ganuna spectra obtained on June 

1. 1979 using a collimated Ge(Li) detector located outside the Reactor 

Building equipment hatch. IS The results of those measurements and of 

direct measurements on samples removed frGm the Reactor Building at later 

times are given in Table 4. 7 ,10,19 The first sample for direct analysis 

was the cutout of the penet rat ion seal plate obtained on August 28, 
7 129 1979. The estimates based on analyses of I in six paint sam-

10 19 pies' average 0.24\ of the initial inventory which is lower but com-
131 parable to the earlier re~ults for I. 

Auxiliary and Fuel Handling Buildings 

Measurements of 131 r in the Auxiliary and Fuel Handling Building 

liquids have shown that reactor coolant bleed tanks (RCBT) contained the 

vast majority of the radioiodine. 6 ,20 Table 5 shows the estimated liq­

uid inventories based on analyses of both 131r and 1291 .3,6,20 The 
129 tank samples analyzed for I were taken at different times. Sampling 

dates were December 20, 1979, January 28, 1980, and February 4, 1980 for 

RCBT-A, ReBT-B, and RCBT-C, re'spectively. The later estimates of individ­

ual tank and total tank inventories agree wHhin about a factor of two. 

Note that tank capacities werE~ used in the calculation of total activity, 

and therefore the results represent upper limits. Radioiodine levels in 

other liquids, in charcoal filter beds and on building surfaces are trivl­

a16 compared with those in ReBT liquids. At the time of this writing, 

measurements results of 1291 in sludge material taken from makeup and 

9 
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TABLE 4. MFASUREMENTS OF RADIOIODINE ON SURFACES IN THE 
TMI-2 RI!:ACTOR BUILDING 

-----
Time (hr) After Measurement Percent of Initial 
Shutdown (Date) Type __ Core Invento~a Reference 

1560 (6/1/79) 1311. Indirect. by 0.49 18 
Gamma Spectrometry 

3680 (8/28/79) 131 1. Direct. Sample 0.69 7 
of Penetration Seal 
Plate 

1"1000 (3/7/81) 1291. Direct. Paint 0.13 19 
From Seal Table Area 

17000 (3/7/81) 1291. Direct. Paint 0.47 19 
From Stairwell Area 

17000 (3/7/81) 1291. Direct. Fallen 0.025 19 
Paint Chip. Found on 
305' Level 

19600 (6/21/31) 1291, Direct, Paint 0.36 10 
on EJB,b 305' Level 

19700 (6/25/81) 1291, Di rect, Paint 0.17 10 
on EJB,b 341' Level 

19800 (1/1/81) 129r, Direct, Fallen 0.29 10 
Paint From Dome, 
Found on 347' Level 

a. 

b. 

Computed using a surface area of 2.2xl08 cm2. 

Electrical Junction box. 

---- -- -.---- ---------------
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TABLE 5. MEASUREMENTS OF RADIOlOOINES IN 
AUXILIARY BUILDING TANKS 

~--. 

Percent of Initial Core Inventory 
In ~he Reactor CooJant Bleed Tanksa 

Time (hr) After 
§t.tutdown (Date) Radionuc1ide __ A_ B C Total Reference - -"-

46--50 131 1 5x10-6 0.051 0.054 0.10 12 
(3/30119) 

140--150 131r 0.077 0.054 NOb 12 
(4/3/79) 

1900 l31I 0.12 1.1 1.1 2.9 20 
(6/14/19) 

6420 to 1291 1.3 1.1 2.3 4.1 3 
(l2/20119) 

7520 1291 0.59 0.59 1.1 2.2 3,4 
(2/4/80) 

a. Computed assuming liquid volumes of 2.92xl08 m1, which is the 
capacity of each tank. 

b. No data available. 

11 
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131 letdown filters are not available. In another analysis of I behav-

ior. 6 
it was estimated that the letdown demineralizer may have collected 

7\ of the radioiodine. Howeve;:. no measurements are avai lable and there­

fore demineralizer radioiodine is not included in Table 5. 

~ummary of Iodine Inventory .Evaluatio~ 

The observed fractional inventories in the various media are summa­

rized in this section. The first time at which a detailed account of the 

measurements of iodine inventory can reasonably be attempted is August 28. 

1979. 3680 hours after shutdo~1. Prior to that time. no direct measure­

mvnts of the basement or Reactor Building surfaces had been made. Table 6 

sununarizes the results of inventory measurements at 3680 hours (8/28/79). 

The possible range in the portion of the total inventory contained in the 

media sampled is from 17 to 28 percent. There is no evidence that any 

other system or area of the plant held a significant quantity of iodine. 

(As noted above. th2 letdown demineralizer inventory could raise the frac­

tion of the total iodine accounted for at that time). 

The same accounting procedure (using data from References 1. 3 and 20) 

identifies approximately 50\ of the 3" and 137C5 inventory on the same 

date. The fractional inventories of these elements in the RCS and Auxil­

iary Building3•20 are comparable to those for iodine. The principal 

difference between the cesium and tritium inventories on the one hand and 

the iodine inventory on the- other lies in the fractions found in Reactor 

Building Basement. 

Potential locations of additional iodine have been identified. These 

are listed and discussed briefly below: 

o relatively undamaged fue!l 

o reactor vessel internals and RCS piping 

o pressurizer relief syst€!m including the reactor coolant drain tank 

o makeup and letdown syste·m 

o solids in the Reactor BUlilding sump and basement 

o Reactor Building ajr cooler surfaces 

12 



TABLE 6. SUMMARY OF MEASURED RADIOIODINE 
INVF.NTORIES ON AUGUST 28, 1919 

Location ___ _ 

Reactor Coolant System 

Reactor Building Basement 

Reactor Building Atmosphere 

Reactor Building Surfaces 

Auxiliary Building Liquids 

Total Identified 

13 

Percent of Initial 
Core Iodine Inventory 

2--3 

12--19 

0.002--0.003 

0.5--0.7 

2--5 

17--28 

. ~',. 

• 4- "l ":;1, ' I ' 



Although none of these locations has yet been analyzed for iodine con­

tent by direct or indirect measurement techniques. each is a candidate for 

future measurements that can improve the accounting in Table 6. Because 

portions of the reactor core remained at relatively low temperatures. un­

damaged fuel would be expected to contain a large fraction of the original 

iodine inventory. Radioiodine released from the fuel at higher tempera­

tures may have deposited on internal surfaces. such as the ~lenum or pri­

mary piping, that were exposed for an extended time. Much of the released 

iodine passed through the pressurizer and its relief lines to thE RCDT. 

The contents of the RCDT have not been sampled: neither have the interior 

surfaces of the tank and associated piping. Part of the iodine present in 

the RCS between 0400 and 1900 on March 28 would have been collected on the 

letdown demineralizer. Radiation survey data show that the demineralizer 

contains large amounts of radioactivity. The high concentration of l29 r 
in solids present In basement samples suggests that additional iodine may 

be present in the basement. If the concentrations of solids in samples 

collected to date under-represent the true mass of solids In the basement, 

then additional samples may indicate a higher inventory than that in Table 

6. The surfaces of the heat exchangers in the five Reactor Building air 

coolers may have removed iodine from the containment atmosphere. During 

the period when the concentration of radioiodine was the highest in con­

tainment air. it is likely that the surface of the cooling coils was cov­

ered with condensate. Therefore. some of the iodine removed by the cool­

ers followed the condensate into the Reactor Building Basement. 

Implications 9f Data Regarding the Chemical Form 
of Airborne Radioiodine 

The purpose of this section Is to examine surface measurements of 

137cs , 131 1 , and 129 1 to provide :insight into the form in which iodine was 

transported to surfaces. Because of the likely presence of iodine in the 

form of CsI escaping from the core, it is worthwhile to examine the rela­

tive quantities of iodine and cesium measured on surfacl~. Core inven­

tode5 of radioiodine- and radiocE~siuM21 at the- time of the accident afe 
127 133 

shown In Table 7. Also shown are I and Cs which are stable fis-
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TABLE 1. DISTRIBUTION OF IODINE ISOTOPES AS CESIUM IODIDE 

Cesium Atoms of Iodine if All I is Assumed to be CsI 

Isoto~ Curies Atoms 1291 131r 1331 1351 1211 Total 

134cs 5.53x1023 a 22 1.451:1022 3.41x10·21 l.03xlO21 8.45x102l 5.18xI022 1. 58 (5) [0.0056] 3.03xlO 
135cs 2.63 1.33xl025 [0.134] 1.30xlO23 3.49xl023 8.38xlO22 2.41xl022 2.03xl023 1. 39xl024 

131cs 8.43(5) 4.28xl025 [0.43] 2.35x1024 1.12xl024 2.10xl023 1.96xl02/. 6.54xl023 4.41xl024 

133cs 4.28x1025 [0.43] 2.35x1Q24 1.12x1024 2.10XlO23 1.96xlO22 6.54x1023 4.41x1024 
---

9.95x1025 5 .. 46xlO24 2.60xlO24 6.21xl023 1.85xl023 1. 52xl024 1.04x1025 

[0.525] [0.25] [0.060] [0.018] [0.146] 

.-. 
\Jl a. The numbers in brackets are fraction of total atoms of that isotope. 

---- ---_. 



slon products not included in Reference 2]. On the basis of other calcu­

lations. 45 133cs and 137cs atoms ~lere assumed to be equal in number. 

and the number of 127r ator.tS was taken to be 28\ of 129r atoms. As a 

first approximation. these isot'Jpes are in the same proportion as their 

fission yields. Table 7 shows there were approximately 10 cesium atoms 

for each iodine atom. 

Table 8 sutmnariz;es pertinent measurements and shows the ratio of io­

dine to cesium atoms on building surfaces. If all the iodine was trans­

ported to containment surfaces as cesium iodide. and both the cesium and 

iodine persisted in the same proportion thereafter. the I/c~ rat io would 

be 1. If all 10 cesium atoms escaped the core and were transported. de­

posited and persisted proportionately with each iodine atom. the ratio of 

iodine to cesium atom..o; on containment surfaces would be 0.1. Table 8 

shows that the measured range was 0.7 to 300. All but one measurement 

showed a ratio substantiaily greater than 1. The average ratio on the 

paint chip samples was a.pproximately 30. The iodine to cesium ratio on 

the seal plate cutout was 300. 

The measurement showing an I/Cs ratio less than I was the only one 

made which included a floor area. in this case the floor in front of the 

equipment hatch on the 305' level. The dl fference between the ratio on 

the floor and wall is the level of ces'.um-137 present. The iodine levels 

are nearly the same. 0.49\ of the core on the floor and an average of 
137 0.30\ on the wall samples. On the other hand. Cs measured on the 

floor was 32 til1Y~s higher than lh{~ average 137cs measured from wall sam­

ples. Apparent I y, higher levels have persisted on floors. Wall and floor 

measurements of 137cs made before the March 1982 Decontamination Experi­

ment showed that floor ievels were eight times the levels on nearby 
46 

walls. 

EJ tt.er of two explanations is consistent wi th these findings. One is 

that the iodine was transported, dE~pos1ted and persisted independently of 

the cesium. If it were in a gaseous form, it would deposit rather evenly 

on ver·tical and horizonta I surfaces a 11 ke. The cesiu.m on the other hand, 

16 



TABl.E 8. IODINE AND C.ESIUM INVENTORIES ON 
REACTOR BUILDING SURfo'ACESa 

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

Time (hr) After 
Shutdown 

1560 (611119) 
Floor 

1560 (611119) 
Wall 

3680 (8/28179) 

1"1000 (3/7/81) 

]"1000 (3/7/81) 

17000 (3/7/8J) 

19600 (6/21/81) 

l<noo (6/25/81) 

19800 (7/1/81) 

Nuclide 
Measuredb 

131 1 
l37Cs 

131 1 
137Cs 

131 I 
137cs 

1291 
137Cs 

1291 
137Cs 

1291 
137Cs 

1291 
137Cs 

129r 
137Cs 

1291 
137cs 

Total Cs 
and 1 Atomsc 

5.lx1022 
7.0xl022 

3.lxI022 
2.2xl021 

7.2x1.022 
2.3xl020 

1.4xl022 
6.7xl020 

4.9x1022 
1.Oxl027. 

2.6xl02l 
1.4xl020 

3.7xl022 
5.2xl020 

1.8x1022 
4.3x10 20 

3.0xl022 
3.4x1021 

Iodine Atoms 
Cesium Atoms 

0.73 

14. 

300. 

21. 

4.9 

19. 

71. 

42. 

8.8 

a. Unless otherwise indicated, measurements were made on vertical 
surfaces. 

b. See Tahle 4 for 131t and 129r levels on surfaces. 137Cs levels 
were taken from references sho~m in Table 4. 

c. To calculate total jodjne and cesium atoms convert 131r or 1291 or 
1T7Cr; measurements to atoms cmd divide hy the fracUon each nuc1 ide is 
of the total, i.e., 0.25, 0.525 and 0.43 respectively. (See Table 7). 



deposited main) y on horizontal surfaces. perhaps by gravitational set t ling 

c~ parUcles. Another explanation js that the iodine was transported and 

deposited as CsI. but onI y the iod] ne persisted on vert ical surfaces. 

while the cesium was washed off by condensate. 

'rhe first alternative best fits all the available information. Exper­

iments have shown floor to wall ratios of deposited particulate matter of 

3 to 12.21 This range is lower than the measured ratio of 32. However. 

one would expect that containment sprays. which operated at TMI -2. would 

increase floor concentrations n~lative to wall concentrations. If iodine 

deposited as CsI. then from 95% to 99% of the cesium was later washed off 

surfaces by natural processes. In view of the difficulties encountered in 

removing cesium during the March ]982 decontamlnaUon experiment. 46 such 

a high removal rate under natural conditions see~s unlikely. 

C'f the known iodine species, the only one with a deposition velocity 

greater than that of sma I 1 particles is elemental. The deposition veloci­

ties of both organic iodide and HOT are lower than that for small parti­

cles. Therefore, if th~ iodine was present in either of these for~s, the 

TICs ratio would have been much lower than measured. 

It should be pointed out that the existence of a small fraction of 

elemental iodine in the containment atmosphere does not preclude the pos­

sibility that iodine escaped from the fuel and even the RCS as CsI. Oxi­

dation of CsI in small particles or I in small water droplets entrained 

in steam are potential sources of elemental iodine. Indeed there is di­

rect evidence that the iodine which entered the basement may have been jn 

a form other than volatile iodine. In 1981. a sample of basement liquid 

was analyzed for volatile iodine (CCI 4 extractable), iodide and io­

date. 51 The nuclide measured was 1?9r. The results were ?% volatile 

iodine. 96% iodide and 2% iodate. Similar measurements were made in this 
43 laboratory of water to whi ch jodi ne had been added flS J 2 and as 

NaI. Analytical results were reported in terms of volatlles and non­

volatiles. The nonvolatile frar:t'ion includes iodide and lodate. H 70% 

of the core iodine inventory were dissolved in 180,000 gallons of basement 
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water the concent rat ion wou]d be approximate] y 7. 5xlO-4 mg/m!. (See 

page 28 for exp]anation of basement liquid vo]ume). The relevant labora­

tory test results43 in this concentration range were as follows. For 

addition as I?' n% and 51\ of the total iodine was m(~asured to be in 

the volatile form at pH 9.3 and 7.0. respectlve]y. For the~;e two experi­

ments. the concentration of total iodine was approximately 10-3 mg/ml. 

In one experiment iodi ne was added as NaI to a pH 5.2. 7.5°C solution. 

Only 1.8\ was measured to be in the volatl Ie form. This fraction is ob­

viously closest to the one measured in 'rMf basement water. and supports 

the assumption that most of the iodine entered the basement in tonic 

form. The large uncertainty in applyin~ these results to 'I'MI Is the very 

large difference in times between ).odine injection and analysis. In the 

laboratory experiments. a typical time hetween iodine injection and analy­

sis was two hours. The comparable Ume for the 'l'MI sanl;1le WnS two years. 

CALCULATIONS OF RADIOIODINE BEHAVIOR AT TMf-2 

The previous section illustrates the uncertainty about the fate of io­

dine during and after the accident at TMI-2. The fj rst reI jahle m(~asure­

ments of radioiodine in the RCS and contai nmer.t atmosphere, made 37 and '15 

hours after shutdown respectively. provide benchmarks for any models used 

to compute iodine behavior and distribution. In this section, models of a 

variety of processes dre employed to provide estimate~ of iodine behavior 

during the early h0urs of the accident. The processes treated hy calcula­

tional models are the following: 

o release of iodine from the fuel 

o deposition of iodine on surfaces from the gas space wHhin the 

primary system 

o movement of reactor cool ant to the RCDT and hasement and to the 

Auxiliary Building 

o distribl!t.lon of iodinle in the ai r. on surfaces and in basement 

liquids after release to the Reactor Building 

o removal of airborne iodine by Reactor Building sprays. 
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'fhe expected release of iodine from the U0
2 

fuel matrh during the 

accident depends upon a number of parameters, but the most important is 

the temperature distrjbution within the core as a function of time. 22 

Estimates of the temperature history of five sections of the TMI-2 core 

during the accident have been made using the Transient Reactor Analysis 

Code (TRAC). 23 These temperature est imates ~ ere used together with re­

lease rate coefficients for iodine and its precursors antimony and tellu­

rium. to compute the iodine re]easf~ fraction. The fractional release rate 

coefficients used were the best estimate values given in Figure 4.3 of 

Reference 22. These release rate coefficients were derived from experi­

mental measurements of the total release from fuel at the end of a period 

during which the fuel was at a known temperature. Thus the release rates 

are less well known than the total release cJnd are considered to be order 

of magnitude estimates. 22 

The release of iodine from the fuel during the period between 10,000 5 

and 12.500 s (2.8 to 3.5 hours) after the accident ~~s estimated for each 

section of the core considered in the TRAC calculation. The estimated 

fuel temperatures suggest that the lower half of the core d1d not contri­

bute any of the initial iodine release while virtually all the iodine was 

released from the hottest region. Most of the release from the fuel is 

estimated to have occurred in a period of about 10 minutes beginning 3.2 

hours after shutdown. The high fw:?l temperatures were reduced dramatical­

ly by the high pressure injection flow about 3.3 hours after shutdown. 

L.ater increases in the iodine inventory in the RCS are probably attribut­

able tv leaching of iodine from the fuel or from internal surfaces of the 

vessel, plenum. and primary piping. 

The fractional releHse rates for cesium are comparable to those for 
22 

jodine at temperatures above 1200°C. - Thus the in! tial cesium release 

is esUmated to have been the same as thal for iodine. Subsequent in-­

creases in the RCS inventory were also observed for cesium, presumably al­

so due to leaching from the fuel or primary surfaces. Because the initial 
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releases of the two clements and their subsequent additions to the Res are 

calculated to be nearly equal. one would expect the basement inventories 

to be more nearly equal than measurements indicate. 

In the transport calculations. three time periods are considered: 

core voiding and uncovery (2.0--3.2 hr). excessive core temperatures 

(3.2--3.33 hr). and post high pressure injecUon (after 3.33 hr). The 

core averaqe release rate CQnstants used in the calculations are given in 

Table 9. After 3.33 hr. the release rate constants are assumed to be 

those i n th,~ last column of Table 9. They correspond to a temperature of 

llOOoe. even though the average temperature of the core was not llOOoe 

during the period. It was kno ... m to be lower because the core was covered 

with wdter. However. H is likely that leaching of iodine frolO fuel oc­

cur red aft0r recovery of the core. 6 Al so iodine which had plated out on 

internal surfaces was subjecL to leaching after n~covery. 'fable 12 shows 

that 20% of the core iodine inventory is calculated to have escaped to the 

Res up to 3.33 hours. After 3.33 hours. approximately 6% is calculated to 

have escaped to the Res. The total for the 13.25 hour period is calcu­

lated to have been 26%. 

~~ositi9n on Reactor Vessel Internals 

'fhe reactor vessel internal[.; have a surface to cool?n~ volume ratio of 

0.2 cm- l See Reference 41 for a discussion of the sUlface to 'JOlume 

ratio used. This relatively large surface to volume ratio. coupled wi th 

even a moderate residence time of gases. provides an opportuni ty for the 

deposition or condensation of gases. The purpose of this sectlon is to 

eXplore the likelihood t.hat deposition on reactor ves.;el. internals was a 

significant mcchanlsm for reducing releases of radioiodine to the TMI-2 

containment. 

The following is Ii simp] i fied model descrlbing the removal proce6b 

over short Ume periods: 



Element 

I. Xe. Cs 

Te 

Sb 

TABl.E 9. CORE AVERAGE REl.EASE RATE CONSTANTS 
USED FOR TRANSPORT CALCULATIONS 

Release Rate Constant (s-1) 

2.0--3.2 hr 3.2--3.33 hr 

1.1xlO-5 3.0xlO-4 

3.3xlO-6 1.3xlO-4 

1.5xlO-7 1.8xlO-5 
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3.33--13.25 hr 

2.1xlO-6 

1.OxlO-1 

1. 7xlO-8 



where 

qa =. qu,lntity of iodine in free volume (Ci) 

I iodine input rate to the vessel (Ci/s) 
-1 

r ~ resuspension rate from surfaces (s -) 

qs quantity of iodine on surfaces (C1) 

= 
= 

deposition velocity of iodine to surfaces (cm/s) 

surface to volume ratio of reactor vessel internals (cm- l ) 

steam and hydrogen flow rate. (cm3/s) 

(l) 

(2) 

42 Deposition measurements for iodine generated as HJ onto stainless 

steel prefilmed with an oxjde coating showed that vd decreased with in­

creasing temperature. At 400°C, the temperature recorded in the hot leg 

area during the period of fuel damage. vd was reported to be approxi­

mately 0.005 cm/sec. 42 'l'he lower regj ons of the reactor vessel were 

probably hotter so that 0.005 cmlsec represents an upper limit. More re-
4., 

cent measurements suggest that the deposition velocity for CsI on pre-

filmed 304 stainless steel a Iso decreases wi th increasi ng temperature. 

The lowest temperature used was 550°C where the deposition velocity was 

measured to be approxjmately 0.001 cm/sec. By extrapolating the deposi­

tion velocity versus temperature curve (Figure 7 in Reference 47) to 

400°C. a deposition velocity of 0.015 cmlsec is obtained. As is discussed 

below, at concentrations of CsT which may have been present in the TMT-2 

core area. condensation would have occurred at a temperature higher than 

400°C. This is discussed below. 

Resuspension js a major contributor to air concentrations only when 

the surface activity }s large. During the early per~ods of deposition the 

surface activity Is small and resuspension 1s relatively unimportant. 

)3 
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Values of r ranging from 10-9 to 10-5 sec- l ha~e been observed.* 

In this calculation a value of r=10-6 sec -1 is used. Using 10-5 or 
-9 -1 

10 sec will produce approximately the same results. 

As a first approximation. the vapor flow from the core area is assumed 

to be through the PORV after the block valve was opened at approximately 

3.2 hours. This flow ranged from 30 lb/sec for a short time after the 3.2 

hour opening to 15 lb/sec for most of the time thereafter. A value of 20 

lb/sec (550 kg/min) is used for this calculation. For the period from 3.2 

to 8 hours after the trip. pressure ranged from 2000 psi to 1200 psi. 

Host of the iodi:1e is calculated to have been released during this period 

(see Table 12). The corresponding range in specific volume of steam dur-
3 ing the period is 0.19 to 0.36 ft /lb. For the purposes of this calcu-

lation a specific volume of 0.3 ft 3/1h is used for the first five 

hours. 
-1 

s 

and r 

This is equivalent to a flow of 360 cfm and the ratio Q/V = 0.004 
-1 

With this value of Q/V and AlV 0 0.2 cm • vd ~ 0.005 em/sf 
-6 -1 

= 10 s • equations I and 2 were used to approximate the frac-

tion of the iodine retained by internal reactor surfaces. 

The calculation shows that less than 0.4\ of the iodine released from 

the fuel is expected to be retained on interior reactor surfaces. Even if 

the deposition velocity were 0.015 cm/s. the calculated retention would be 

only 0.7\. It appears that under average conditions it is not likely that 

deposition. as thought of in the conventional way on internal surfaces. 

could have resulted In a significant loss of iodine. During approximately 

1/3 of the five hour period. thE~ block valve was closed and Q/V was very 

small. The remaining 2/3 of the time Q/V was approximately 50\ larger. 

Equations 1 and 2 were used to calculate the deposi tion during the two 

time periods assumi ng that the release rate to the Res was the same for 
-1 

both period~i. A value of Q/V = 0.00045 was used for the closed block 

Vd 1 ve case. The results show !that even under these non average condi­

tions. conventional deposHion analyses show that internal vessel surfaces 

were probably not sj tes for signj ficant depos1 Uon of iodine. 

* 10--9 

Table 15. 
sec- 1 is derived from ])9r measurements 
10-5 sec- J js from Reference 35. 
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Another process by which iodine might be retained on reactor internal 

surfaces is the condensaUon of CsI. The following range of conditions 

are estimated for the early stages of the accident: 

Molar ratio of cesium to iodine: -10 

Molar ratio of iodine to water: 

Maximum of -lxlO-4 , equivalent to 14 g I leaving the core per 
minute: 

Typically -4xI0-5 , equivalent to 5 g I per minute: 

Minimum of -5xI0-6 , equivalent to 0.7 g I per minute. 

(If all the water in the primary system (as steam) were mixed 

with all the iodine in the core the molar ratio would be about 

5xI0-6 . Page 5.4, Reference 22). 

Temperature of plenum: -lIOO'C at bottom to -400'C at top. 

Pressure: -1200 to -2000 psi. 

Molar ratio of H to 0: 2.0 (reducing). 

Under these conditions iodine is present mostly as CsI (Appendix C, 

Ref(~mnce 22). (See also References 48 and 49). 

The temperatures below which CsI would condense for various I1H20 

ratios (and Cs/I ~ 10 and p :: 14.7 psi) are (Table C.L Reference 22): 

I/H
2

0 'rCSI .. ---

2 x 10-3 760'C 

2 x 10-5 555'C 

L x 10-7 418'C 

Hence H seems likely some CsI would condense on the cooler part of 

the plenum at atmospheric pressure. Under the range of accident pressures 

the vapor pressure of CsT changes only a few percent. (For example, at 

738°C the vapor pressure is 1 rom Hg at 14.7 psi, 1.06 rom Hg at 1200 psi, 

and 1.11 rom Hg at 2000 psi)i. Thus, higher pressures do not change this 

conclusion. 

If an appreciable fraction or the iodine was in the core area as CsI, 

j t appears that condi Uons favoring condensation did exist where tempera­

tures approached the hot leq temperature. However, it is difficult and 
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beyond the f$cope of this work to quantify the I tkely loss of CsI due to 

condensation, and we have assumed no loss due to CsI deposition on reactor 

j nternal surfaces. 

~odel~~lodine Transport from RCS to Reactor 
and AuxiliarY-Buildings 

The transport of fi ssjon products from the core to the RCS and sub­

sequently to the Reactor and Auxiliary Buildings is a dynamic process that 

involves both release from the fuel and discharge of reactor coolant from 

the RCS as a function of time. 

The general rate equation for the inventory of a radioactive nuclide 

in the reactor coolant for this model is: 

where 

F)... I ]-

N c 

Nf 

N. I 1- ,c 

).. 

J3 

:0 

= 

-- J3 N - Y N 
c c 

(3) 

inventory ~f nuclide in reactor coolant (atoms) 
I 

escape rat~ coefficient (s-1) for nuclide 

(see Table 9) 

inventory of nuclide in fuel (atoms) (see Table 7) 

input (atoms/s) from precursor in coolant which 

decays to nuclide of interest 

-} 
decay constant of nuclide (s ) 

removal coefficient for discharge via letdown 

(s-l) (see Table 10) 

y removal coefficient for discharge from the ReS, 
-1 e.g .. through pressurizer (s ) (see Table 11). 
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TARtE 10. ES'rIMA TED LETDOWN FLOW RATES * 

Time (hr) After Estimated Letdown 
Shutdown Flow Rates (kg/min) 

2.0--8.0 265 

8.0--9.3 133 

9.3--14.0 265 

14.0--14.8 151 

14.8--15.3 303 

15.3--18.5 227 

18.5--26.5 0.0 

26.5--35.0 95 

* To obtain the removal coefficient. fi, divide flow 
rate by the mass of reactor coolant, 11500 kg. 
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TARLE ]1. 

_._------- ----
}ime (hr) __ .After Till 

2.0--2.08 
2.08--2.33 
2.33·-3.20 
3.20--3.33 
3.33·-3.42 
3.42--3.50 
3.50--3.51 
3.51--3.61 
3.61--3.75 
3.15--4.00 
4.00·--4.33 
4.33- -4.58 
4.58·--4.83 
4.83--5.11 
5.17--5.12 
5.12--5.83 
5.83·--6.17 
6. 17 - ·-7.00 
1.00··-1.50 
1.50--1.63 
7.63--7.75 
7.75--1.83 
7.83--7.92 
1.92--8.00 
8.00·--8.17 
8. ]1--8.50 
8.50--8.15 
8.15--9.23 
9.23·- -9.24 
9.24--9.33 
9.33 ·-9.50 
9.50--9.80 
9.80· ·-9 .82 
9.82- -10.0 

10.00--10,33 
10.33--10.58 
10 . 58 --11. 20 
11.20· -12.5·7 
12.57---] 3.25 

ES'rrMATF.D COOLANT FLOW FROM ReS 1 

Estimated DIscharge Rate (kg/min) 

270 
340 
1102 
170 

11600 
620 
530 
1102 
520 
630 
560 
540 
480 
500 
460 

3100 
3400 
3400 
3300 
6300 
160 
650 
540 
440 
330 
270 
200 
180 
160 
1102 

160 
1102 

380 
210 

1100 
1500 

170 
. 1102 

250 

1. To obtain the removal coefficient k. divide flow rate by the mass of 
reactor coolant. ]1500 kg. 

7.. Estjmated leakage from relief valves based on pre accident estimates. 
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Similar equations apply to each nuclide of interest in the coolant and 

to the same flue 1 ielcs in the fuel. They form sets of ;,imultaneous diff0.r­

ential equations that describe the behavior of each nllcltde. The equa'­

tions were solved numerically using the RADTRAN50 computer code which 

also computes the cumulative inventories of activity transported (a) to 

the Auxiliary Building via the letdown and (b) to the Reactor Building via 

the discharge through the pressurlzer. 

The rate constants used in the calculations are provided as input. 

The estimated average rate constants for trans~,'rt from fuel to coolant 

were given in Table 9 for the three time periods of interest. The removal 

coefficients of fission products via letdown were computed using data on 

letdown flow rates as a function of time. 24 ,25 The estimated letdown 

flow rates for various time periods are given in Table 10. 

Discharge of Res liquid out of the PORV was calculated using the Moody 

critical flow tables anel the Res hot leg temperatures and pressures. The 

calculated flow rates out of the PORV are presented in Figure 1. 'rhe to­

tal release from the PORV was est~mated to be 80,000 gallons. The total 

quant ity of water known to have been injected j nto the Res up to 0800 on 

March 30, 1979 was approximately 265,000 gallons, based on borated water 

storage tank (RWST) level changes and high pressure injection (HPI) system 
)6 

operation. 

coolant mass 

Release rates of coolant were adjusted so that the total 

in the basement at. 1:3 hours was 180,000 gallons wHh the re-

rnaining 85,000 gallons residing in the reactor coolant bleed tanks. Vari­

ous assumptions were made about the timing of coolant release rates. One 

assumption was that pre~;surizer code relief valves continued to leak at 

the preaccident rate during the accident. Another was that the majori ty 

of the unaccounted for coolant in the basement was released from the Res 

cluring periods of highest reactor coolant pressure and when the block 

valve was opened. Table II sUllunarizes the release rates used in the 

RADTRAN calculation. No attempt is made to identify the source of coolant 

loss. The (lssumption of periodic high release rates of coolant lead to 

higher containment ai I concentrations than would be the case jf it were 

assumed that thc' release rate was un] form over the ent ire period. 
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Initial Transport (2-l3j}ou[Sl 

Early in the accident. iodine from the Res entered the Reactor Rui Id-

1ng principally via the Reactor Coolant Drain Tank. The resultant iodine 

inventory jn the Reactor Bui lding. computed using the RADTRAN code as de­

scribed above. is shown in Table 12. It is assumed that no signi fi cant 

damage to the core had occurred up to 2 hours after shutdown. By the end 

of the period of block valve operation. (which corresponds to 13.25 hours 

after shutdown) approximately 17 percent of the iodine inventory was cal­

culated to be in the Reactor Building. carried there in appro:dmately 

180.000 gallons of coolant. The calculation assumes that iodine released 

from the fuel was instantaneously mixed in the coolant and that no signi­

ficant loss by deposition on the internal surfaces of the vessel. plenum. 

or piping occurred during transport through the vapor space. Nor is any 

partitioning of the iodine assumed between the water and the vapor space 

which separated the core region and the pressurizer. 

T.ransport After 13 Hours 

The subsequent movement of iodine to the Reactor Bui Iding was com-
131 . 1 puted using measured concentrations of r 1n the reactor coolant 

and estimated reactor coolant leakage rates. 40 Table ]3 shows the cu­

mulative fraction of radioiodine leakage from the RCS (presumably to the 

basement) after the first coolant sample was taken at hour 37. 

Calculations similar to that described above for iodine have also t~en 

performed for the cesium inventory using data on 137cs concentrations in 

the RCS. Calculations in Reference 40 estimate that 26% of the cesium in­

ventory was discharged from the RCS after 36 hours. Approximately 45% of 

the cesium inventory was found in the basement on August 28. ] 979. 6 

That implies that ]9% entered the basement prior to 36 hours. As noted 

earlier. the initial discharge, of Cs is believed comparable to that pre­

dicted for I wIljch is calculated here to have been 17% during the first 13 

hours. seventeen percent at 13 hours is consi stent with the ] q% estimate 

at 36 hours. 
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TABLE 12. ESTIMATED FRACTION OF ORIGINAL CORE IODINE 
INVENTORY IN THE ReS, REAC'rOR BUILDING AND AUXILIARY BUILDING 

--- Fraction of Core Inventory 

Time (hr) After Reactor Reactor Auxiliary 
Shutdown Coolant System Building Building 

2.08 0.004'1 8.7x10-6 8.4xlO-6 
2.15 0.008'1 2.7xl0-5 3.Ox10-5 
2.33 0.019 1. 3xlO-4 1.4xlO-4 
3.20 0.06'1 8.4x10-4 0.0018 
3.33 0.19 0.0030 0.0026 
3.41 0.16 0.034 0.0033 
3.50 0.16 0.036 0.0040 
3.67 0.15 0.039 0.0051 
3.15 0.15 .0.039 0.0056 
3.95 0.15 0.042 0.0070 
4.33 0.14 0.048 0.0095 
4.58 0.14 0.051 0.011 
4.83 0.14 0.054 0.013 
5.17 0.13 0.058 0.015 
5.12 0.13 0.063 0.018 
5.83 0.12 0.070 0.019 
1.00 0.064 0.13 0.023 
7.50 0.051 0.15 0.024 
7.63 0.045 0.15 0.025 
1.83 0.044 0.16 0.025 
7.91 0.045 0.16 0.025 
8.17 0.045 0.16 0.026 
8.50 0.047 0.16 0.026 
3.75 0.048 0.16 0.026 
9.33 0.050 0.16 0.027 
9.90 0.052 0.16 0.028 

10.33 0.049 0.16 0.029 
10.58 0.047 0.17 0.030 
11.33 0.049 0.17 0.031 
12.33 0.053 0.17 0.033 
13.25 0.055 0.17 0.035 
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-----------~,=-~.,~-----.----------------~------

TABLE 13. RADIOIODINE FROM RCS LEAKAGE AFTER 37 HOURS 

Cumulative 
Fraction 

Sampling Time Hours Since Leakage 131r Conc.* of Core 
(1979) Shutdown From RCS (ml) (l1Ci/ml) Inventory: 

1700. 3/29179 37 1.45xl04 

0730. 4/10179 314 1.46xl08 9.5xl04 0.061 

0600. 4/16/79 456 7.47xlO 7 
5.1xlO3 

0.089 

0700. 4117179 481 1.31xl07 4.8xl03 0.094 

2140. 4/18179 520 2.03xl07 4.lxl03 0.102 

0900. 4/22/79 603 4.03xl07 2.4xl03 0.114 

0820. 4/25179 674 3.45x107 
1. 7x103 0.123 

0500. 5/2/79 839 7.97x107 7.1xl02 0.140 

1200. 5/10179 1038 7.23xl07 3.9xlu2 0.157 

1100. 5/18179 1229 6.93xl07 2.1xl02 0.174 

1200. 6/1179 1566 1.22x108 63 0.204 

1400. 617179 1711 5.26x107 24 0.213 

1200. 1)113/79 1854 1.35xl0 7 13 0.215 

1000. 6119179 1996 1.34xl07 7.7 0.217 

1300. 6/27179 2191 1.84xl07 3.5 0.219 

1230. 7/5179 2383 1.80xl0 7 2.03 0.222 

1000. 7/11179 2524 1.33xl07 1.5 0.224 

1200. 7117/79 2670 1.37xl07 0.55 0.226 

1200. 7/24/79 2838 1.58xl07 0.43 0.228 

1200. 7/31179 3006 6.78xl06 0.17 0.229 

1045. 8/8179 3197 7.69xl06 0.01 0.229 

* Decay corrected to 0400 on ~arch 28. 1979. 
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The model employed to esUmate the distribution of iodine following 

its release to the Reactor Bui lding is shown in I-'igure 2. The model is a 

combination of previous modeling approaches that provides for expUcit 

considerat ion of ai rborne i ad) ne spec ies. (Sec footnote on Page 14 for 

expJanaUon of species). The processes treated explicHly by the model 

and the important assumptions employed are described below. following a 

brief discussion of the background of experimenta 1 work that led to j ts 

formation. 

Releases of iodine into reactor containments or closed volumes simu­

lating them have shown that. under either wet or dry conditions. the con­

centratia;\ of airborne activity decreases rapidly wHh time. 27 . 28 With­

j n a short period an equil i bri urn 1 s establ i shed and the ai r concent rat ion 

remains essentially constant thereafter. (A number of i !lust raUve exam-

pIes of such behavior iHe conta] ned in the proceedi ngs of an NSAC workshop 

di . d' 37) F di . h . di d tId on ra 0]0 lnEL or contlons w en ]0 ne an s earn are re ease 

simultaneously. a model was developed to account for transport of airborne 

iodi ne from the ai r to the fi 1m of moisture all condensi ng surfaces and 
31 thence to the bilsement. 1'hat bas k model WaS used ] n the R8actor 

Safety Study32 to estimate the behavior of inorganic iodine in reactor 

containment bui Idings. A somewhat different model. wi th rate constants 

d(~ri ved from the Contai nment Systems Experiment (CSI-:) data. has al so been 

described.
33 

Studies of iodine behavior in airborne discharges at operaUng boiling 

water reactors led to the development of a simple iodine deposltion­

resuspension model to explain the relative depletion of short-lived radio­

iodines during transport through but ldings and ventilation systems. 34 

I.aboratory studies of deposi tion and resuspension of iodj ne were conducted 

to esUmate resuspension rate constants for surfnces commonly found in 
35 

nuc lea r power plants. RecatJs(~ changes j n iodine r;pecies were observed 

in both the in plant and laboratory experiments, the ~onversion was be­

l ieved to occur on the surfaces. A more complex model was developed to 

reflect those observations and c;pedes chanqes that have also h(~en ob--
. 36.'3'7 served within containment bullcljngs of pressurIzed water reactors. 

34 



LV 
U1 

• 

SL 

SG 

P 

CR 

SL X 
I 

BASEMENT AIRBORNE AiRBORNE ~ 
LIQUID 

P ORGANIC 
L.- HOI 

IODIDES 
"l1li 

D 
P C D R 

R 
i 

AIRBORNE 
a a 

FILM OF 
.... 

12 
P CR SURFACES 

CONDENSATE I.-.. 

~X 

LEGEND 

LIQUID SOURCE D DEPOSITION 

GASEOUS SOURCE R RESUSPENSION 

MASS TRANSFER CONTROLLED C CONDENSATE FLOW 
BY PARTITIONING 

X EXHAUST OR INTERNAL 
CHEMICAL REACTION CLEANUP SYSTEMS 

Figure 2. Mathematical model of radioiodine transport. 



The model in Figure 2 is a combination of the deposition-resuspension 

modeling approach and that developE~ as part of the Containment Systems 
27 Experiment (CSE) program. Radioiodine can enter the Reactor Building 

as a gas or in liquid discharged from the RCS. It is assumed in Figure 2 

that iodine was present 

active gas such as I2 . 

Cf?n t rat ions 0 f 137 Cs 

in the containment atmosphere as a relatively re­

As dtscuss~~ above. measurements of surface con-

and 131.J29r support this assumption. Iodine 

could also have been discharged 1n coolant after dissolving as CSj: or 

1
2

. In this case. it woul.d run directly to the basement or be entrained 

by escaping steam and transported to we containment atmosphere. The air­

borne and liquid source terms for the Reactor Allild! ng are represented by 

SG and St.' respectively. in 1;1gum 2. Because the pH and temperature 

of the liquid were both high. the capabil1 ty to treat both 12 and HOI as 

volat i Ie species released from thlO? water Is included. 43 However. In 

this work only 12 like releases are considered. 

The Reactor AuUding atmosphere is ':.reated as a si.ngle volume in the 

model. 'l'he surface-to-volume ratio for the lower portion or the huilding 

(below the 305' level) Is 0.008 cm- 1 which i~; twIce that for the whole 

containment (see Table 14). However. the four coolers which operated 

throughout the accident provided substantial mixing of the air In the Re­

actor Building. The ratio of cooler design flow rate to bullding volume 

is about 0.07 per m!nute. Experimental studi8s have shown that. when 

there 15 air recilculatioi1. the mass transport coefficient from air to 

hui ld~ng walls is approxjmately twice that for natural convection 

alone. 38 . 39 It should be noted that even though the higher deposition 

rate was applicable at 'd1I. it was; not used here. In this study. the 

higher the assumed deposition rate the lower tne calcu lated ai rborne con­

centrations. Because it 15 not known what lod1ne species WQre present. it 

was thouyht best to use the lower deposition rate. 

As pointed out above. a 11 stud] es of iodine behavior in enclosed 

spaces shows a decrease ill c0ncentra.tion to an equilibrium level. In the 

p['esent model. the Qquilibrium is assumed to reflect a balance between 

transport to d;ld from wet and dry surfaces. At equjlibrium. the surfaces. 

and condensC\te j f present, have be(m found to contain the overwhelming 
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TABLE 14. SURFACE AREAS AND COMPARTMENT VOLUMF:S 

1MI UNIT 2 REACTOR HUILOING52 •53 

I. RCOT Discharge Compartment 

(A) Surface Area 

Walls 

Floor 

Ceiling 

(B) Volume 

Compartment 

II. Remaining 282'6" to 303' 

(A) Surface Area 

Containment Walls 

O-Ring Walls 

Miscellaneous Walls 

Elevator Cubicle 

Floor 

Ceiling 

(B) Volume 

III. Elevation 305' to 345'6" 

(A) Surface Area 

Containment Walls 

D-Ring (outside) 

Air Coolers 

Elevator and Stairs (outside) 

Floor 

Ceiling (3x Floor) 

(8) Volume 

IV. 341'6" to Dome 

(A.) Surface Area 

Containment WallIs 

Dome 

O-Ring (outside) and top 

Steam Generator Cavity (to 281'6") 

Elevator a~d Stairs 

37 

-------------

3105 ft 2 

119 ft 2 

600 ft2 

15.458 ft 3 

6251 ft 2 

4111 ft 2 

11595 ft 2 

1558 ft 2 

6313 ft 2 

6313 ft 2 

82.633 ft 3 

11.099 ft 2 

12.413 ft 2 

3.138 ft 2 

3,596 ft2 

II. 230 ft 2 

33,690 ft 2 

306.013 ft 3 

40.943 ft 2 

28.000 ft2 

1,054 ft 2 

30812 ft 2 

2150 ft 2 



Liner 

Floor 

TARLt<: 14 (continued) 

(B) Volumes 

V. Totals 

Steam Generator Cavity 

Liner 

Floor-Dome 

(A) Surface Area: 

Volumes 

280 elevat10n 36932.2 

305 elevation 81.165 

347 elevation 137.053 

ReOT 5024 

Total 260.174 ft
2 

RCDT d1scharge compartment 

280 elevation 

305 elevatj on 
347'el 

Total 

Miscell aneOII!; P.quiprnent 

37a 

11.571 ft 2 

16525 ft
2 

232.980 ft
3 

34,418 ft
3 

1, 407 ,038 ft
3 

15,458 ft
3 

82,633 ft3 

306,073 ft3 

1, 674--,_4].§ __ [!~ 
2.078,600 [t

3 

_~.§QQ_f.L3 
') 

2.050,000 ftJ 



majority of the initially injected activity. Desorption or resuspension 

of radioiodine deposited on the surfaces occurs very slowly. In the full 
2"1 vessel Containment Systems Experiment (CSE) tests, for exampJe, ap-

proximately 5]% of the activity was estimated to be retained hy painted 

surfaces, even after attempted decontamination. Other experimental pro­

grams using small samples have shown tenacious retent ion of lad! ne by a 

. f f ]9,30 Th i Id be d h h di vanety 0 sur aces. us, t wou expecte t at t e ra 0-

iodine released into the Reactor Building atmosphere would be deposited on 

condens i ng and noncondens i ng su r faces and reach an equ iIi b r i um j n iJ sho r t 

time (hours). The equilibrium between surfaces, basement Ilquid. and the 

ai r would "be maintained unless the physical condit Ions with1 n the contain­

ment changed sufficient Iy. This equi) ibrium concept IS important because 

it provides the connection between the ::alcu.dted early behavior of iodine 

at TMI and later measurements. 

Transport of 12 to and from the basement liquid and condensate fi 1m 

is assumed to depend upon the difference in concentration between the bulk 

ai r and the Jtquid -ai r interface. Transport of organic iodides to and 

from surfaces is treated using the deposition-resuspension approach. 

Transport of HOI can be handled in either way. No mechanistic hypothesis 

that accounts for species changes on surfaces is proposed. The observa­

t ions of changes in ai rborne species are ref iected in the resuspens! on 

rate constants. 

The mathematical relationships describing the processes included in 

the model are given in Appendix A. 'rhe basis for selection of the rnte 

constants used in the calculations is summarized in 'rahle 15. To the ex­

tent possible, measurements of iodine hehavior in the 'fMJ-2 containment 
* were used to obtain the rate constants. Fundamenta J parameters, like 

the surface to volume rotio given above. were ohtained from descriptlons 

of the Reactor Rui Jdi ng. The free vol ume was reduced to account for the 

presence of basemmlt 1 iquid. 

"Values of the rate constants .,/Cre determined hy fj tUng the model 
to the 1291 air concentrations during and after the purge. I ? 
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TABLE 15. RATE CONSTANTS USED IN AIRBORNE IODINE TRANSPORT MODEL 
-------- ---------

_._ _____ _ Proc~e~s:.::s:...-______ _ 

A. Air-to-Surface Transport 
Coefficient (cm/s) 

R. 

k2 (12 to film) 

03 (HOI to wall) 

04 (Organic to wall) 

kl~ (J 
v to basement surface) 

Overall Iodine Partition 
Coefficient. H 

C. Condensation Rate Constant for 
Film to Basement Flow. kc 

n. Resuspension Rate Constants 

r3 (HOI) 

r4 (Organic Iodides) 

E. Reaction Rate for I With Paint 

kp 

Parameter 
Value 

-4 -1 3. ?5xlO s 

0.0012 cm/s 

0.00029 cm/s 

5.3xlO 

104 

-7 s 

1.36xlO-3 s-1 

2.1xI0-9 s-1 

4.7xlO-9 s-1 

2.3xlO-3 s-l 

_______ ...;B::::.a::;s:.:i::.:s~ ___________ _ 

CSE results38 without recirculatlng air 

Derived from TM1-2 post-purge 1291 
T~9 concentration measurements l ? and 

. J surface concentration data. 

-lDerived from TMI-2 post-purge Kr8~ir 
concentration measurements. 17 

CSE Natural Response Tests2? 
(Data considered inadequate to justi­
fy split between 12 and HOI). 

Best estimate for conditions during the acci­
dent. Film thickness assumed to be 0.1 cm. 

Derived from TMI-2 post-pur~e 1291 air 
concentration measurements l and 1291 
surface concentration data. 

BMI measurements with Phenoline 368 paint. 3D 



The model was used to calculate the behavior of iodine when aHsuming 

that: (1) all iodine was releaHed from the primary coolant into the base­

ment and (2) all iodi ne was released from the primary coolant di rectly to 

containment atmosphere. Of specific interest in this comparison was the 

relative contribution to the air and surface concentrations for the two 

release pathways. Table 16 shows the results. As can be seen. under the 

conditions assumed. releases to the hasement liquid would result in almost 

no ai rborne and surface radioiodine activities compared to releaHing the 

activity di rectly to reactor bui Iding ai r. This conclusion is most de­

pendent on the assumed partition coefficient for iodine in basement 

water. The value uHed w~s 104 . If the iodine were released as CsI. 

) 04 is probably too small. In I aboratory tests 43 the rat io of water 

to air concentration when iodine was added as NaI at 25°C was 2xl06 and 

2xl01 at pH 5.2 and 6.5 respectively. Although the temperature was 

higher than 25°C in the TMT-2 basement the pH was also higher. Therefore. 

for leakage of CsT to the basement. use of a higher value of the partition 

coefficjent would be appropriate. This would lead to air and wall concen­

trations even smaller than those in Table 16. The overall effect of river 

water in leakage to containment from the ai r coolers is not known. How­

ever. the inleakage would lower the average temperature and pH of basement 

water. 

The model waH run with a source term derived from differentiating the 

cumulative iodine quanti ties released to the reactor bui lding. computed 

using 50 RAD'rRAN (see Table 12). Table 17 shows the results of the cal­

culation for times oul to 1000 hours after shutdown. In the calculation. 

it is assumed that all iodine is released directly to the reactor building 

atmosphere. 

'rhe checks on the calculclted values in Table 11 are the later measurer) 

va lues on the surface and ai r concent rat ions of radioiodi ne. The pro­

cedure used to norma11ze the calculated values wjth the later measurements 

was to mulUply the release I[ntes in Table n by the ratio of the measured 

to the calculated surface quantity. The maximum measured value, 0.1% was 

used (see Table 4). The normal izing ratio was 0.07 hecause the calculated 

value was 10%, assuming all the iodine was released to Reactor Building 

air. Figuf(! 3 shows the re!3ulting quantities in air and on surfaces out 
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TABI.E 16. COMPARISON OF CAl.CUl.ATED REACTOR BUIl.DING SURFACE 
AND A1RRORNE RADIOIODINE AC'l'IVITIl-:S FOR REI.F:ASES 'fO THE 

A fR ANO 'ro THF. BA~EMl-:NT L fQU ID 

Fraction of Total Releasea -- ------ - .-------_._- --. __ . __ ._----- ---- - -------~- -------
Airborne On Surfaces On Basement 

--. ----- -- --- ------ ------- ---- --
Time (hr) Release Release Release Release Release Release 

After 'ro To To b To 
Shutdown 

t) Aired Alred Basement Basement 
To b To 

Basement Airc,d ----------- -- ---- ----- --- - ------ ------

1 1 . 2xlO 
-"] 

0.046 0.0?5 0.083 0.012 

2 3.5x10 -7 0.059 /..hlO -7 0.064 0.17 0.038 

4 8.8xlO 
-7 

0.063 1.l.xlO -6 0.17 0.33 0.098 

6 1. 4x 1 0 
-6 0.063 3.1xlO-6 0.27 0.50 0.16 

8 1..0xlO 
-6 0.063 5.8xlO 

-6 0.38 0.67 0.22 

12 3.0x10 -6 0.063 1.t1xI0 -5 0.59 1.0 0.35 

22 3.3x10 -6 2.2x10 -4 4.1xl0 -5 0.63 1.0 0.3'1 

1\2 3.3xlO-6 4.8x10 -4 9.4x10 
-5 

0.63 1.0 0.3'7 

62 3.3x10 -6 7.0x10 -4 
1. 5x 10 

-4 
0.63 1.0 0.3'1 

82 3.3x10 -6 8.9x10 
-4 

1..0xIO 
-4 

0.63 1.0 0.37 

112 3.5x10 -6 LlxlO 
-3 2.8x10 

-4 
0.63 1.0 0.3'1 

------------
4 a. Release rate was I Cj/sec for 12 hours or 4.32xJO Ci. 

b. All jodine released directly to the basement liquid. 

c. All iodine released directly to the air. 

d. Does not include condensate film on surface. 



TABLE 17. CALCULATED DISTRIBUTION OF RADIOIODINE IN THE REACTOR BUILDING 

CUmulative Radioiodine Fraction 

Time (hr) After Release Rate Condensate 
Shutdown (Ci/sec)a Air Film Surfaces Basement Liguid 

2.08 -,-
3.33 

51 
1.5(-3jb 1. 5 (-4) ---L 9.0(-4) 5.3(-4) 

3.41 8400 3.1(-2) 1.4(-3) 1.4(-3) 8.2(-4) 
3.5 1 2.6(-2) 2.3(-3) 4.2(-3) 2.3 (-3) 
3.7 2.2(-2) 2.3(-3) 8.1(-3) 5.0(-3) 
4.0 1.7(-2) 1.8(-3) 1.4(-2) 9.5(-3) 
4.4 226 1.3 (-2) 1.4 (-3) 2.1 (-2) 1.2(-2) 
5.4 

+ 
9.2(-3) 9.3(-4) 3.0 (-2) 1.3(-2) 

5.7 8.9(-3) 9.0(-4) 3.3(-2) 1.7(-2) 
5.8 1.4 (-2) 1.1(-3) 3.5(-2) 2.0(-2) 
6.0 1.8 (-2) 1.7(-3) 3.5(-2) 2.1(-2) 
6.5 2.6(-2) 2.5(-3) 4.2(-2) 2.5(-2) 
6.7 930 2.&(-2) 2.8(-3) 4.7(-2) 2.7(-2) 
7.6 + 3.3(-2) 3.2(-3) 7.0 (-2) 4.1(-2) 

,j::> 8.0 2.0(-2) 2.3(-3) 8.2(-2) 4.8 (-2) 
N 8.4 37 1.3(-2) 1.4 (-3) 8.8(-2) 5.1(-2) 

9.6 

f 
3.8(-3) 4.0(-4) 9.6(-2) 5.6(-2) 

9.9 Before Sprays 3.3 (-3) 3.4(-4) 9.6(-2) 5.7(-2) 
After Sprays 1.6(-4) 3.4(-4) 9.6(-2) 5.9(-2) 

10.2 9.8(-4) 8.6 (-5) 9.6(-2) 6.0(-2) 
10.5 69 1. 5 (-3) 1.4 (-4) 9.6(-2) 6.0(-2) 
10.9 2.0(-3) 1.9(-4) 9.7(-2) 6.0(-2) 
11.9 2.5(-3) 2.5(-4) 9.8 (-2) 6.1(-2) 
12.9 2.5(-3) 2.5(-4) 1.0 (-1) 6.2 (-2) 
13.25 2.6(-3) 2.6(-4) 1.0 (-1) 6.3(-2) 
20.00 2.2 (-5) 5.0(-8) 1.0(-1) 6.4 (-2) 
50.00 7.3 (-5) 1.0 (-1) 6.4(-2) 

100.00 4.7(-4) 1.0(-1) 6.4(-2) 
200.00 0 7.2(-4) 1.0 (-1) 6.4(-2) 

400.00 1 9.7(-4) 1.0(-1) 6.4(-2) 
800.00 1.1(-3) 1.0(-1) 6.4(-2) 

1000.00 1.1(-3) 1.0 (-1) 6.4 (-2) 

a. Release rates calculated by differentiating cumulative releases to the Reactor Building in Table 12. 
All iodine is assumed to be released to the Reactor Building atmosphere. 

-3 
b. Read 1.5(-3) as 1.5xlO • 
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to 1000 hours. Measured values are also shown for comparison. Note that 

the maximum quanti ty of radioiodine calculated to have been at rborne dur­

ing the accident was 0.2\ of the original core inventory. If none of the 

radioiodine was held up on primary system surfaces or in the reactor cool­

ant bleed tank (as is assumed in this analysis). then most of it must have 

been transported directly to the basement liquid during the accident. 

Table 18 shows the estimated basement quantities assuming that 93% of the 

surface activity was added di rectly t.o the basement. Also included are 

the estimated quantities which leaked to the basement after the accident. 

Figure 4 summarizes the calculated and measured radioiodine quantities in 

the RC~ and basement liquids. 

Table 18 shows that the calculated quantity in the basement when the 

first basement sample was taken was 39\. The maximum quantity measured 

was 19\ at that time. (Sec Table 2). All subsequent measurements have 

been lower than the calculated values. Two possibilities exist to explain 

the difference. Fi rst. iodine may have been removed from the water by ad-­

sorption on already existing particles or by chemical formation of insolu­

ble iodine compounds. Spark-source mass-spectrometric analysis of the 

August 28. 1979 solutions"] indicated that enough silver may have been 

present (up to 0.5 ppm) to precipitate some of the iodine as AgI. Also. 

more silver than iodine was found in the solids of the sample from August 

28. 1979 (up to 8 ppm y.§. O. '1 ppm 7) and of the May 14. 1981 sample (16 
129 44 . ppm vs 0.65 ppm I, or 1.2 ppm total I). 

The more compelling reason to bel ieve that the "missing" iodine is in 
137 the basement sol ids and e) udi ng measurement is that Cs has been found 

in the basement Uquid in a quantity which is consistent with assumed fuel 

release rates. However. one cannot rule oul the possibility that iodine 

was retained on reactor vessel internal surfaces or in the reactor coolant 

drain tank. 
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'rime (hr) After 
Shutdown 

3.33 

3.50 

4.0 

5.4 

6.0 

6.5 

6.1 

7.6 

8.0 

8.4 

9.9 

10.9 

13.25 

314 

520 

614 

1038 

1229 

1556 

2191 

2610 

3006 

'rARL.F. 18. CALCULATlm BASEMENT RAOIOIOfJINE 

Calculated Additions 
Ilur i n.9_fi [SL lJJ'iour:.§.d 

0.0014 

0.0062 

0.023 

0.041 

0.054 

0.064 

0.0'11 

0.106 

0.124 

O. l33 

0.148 

0.150 

0.156 

Calculated Additions 
After Accident - --- - ------------

0.061 

0.102 

0.17.3 

0.157 

0.114 

0.204 

0.219 

0.226 

0.27.9 

a. Includes 93\ of radioiodine calculated to be on surfaces. 

b. Calculated from measured RCS concentrations and coolant leakaqe 
rates. See Table 13. 

-.- ------ --- -----
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Calculated Mov.~ment of Iodine from. the ReS 
to the Auxiliary Buildinq 

Table 12 also contains the estimated cumulative transport of iodine to 

the Auxil iary Bui lding during the fi rst 13 hours after reactor shutdown. 

The assumptions mentioned above, good mixing of the iodine with coolant in 

the reactor vessel and no deposition in transport through the vapor space, 

also apply to this calculation. The predicted transport agrees with io­

dine inventories found in the reactor coolant bleed tanks at long times 

after shutdown. but not with the early measurements (see Table 5). There 

are a number of possible explanations, none of which provides a completely 

satisfactory picture: 

1. The bulk of the iodine (and the cesium) transported during 

this period was collected by the letdown demineralizer and 

did not reach the bleed tanks. At present there are no data 

on the iodine inventory in the remains of the letdown demin­

eralizer resin. In add 1 tion, there is no clear picture of 

the transport rates of iodine from the RCS to the RCBTs at 

later times. 

2. Transport of activity to the Auxiliary Building may have been 

partially blocked by the vapor space in the hot leg, with 

steam condensation providing the only mass transport. If 

this blockage was effect i ve, it could have operated for an 

extended period. One A-loop pump was operated only briefly 

dur1ng the period between 3 and 13 hours after shutdown. 

If the reported analyses of the RCBT concent rations prior to April 3 

are correct, a combinat ion of the two above suggest ions seems to be re­

quired. Another alternative is: 

3. The RCBT concentration data are not valid. It is known that 

the samples collected WI?re small and that the analysis WOuld 

have been difficult ~~cause of the high concentrations. 
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These samples may have been diluted prior to analysis. If so 

it is possible that dilution was over looked in the calcula-­

tion of concentration on analyses sheets. 

Future radiochemical analyses will provide additional information 

about the contents of the letdown demineral izer. Addi t ional invest iga­

tions may shed light on other aspects of this question. 

RADTRAN calculations were also carried out for hours 13 to 31. The 

same release rate constant used from :1.33 to 13 hours was used as the 

source term throughout the enti re period. (See Table 9). At the end of 

37 hCiui.s the calculation indicated approximately 10\ of the original core 

iodine In the RCS which agrees well wi th the measured val ue at 1700 on 

3/2909. However, the calcu tation also indicated that under the assumed 

condi t ions 10\ should also have appeared in the auxi liary but lding. This 

is higher than the measurements in the RCBTs. However, a significant 

fraction may have been adsorbed on the letdown demineralizers. 

CONCLUS IONS 

o Measurement results show that at the time of the first basement sample 

(August 28. 1982). from 1'1% to 28% of the iodine or1ginally in the 

fuel could he accounted for in the Reactor Building. Using the same 

accountjng proceaure, approXlrnately 5J'% of the U7CS GOUld he {lC­

counted for. The most plausible explanation for the difference is 

that chemical reactions took place in the basement liquid during and 

after the accident and iodine was precipi tated to the bot tom of the 

Reactor Building Basement. However, retention of iodine in the RCS or 

RCDT shou ld not be dj smi ssed a~; nn explanation. 

o Measurement results show relatively little iodine on Reactor Ruilding 

surfaces. ThE: highest quanti ty measured on surfaces was 0.7\ of the 

orjginal core inventory. 
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o Ai r measurements have shown ai rborne iodine activi ties ranging from 

0.002' to 0.03\ of the core inventory. First air measurements. milde 

15 hours after shutdown. ind1c:ated that 0.005\ of the core inventory 

was airborne. ~ven if all this iodine is assumed to be organic, the 

observed amount is less than 1/100 that specified in Regulatory Guide 

1.4 or WASH-1400 (Reference 32). 

o Measurements of n.,cs and radioiodl ne on Reactor Bui lding surfaces 

suggest that radioiodine deposited as elemental iodjne. This does not 

preclude the possibility of Iodine existing as Csl in the RCS. In 

fact, basement water measurements suggest that iodine entered t.he 

basement as the iodide ion. 

o Analyses indicate that the source of surface iodine contamination was 

iodine that was released directly to containment atmosphere during the 

accident as opposed to later partitioning from basement water. 

o The quantity of iodine on surfa(:cs is related to past air concentra­

tions. Mathematical mOG21s, benchmarked with measurement data. show 

that the maximum quantity of radioiodine in Reactor Building air dur­

ing the accident was 0.2\ of the original core inventory. 

o 

o 

RECOMM~NDATIONS FOR fUTURE WORK 

Measure the concentrat i0n of 1291 in the residual material remaining 

on the 281' level ilfter the basement water has been c.rained. It is 

important to know if the missing iod)ne is on solid mdterial in t.he 

hasement. It is also necessary to obtain an estimate of t.he total 

mass of residual material. 

Measure tlle ,:oncentration of 1291 in reEiduals at the bottom on the 

RCDT and estimate the total mass of residuals. 
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o Sample the resin (or what is left of it) in the letdown demineralizer 

and analyze for lJ.9r. Useful information on the ngJ content on 

the letdown demineralize'r may he obtainable by sampling the liquid 

downstream of the deminera]izer. On the assumption thnt the resin has 

been destroyed hy radiation, the water downstream may ccntain a 5igni-
f · . f ]29

J lcant concentratlon 0 . 

o Analyze ~iurface samples already taken for ]).qr. Depending on re­

sults it may he worthwhile to collect more samples, particularly at 
the 281' level. 

o Perform sensitivity analysis on the mode] used in this study. Part of 

the sensitivity analysis would he to evaluate alternative release and 

transport scenarios; for example, to evaluate consequences of releas­

ing all iodine to containment ai r' in the form of CsJ. 

a Analyze surface scrapings from reactor 

Also measure the pQI/1:r7cs ratio. If 

a signif1cant quanti ty of iodine, the 

relatively high. 
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APPENDIX A 

MODEL OF IODINE BEHAVIOR IN TMI-2 CONTAINMENT 
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APPENDIX A -------

MOORL OF IODINE BEWWIOR IN THI -2 CONTAINMENT - --------------- ------------.--

The model used to predict the behavior of iodine released into the 

THI -2 containment is shown In Figure 2 in the lIIain text. The di Herential 

equations that describe the movement of iodin<~ are as follows. 

dqL 

dt 
.. (A--l ) 

dq2 
dt 

(A -2) 

dq3 
-

dt 

= (A-4 ) 

(A -5) 

(A-6) 

where 

q .. ='" the radioiodine activity (Ci) in liquid in the basement 

q2 
;- the ai rborne radioiodine activity (Cn present as J2 

q3 -. the ai rborne radioiodine activity (ei) present as HOI 

q4 - the ai rborne radioiodine activity (ei) present as 
organic iodides 

qF the radioiodine activity (ei) in the film of condensed 
water 

qs the radioiodine activity (ei) on the building surfaces 

'j "/ 



(' 

L"lL 

S2 

kl 

k12 ,k13 

).. 

k7. 

k2?,k23 

).. 
v 

k c 

k 
P 

:;-

the rate (ei/s) at which radioiodine activity enters 
the basement liquid from the RCS 

the rate (Ci/s) at which radioiodine dCtiVity enters 
the airspace as ~f 

rate constant (s ) for raciioiodinf~ transfer frolll air 
to basement liquid 

rate constants (5.-
1, for radioiodine transfer from 

basement liquid to ajr f9.1" I and IiOI, respectively 

rate constant (s-I, for radioactive decay 

rate constant (5-
1, for radioiodine transfer from 

air to surface film 

rate constants (s-l, for radioiodine transfer from 
surface film to ai r for ~f and IiOI, respectively 

removal rate constant (s , for containment purge 
systems 

removal rate constants (s-l, for containment cleanup 
systems for 1"2' HOI, and organjc iodides, respectively 

-1 
rate constants (s ) for deposition of HOI and organjc 
iodide~, respectively 

:ate constants (s-l, for resuspension of HOI and organic 

iodides, respectively 
-1 rate constant (s ) for transport of condensate from the 

wall surfaces to the basement 

rate constant (s-1, for radioiodine trans[mrt from 
liquici film to painted wall surfac('. 

The basement-to-air transf·?r constants, k]7. dnd k
l3

, are related 

to the bulk air-to-basement parameter by 

k12 
kl Vb2 -- -
H2 VL. 

(A-7) 

and 

k13 
kl Vb2 --- -- .---
li3 VL 

(A -8) 
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where 

3 the building volume (cm ) 

the basement volume (cm3) 

the distribution coefficients for I2 and HOI. 
respectively 

fractions of the liquid phase radioiodine that 
partition to I2 and HOI. 

Similar relationships are used to relate 1<22 and 1<23 to the bull< air­

to-film transfer parameter, k2 . 

The deposition rate constants can he wri tten as products of appropriate 

deposition velocities and the surface-to·-volume ratio. 

(A-9) 

wtere Vd . is the deposition velocity (cm/s) of species I, and A 1s the area 
2 1 

(em) of exposed surfaces. 
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