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IODINE BEHAVIOR IN AN HTGR 

E. L. Compere, M. F. Osborne, H. J. de Nordwall 

ABSTRACT 

The emission of iodine from nuclear power reactors as a result 
of normal operations or postulated accidents is regulated by 
requiring exclusion area boundaries such that the dose to any 
individual outside the area w i l l  be less than stipulated values. 
Application of the "as low as practicable" limit, proposed for 
light-water-cooled nuclear power reactor effluents, to the 
activity released from a typical reactor installation (here an 
HTGR), indicates that the release of 1311 should be as much 
below 13 mCi/year as is practicable using today's technology, 
Estimated values of primary coolant leak rate, and of the decon- 
tamination factor during passage through PCRV cracks and second- 
ary containment, lead to a derived limit on the amount of iodine 
in the primary coolant gas. 
removal from the primary coolant by purification and by deposi- 
tion (plateout) on system surfaces, and of entry rates from 
failed coated particle fuel, indicates that some surface 
deposition is desirable, The metal surfaces of the system 
are expected to be oxidized. Permanent adsorption on F,e,O, 
may be insufficient to sustain the needed deposition for the 
lifetime of the reactor, according to the experimental data 
presented. However, if iodine atoms exchange rapidly between 
gas and surface phases, the surface requirement is smaller 
and appears to be met, Formation and decomposition of vola- 
tile metal iodides around the circuit are possible, but 
concentrations may be too low for direct deposition to occur. 
In the case of postulated accidents,the iodine that is re- 
tained as deposits on primary system surfaces represents a 
major source of released iodine. It does not appear likely 
that regulatory limits would be exceeded by any accidents, 
provided prompt isolation of the secondary containment occurs. 
Even in the lack of such isolation, complete depressurization 
in the absence of an appreciable temperature rise in the steam 
generators should not cause doses atthe exclusion area bound- 
ary due to release of surface-sorbed iodine to exceed limits 
stated in the Code of Federal Regulations, Title 10, Part 100. 

A consideration of the rates of 
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1. INTRODUCTION 

Iodine is one of the key elements for consideration in fission pro- 

duct release in high-temperature gas-cooled reactors (HTGRs) both during 

normal operation and during the period following the accidents considered 
in the course of safety analysis. 

Few iodine compounds are highly stable under HTGR core conditions. 

Iodine, which is naturally gaseous, will be released by diffusion from 

imperfect or cracked fuel particles, and from particle coatings contami- 
nated with uranium or thorium; it will then pass into the circulating 
coolant gas apparently without significant holdup by the core graphite. 

Although iodine will be removed by purification operations and by inter- 

action with cooler system surfaces, any leakage of coolant will cause 

iodine to be transferred out of the primary system. 

Iodine isotopes have relatively high fission yields, and a number of 

isotopes are of radiological significance since they decay with energetic 

beta and gamma radiations with half-lives of the order of hours or days. 

Elemental iodine and many iodine compounds are comparatively volatile and 
soluble in water, and consequently susceptibl-e to rapid transfer, biologi- 

cal uptake, and concentration by a variety of pathways. 

the thyroid causes this organ to be the critical point of hman attack. 

Localization in 

The fuel for HTGRs consists of UC2 or U02 (and also fertile ThC2 and 
Tho ), in the form of very small kernels that are covered with a layer of 
porous carbon and then encased in impermeable spherical coatings of py-roly- 

tic carbon and silicon carbide. Matrix rods containing these particles 
are held in cylindrical channels of graphite blocks which also contain 

coolant channels. A large array of such blocks, surrounded by graphite 

reflector blocks and supplied with control rods, constitutes the reactor 

core. The helium coolant flows under high pressure down through the core 

and into steam generators, where its temperature is reduced from about 

732°C to about 315°C. Circulators then return this gas to the core, a 
small fraction passing continuously through a purification system which 

removes essentially all fission products and chemical impurities. The 

2 
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core, steam generators, and circulators are contained within a steel- 

lined prestressed concrete reactor vessel (PCRV), which, in turn, is 
enclosed within a secondary containment structure. The exhaust from 

the secondarycontainment structure passes through only HEPA filters 

before being released. The secondary containment vent is closed rapidly 

under emergency conditions, and a charcoal "kidney" filter becomes opera- 

tive 1 hr later. 

entire gaseous contents of the primary system. 

The secondary containment is capable of holding the 

The reference system for this study is a 2000-MW(th) power station 
1 reactor such as that described in a recent PSAR (Docket 50-450). 

The purposes of this report are to consider the restraints imposed 

by USAEC regulations on emissions of iodine from HTGRs, to identify the 

distribution pathways leading to such emissions, to consider the system 

parameters and chemical characteristics that control the emission rate, 

and finally, to identify those factors which might require attention to 

avaid exceeding the stipulated limits. In addition, some experimental 

data are included to help in defining iodine transfer functions. 

2. REGULATORY AND DERIVED LIMITS 

The USAEC regulations with regard to maximum population dose lead 

to derived limits for emissions from all reactors, and thence to derived 
limits on iodine content in an HTGR primary system. The regulations 

requiring exposures to be "as low as practicable" require that exposures 

be kept substantially lower than these maximum values. The relationships 
of system parameters necessary to remain within such limits by 
margins are,therefore, of interest. The regulations are set forth in 

the Code of Federal Regulations, Title 10, Part 100 (10 CFR 100),which 

establishes minimum distance for the exclusion area boundary after con- 

sideration of doses resulting from releases associated with hypothetical 

accidents, and in 10 CFR 50, Appendix I (proposed), 2-5 which requires 
emissions to be "as low as practicable" 

dose that could be received outside the exclusion area from releases 

occurring as a result of continued operation within technical 

adequate 

and limits the average annual 
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specifications. The broader limitations of 10 CFR 20 also apply, parti- 

cularly with respect to exposure of personnel within the exclusion area. 

Because iodine must pass into-the gaseous primary coolant of a HTGR 
prior to release, the major effects are almost certainly associated with 

gas effluents. The dose limitations of the regulations can be related to 

plant emission by consideration of atmospheric transfer after release to 

points beyond the exclusion area boundary, the ensuing possible transfer 

by dominant pathways to individuals, and the resulting dose accumulation 

by an individual possibly exposed in this way for the particular period 

involved . 

~ 

According to 10 CFR 100, the exclusion area boundary must be located 

at such a distance that no individual so excluded would receive, as a 

result of any accident, a thyroid dose exceeding 300 rem from radioiodine. 

The relationship between emission and inhalation dose is: 

dose = 

where 

R =  

X / Q  = 

B r  = 

v 

E =  

R (A) Br E, 
v Q  Q 

release, C i ,  

effective intake rate of air, (m3/sec), 

thyroid dose resulting from the intake of 1 Ci of the nuclide. 

atmospheric dispersion factor, (sec/m 3 ), 

6 For 1311, a dose of 1.47 x 10 rem would result from the inhalation 

The breathing rate under accident condi- 6-8 of 1 Ci by a standard adult. 
tions is taken as 5 x m3/sec. 9 

It is useful to define dose as follows: 

dose = 

where 

D =  L 
f =  

M =  

dose limit, 

fraction of total thyroid dose contributed by the nuclide 

and pathway under consideration, 

safety margin (an accident safety margin at least above 10 

w i l l  be considered necessary). 
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It follows that 
f 6 = 0.4 { f 300 R (x) = - x 

Q 5 1.47 10 

The dispersion factor, _x 

release and intake, the distance, and the win'd speed and stability class; 
x is the concentration in air, in curies per cubic meter, at a given point; 
.and Q is the release rate, in curies per second. The dispersion factor 

is somewhat site-specific. For example, for the reference power station, 
with ground level release and intake, at a range of 450 m, at an assumed 
wind velocity of 3 m/sec and stability category "D", a (UQ) value of 

to be used is determined by the heights of 
Q' 

1.17 x 
of x / Q  = 1 x sec/m3 was used for unspecified HTGRs by de Nordwall 

and Bell, lo consistent with a conservatively higher stability category, 
"F", 

the latter value. 
of 1311 

sec/m3 was obtained for the worst sector. A general estimate 

and lower wind velocity (1 m/sec) at a range of 500 m. We have used 

The limiting plant release, Rv, is then (400) (f/M) Ci 

The primary system source inventory can be related to a release in 

terms of loss fraction from the primary system and the secondary system, 

$ and L,, to the environment. Hence the limiting primary system inven- 

tory, (% )max, in curies, is given by 

The secondary containment of the reference power station is designed 
to be closed promptly by an accident signal, so that gaseous escape under 

these conditions would amount to less than 0.25% per day. 

factor for the secondary containment is less than 2 x in 2 hr. A 
loss of 0.0002 of any plausible primary system inventory should not 
approach the (400) (i) Ci limit. Accident doses could exceed the limit 

of 10 CFR 100 only if closure of the secondary system did not occur. 

Even then, as will be developed below, the fractional release ($) from 

the primary system to the secondary containment might of necessity be 

low enough that the limit could not be exceeded. 

Thus the l o s s  

f 

Operation within technical specifications will be regulated by 10 

CFR 50, Appendix I (proposed), 2-5 which requires that the potential 



average annual dose to the thyroid of any individual from radioiodine by 

all actual pathways should not exceed 15 mrem per year and should be "as 
low as practicable" below this limit. (This is specifically applicable 

only to light-water reactors at present. ) 

It has been established that the dominant isotope is 1311, and that 

the dominant pathway is air-grass-actual cow-milk-child. 3j7  
year-old child drinking 1 liter milk per day would receive a dose of 3620 
mrem per year when the average l3'I concentration in the air is 1 pCi/m 3 . 

~ h u s  a 2- 

Appropriate factors for the various iodine isotopes are shown in Table 1. 

The limiting air concentration at the nearest effective point of deposi- 
f tion is then 15 (f/M) (3620) = 0.0042 (E) pCi l3'I/m3. A value of M = 1 

may be used here because the air concentration should be repeatedly sub- 

ject to determination. 

rule, the air concentration is to be evaluated at the location of the 

"nearest actual cow" in the pathway rather than the "fencepost cow. 

At the present stage of the "as low as practicable" 

1111 

The iodine concentration in air at a given distance is related to 

the average plant release rate by the atmospheric dispersion factor for 

the sector. 
to be about 750 m (range, 120 to 1700 m), and the median x / Q  was about 

The median site boundary distance for 35 plants'' was found 

8 x (Ci/m 3 )/(Ci/sec) (range, to 7 x We shall use the 

conservative value of x / Q  = 1 x (Ci/m 3 )/(Ci/sec), employed by 
de Nordwall and Bell'' without considering whether or not it applies to 

the nearest actual cow or  one hypothetically tied to a fence at the ex- 
clusion area boundary of a hypothetical reactor. 

The limiting release rate is, then: 

0.0042 x lom1' (f/M)/(l x = 4.2 x lo-'' (f/M) Cijsec = 

0.013 (f/M) Ci/year. 

secondary A decontamination factor of 100 is assumed for the combination of 
containment and PCRV concrete for the reference power station.' 

the leakage rate of the primary coolant system must be less than 4.2 x 10 
(f/M) Ci/sec. If the rate of helium leakage is taken to be 0.01% per day 

Therefore, 
-8 

(leakage rate constant, 1.2 x lo--' sec-l) , the maximum permissible I3l-1 
content of the primary coolant gas must be: 



Table 1. Thyroid dose f ac to r s  f o r  se lec ted  pathways 

1291, 132~, l331, 1341, 
20.8 h 52.3 m 6.7 h 7 1.6 x 10 y 8.06 d 2.28 h 

~ ~~ 

Thyroid dose r a t e  f o r  u n i t  air  concentration, (mrem/y)/(pCi/m3) 
a? b, c, d Inha la t ion  

16.5 12.5 0.835 , 5 * 5 1  0.424 2.00 2-yr-old, breathing 5.6 m 3 /d 

Adult, breathing 20 m 3 /d 29.6 10.6 0.414 2.70 0.209 0.985 

2-yr-old, chi ld ,  consuming 4640 3620 4.58 262. .0.911 31.2 

Adult, consuming 1 l i t e r / d  2330 448 0.330 18.7 0.0655 2.28 

Milka’ ‘7 d, e 

1 l i t e r / d  

Thyroid dose/plant emission by dominant pathway 

Normal operat ion - (mrem/y)/(Ci/y vented) : 

Child,milk, X / Q  = 1 x 1470 1150 1.45 83 * 0.29 10. 

Accident, rem/(Ci vented): 

Adult, inhalat ion,  X / Q  = 1 x 

Breathing rate ,  5 x m3/sec 1 .4  0.49 0.018 0.12 0.009 0.044 

See ref. 7(a) .  a 

bSee r e f ,  6 and associated note. 

dSee ref. 7 (b )  (1-year-old ch i ld) .  
e 

C See ref. 8. 

See ref. 3. 
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-8 f 4.2 x 10 (~)/1.2 x = 36 (f/M) Ci. 

This corresponds to 1.33 x 10l8 (f/M) atoms of l3'I. 
4227 kg of helium at 47.6 atm, the partial pressure of I3'I is 1.0 x 10 

atm at unit ( f/M) . 

If mingled with 
- 10 

Various other estimates of leakage rates and decontamination factors 

have been made by other investigators. For example, leakage rates have 
been taken as 100% per year,I2 with no subsequent decontamination; how- 

ever, a coolant content of 5 x Ci of l3lI was indicated, resulting 
from the implicit assumption of very rapid deposition on surfaces from 

the primary coolant gas. I 

Audebeau13 and co-workers assumed a leakage rate of 0.2% per day 

and no further decontamination (factor = 1) in assessment of the effects 

of fuel quality control on iodine release from HTGRs. 
cient" (understood to represent the ratio of the amount of iodine on sur- 
faces to that in gas) of 10 was assumed, resulting in a coolant inventory 

of 0.68 Ci in their model. 

A "plateout coeffi- 

3 

The potential exposure of workers in the secondary containment is 

estimated as follows: The indicated maximum permissible leakage rate 

into the secondary containment system of 4.2 x lo-'' (f/M) Ci/sec is 

diluted by the containment purge at a rate of 8.5 m /see. 
centration in the secondary containment is thus calculated to be 4.9 x 10 
Ci/m , well below the occupational (40-hr week) limit of 9 x 
(or uCi/m!L) given by 10 CFR 20, Appendix B, Table I, Column 1. At an 

con- 3 The 
- 11 

3 3 Ci/m 

3 occupational breathing rate of 30 m 
weeks (40-hr weeks) to such a secondary containment atmosphere is calcu- 

lated to develop a thyroid dose of 0.047 rem per quarter, which is well 
below the whole-body occupational limit of 1.25 rem per quarter and is 

thus deemed tolerable. 

per 24-hr day, an exposure for 13 

The relationship between the plant emission of the various iodine 

isotopes and the thyroid dose by the dominant pathways is shown in Table 1. 

It is clear that, under both normal and accident conditions, l3'I is the 

greatest contributor to the dose, and that the air-grass-cow-milk-child 

is dominant under normal operation. 
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Methyl iodide can be ignored because (1) no significant amount of this 

compound should be formed under reactor conditions, 

readily by grass and thus is not involved in the milk pathway, (3) no decon- 
tamination (except the PCRV factor) has been invoked in which its action 

would differ from molecular 12, and (4) its effect by inhalation should be 
the same as 12. 

the same as (actually slightly greater than) for l3’I. 
half-life (1.6 x 10 years) of lZ9I will cause any release to have very 
low curie values, 

single reactor will be quite minor relative to the effects of other iodine 

isotopes, and will be neglected in this report. 

(2) it is not taken up 

The dose effects of unit release of 1291 on a curie basis are about 

However, the long 
7 

Consequently, the effects of release of 1291 from a 

3. FORMATION OF FISSION PRODUCT IODINE AND ITS RELEASE FROM FUEL 

The fuel and fertile material for an HTGR consists of small ceramic 
kernels (U02, UC2, Tho2, or ThC ) surrounded by a carbcn buffer layer and 2 
contained within an impervious coating (pyrolytic carbon, possibly over a 

layer of Sic), small fractions of which may be or become cracked during 
the fuel lifetime. The coated particles are embedded in a carbon matrix 

to form fuel rods. These rods are contained in circular channels in the 

prismatic graphite fuel elements that make up the core. 

For a particular region, characterized by composition and age (and 

thus relative power and temperature), the fission rate (determined by 

power density) and appropriate yield determine the generation or birth 
rate (B) of a given nuclide or its precursors. 
to obtain a value for the fractional release (F) and release rate (R), 

It then becomes desirable 

at steady state for short-lived isotopes and on a time-dependent basis 

for long-lived or stable isotopes. 

Most fission product atoms come to rest within the ceramic kernel, 

andsome are transferred by recoil into the carbon buffer surrounding the 

kernel. 

exist as a manufacturing impurity in the particle coating. This is usually 

(A relatively small amount of fissionable material also may 
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minor and w i l l  be ignored.) 

carbon coatings i s  very slow ( D  * 

iodine i s  e n t i r e l y  re ta ined  within i n t a c t  pa r t i c l e s ,  and i t s  r e l ease  w i l l  

depend on the  f r a c t i o n  of p a r t i c l e s  t h a t  a r e  cracked and on the  re lease  

cha rac t e r i s t i c s  of such pa r t i c l e s .  The f i s s i o n  product must f irst  move by 

d i f fus ion  t o  the  surface of t he  gra in  of mater ia l  i n  which it came t o  r e s t .  

Subsequent evaporation can r e l ease  a gaseous a t p m  from the  cracked p a r t i c l e .  

Because d i f fus ion  of iodine through pyro ly t ic  

cm2/sec a t  1250 "C), f i s s i o n  product 

The re lease  r a t e  and f r a c t i o n a l  r e l ease  of f i s s i o n  product atoms by 

d i f fus ion  from so l id s  i n  which they come t o  r e s t  with uniform d i s t r ibu t ion  

w a s  described by Booth, 

r a t i o  equal t o  the  t o t a l  area of t he  surfaces  t o  which the  atoms diffuse,  

divided by t h e  t o t a l  volume of t he  s o l i d  phases i n  which they are formed. 

Loss by d i f fus ion  from the  s o l i d  region under consideration i s  then charac- 

t e r i zed  i n  terms of a d i f fus ion  rate coef f ic ien t ,  

14 using as a model a sphere having a surface/volume 

2 D' = D / a  , 
where 

D = di f fus ion  coe f f i c i en t  of t h e  isotope atom i n  the  sol id ,  

a = t h e  rad ius  of t h e  equivalent sphere. 

Various expressions derived from di f fus ion  theory f o r  such a model, 

giving the  s teady-state  or t r ans i en t  re lease /b i r th  r a t i o  (R/B) and the  

f r ac t ion  of  atoms ex terna l  t o  the  sphere (F) for  radioact ive or s t a b l e  

species, during steady i r r a d i a t i o n  o r  a f t e r  i r r a d i a t i o n  ceases, have been 

summarized by Belle.  15  

For a shor t - l ived  nuclide with decay constant A a t  steady s t a t e ,  

R/B = 3 (Coth - Jx/DI) 2 3 
1 

d x p -  

and 

where 

F = f r a c t i o n  of isotope atoms ex terna l  t o  the  sphere. 
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For a stable (or very long-lived) isotope (if D't < l / f i  2 ), 

R/B w - dD)t - 3 D't 
d T -  

and 

The same value of D' should apply for isotopes or similar atoms within 
a given particle at a given temperature, permitting adjustment for half- 

life. Thus, xenon relationships can be used for iodine, and possibly 

tellurium - insofar as it diffuses as a monoatomic nonreacting gas; xenon 
values may be estimated from those observed for krypton using known mass 

and size relationships for diffusion. Temperature dependence of release 

behavior is usually attributed to its effect on the diffusion coefficient; 

this should be true, but only as long as the release mechanism is constant. 

There may be an appreciable variation between different sets of fuel 

particles. 

coefficient of xenon in UC 

pile loop experiments Pluto V and VI, estimated a value of 2.8 pm for a. 
However, in unrelated experiments reported by Burnette, Bell, and 

Baldwin, l8 the release of 4.4-hr 85?Kr at 1100 "C from bare particles 

with an R/B of 0.005 leads to an estimated value of 15 pm for a. 
quently,estimates of release rates should be related to measurements on 

the particular fuels or fuel types where possible. 

Thus Flowers, l6 using Zumwalt ' s  datal7 for the diffusion 
and release data for bare particles in in- 2' 

Conse- - 

The behavior of 85% in a variety of fue l  particles and rods was 

used by Burnette, Bell, and Baldwin18 to study factors affecting fission 

product release. They concluded that the dominant factor in release of 

gaseous fission products at normal fuel temperatures was the diffusion of 
recoil atoms from the buffer matrix of cracked particles, and that kernel 

release, while appreciable at normal operating temperatures, would become 

dominant only at considerably higher temperatures. 

be also valid for iodine isotopes. 

This conclusion should 

10 
The following procedure was used by de Nordwall and Bell to obtain 

the effective average R/B for a given nuclide, for example, 131, 
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Experimentally determined values are available' at 1100 "C for as- 
manufactured fuel rods and rods containing imperfect or cracked fuel 
particles, showing R/B for krypton and xenon isotopes as a function of 

their half-lives or decay constants, The value for an iodine isotope of 
a given half-life is taken to be equal to that of xenon of the same half- 

life. An average cracked fraction for the core was estimated for both 

BISO and TRISO fuels in terms of fast fluence, taking into account the 

changing proportions of fission in these fuels with age. 

ing of one-fourth each of 0.5-, 1.5-, 2.5-, and 3.5-year-old elements gave 

an average cracked fraction of 0.268% when weighted according to the 

fraction of power in the respective segments (0.30, 0.25, 0.23, 0.22). 

A core consist- 

The uncracked fraction of fuel was assigned the R/B for as-loaded 

fuel, reduced two and one-half times to allow for reduction from the 

1100°C test temperature to the 880"c average core temperature. 
cracked fraction was assigned the value of R/B observed at 1100°C with- 
out temperature adjustment, multiplied by the effective cracked fraction. 

The 

Applying these methods to the reference reactor, an effective core 

average cracked fraction of 0.268% was used, and the effective l3'I R/B 
-4 was estimated to be 1.7 x 10 . 

the values for other short-lived iodine isotopes as proportional to the 

square root of their half-lives. 

We used this R/B value for I3'I and set 

It was more difficult to estimate release values for the effectively 
stable iodine isotopes, since a steady state is not reached and different 
reload segments must be taken into account. 

release characteristics is not well understood. PSAR calculations con- 
servatively assume complete release of these isotopes by all cracked par- 

ticles. 

rate coefficient, D', for both matrix and kernel, we can use this value 
to estimate the R/B and fractional release for the respective core reload 

segments at selected times after the initial reactor startup. 

The effect of burnup on 

If we use the R/B value for 13'1 to estimate a combined diffusion 

The release rate and released atom inventory of the various iodine 

isotopes estimated in this way are shown in Table 2. These are also the 
entry values to the primary coolant. The stable isotopes, although lowest 



Table 2. Estimated inventory of iodine nuclides released into the primary coolant system for a 
2000-MW( th) reactor 

8& service factor for “stable” isotopes; 0.27% cracked particles 

Iodine nuclide 

Half -1if e 

Yield, %a 
At oms /C i 

Release rate (1 y), atoms/sec 

(eqb), atoms/sec 

Inventory of released atoms 

At 1 y, atoms 
At 3 y, atoms 
At 40 y, atoms 

127 
stable‘ 

0.411 

14 2.0 x 10 
3.7 d4 

21 4.3 x 10 
1.8 loz2 

23 3 x 10 

129 13 1 
7 1.6 x 10 y 193.5 h 

1.358 3.140 
16 2.7 10~5 3.7 10 

1.2 10~5 3.2 10 

14 
14 

6.8 x d4 3.2 x io 

20 

22 20 

20 

1.4 x 3.2 x 10 
6.1 x io 3.2 io 

1.0 3.2 

13 2 
2.28 h 

4.495 
4.4 x 10 
5.0 x 10 
5.0 x 10 

14 
13 
13 

6 x 
6 x d7 
6 x 

133 13 4 13 5 
20.8 h 0.88h 6.7 h 
6.290 6.412 5.371 

15 4.0 10~5 1.7 d4 1.3 10 t-‘ 
2.2 d4 4.6 10~3 9.5 10 13 
2.2 4.6 10~3 9.5 10 13 

W 

18 
18 

2.4 10~9 2 10 l7 2.7 x 10 
2.4 10~9 2 10 l7 2.7 x 10 
2.4 10~9 2 10 l7 2.7 x 10 

18 

“6% 233U fissions, 4% 2 3 5 ~  fissions. 



in yield, become the most abundant of the iodine atoms entering the pri- 

mary coolant; therefore, their rate of release controls the chemical 

behavior of iodine in the primary system. 

At the end of 1 year's operation, for example, the inventory of 

iodine atoms released into the primary system is calculated to be about 

1.9 x atoms; in three years, it is about 8 x atoms, etc. At 

steady state, the calculations indicate that the system would contain 

about 8600 Ci of l3'I, along with somewhat smaller but appreciable quanti- 

ties of the other radioactive iodine nuclides. The entry rate of iodine 

into the primary coolant system is estimated to be (at 1 year) 1.6 x 10 
atoms/sec; of these atoms, 2% are I3'I. 

increases as they build up in the fuel element; just prior to replacement, 
the total iodine entry rate is calculated to be 2.3 x atoms/sec, 14% 
of which are 

15 

The entry rate of stable isotopes 

135 

The calculation of release by kernel and buffer as separate entities 

in terms of such factors as time, temperature, fluence, and composition 

is preferable; however, it has not been attempted because the required 

information has not been assembled. 

Uncertainties in R/B are particularly related to the fraction of 
cracked particles present in high-temperature zones as fuel life is ex- 

tended. 
1300°C, release by bulk diffusion from grains becomes much more rapid 

than that occurring at lower temperatures along grain boundaries or from 

the buffer matrix. At sufficiently high temperature and fast fluence or 
burnup, particle cracking also, increases. Details of these effects are 
not considered in this report. 

It has been suggested18 that, at temperatures above 1200 to 

4. DISTRIBUTION OF IODINE IN THE PRIMARY COOLANT SYSTEM 

The pathways of iodine in an HTGR from fuel to the environment have 

been described by de Nordwall and Bell.'' 

are shown in Fig. 1. It is evident that the primary coolant gas is central 

in any consideration of release of iodine to the environment. 

The major avenues of transport 

The major 
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transport path from the primary system is that resulting from slight 

helium leakage. 

apertures in the PCRV and thence into the purged secondary containment. 

It is then released to the environment by way of the purge gas from the 

secondary containment. 

Generally, this helium must pass through cracks or other 

Iodine atoms entering the primary coolant system are rapidly circu- 

lated with the heated helium coolant gas through the steam generators and 

back through the core. Any of several forms of iodine removal by system 

surfaces may occur. Part of the circulating stream is passed through a 

helium purification system. 

cal power station reactor were given as follows: 

Some parameters recently listed' for a typi- 

Power: 2000 MW(th) 

Plant load factor: 8% 
Primary helium inventory for mixing: 4227 kg (9320 lb) at 47 atm 
Coolant circulation rate: 

PCRV leak rate: 

Helium purification plant flow rate: 

9lO kg/sec (2006 lb/sec) 
0.01% per day 

0.261 kg/sec (2070 lb/hr) 

These values provide the following rate constants for the removal of 
iodine from the primary coolant gas: 

-6 -1 Decay (13'1) X = 0.995 x 10 see , 
Purification r = 6.17~ see-', 

PCRV leak 

Surface deposition (plateout) 

P 

L r = 1.16 x see-', 
-1 In - loo 2 0.0022~~ see . 910 

's = 4227 100-2 

In the above, Z is the percent removed per pass by plateout. The com- 

bined removal rate constant obtained from the above, 

S' C ( r ,  A )  = 6.27 x + r 

is evidently strongly affected by the surface deposition rate. 

At steady state the amounts of a given iodine nuclide in the gas, 
NG, or  on the surface, NS, are given by: 

NG = J/I(r,X) 
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r JrS 
S G X X C ( r , A )  ' 

S N = N  - =  

where 
J = the entry rate of the nuclide into the primary coolant, taken 

as equal to the release rate from fuel (as discussed earlier). 

The leak rate, L*, from the primary system is, therefore, 

Insofar as radioactive nuclides are concerned, the above expression 

is also true if rapid reversible partitioning of iodine nuclides between 

gas and surface phases occurs (such that N 

"plateout factor") and if we use F X in place of the term r 
= FpNG, where Fp is the S 

S' P 
However, the surface quantity of stable nuclides here also becomes 

fixed, instead of steadily increasing as it would for irreversible deposi- 

tion. Consequently,a statement of plateout per pass, or plateout factor, 

for a single isotope may not discriminate between irreversible and reversi- 

ble depogition. We shall later consider various factors involved in a 

reversible dynamic adsorption model. 

Based on the relationships given above, an 1311 entry rate of 

3.2 x lOI4 atoms/sec (8.6 x 
surface deposition,would result in an I3'I content of 140 Ci for the 
primary system gas at steady state. This is higher than the derived 

limiting content of 36 Ci. 
0.1% per pass) is desirable. 
found to occur at ample rates (up to 4% per pass) in reactors where the 
surfaces had not become covered with iodine. Large amounts of iodine 
w i l l  enter the primary system and will be deposited on primary system 

surfaces during the lifetime of power reactors. It is, in consequence, 

necessary to evaluate the nature of surface deposition and the capacity 

of system surfaces for fission product iodine. The nature of the deposi- 

tion could strongly affect the rate of removal under accident conditions. 

Ci/sec) to the primary system, with no 

Clearly,some surface deposition (more than 

As discussed later, deposition has been 

Surface deposition or plateout may occur by (1) reaction with metal 

surfaces to produce a volatile iodide and subsequent permanent deposition 



18 

of the reaction product at some point in the system, or (2) adsorption on 
surfaces. 

If the conditions for the first possibility--formation, vapor trans- 

port, and permanent deposition of a volatile iodide--are fulfilled, then 

it is certainly possible for the plateout to continue indefinitely. If, 

on the other hand, plateout involves the localization of iodine on the 
surface by adsorption (or reaction), the system iodine pressure will rise, 
as the system surfaces become loaded, until it is limited only by the 
purification plant removal. At this point, if the attachment of iodine 

to the surface is essentially permanent, the incoming radioactive iodine 

isotopes w i l l  not be adsorbed and their concentration in the coolant could 

become undesirably high. 

release would have to be exercised. 

In this case, other options to control iodine 

If a fairly rapid exchange of iodine occurred between gasborne and 

adsorbed phases, a sufficient surface should provide ample holdup to per- 

mit adequate decay of radioactive iodine. 

. Limitation on the environmental release of iodine discussed earlier 
was shown to correspond to I3'I partial pressures in the coolant of 

* 1 x lo-'' atm (at f/M * l), or a total iodine partial pressure of 

5 x 10-l' atm based on entry composition. Normal operation is not 
expected to approach these limits by wide margins because of rapid sur- 

face deposition. Such a dependence on surface deposition, along with 

the possibility of limited surface capacity, makes this a key factor in 
iodine behavior. Phenomena related to gas and surface behavior of iodine 
species are, consequently, important. 

Figure 2 shows the expected distribution of I3'I in an HTGR under 
normal conditions, assuming that (1) the surface deposition is conserva- 

tively set equivalent to 3% per pass, and (2) that no surface deposition 
occurs. 

about 0.00005 Ci/year, corresponding to a maximum dose of 0.06 mrem/year 

to a child's thyroid. If no deposition occurred, the plant release could 

increase to 0.05 Ci/year, corresponding to a dose of 60 mrem/year to a 
child's thyroid. It is evident from these calculations that surface 

In the "normal" case, the emission from the plant vent would be 
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deposit ion could be important; however, i f  it were not adequate, other 

measures ava i lab le  t o  the  designer (e.g., f u e l  qua l i t y  improvement, 

su i t ab le  f i l t r a t i o n  of vent streams, e t c .  ) provide usefu l  a l t e rna t ives .  

5. SURFACE COMPOSITION 

The major mater ia ls  of the  primary coolant c i r c u i t  t h a t  could, i n  

some manner, contr ibute  t o  iodine p la teout  a r e  heat  exchanger surfaces,  

core and r e f l e c t o r  graphi te  surfaces, and system w a l l s .  

In te rac t ion  between graphi te  and iodine i s  not considered i n  d e t a i l  

i n  t h i s  r epor t ,  However, a rough ca lcu la t ion  based on the  equation f o r  

the  adsorption of iodine on graphi te  presented by Castleman and Salzano, 19 

Q' = 3 . 2  x 10 -4 p T'-1/4 exp (20000/R'T), 

where 

Q' = quant i ty  adsorbed, ppm, 

T = absolute temperature, 

2' = gas constant, 

p = iodine p a r t i a l  pressure, t o r r  

ind ica tes  tha t ,  a t  400°C and a p a r t i a l  iodine pressure of lom1' a t m ,  

0.054 pg of iodine per  gram of graphi te  might be adsorbed i f  a l l  i n t e r n a l  

surfaces were involved. This i s  equivalent t o  1 . 2  x loz2 atoms on 45,400 
kg graphi te .  Adsorption i s  s i g n i f i c a n t l y  l e s s  a t  higher temperatures. 

This would appear t o  be about an upper l i m i t  for t he  cooler r e f l e c t o r  

graphi te  and ind ica t e s  t h a t  (1) adsorption on graphite,  although not 

t r i v i a l ,  i s  not expected t o  be the  dominant removal mechanism,20 and 

( 2 )  s tud ies  t o  v e r i f y  the  appreciable extrapolat ions of t he  above equa- 

t i ons  a re  of value. 

t h a t  appear t o  be cons is ten t  with the  above estimate.  

A t  a l a t e r  date  we w i l l  r epor t  data  obtained recent ly  

Iodine i n  the  HTGR primary coolant may r eac t  with bare metal surfaces  

t o  form metal iodides, but  t h i s  reac t ion  must compete with possible  oxida- 

t i o n  of the  surface by impuri t ies  i n  the  heliwn, l a rge ly  the  r e s u l t  of 

s l i g h t  water ingress .  

t i ons  described below,it  was assumed t h a t  an impurity concentration 

corresponding t o  10 ( o r  20) ppm of H 0 with a t o t a l  coolant pressure of 

In  the  s e t  of exploratory thermochemical calcula-  

2 
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50 atm existed in the circuit prior to equilibration with graphite at 
the temperatures considered. 

Subject to this assumption, results of thermochemical calculations 21- 23 

3 4  2 3  

which are presented graphically in Fig. 3 indicate that oxidation of iron 
to Fe 0 
peratures of interest. 

dized in the presence of Cr 0 
oxygen ratio by a factor of 10 would reduce the temperature below which 

Fe 0 
Cr 0 or FeCr 0 formation. An increase in water content or a reduction 

in the hydrogen/oxygen ratio slightly increases the temperature below 

which Fe 0 is stable. 

such as oil leaks (not evaluated) might cause the gas to become more re- 
ducing. In Fig. 3, the proportionate excess or deficiency of free and 
combined hydrogen relative to free and combined oxygen in the gas phase 

is expressed in terms of a ratio 

can occur up to about hOO"C, whereas Cr 0 can form at all tem- 

At temperatures up to about 500"C, iron can be oxi- 

to produce FeCr204. 
2 3  

is stable by about 50"C, but would apparently have little effect on 

Increasing the hydrogen/ 

3 4  
2 3  2 4  

3 4  Radiation reactions or other sources of hydrogen, 

such 

few, 
mary 

that R* = 1 if the only source of hydrogen or oxygen is water. 

Based only on thermal equilibrium considerations, there are apparently 

if any, combinations of metal composition and temperature in the pri- 

sys-ten which would not be susceptible to metal oxide formation, par- 

ticularly if enough 

diffuse to the metal surface in alloys containing low proportions of chro- 

mium. 
the extent of 1% or less, also forms relatively stable oxides. 

time were available to permit sufficient chromium to 

It is recognized that manganese, which is present in the alloys to 

6. ADSORPTION EQUILIBRIA AND SURFACE CAPACITY FOR IODINE 

Some experimental data for the adsorption of iodine on iron have been 

reviewed elsewhere.24 

400°C were used, with an observed iodine loading of iron surfaces of 3.8 pg/ 
cm2 in one case25 and 0.5 pg/cm in another.26 Occupation of 4 x 1014 sites/ 
em, which would, as explained later, couple as many single iodine atoms to 

Iodine partial pressures as low as 1 x lo-' atm at 

2 

2 
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spec i f i c  i ron  atoms as  possible, would r e s u l t  i n  an iodine loading of 

0.08 &/ern2; on the  other  hand, c lose packing of iodine atoms (2.2- i j  

r ad ius)  would correspond t o  0.12 Pg/cm . 
reported i n  a l a t e r  sect ion-- indicate  tha t  the  vapor pressure of so l id  

Fe12 a t  400°C i s  2 x 10 

t h a t  more than a monolayer e x i s t s  on meta l l ic  i ron  a t  a t m ,  but t h a t  

considerably l e s s  than f u l l  reac t ion  t o  produce a s o l i d  FeI2 phase has 

occurred. 

below a re  not avai lable .  

2 Thermochemical calculat ions--  

-6 atm. Thus the  experiments c i t e d  above ind ica te  

Data a t  t he  needed iodine pressure l e v e l s  of lom1' a t m  and 

Because su f f i c i en t  moisture (equivalent t o  10 ppm) i s  an t ic ipa ted  t o  

cause the  formation of oxide on i ron  a t  400°C and below, oxide r a the r  

than metal surfaces may predominate, and adsorption on such surfaces i s  

of pa r t i cu la r  i n t e r e s t .  It was noted by B u l l 2 7  t h a t  iodine vapor a t  
-4 t o  10 atm reacted uniformly a t  400°C with the  ex terna l  surface 

of oxide on low-carbon s t ee l ,  produced by oxidation i n  a i r  a t  900°F f o r  

20 min. The reac t ion  was  in te rpre ted  as an in t e rac t ion  of t he  oxide a t  

t h e  outer  surface with iodine t o  form FeI and an i ron-deficient  oxide. 

Additional i ron  i n  the  s t e e l  i s  then oxidizedand d i f fuses  i n t o  the  oxide 

layer .  

t i o n  between iodine and Fe 0 

2 

In  other  work ( reported in t e rna l ly ) ,  Bull and Nei l1  found no reac- 

3 4' 
A study of t he  adsorption of iodine on Fe 0 a t  temperatures and 3 4  

iodine p a r t i a l  pressures applicable t o  the  steam generator region of an 

HTGR i s  reported below. 

The determination of t he  adsorption coe f f i c i en t  of iodine on Fe 0 3 4  
w a s  conducted2' using the  bithermal equi l ibra t ion  method described e l se-  

where. Determinations at a p a r t i c u l a r  sample temperature general ly  
- 11 used iodine source vapor pressures  of 10 , 

atm. The f irst  sample consis ted of Fe 0 prepared by Sweeton and Baes; 

measurements were made a t  200 and 300°C. 

Fe304, obtained from the  Rocky Mountain Research Company, was used for 

determinations a t  250, 350, 400, and 450°C. The f i r s t  sample had a sur- 

face a rea  (BET) of 0.16 m /g and a c r y s t a l l i t e  s i ze  of 222 A. 
2 sample had a surface a rea  of 0.25 m /g and a c r y s t a l l i t e  s i ze  of 216 A. 

28  

loq9, and 
29 

3 4  
A second sample of high-purity 

2 0 

The second 
0 
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The vapor pressure of iodine a t  low temperatures was obtained by 

in te rpola t ion  from values l i s t e d  by Honig and Hook.30 

sure  of iodine a t  the  sample w a s  ca lcu la ted  by taking i n t o  account the  

d issoc ia t ion  of I i n t o  I atoms, which become dominant a t  the  higher 

The p a r t i a l  pres- 

2 
temperatures and lower pressures,  and of course the  thermal t r ansp i r a t ion  

e f f e c t .  24,25 

The temperature i n  an HTGR c i r c u i t  (and correspondingly the  dissocia-  

t i o n  of  I ) var i e s  while t he  pressure of helium remains e f f ec t ive ly  con- 

s t an t .  

iodine burden and denoted by P 
which t o  p l o t  isotherms showing the  amount of iodine adsorbed on u n i t  

surface than P o r  P . Such a p l o t  i s  shown i n  Fig. 4. 

2 
For t h i s  reason, the  funct ion (P 

i s  a more usefu l  absc issa  against  

+ 2PI ), which w i l l  be ca l l ed  the  
2 I 

burden’ 

I2 I 
The data  i n  Fig. 4 appear t o  approach a l imi t ing  value of adsorption 

14 2 i n  the  v i c i n i t y  of 1.8 x d4 t o  2.0 x 10 

may represent  monolayer saturat ion.  

atoms/cm , suggesting t h a t  t h i s  

0 

A c lose ly  packed monolayer of iodine atoms ( ion ic  radius ,  2.2 A) would 

However, chemisorption implies speci-  2 r e s u l t  i n  about 6 x lOl4 sites/cm . 
f i c  bonds t o  p a r t i c u l a r  subs t ra te  atoms; consequently, t he  capaci ty  would 

appear t o  be r e l a t e d  t o  t h e  spacing of i r o n  atoms, possibly divalent  iron, 

i n  the  Fe 0 surfaces  t h a t  a r e  l e s s  c lose ly  spaced. A Fe 0 u n i t  c e l l  

(ao = 8.394 A )  contains e ight  molecules arranged i n  an inverse sp ine l  

s t ruc ture :  

t o  be arranged i n  p a i r s  with a spacing of approximately 3.0 A betweenthe two; 

thus they a re  posi t ioned too c lose ly  t o  hold an iodine atom on each. The 
l e a s t  dis tance between adjacent p a i r s  i s  apparently about 4.9 A; with t h i s  

spacing there  would be no more than about 2.8 x 10 

and qui te  possibly l e s s ,  depending on which planes make up the  surface.  

3 3 4  
2 Fe (Fe Fe )04. 31 The Fe ions on t h i s  s t ruc tu re  a r e  indicated 

0 

0 

14 2 such s i t e s  per em , 

The chemisorption of  iodine on a l l  exposed atoms of elemental i ron  

(bcc, a 

f eas ib l e  regular  spacing of iodine chemisorption s i t e s  appears t o  be on 

a l t e r n a t e  i ron  atoms i n  the  (110) plane, permit t ing about 4 .1  x 10 

sites/cm . 

= 2.8664 f f )  i s  not possible  i n  any simple plane. The c loses t  
0 

14 
2 
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The data shown in Fig. 4 may be extended at a given temperature to 
lower pressures, using a Temkin expression of the form 

In P = - C' + In [Q/(l - e ) ]  + B'Q, 

where 

P = iodine burden, atm, 

Q = fractional coverage. 
14 2 Assuming the presence of 2 x 10 , 

the respective temperatures are: 

sites/cm , the constants B' and C '  at 

Temperature 
( "c) B' C' 

200-300 6.26 23.71 

350 
400 

5-90 22.12 

7.81 22.06 

450 9.36 22.49 

In Table 2, the inventory of iodine released into the primary coolant 

system was estimated to be 1.9 x 
At a partial pressure of 5 x 10 
limit) and at temperatures of 200 to 300°C the capacity of Fe 0 

for iodine is about 8 x 10'' atoms/cm2 (see Fig. 4). 
that if permanent adsorption on Fe 0 
the sites on about 2 x 10 cm of microscopic surface would be needed with- 

in a year. The superficial area of steam generator surface below such 

temperatures is of this magnitude. (The roughness factor is unknown.) 

atoms at the end of the first year. 
- 10 atm (previously indicated to be an upper 

surfaces 3 4  
Thus these data imply 

were the only deposition mechanism, 3 4  8 2  

Since the expected life of the reactor is 40 years, other means of 
removing l3'I and other shorter-lived iodine isotopes from the primary 

helium require consideration. 

6.1 Reversible Iodine Deposition and Exchange 

The existence of an adsorption equilibrium implies concurrent evapora- 

tion along with deposition, resulting in an exchange of isotopes between 
gas and surface phases. If the rates are adequate, the surface area needed 
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to provide enough holdup for sufficient decay of radioactive species to 

occur could be considerably less than that required if adsorbed atoms 

were more or less permanently fixed to adsorption sites. The partial 
pressure of stable iodine at steady state would be a function of the 

rates of entry and rates of removal by the purification plant. 

ensuing partial pressure would establish the fractional surface coverage; 
this coverage and the available surface area would then determine the 

average residence time, while the residence time would determine the re- 

duction by decay of the content of radioactive iodine in the system (and 

consequently the gas). 

The 

A simple model2' for steady-state isothermal adsorption of a single 

radioactive species and a single stable species leads to the following 

expression for the area needed to maintain the concentration of iodine 

isotopes in the coolant at a given level. 

the Appendix, 

This expression is derived in 

An = 

where 

A =  

n =  

C "  = 
1 

c =  1 
r =  P 

h l =  
e =  

v =  
k =  2 

- 
J2 - 

[?-I] [ 1 + 4  [.-'3 [e+$],  
2 

system microscopic area [BET], cm , 
number of adsorption sites on unit microscopic area, sites/cm 2 , 

radioactive isotope concentration in gas in absence of adsorp- 
tion, atoms/cm 3 , 
radioactive isotope concentration in gas, atoms/cm 3 , 

rate constant for removal from primary system to purification 

system, sec C6.17 x 

isotope decay constant, sec [l x 

-1 

-1 

-I surface evaporation rate constant, sec (assume e >=- A), 

gas system volume, cm3 ~ 9 . 7  x 10 I, 

Langmuir coefficient in concentration units [ Q  = k C ( l  - Q ) ]  2 
for stable nuclides [4.8 x based on Fig. 41, 

14 ingress rate of stable species, atoms/sec [9 x 10 1. 

8 
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Values i n  brackets apply t o  the  system discussed e a r l i e r ,  where a l so  (as 

shown i n  the  Appendix) 

i n  which 

= mount of gasborne radioact ive nuclide i n  the  absence of 0 

'G1' N G 1  
adsorption, or with adsorption and exchange. 

We then ca lcu la te  

An = 6.3 x 1 O 2 l  s i t e s .  

2 If t h e  value of n i s  2 x sites/cm [Fig. 43, then 

7 2  A = 3 x 10 em [BET]. 

Since the  s u p e r f i c i a l  a r ea  i n  the  steam generators, p a r t i c u l a r l y  
8 the  economizer and evaporator regions, w i l l  be somewhat g rea t e r  than 10 

em, it appears t h a t  iodine removal by adsorption on Fe 0 with r e l a -  

t i v e l y  rap id  exchange could be marginally s u f f i c i e n t  t o  ensure an iodine 

pressure below 10 

f o r  iodine on Fe 0 

General Atomic Company2' for iodine a t  400°C on m i l d  s t e e l  surfaces  loaded 

with iodine a t  r e l a t i v e l y  high iodine pressures  (* a t m ) .  

2 
3 4  

-10 a t m .  

however, r e l a t i v e l y  r ap id  exchange w a s  reported by the 

Exchange r a t e s  have not been d i r e c t l y  measured 

3 4; 

6.2  Removal of Iodine from the  Primary Coolant as  Metal Iodides 

It i s  possible  t h a t  meta l l ic  areas  w i l l  be ava i lab le  ( p a r t i c u l a r l y  

i f  H /H 0 i s  high for any reason) and tha t ,  consequently, gasborne iodine 

could r eac t  with metals t o  form v o l a t i l e  iodides.  

iodides on the  cooler p a r t s  of t he  c i r c u i t  would provide an unlimited sink 

f o r  iodine t h a t  would requi re  consideration i n  the  ana lys i s  of accidents 

involving f i s s i o n  product r ed i s t r ibu t ion .  

2 2  
Condensation of these 

24 The thermodynamic da ta  assembled by Hoinkis 

l a t e  t he  equilibrium compositions a t  various temperatures fo r  a constant 
- 10 iodine burden of 2 x 10 

present.  The r e s u l t s  a r e  presented i n  Table 3. 

have been used t o  calcu- 

a t m ,  assuming t h a t  elemental i ron  i s  always 



Table 3. Composition of equilibrium vapor at fixed iodine burden, 

in the presence of elemental iron 

Temperature (OK) 
1000 6 73 5 00 

Vapor pressure FeI (s) ,  atm 

I burden = Z(N ) 'P atrn (assigned) I i  i' 

2 

Fe burden = Z(NFe) .P atrn i' i 
PI, atm 

P , atm 
I 2  

'FeI; atm 

'Fe21( atm 

'FeI 9 atm 
3 

2.5 x 

2.0 x 

3.9 x 10 

2.00 x 

- 16 

1.14 1 0 - ~ 7  
-16 

4.7 1 0 - ~ 9  

3.9 x 10 

1 .3  x 10-'3 

2.1 x 

2.0 x 

1.49 x 10-l' 

1.97 x 

8.95 

1.49 x 10-l' 

7.3 x 

2.6 1 0 - ~ 7  

7 .22  x 

2.0 x 

7.76 x 

1.98 x 

1.25 x 

7.74 x lo-= 

1.34 1 0 - ~ 3  

14 3.15 x 10- 



Steady circulation with equilibrium at all points around the circuit, 

and with metallic iron available at all points, w i l l  result in a'Van Arkel 

type of process, in which iron will react to form gaseous iron iodides as 

the iodine-bearing gases are cooled, and iron w i l l  be precipitated 24,32 as 
the gases are heated. Also, as the temperature approaches 500°K, the par- 

tial pressure of FeI will exceed the vapor pressure and deposition of this 2 
compound could occur. 

We have indicated above that Fe 0 should exist in the system at tem- 3 4  
peratures below 400°C (673 O K ) .  

gas only above 400"C, the iron burden at this temperature would limit the 

partial pressure of FeI 

the gas would have to decrease to about 456 "K (183 "C) before condensation 
of Fer2 could occur. 

spheres, of a given atom is defined as the sum of the partial pressures 

of each gasborne species containing it, multiplied by the number of the 

given type of atoms in the species. At constant system pressure, it is 

independent of temperature and reactions in the gas phase unless additions 

or removal from the gas phase occur. ) 

If elemental iron were available to the 

at lower temperatures, and the temperature of 2 

(In this and other discussions the buraen,in atmo- 

Two factors militate against deposition by condensation. First, we do 
not believe that metal surface temperatures will fall as low as 183"c, and 
possibly not as low as 227"C, except in the area behind the thermal barrier, 
which is effectively inaccessible. Second, the reaction rates with high- \ 

temperature surfaces would have to be faster than is thought likely, so 
that equilibrium concentrations might not develop around the circuit. 
Data supporting iron iodide transport at higher iodine pressures (- 10 

to 

-8 
20 atm) have been presented by the General Atomic Company. 

In addition to iron, the metal alloys of HTGR primary coolant circuits 

contain nickel, chromium, and manganese, as well as small proportions of 
other elements. These are also capable of forming-volatile iodides, prin- 

cipally the diiodides. Calculations related to the behavior of iron have 

been reported by Hoinkis, 24 and Milstead et al. ;25 calculations for chro- 

mium have been reported by Osborne;28 and the stability and volatility of 

various metal iodides have been discussed by Rolsten. 32 We have calculated 



equilibrium constants'' on a common basis for the formation of FeI NiIZ, 2' 
Cr12, and Mn12, as gases and condensed phases at 500°K and lOOO"K, using 

thermodynamic data presented by Brewer. 33'34 These values and their dif- 

ference, which is the logarithm of the vapor pressure (in atmospheres) 

of the condensed metal diiodide, are shown in Table 4. 

The values indicate unambiguously that in cases where manganese is 

available to form the iodide it will be the dominant condensed or vapor 
species (despite low concentration in the alloys) ; the associated log K 
value is much the highest. 
that the high stability of manganese iodide will prevent the production 

of manganese by the iodide process. 

This is consistent with Rol~ten's~~ statement 

Because HTGR coolant systems are likely to contain much more oxygen 

2 2 (as H 0, CO, and CO ) than iodine, it is likely that both manganese and 
chromium will (where available at the surface) be bound as oxides. The 

equilibrium behavior of such complex metal-iodine-gas systems has yet to 
be evaluated. 

7. IODINE BEHAVIOR UNDER ACCIDENT CONDITIONS 

The retention on system surfaces of some fraction of the radioactive 

iodine entering the primary coolant was shown in an earlier section to 

be necessary in order to keep the corresponding concentration in the gas 

low enough to ensure that plant releases during normal operation would 

not exceed values derived from regulatory limits. In the representative 

example presented in Fig. 2, about 8600 Ci I3'I could be present on sur- 

faces, and no more than 36 Ci in the gas (N /N 
Fp > 20,000 have been measured in operating H T G R s ~ ~ , ~ ~  with relatively 

clean circuits, indicating that this condition is adequately fulfilled. 

Surface iodine is thus a major accident source term. In assessing the 

release of iodine during an accident, one must therefore pay careful 

attention to the rate at which deposited iodine can become gasborne due 
to evaporation, chemical reaction, or the inherent mobility of the surface 
itself, as in the case of a dust film. To date, we have been concerned 
with desorption and desorption plus chemical reaction. 

= Fp =- 240). Values of S G  



Table 4. Logarithmsof equilibrium constants f o r  the react ion M(s) + 2I(g) = M I  ( s  o r  g )  2 

Compound (1) l o g  K (solid) ( 2 )  1% K (gas) (3) l o g  VP = ( 2 ) - ( 1 )  ( a t m )  
500 "K 1000 "K 500°K 1000°K 500 OK ,1000 "K 

FeIZ 23.23 6.02" 12.72 5.15 -10.51 (-0.87)" 

N i  I 18.47 2.79 6.28 1.74 -12.19 -1.05 2 

C r 1 2  26.59 7.54 10.07 4.08 -16.52 -3.46 

35.78 12. 53a 24.04 10.50 -11.74 ( -2.03)a Mn12 

21 .11  5.76 2 2 1  = I 

a 'Liquid. 
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The kinetics of the desorption of iodine from Fe 0 into vacuum was 3 4  
studied as a function of temperature and iodine loading conditions by 

Hoinkis,37 who used a temperature-ramp technique, in which the iodine 
remaining adsorbed was measured as the temperature was steadily increased. 

He concluded that the vacuum desorption process followed first-order 
kinetics, and that adsorbed iodine atoms were distributed between sites 

of different desorption energies (generally between 1.5 and 2.5 eV). 
explicit rate equation, however, was not directly stated. 

An 

The paragraphs below describe four scouting experiments2' made by 

using portions of a sample of iron powder on which iodine had been adsorbed 

at 400°C to a surface concentration of 7.4 x 1014 atoms I/cm (BET). 2 
[The 

2 iron powder had a specific surface area of 0.14 m /g (BET).] 

Isothermal desorption into flowing helium containing 3% H20 was 
examined at 250°C by placing one-fourth of the iron sample (about 0.4 g) 
in a 1-in-diam heated tube and passing the helium-steam mixture (at 1 atm) 

over the sample in the tube at 1 std liter/min. 

the original iodine had been desorbed. 
After 5 hr, about 13% of 

Three desorption experiments were conducted using the temperature- 

ramp technique. In two of these experiments, a He-3$ steam mixture was 

passed over a separate portion of the above iron sample, while the tem- 

perature was increased steadily at the rate of 2"C/min; flows of 2.2 std 

liters/min and 4.5 std liters/min, respectively, were used. Pure helium 
( < 10 ppm H20) flowing at 2.2 std liters/min and the same rate of temperature 
increase (2 "C/min) were used in the third temperature-ramp experiment. 
The amount of iodine remaining on the specimen at any time (or temperature) 

was determined by in-situ gamma spectrometry. 

desorption in the respective experiments is shown in Fig. 5. The course 
of each desorption experiment was consistent with first-order kinetics. 

A graph of the course of 

First-order desorption rate coefficients (k', see-') obtained by 

differentiating the curves are shown in Table 5 for temperatures of 250, 
400, and 550"C, along with the value obtained from the isothermal experi- 

ment. 

concentration of about 8 x 
In comparison, ~ ~ e i l l ~ ~  reported that, at 400"C, iodine at a surface 

atoms/cm2 on bright steel was desorbed 
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Table 5. Desorption of iodine from iron into flowing moist or dry helium 
-1. k' = first-order desorption rate coefficient, see 

z = partition coefficient (atoms/liter)/( atoms/cm 2 ) 

Helium flow rate Fraction Temperature ( "C) 
( std 8 /min) H2° Coef f . 250 400 550 

Isothermal 1.0 

2.4 

4.3 

2.2 

0.03 k' 
Z '  

0.03 k' 
Z' 

0.03 

0 

k' 

Z' 

k' 

Z' 

8 x - - 
0.14 

4 2.0 10-5 1.5 5 x 10- 

1.1 10-3 

2 x 3 10-5 4 10-3 

0.16 0.9 2.6 
-4 4 10-5 2 x 10 

0.16 1.2 2.5 

0.016 0.19 2.0 

W 
u1 



under vacuum with an initial rate constant of about 7 x see-'; this 

is about twice what we observed for dry flowing helium. However, evapora- 
tion into vacuum and into a flowing gas stream may not be limited by the 

same factors. 

It may be seen that the desorption rate coefficients (k') were pro- 

portional to flow in the experiments using moist helium. This suggests 

that desorption may depend on partition between the surface and gas phases. 

A partition coefficient, Z' (atoms/liter)/(atoms/cm ), may be obtained as 

follows : 

2 

k' A 273.1 
T '  

Z' = - F* 

where 

F* = flow, std liters/sec, 

T = temperature, OK, 
k' = first-order rate coefficient at T, sec-l, 

A = area (BET) of the sample, em . 2 

Values of Z' for the various experiments and conditions are also shown in 
Table 5. As seen, the values of Z' at a given temperature are consistent 
for the experiments conducted in moist helium. 

If we assume that the desorption rate into pure helium can be similarly 
treated, the partition coefficients are less than for moist helium at 250°C 
and at 4OO0C, thereby indicating decreased desorption under given conditions. 

An equilibrium partition ratio, Z' can be calculated at 400°C for 
e 4' 

the static equilibration conditions under which the sample was prepared by 
depositing iodine on the sample surfaces. The following relationship is 

used: 

-8 atoms/liter , 
2 = 0.37 6.02 10~3 P - - 6.02 10~3 2.5 i o  Z '  = 

eq SR'T 7.4 x x 0.082 x 673 atoms/cm 

where 

S = original surface concentration of the sample (7.4 x atoms/ 
2 

cm 1, 
-8 P = iodine pressure at the sample (* 2.5 x 10 atm after thermal 

transpiration and dissociation), 

T = temperature of the sample (400°C or 673 OK) , 
R'= gas constant. 
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Comparison of the static value with the experimental value for 400°C 
in the experiment carried out with dry helium, Z' = 0.19, shows that the 
results are in fairly close (?.e., by a factor of 2) agreement--the kine- 
tic value indicating a little less release than is implied by the static 

value. 

helium probably depended predominantly on partition equilibrium. 

was quite possibly true for the moist experiments also, but mass transfer 

analysis (not attempted) appears desirable. 

The closeness of agreement indicates that the experiment with dry 

This 

It may be shown that if a substance is partitioned between gas and 
surface phases with a partition ratioof F 
gas), and the gas is isothermally bled off (depressurized), then 

(atoms on surfaces/atoms in P 

where 

N$Np = initial and final numbers of atoms in the system, 

0 P ,P = corresponding system pressures. 1 

By this mechanism, all the gas in the system at any moment contains 

the concentration of iodine that would be in equilibrium with the surface 

at the time, unhindered by transfer rates. 

By definition, 

where 

A = microscopic surface area of the system on which iodine is 
ads orbed, 

V = effective volume of the gas in the system. 

In order to estimate the effects of full depressurization in an KTGR (with 

unoxidized surfaces), we assume a metal area of 2 x 10 em2 holding iodine 

and an effective volume equal to that occupied by 4227 kg (9320 lb) of 

helium at 47.6 atm (Po) (i,e., V = 0.95 x 10 liters at 250°C, etc.). 

Therefore we calculate the fraction lost at the various temperatures to be: 

a 

6 



250 "C 400 "C 550 "C 

Dry helium 0.0003 0.005 0.056 

The complete release to the environment of the order of 1% of the 

primary coolant circuit inventory of l3'I may be required to exceed the 

limits stipulated by 10 CFR 100. 

deposited in the cooler region of the steam generator. The above values 
suggest that,in a dry system in which iodine is adsorbed on unoxidized 

metal, a heatup of these regions would have to occur before a potentially 

intolerable release of I3'I would occur, even in the case of complete 
depressurization followed by all gas being entirely released to the en- 

vironment. This may also be the case (as indicated by similarly calcu- 

lated values) in the moist system; however, mass transfer effects may 

require consideration. 

This material is likely to have been 

8. DISCUSSION AND RECOMMENDATIONS 

The iodine dose received by an individual under accident conditions 

should remain, by acceptable margins, below the limits stated in 10 CFR 100 
if the secondary containment vent closes as designed, regardless of the pri- 

mary system inventory. 
inherent desorption characteristics appear to have the capability for limit- 

ing the release adequately, provided (1) the inventory of iodine deposited 

on primary system surfaces is within expected limits, and (2) these sur- 

faces do not undergo significant heatup during the accident. The inhala- 
tion of released 13'1 is the dominant pathway. 

Even if the closure did not operate effectively, 

The release of fission products held in the fuel was not considered. 

However, an appreciable temperature rise (which, in turn, requires time) 

is thought to be necessary before this effect would provide a source 

greater than that provided by fission products deposited on primary system 

surfaces. 

The plant emission during normal operation must be "as low as prac- 

ticable," and certainly less than about 13 mCi/year to remain within the 
proposed limits of 10 CFR 50, Appendix I, of 15 mrem/year; 13'1 in the 
air-grass-cow-milk-child pathway is dominant in such releases. 
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In relating the plant emission to 

the assumption of some decontamination 

the primary coolant 

(DF = 100) of leaks 

gas inventory, 

passing through 

PCRV concrete and through the secondary containment was accepted. A leak 
rate of the primary coolant of 0.01% per day was also assumed. 

these assumptions leads to a maximum permissible l3'I partial pressure in 
- 10 the primary coolant of 1 x 10 atm. Actually, it will doubtless be 

orders of magnitude lower if deposition on primary system surfaces occurs 

as expected. 

The use of 

Estimates of the release of the iodine isotopes from fuel particles 

to the primary system can be correlated with the release of noble gases 

from the particles, and hence can be related to empirical determinations 

available for these. Nevertheless, extension for application to long- 

lived or stable iodine isotopes requires more detailed consideration of 

the release model, as it is affected by particle composition, fluence, 

temperature, cracking, and other factors. The release rate of the essen- 

tially stable iodine will determine the amount of adsorbed iodine. It is 

important that a significant capacity of surface deposition of iodine be 

operative in the system; without such removal, the purification plant 

alone could not keep the inventory of l3'I in the primary coolant gas as 

low as required. 

The sib-faces are expected to be covered with oxide (Fe 0 FeCr 0 3 4' 2 4' 
Cr 0 ), provided the expected moisture level is present in the gas (equiva- 2 3  
lent to 10 ppm of HZO). 

to be sufficient to keep the gas concentration within the necessary limits 
for normal operation, provided the adsorption was reversible. For the 
expected conditions, deposition of vapor-borne iron iodide should not 

occur, and the possible transport and deposition of chromium and manganese 

iodides would be inhibited by the probable reaction of moisture with sur- 
face atoms. The rates of desorption or exchange with oxidized surfaces 
were not considered; nor were the adsorption equilibria for graphite or 

for unoxidized iron. 

The adsorption of iodine on Fe 0 was indicated 3 4  

In subsequent work it will be desirable that various factors mentioned 

above be made explicit. 

regions and parameters to be properly considered. 

This w i l l  allow distributed rather than combined 
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10. LIST OF SYMBOLS 

English Alphabet 

a = radius of equivalent sphere in Booth model of release; 

a = 3 x effective (volume/surface) 

a = lattice parameter 

A = system microscopic surface area 

B 

0 

= rate of generation or birth of nuclide in fuel (steady state) 

B' = coefficient in Temkin adsorption isotherm 

Br = effective intake rate of air: emergency, 5 x lom4 m3/sec; occupa- 
3 3 tional, 10 m / 8  hr; average, 7300 m /yr 

C = concentration of nuclide in coolant 

0 C = concentration estimated for no adsorption 

C '  = coefficient in Temkin adsorption isotherm 

D = diffusion coefficient 

D' = diffusion rate coefficient = D/a 

DF = decontamination factor of region = (amount entering/amount leaving) 

2 

DL = regulatory dose limit 

e = surface evaporation rate constant for adsorbed species 

E 

f = fraction of total thyroid dose contributed by nuclide and pathway 

= thyroid dose resulting from intake of 1 Ci of given nuclide 

under consideration 

f' = fraction of gas atoms of given element striking surface that are 

adsorbed 

F = fractional release: atoms of species outside sphere/atoms inside 

and outside 

F 

F* = flow rate across sample 

= plateout factor, atoms of species on surfaces/atoms in gas P 

J = entry rate of nuclide into primary coolant 
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k' = first-order desorption rate constant 

k. = Langmuir adsorption coefficient, in concentration units, from 
1 

8 .  = k.C.(1 - Q) 
1 1 1  

K = equilibrium constant 

= fract.iona1 release of primary system inventory to secondary 

containment in an accident 
LP 

L = fractional release of secondary system inventory to environment S 
in an accident 

L* = leak rate of nuclide from primary system 

M = safety margin; ratio of Regulatory limit to estimated dose 

n = number of adsorption sites on unit microscopic area 

N = amount of nuclide in primary coolant gas 

N = amount of nuclide in primary coolant system 

N = amount of nuclide on surfaces of primary coolant system 

G 

P 

S 

p = partial pressure of element, torr 

P = pressure, atm 

Q = rate of release of nuclide from plant vent 

Q' = quantity of iodine adsorbed on graphite, ppm (Salzano equation) 

r = first-order rate coefficient for gas leakage from primary coolant L 
system 

rp = first-order rate coefficient for flow to purification plant as 

fraction of primary system contents 

rs = first-order rate coefficient for surface deposition (plateout) 

R = release rate of nuclide from fuel or fuel particle 

R' = gas constant 

R* = 1/2 ratio (hydrogen/oxygen) 

R = release of nuclide in plant vent, Ci 
V 
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S = mount of nuclide adsorbed on unit microscopic surface area 

t = time (since beginning of irradiation and diffusion) 

T = absolute temperature, OK 

V = effective volume to contain system gas at given temperature 

and pressure 

VP = vapor pressure of condensable compound 

W = partial pressure of water equivalent to gaseous oxygen- 

containing species 

Z = percentage removed per pass by plateout 

Z '  = partition coefficient, conc. in gas/conc. on surface 

Greek Alphabet 

a = average velocity of atoms of given species directed toward 

surface 

Qi;Q = fraction of sites that are occupied by nuclide or by element 

h = decay constant 

CT = area of unit adsorption site 

transfer function of given nuclide from region i to region j %(i, j >  = 

X = nuclide concentration in air at given location 
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11. APPENDIX: 

DERIVATION OF EQUATION FOR SURFACE REQUIREMENT IF EXCHANGE 

OCCURS BETWEEN GAS AND SURFACE PHASES 

We s h a l l  consider t he  number of surface s i t e s  required for a given 

gas-phase concentration t o  r e s u l t  i f  radioact ive and s t ab le  species enter  

t he  gas region, interchange by adsorption on a surface and evaporation 

from it, and a re  removed i n  a gas purge stream from the  system. 21 

For purposes of s implif icat ion,  we s h a l l  consider an isothermal 

system i n  which a s ingle  s t ab le  species and a s ing le  radioact ive isotope 

of t he  same element i n t e r a c t  with the  surface i n  a manner such t h a t  t he  

sorpt ion behavior can be described by a Langmuir-type adsorption isotherm. 

In  t h i s  system, isotope - i i s  assumed t o  en ter  the  coolant a t  a steady 

r a t e  Ji, and the  coolant i s  passed through a pu r i f i ca t ion  p lan t  a t  a con- 

s t a n t  rate. 

i n  the  t o t a l  number of atoms of species i, 

r e l a t i o n  

Detailed species balance requi res  t h a t  t he  time r a t e  of change 

(dN./dt), be described by the  
1 - 

where 

= t o t a l  number of atoms of species i i n  the  primary system, 

= number of atoms of species - i adsorbed on the  surface, 

Ni 

NS 

X = r a t e  constant fo r  radioact ive decay i 

'i 

V 

i 

= concentration i n  atoms per  u n i t  volume, 

= gas volume of the  system, 

r = system r a t e  constant f o r  species  removal by coolant pur i f ica-  

t i o n  (and any leakage). 
P 

Similarly, the time r a t e  of change i n  the  number of atoms of species 

I i located on surfaces, dNs /d t ) ,  i s  given by 
i 

(dNs / d t )  = Anoaf'(1 - Q)Ci - AnQili - AnQ.e, 
1 i 

where 
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A = total microscopic system area (irer, the BET surface area), 

n = number of adsorption sites per unit microscopic area, 

= surface area per unit site, 

8 .  = fraction of sites occupied by species - i atoms, 

8 = z.8. = total fraction of occupied sites, 

a = average velocity of atoms directed toward the sorption surface, 

1 

1 1  

f' = fraction of species - i atoms which strike a vacant sorption 

site and are actually sorbed, 

e = fraction of sorbed atoms which evaporate per unit time. 

Under steady-state conditions, Eq. (2) reduces to yield a Langmuir- 

isotherm of the form 

8. 1 = k.(l 1 - 8)Ci, (3) 

where 

It w i l l  be useful to express the adsorption effect by comparing the 

gas concentration under adsorption conditions with the steady-state con- 

centration (C.) that would exist if no sorption occurred. 
state concentration if no sorption occurs  (TJ 

Eq. (1) as 

0 

1 
The steady- 

= 0 )  is obtained from Si 

(5 )  0 Ci = Ji/V(X i + rp). 

We now measure the adsorption effect by comparing the gas-phase 
concentration of species 1 (C,) with this value: 

For a stable species (for which we employ the subscript 2), Eq. (5) 
becomes 

C = J /V rp, 2 2 (7)  
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2’ and i f  we fu r the r  assume t h a t  0 - 0 

(1 - 0) = 1/(1 + k2C2), (8) 

and i f  we note t h a t  kl/k2 = e/(A, + e )  

requirement takes  the  mathematical form 

from Eq. (4)], the  surface 

c; l I ’ 

c 

where subscr ipt  1 now r e f e r s  t o  the  radioact ive species.  

This equation can be solved i f  the evaporation r a t e  constant e i s  

1‘ 1’ known or i s  much l a r g e r  than h 

exchange occurs. 

If e >> X then kl Wk2, and prompt 

A usefu l  v a r i a t i o n  uses the  re la t ionship  

(9) 

t o  obtain:  

where 
0 = amount of gasborne radioact ive nuclide i f  no adsorption 

occurred, and i f  adsorption with exchange does occur. 
’Gl’ N G 1  
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