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Abstract 

Five fuel pins, taken from a PWR fuel assembly with 32 000 MWD/t burn-up 
were chopped and dissolved in leak-proof equipment designed for accurate deter- 
mination of the composition and quantity of gaseous elements released in these ope- 
rations. 

Analytical methods were specially developped to determine directly the 
noble gases, tritium and gaseous carbon compounds in the gas phase. Volatile iodine 
was kept as close as possible to the source by cold traps, then transferred to a 
caustic solution for quantitative analysis. 

The quantities and activities of gaseous fission products thus determined 
were compared with predicted values obtained through computation. Very good agree- 
ment was generally observed. 

I. Introduction 

For a number of years the Commissariat a 1'Energie Atomique has devoted 
a significant part of its R .& D activities to the development of gaseous radioac- 
tive waste containment and trapping methods / 1 /, with a view to achieve minimal 
release and in any case, compliance with prevailing regulations. 

The design of safe , efficient processes for dissolver off-gas purifica- 
tion in fuel reprocessing plants requires the accurate determination of the quanti- 
ties of gaseous fission products..involved,andtheir physical and chemical properties. 
It is important to establish the release process of such products during mechanical 
and chemical processing, as well as their distribution among the various liquid and 
gaseous flows. 

The information is of special importance because it directly affects the 
design of equipment and ventilation systems. 

It is also important to compare measured quantities and activities with 
computed data, in order to validate or adjust some of the basic input data used in 
computations. 

For accurate analysis, it is essential to use whole fuel rods with clear- 
ly defined characteristics. Hence, the five rods treated were taken from a spent 
fuel assembly from the Dutch Borssele reactor, which was selected for the following 
reasons : 

*Supported in part by the Comission of the European Communities. 
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. the Boossele reactor is a typical pressurized water power reactor 

. the assembly had undergone three irradiation cycles ; burnup was approximately 
32 000 MWD/t. 

. initial fuel enrichment was 3.1 %. 

Assembly characteristics are therefore very close to those on which repro- 
cessing and safety investigations are based. The results of this work can thus be 
transposed easily. 

TI. Gas sampling techniques 

The experimental system desi gned fo,r these investigations essentially con- 
sists of a leaktight chopper and d?sso lver connected to a sampling glove box. 

However, since PWR fuel rod lenght exceeded shear capacity, the rods were 
first cut in two following recovery of internal gas. 

Chopping (Figure 1) 

Each half-rod was chopped into 15 mm lenghts which were collected in a 
container used subsequently for dissolving. 

After chopping, the released gas was pumped by a cryogenic system into a 
tubular trap cooled by liquid helium. Three flushing cycles eliminated the last tra- 
ces of fission gases. 

The trap was isolated, heated to 2OOOC to homogenize its contents, and a 
gas sample taken for analysis. Since the trap volume was accurately known, the 
amount of gas was calculated from accurate pressure and temperature readings. 

Two - 50°C cold traps were placed between the chopper and the cryogenic 
pump to retain any iodine present. 

Dissolution (Figure 2) 

After chopping, the dissolver was connected to a reflux condenser. The 
gases released during dissolution passed through a - 50°C iodine trap, and to the 
sampling glove box, where they were homogenized and continuously recycled to the 
dissolver. 

Dissolution occured without recombination of nitrogen oxides, and only 
the diox;$de was partly crystallized in the cold traps. To prevent any gas leakage, 
the system pressure was kept slightly below atmospheric by draining excess gas to 
a collection vessel under vacuum. 

On termination of dissolution and gas release the collection vessel was 
isolated. Boiling is maintained for four hours for maximum iodine desorption from 
the dissolver liquor. Recycled nitrogen oxide was bubbled through the solution to 
prevents oxidation of iodine by nitric acid, with the formation of non-volatile 
compounds. 

kasis of : 
The quantity of gas released during dissolution was determined on the 
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. analysis of gas in the collection vessel 

. analysis of gas remaining in the dissolver system. 

In this respect, the presence of a boiling liquid phase and the fact that 
system temperatures were not accurately known prevented accurate determination of 
the real gas volume. To overcome this difficulty, an accurately known quantity of 
carbon-13 and natural isotopes of krypton and xenon was introduced into the dissolver 
system. The quantities of carbon-14 and noble gases released from the fuel were then 
readily computed by isotopic analysis. 

Finally, the two cold traps were isolated and gradually heated. Nitrogen 
flushing entrained the iodine to a caustic solution in two absorbers placed in 
series. A third absorber, filled with methanol, was provided to trap any methyl io- 
dide present. 

III. Gas analysis methods 

Much work has been devoted to the development 
sample analysis methods. 

of highly sophisticated gas 

The gas concentration and specific activity of triti um and carbon-14 were 
measured in a single chromat graphi 
was higher by a factor of 10 ? to 10 8 

analysis, although the activity of Krypton 85 
(figure 3). 

A HP 5880 chromatograph featuring a liquid nitrogen cryogenic system was 
used. Stable gases were detected by a catharometer and active gases by a Panax type, 
low background noise circulation counter. 

A porapak-Q column was used to separate Hz, N2, Ar, CO and NO at a cons- 
tant temperature of - 65OC, and then Kr, CO?, N20 and Xe at programmed temperatures 
up to 60°C. 

Tritium and 14C0 easurements were easy because these gases are eluted 
before Krypton 85. As for 14 CO2, thorough krypton decontamination was necessary. 

As soon as CO2 elution began, the gas flow was diverted to a Porapak 
- N column for good separation of residual krypton 85 and 14CO2 which was then easily 
measured. 

During CO2 analysis, N20 and Xe were retained in the Porapak - Q confi- 
guration. The column was reconnected to the system on completion of CO2 elution. 

Krypton 85 activity was measured directly by gamna spectrometry, using a 
Ge-Li detector. 

Chromatography was also used for hydrocarbon detection with a flame ioni- 
zation detector, and also for methyl iodide detection with an electron-capture 
detector. 

The isotopic composition of nob1.e gases was measured by mass spectrometry, 
a method also frequently used for quantitative analysis of krypton and xenon by iso- 
topic dilution , using a mixture of 8DKr and 124Xe as a tracer. 

Complete analysis involved the following steps : 
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. preparation and analysis of tracer mixture by reverse dilution, using a mix- 
ture of natural krypton and xenon. 

. isotopic measurement of the test gas 

. isotopic measurement of the test gas/tracer mixture 

Although the procedure may seem complex, the number of manipulations is 
reduced by using a single tracer mixture. The quantities of kr pton and xenon can 
be readily calculated from measured values of 8OKr/86Kr and 12&e/lWe isotopic 
ratios. 

This method only requires a few ml of gas, which is an overwhelming advan- 
tage in active gas analysis. Mixtures are prepared by a purely barometric method, 
and all transfers performed using liquid helium. Utilization of a highly accurate 
pressure sensor (0.1 m bar) yields results with less than 1 % error in a concentra- 
tion range of a few hundred vpm. 

IV. Behavior of gaseous fission products 

All the results are given for 1 - year cooling time. 

Noble gases 

The quantities of gas collected at the various stages of fuel pin proces- 
sing are given in table I.Krypton and xenon released during chopping respectively 
account for 4.4. % and 3.8 % of the total quantity collected. A fraction of the 
gas was measured during the first cut of the clad, and corresponded to the frac- 
tion of noble gases present in the gas pl,enum ; the balance, i.e., 1 % to 2 % of 
the total, was released during chopping. This operation is relatively ineffective 
in opening the micropores in which gas remainstrapped. 

PIN 1 2 3 L 5 

SHEARING 2.6 3.3 5.3 5.8 5.0 

Kr O/O 

DISSDLUTION 
Ol 97.L 97.6 9L.7 9.L.2 95.0 
IO 

SHEARING 
“io 

2.2 2.8 1.6 5.1 L.3 
Xe 

DISSOLUTION 97.8 97.2 95.2 9L.9 95.7 o,o , , , , , 

MEAN 

1.L 

95.6 

3.8 

96.2 

TABLE I.- NOBLE GAS DISTRIBUTION 
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ii 

MEASUREMENTS (MEAN) 35L 

CALCULATED 370 

TABLE II.- NCBLE GAS CONTENT 

The experimentally determined krypton and xenon masses and krypton 85 
activities are shown in Table II. Average values show good agreement with computed 
values, and the maximum discrepancy, found for the mass of krypton was only 4.3 %. 
The next table gives the average isotopic composition of noble gases. 

Kr Xe 

0.2 % 0.1 % 

11.5 % 8.2 % 

30.8 % 20.7 % 

6.3 % 28.4 % 

51.2 % 42.6 % 

Table III : isotopic composition of noble gases 

82 

83 

84 

85 

86 

130 

131 

132 

134 

136 

Iodine 

Our procedure permits the detection of volatile iodine from 10a4g, i.e., 
less than 0.1 % of the mass contained in each half-rod. 

Iodine release during chopping was less than this detection limit. 

It is well known that fission-generated iodine in oxide fuel combines 
with the more electro-positive elements, especially cesium, of which a large amount 
is present. / 2 /. 

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



Since cesium iodide is not volatile, at least at standard reprocessing 
temperatures, it seems normal that no iodine is released during shearing. 

It is only when the fuel is dissolved that practically all the iodine is 
released by oxidation of iodides under the combined actions of nitric and nitrous 
acids in the dissolver solution. 

More than 99 % of the iodine can be readily eliminated from the dissolu- 
tion liquor and carried into the off-gas. Insufficient desorption may be caused 
by : 

. insufficient oxidation of the iodides due to the lack of nitrous acid. This 
acid, resulting from NO2 absorption, shows little stability in a boiling solu- 
tion. 

. lack of carrier gas, so that molecular iodine cannot be carried into the off- 
gas. 

. formation of non-volatile compounds such as HI03, due to the oxidizing action 
of boiling concentrated nitric acid. However, these compounds are probably 
reduced to the elementary form by nitrous acid. 

In our experiment, operating conditions were such that the above diffi- 
culties were avoided. The analysis of Iodine 129 in the fuel solution confirmed 
that the residual amount was under 1 %. 

Initially an attempt was made to evaluate the amount of methyl iodide 
present through analysis of Iodine 129 in the ethanol solutions through which the 
gas stream flowed. Although this compound was not detected, the trapping efficiency 
remains highly questionable. 

An analytical method is currently being developed for the direct determi- 
nation of organic iodine compounds in the gas. Early results appear to show that 
only traces of these compounds are present. This, however, is subject to confirma- 
tion by further tests. 

Nevertheless, the formation of organic iodides seems to be related to 
the presence of organic impurities in liquid or gaseous reagents. The products 
used in our experiments were of high purity, which suggests that organic iodides 
are only formed in very small quantities. 

The.table IV shows the total quantity of iodine as well as iodine 129 
activity. Disregarding one incorrect value due to experimental error, very good 
agreement is observed with predicted quantities computed using a CEA code. 

These results also allow the estimate of the respective proportions of 
isotopes 127 and 129. Calculations show that Iodine 129 accounts for an average 
82 % of total iodine. 

Carbon 14 

Volatile carbon compounds consist almost entirely of C02. Carbon mono- 
xide CO is only 1 % to 2 % of the amount of dioxide. No traces of light hydrocar- 
bons (to C6) were detected in the off-gas. 

Measured carbon-14 activity was 0.24 Ci.ti! 

47 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 

r 
-I- 

i EUZb!-UP 

wd/t a- 

!*_ 

31.0 
1/ 

31.8 

31.6 

31.5 

31.0 

II -_ 

lj 
II IODINE -12s I 

201 

215 

122* 

2OL 

202 

i<EAS!J’iEb:Er?‘TS ( MEAN) 

1 
CkLCULATED 

k-?-C “J 
- 0 

C 

Adjusted to 
33 GWdJt 

21L 28.2 

223 30. 6 

2lL 

215 

17.9” 

29.5 

30.0 

216 

223 

- 3.1 

mciJt, T 
T 

-- 

Adjus!ad to 
33 GW~/: 

30.0 

31.8 

30.9 

31.9 

I 31.2 I 

1 31.4 

-(-o.T- 

* Erroneous mecsurement ( !oss of iodine during experiment) 

TABLE IV ._ IODINE CONTENT 

Carbon-14 only accounts for 0.1 % of the total carbon measured, in mono- 
xide as well as dioxide form. 

The amount of CO2 collected was approximately 80 1 STP.t;' . The gas 
released during chopping contained less than 1 % of the total CO2. 

BURN -UP CARBON-14 TRITIUM 

GWd/t 
mCi/t” 

Adjusted to 
33 GWd/t 

223 237 

229 238 

230 240 

246 258 

228 243 

243 

Ci /t, 
I 

I 

Adjusted to 
33 GWdjt 

I 
147 156 

418 434 

81 85 

66 69 

173 184 

I 186 

3.1. 0 

31.8 

31.6 

31.5 

31.0 

MEAN 

TABLE V .- CARBON - 14 AND TRiTlUM CONTENTS 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 

Tritium 

Tritium quantities measured and shown in table V only relate to the 
fraction contained in the fuel, not including tritium in the zirconium clad. 

The fraction of tritium 
4 

as 
variable, representing IO-6 to lo- 

released during chopping was very small and 
of the total tritium measured. 

During dissolution, more than 99.5 % of the tritium was measured in the 
dissolution liquor, and 0.2 to 0.4 X was determined in the form of tritiated hydro- 
gen in the gas phase. 

Total tritium activity varied widely, from 66 to 420 Ci.t;l (180 Ci.t;I 
on the average). This spread of results is highly surprising ; it is generally 
estimated that in LWR fuel, 40 % of the tritium formed remains in the oxide / 3 /. 
It is also unlikely that such differences in tritium behavior could be accounted 
for by dissimilarities in thermal conditions affecting different rods in a single 
fuel assembly. 

Experimental error is ruled out by the fact that results are consistent 
from one half-rod to the other. Furthermore , the tritium in the gas, determined 
by entirely different methods, shows fluctuations of the same magnitude. 

A cunplete tritium balance will also require determination of tritium 
trapped in the clad. Attempts are currently being made to achieve tritium desorp- 
tion by heating the hulls in a sealed oven. 
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DISCUSSIONS 

FURRER: In simulation testswe found that about 99.8 - 99.9% 
of the iodine was released in the DOG during dissolution. Have you 
added UI, NO& or 03 to get the whole amount of iodine in the DOG? 

LEUDET: No, we didn't require such a complete iodine desorp- 
tion. Boiling and continuous bubbling of recycled NO, in the dis- 
solution liquor allowed us to carry out more than 99% of the total 
iodine into the DOG. 

MOELLER: To what degree might the data you have developed 
be applicable in estimating airborne releases from an accident in a 
nuclear power plant? 

LEUDET: I think that accident conditions in a nuclear 
power plant would be quite different t.hdn our operating conditions 
and make it impossible to transpose the results of this work. 

FERNANDEZ: Could you tell me if the chromatographic conditions 
for the measurement of methyl iodide were the same as for the noble 
gases, and if any evidence was found for organic iodides heavier than 
methyl iodide? 

LEUDET: Chromatographic conditions were different for methyl 
iodide and for noble gas measurements. Concerning the detector, we 
used an electron-capture detector instead of a catharometer. The 
material filling the separation column was also different. Up to now, 
no real evidence has been found for heavier organic iodides. 
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Abstract 
The iodine- and aerosol-filtering test facility PASSAT of the 

Nuclear Research Centre in Karlsruhe has been investigated using a 
method which allows time dependent analyses under accident conditions. 
This method which is closely related to fault tree analysis needs sub- 
division in barriers of the system, and their logical combination in a 
tree. The barriers have binary states: 'defect' and 'intact'. The 
'defect' state will be described by a fault tree, whereas the 
'intact' state includes dependences of a barrier operation on physi- 
cal parameters. The 'intact' state enables time dependent calculations. 

Calculations have been done for iodine filtering, because the best 
known entrance data are given. Results demonstrate clearly that the 
amount of iodine released increases only if both heaters failed, which 
heat the off-gas from 30" C to 80" C and then to 130" C. Additionally 
the integrated amount of iodine released depends on time period bet- 
ween the failures of the heaters. 

1. Introduction 
The dissolver off-gas of a reprocessing plant contains I-129, 

Kr-85, C-14, and H-3 as gaseous radioactive fission products as well 
as droplet and solid aerosols. These aerosols may carry along with 
them toxic fission products such as Ce-144, Cs-134, Cs-137, Sr-90, 
Ru-106, Sb-124, and the transuranic-elements Np, Pu, Am, Cm. Because 
of the radiotoxicity of these elements the dissolver off-gas has to be 
cleaned. At our research centre several independent parts of a plan- 
ned dissolver off-gas cleaning system have been built in order to ac- 
cumulate experimental results and experience. The two major parts are 
called PASSAT and KRETA. 
KRETA is to retain Kr-85. 

PASSAT is to remove aerosols and iodine, 
This paper is focused on PASSAT as a pro- 

totype of a filtering facility. 

The aim of this work is to analyze the possibilities of failure, to 
define probabilities and to calculate amounts of radioactivity re- 
leased under accident conditions. First investigations dealt with the 
definition of top events and, subsequently, with the construction of 
fault trees for the independent parts. It means a restriction if one 
describes the failure behavior of such technical systems by fault 
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trees. In cooperation with the Technical University of Berlin it was 
possible to apply an existing software program, which allows perform- 
ing time-dependent calculations of the amount of toxic fission pro- 
ducts released. In the following this work deals with: 

2. Operation of PASSAT, 
3. The basic method modelling technical facilities, 
4. Models of the barriers, 
5. Assumptions and results simulating the PASSAT off-gas sytem. 

2. Operation of PASSAT 
PASSAT is a prototype of a aerosol and iodine filtering facility. 

This facility was built to investigate the behavior of filter compo- 
nents in a compound system, to get experience in optimal operation 
conditions and to develop filter vessels which are easy to handle. 
Based on these different scopes of duties it will be difficult to give 
a satisfactory description of the system, which met not only the test 
facility but also the filtering facility of a reprocessing plant. Fi- 
gure 1 shows the scheme of PASSAT, which is the basis of all investi- 
gations in this work. The source at the beginning of the scheme re- 
presents essentially dissolver, condenser, NO/NO2 separation and 
coarse droplet separator. Source data which have been used in subse- 
quent calculations are given in Table 1. 

Tabelle 1 : Source data of PASSAT, which have been used in the 
calculations. 

Aerosol Spectra 
liquid solid 

size (urn) mg/std.m3 size (urn) mg/std.m3 

5 0.02 0.5 1.2 
10 0.2 7.5 0.6 

15 0.6 12.5 0.2 
20 0.6 15.0 0 

Concentration of Aerosols: 
liquid: 2mg/std.m3 
solid: 2mg/std.m3 
Off-gas Temperature: 30°C 
Relative Humidity: 100% 
Concentration of Iodine: lg/std.m3 

The following fiber packed mist eliminator with flushing capability 
(Brink filter) retains solid and liquid aerosols. Afterwards the off- 
gas is heated up to 80"~ reducing relative humidity and vaporizing 
larger aerosol droplets. The heated off-gas flows through a HEPA- 
filter which separates mainly solid aerosols. Sorption is more effec- 
tive at higher off-gas temperature. Therefore the heater in front of 
the first iodine-sorption-filter increases the temperature to 130°C, 

52 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 

which additionally improves the retention factor of the filter by de- 
creasing relative humidity of the off-gas. All filters and heaters are 
protected against pressure increase by safety valves. The valves carry 
the off-gas over a safety iodine-sorption-filt?r to exhaust air. The 
flow rate of PASSAT is a constant of 150 std.m /h. 

3. Basic Method Modelling Techni,cal Facilities 
The fundamental method, which allows time-dependent analyses of 

failures of technical systems, was elaborated from the Technical Uni- 
versity of Berlin /l/. It takes into consideration the dynamic behavior 
of these systems under accidental conditions, i.e. the functional de- 
pendence of components will be covered with respect to time. For this 
purpose, the determination of the amount of pollutants released which 
is required for risk analysis was carried out by simulation. On the 
other hand the probability of events was determined analytically re- 
sting largely on conventional methods like evaluation of fault trees. 

The mathematical model of the investigated system devides itself into 
three parts which must be provided by the analyst. These parts are: 

- 'release-tree' of the system, 
- fault tree of the barriers in defect state, 
-'simulation-models for the behavior of barriers in 'intact' and 

'defect' state, further referenced as 'transport cells'. 

Firstly, the analysis requires a facility description by means of a 
so-called 'release-tree*. A 'release-tree' is closely related to a 
fault tree its top event being the release of toxic fission products. 
Basic events of a 'release-tree' 
either 

are barriers of the system taking 
'intact' or 'defect' state. Fig. 2 shows the beginning of the 

'release-tree' for PASSAT with essential details. The construction of 
a 'release-tree' needs simple considerations. The amount of toxic pro- 
ducts released depends upon the amount of these arriving in front of 
the last barrier and on its penetration. The amount of toxic products 
arriving in front of the last barrier is dependent on the amount of 
material reaching the next but last barrier and on the amount pene- 
trating it, and so on. 

In the second step, fault trees are drawn up by means of conventional 
methods. They describe conditions under which barriers shift from 
'intact state' to 'defect state'. Thirdly, the models of the barriers 
have to be developed. The models include the time dependent physical 
behavior of the system components. 

Based on the complete 'release-tree' of PASSAT, the software program 
finds out all possible 'release-paths' of this tree. A 'release-path' 
corresponds exactly to an accidental state of the system. It contains 
all barriers which the toxic products have to penetrate in order to 
reach the atmosphere. The amount released will then be calculated for 
every 'release-path' by means of simulation. First of all a realisa- 
tion of all the random events will be carried out using a random-di- 
gitgenerator. That means, the time at which barriers go into 'defect 
state', the duration of this state, actual, loading etc. will be chosen 
randomly. Obviously, those random numbers are not independent of one 
another, but have to be chosen in such a way, that the combination of 
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accidents required for a special path occurs with overlapping inter- 
vals. This severely reduces the number of Monte-Carlo-trials required 
but on the other hand makes it necessary to calculate frequencies for 
all 'release-paths' analytically before simulation take place. Once 
the random events are fixed the amounts released can be calculated. 
The simulation-models then are coupled with one another in the order 
as described by the 'release-path'. The accident sequence of the cou- 
pled system is calculated in small discrete time increments from be- 
ginning to end. The amount of toxic substances released from the whole 
system considered can be calculated under accidental conditions. The 
simulation trials are repeated as often as necessary to determine the 
expected value of the amount released with sufficient accuracy. 

Frequency of the occurrence of accidents is derived from the fault 
trees. For this purpose cut-sets are determined and evaluated using 
the known Vesely-relation. 

Total risk of the whole system is calculated in the following manner: 

NP 
R system = If1 ( AMI ' HI) 

NP = Total numbers of 'release-paths' 

AM1 = Expected value of the amount released by every 'release-path' 

HI = Analytically determined expected value of the frequency of a 
'release-path'. 

calculations of the amount of products released are based on two 
assumptions: 

a) the 'release-paths' are independent of one another, 
b) moment and duration of change of a barrier state are independent 

of the special cut-set causing change of state. 

4. Models of the Barriers 
The description of the models of the barries will be followed 

individually. First of all, in order to have a better understanding 
of the different criterion for the modelling, the simulation of the 
barriers will be explained in general. The simulation of the off-gas 
cleaning installations under normal and accidental conditions has to 
be carried out with these models. All the process variables which in- 
fluence the barriers or are being influenced by these must be covered 
and treated accordingly to these models. Since the process variables 
are being transfered from one barrier-model to another one, it is 
urgently needed that each model is in a position to deal with all the 
present variables even if it does not influence any particular vari- 
ble and is also not being influenced by it. A list of variables which 
have been taken into consideration for simulation of the PASSAT off- 
gas system is shown in Fig. 3. A barrier-model should fit not only in 
some particular off-gas system but should be as general as possible. 
As a consequence to this, it should be flexible and easily adaptable 
with regard to the sets of parameters. With sensible and skilful struc- 
turing Of the models care is taken of that these can be switched over 
even to other larger or smaller sets of parameters. At the Institute 
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for Nuclear-techniques of the Technical University in Berlin (WestGer- 
many), a structure for the models has been developed which matches 
these requirements closely. The models developed here are in principle 
not confined to the number and combinations of the process variables. 
Their application is however restricted because of the fact that the 
mathematical description of the behavior of the models is valid within 
certain range. Generally, with a little effort, these can be adapted 
even to the other ranges of validity by inserting correlations which 
describe the behavior of these barriers within these ranges. After 
these initial remarks we shall be describing the modelling of each 
barrier in detail. The essential barriers of the off-gas system are: 
- packed fiber mist eliminator 
- HEPA-filter 
- iodine-sorption-filter 
- heater 
A modelling of the behavior of these components under normal and acci- 
dental conditions is required in order to assess the behavior of the 
off-gas system. 

4.1 Packed Fiber Mist Eliminator 
It removes droplet and solid aerosols from the off-gas. It con- 

sists of not vitrified glass fibres with a packing thickness of 5 cm 
and a packing density of 300 kg/m3. The interesting operating param- 
eters of the separator are the decontamination factor for droplet as 
well as solid aerosols and the pressure drop over the separator. Ex- 
periments have been carried out at Nuclear Research Centre in Karlsruhe 
(West Germany) to determine these values. 

4.1.1 Droplet Aerosols 
The separation of the larger drops (d>lum) takes place mainly due 

to hindering and the effects of inertia. The drops strike the fibres 
and are pressed through the fibre network by the gas. Very small par- 
ticles are held back mainly by diffusional effects. The liquid which 
has been held back flows down on the clean gas side of the network and 
is withdrawn off. 

The measurement of the decontamination factors for the droplet aerosols 
dependent on the diameter of the drops has yielded values as shown in 
Fig. 4 /2/. 

The correlation used for this dependency is as follows: 
log DF = 7.4 log d t 1.11 

with d = diameter of the aerosols in urn. 

As evident from Fig. 5, this correlation describes the real behavior 
satisfactorily within the range of 1.5<d<5um. 

The measurements of the decontamination factors were carried out at 
different volumetric flow rates and temperatures. However there was 
no evidence that the decontamination factor depends on both parameters 
within the realistic operational range of the PASSAT off-gas system. 
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4.1.2 Solid Aersols 
The experiments were also carried out to determine the decontam- 

ination factor for solid aerosols. The model particles consist of 
Uranin. The distribution of the particle diameter has been shown in 
Fig. 6, the most frequent diameter of the particles occuring at 0.;2 
urn /2/. It was not possible to relate the decontamination factor with 
the size of the particles, however a total decontamination factor was 
determined for the given spectrum of the particles in dependence on 
the volumetric flow rate. The following correlation was used for this 
purpose. 

DF I 128g-lo'" 
V5.1 t 1062 

with V = flow rate in Nm3/h. 

The correlation matches well with the experimental values for the 
whole range as shown in Fig. 7 /2/. 

4.1.3 Determination of the Pressure. Drop 
Although the pressure drop does not have any influence on the se- 

paration efficiency, still it is interesting to know about its value. 
Complete information is not available for the pressure drop over the 
separator in the off-gas system. Both the main parameters which in- 
fluence the pressure drop are flow rate and loading. The pressure drop 
in dependence on the flow rate is known only for the unloaded filter 
and is determined with the following correlation: 

PW mbar = 0.08 v t 1.6 

where v = volumetric flow rate in Nm3/h. 

The dependence of the pressure drop on loading is known only at a con- 
stant flow of 75 Nm3/h and is determined by the correlation: 

p(m) mbar = 0.09 m + 8 

with m = loading in gm. 

The pressure drop in dependence on loading and flow rate is determined 
for the model of this barrier by the following correlation: 

p(m,v) = Co,09 m + 8) 
0.084,~~ t 1.6 

0.08075 t 1.6 

with Vakt = actual flow rate in Nm3/h. 

i.e. the pressure drop will be calculated as a function of loading and 
is corrected with a factor which is given on the basis of deviation 
from a flow rate of 75 Nm3/h. 

The modelling of the mist eliminator is an example for the description 
of the behavior of a well known equipment on the basis of the measured 
quantities. The adjustment to other operational ranges is possible by 
means of changing the correlations. 
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4.2 HEPA-Filter 
The HEPA-*filter cleans the off-gas from aerosols. It consists of 

folded filter paper with a thickness of 0.4 mm. 

The quantities necessary for modelling this filter are mainly the de- 
contamination factor and the pressure drop over the filter. 

4.2.1 Pressure Drop 
Since the mechanical stability of the thin filter mat is very 

small, the pressure drop over the filter plays a decisive role in the 
operation of this component. If the pressure drop over the filter ex- 
ceeds a certain maximum value the filter mat cannot withstand the 
force and tears off. This leads not only to a distinct decrease in the 
decontamination factor but also the filter cake which has already for- 
med on the crude gas side is at least partially washed away and gets 
on to the clean gas side. Thus, if the filter breaks through, it 
looses not only its decontamination effect but also acts as a source 
of aerosols. 

The pressure drop in dependence on the loading is shown by Fig. 8. The 
pressure drop over the filter is given by the Darcy equation: 

p = KD*nG*Va*hf 

KD = filter drag coefficient 

OG q dynamic viscosity of the gas 

'a = flow velocity 

hf = thickness of the filter mat. 

The filter drag coefficient for the model is split as: 

KD = Kg ' KBel 

KO = filter constant of the unloaded filter 

KBel= additive corrective term for the loaded filter 

The values of KD and KBel are determined with the help of the Darcy 
equation from Fig. 8. 

While K. is a real constant, K Be1 will be determined in each time in- 
terval during the simulation. 

4.2.2 Decontamination Factor 
The values of the decontamination factor depending upon the size 

of the aerosols are not known for this filter. Therefore a half em- 
pirical formula of Friedlander was used which will be explained as 
follows. .There are three main mechanisms which influence the separa- 
tidn of the aerosols on a filter mat. These mechanisms are: 
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- influence due to the forces of inertia (the aerosols cannot follow 
the path of the gas flow between fibres because of inertia) 

- diffusion (contact with the particles because of the Brownian 
movement) 

- electrical effects. 

For every single effect of separation there are a number of theoreti- 
cal and half empirical solutions. The total separation efficiency, 
however, cannot be calculated as a sum of each effect individually 
and a solution which takes into account all the main three effects 
is not available. The superposition of the effects due to forces 
of inertia and diffusion is described by Friedlander as follows /3/: 

&MD= 
6- [ KT 1 2/T 

3nrl, d 2 . v1j2 
+3 p 

1/6 l/2 2/3 l/2 l/2 3/2 
vG . df . dp . v VG l df 

EMD 
= separation efficiency of a single fibre due to forces of 

inertia and diffusion 

K q Boltzmann - constant 

T = temperature in K 

nG = dynamic viscosity of the gas 

VG = kinematic viscosity of the gas 

df = diameter of a fibre 

d P 
= diameter of the particle 

v = flow velocity 
(all units in cgs-system) 

The first term of the equation describes the diffusional effects while 
the second term takes into account the effects due to the forces of 
inertia. 

The total separation efficiency of the filter network is calculated as 
follows: 

&g = 1 - eDa 

with 4 1-B . hf a=--E - rI MD ' df 
B = porosity of the filter network 
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hf = thickness of the filter network 
This results in a decontamination factor 

1 
Df q 1-E 

a = e 
g 

The decontamination factors determined in this way dependent on par- 
ticle diameter have been illustrated in Fig. 9. 

While simulating aerosol filter, the droplet and solid particles have 
been treated equally and the swelling of the filter due to dampness 
thereby resulting in the increase of the pressure drop has not been 
considered. 

If the filter breaks through ( p= 20 mbar), then it is assumed, that 
the whole filter cake will be washed away within an hour and ,gets on 
to the clean gas side. 

4.3 Iodine-Sorption-Filter 
A considerable amount of iodine is released during the dissolution 

of the spent fuel. The off-gas system, therefore, has been provided 
with an iodine filter. It is a chemisorption filter and consists of 
silver impregnated silicagel. The decontamination factor for this 
filter is largely dependent upon the retention time of the gas in the 
filter and the relative humidity of the gas. The maeasured deconta- 
mination factors dependent on these quantities are illustrated in 
Fig. 10. 

The retention time determined not only by the geometric dimensions of 
the filter but also by the loading which has already accumulated over 
the filter. The filter has approximately a capacity of 12 kg of iodine 
and is exchanged after a loading of nearly 80 %. In order to keep the 
relative humidity as low as possible, the filter is operated at a tem- 
perature of about 130" C. 

A distinct decrease in temperature can result in a deterioration of 
the decontamination factor because the relative humidity of the gas 
increases with decreasing temperature. Apart from the excessive load- 
ing of the filter, this is the single factor affecting the deconta- 
mination factor which has been modeled. The resorption processes by 
which iodine is released from the filter have been neglected. For 
example, high contents of nitric oxides in the off-gas system may 
cause resorption. 

4.3.1 Modelling of the Separation Efficiency 
An eventual break down of the iodine filter has not been provided 

in the modelling of this filter i.e. its decontamination factor will 
be calculated in any case from the Fig. 10. However, it is quite 
possible to obtain a decontamination factor near 1. Such a deconta- 
mination factor is never reached because of a sudden failure of this 
component but always due to relative gradual change of the state of 
the gas or the loading. 
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The curves of Fig. 10 have been provided with a raster (10 % relative 
humidity). The actual values of the decontamination factor are deter- 
mined by interpolating between the points of the raster in the direc- 
tion of humidity as well as in the direction of retention time. It 
was found, that each of the two centre-curves (Fig. 10) could be des- 
cribed as a linear interpolation of the two neighbouring curves with 
poor results only. The half logarithmic scale of Fig. 10 led to the 
conclusion, that the logarithm of the decontamination factor should 
be interpolated rather than the decofactor itself. This method was 
tested with good success against the measured curves and then was 
used to interpolate for the current values of the remaining retention 
time and the relative humidity within the raster mentioned above. 

Another quantity modeled is the pressure drop over the filter. The 
values are known for this pressure drop in dependence on flow rate 
and it can be calculated with the following correlation: 

P = 0.73 l v  

1.28 

with V = flow rate in Nm3/h. 

The dependence of pressure drop on loading is not known. 

4.4 Heaters 
Two heaters are installed in teh PASSAT off-gas system, one in 

front of the HEPA-filter and the other one in front of the iodine- 
filter. They heat the off-gas to a temperature of 80" C and 130" C, 
respectively which is the operating temperature under normal condi- 
tions. This helps in keeping the relative humidity to an optimal level 
for both filters which is a crucial factor in determining the behavior 
of these components with respect to their decontamination factors. 
Both heaters have been modeled identically. Although the model has 
been developed for the PASSAT off-gas system, yet it can be adapted 
to any other system because of its general nature keeping in mind 
all the necessary points described already in the previous section 
of barrier models. 

It was observed that once the heater is switched on or off, it attains 
the new stationary temperature after a transition stage which lasts 
for an hour. Due to this fact, a model was developed which takes into 
account the instationary behavior of this component. The following 
assumptions have been made in the model: 

1. The pressure drop over the heater is negligible. 
2. The evaporation of water in the liquid phase, for example, when the 

gas is over saturated, has been neglected. 
3. The reduction of dropled aerosols to solid aerosols which can take 

place due to evaporation of water has not been considered. It will 
be necessary to account for this effect if the behavior of the 
system is modeled for droplet aerosols. 

4. Wo attention has been given to the geometric configuration of the 
heater. 
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The time dependent electrical power Pel has two effects. Firstly, it 
heats up the heat capacity of the heater which can also include the 
capacities of other adjoining components. Secondly, it heats up the 
gas by convective heat transmission. 
ductance aA. 

This is described by a heat con- 

The following balances have been used: 

1. Heat output of the heater = heat taken by the gas 

aA ($, - AM) = c il (6 2 - 61) (1) 
2. One part of the electrical energy goes in the heat capacity of the 

heater while the other part is transmitted to the gas by convection. 

P el l dt = Ch dsh t aA (6 h - $I+ dt (II) 

3. Mean temperature of the gas 

csM = &l +62 
2 

(III) 

From the above balances one can derive the following equation for the 
exit temperature 6 2 by eliminating 6M and 6h 

. 
with Ltr = c m 

(IV) 

The quantity Ltr has the unit of a heat conductance and is described 
as transport conductance. It will be taken as time dependent because 
a flow control might effect the mass flow rate and heat capacity c 
depends on the composition of gas which also can vary with time. 

Equation (IV) is a linear inhomogenous system with time dependent 
coefficients. 
cients, 

If one neglects the time dependence of the coeffi- 
the homogenous solution of this equation is as follows: 

&2 = k eDt/T keB (V> 

with the time constant as 

1 T = Ch (x t 1 
2L ) (VI) 

tr 

Equation (V) was programmed in discrete form. 
The time dependent electrical power Pel is treated as follows: 

In defect state Pel is zero. 
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In intact state, it will be adjusted during each time interval in such 
a way that the stationary output temperature becomes equal to the re- 
quired value, provided Pel does not exceed a maximum value or becomes 
less than zero. 

Symbols used: 

A : effectiv heat transfer area 

ch : heat capacity of the heater 
c : specific heat capacity of the gas . 

mass flow rate c 1 kg/s 3 m : 
a . . heat transfer coefficient 
Q : inlet gas temperature 
6* : exit gas temperature 
cTh : mean temperature of the 

of the heater 

5. Assumptions and Results Simulating the PASSAT Of-Y-gas System 
5.1 Feasible States of the Barriers and their Functions 

Using the models described earlier the simulation of the off-gas 
system has been carried out for normal and accidental conditions. The 
off-gas source parameters have been listed in the chapter 'Operation 
of PASSAT'. These parameters are kept constant in the evaluation of 
the simulations, the source of the off-p ,as system has not been con- 
sidered so far under accidental conditions. Likewise, the droplet 
aerosols in the off-gas have been neglected, till now. 

The mist eliminator does not go into defect state, it is always to be 
at disposal. It has a decontamination effect for solid aerosols but 
not for iodine. 

The heaters have no decontamination effect at all. They compensate for 
the deviations of the required temperature within their range of regu- 
lation (range of regulation O-3 kw, 
tional conditions nearly 2.7 kw). 

stationary output under opera- 
Both the heaters have been modeled 

identically, they differ only in the range of temperature in which 
they operate. The heaters can take 'intact' or 'defect' state. 

The aerosol filter does not have any decontamination effect for iodine, 
it retains only aerosols. It can take 'intact' or 'defect' state; it 
can fail either by chance or if the pressure drop exceeds 20 mbar, 
then it fails deterministically. The filter cake is washed away com- 
pletely within an hour. 

The iodine filter does not have any stochastic defect state. It can 
lose its effectiveness only due to excessive loading or because of too 
high humidity of the off-gas. Irrespective of all the other influences, 
its decontamination factor is always 2 for aerosols. 

Nothing can be said about risk resulting from accidents, because no 
calculations of failure probabilities have been performed. Those cal- 
culations are planned for the future. Till today, only consequences 
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have been considered. 

5.2 Results 
With the boundary conditions described earlier, a large number of 

accidents are possible since each arbitrary combination of different 
states of the barriers represents an accident. From these numerous 
combinations, however, only two have significant effects. These are: 

- the brakage of the HEPA-filter 
- the simultaneous failure of both heaters. 

Therefore, 
tion. 

these two accidents will be dealt with in the following sec- 

5.2 Breakage of HEPA-Filter 
This accident results in increase of the amount of aerosols re- 

leased. It does not have decontamination effect any more and beyond 
that it releases the stock which has already accumulated on it. There- 
leases the stock which has already accumulated on it. The release of 
the stock in this case is more dominant than the loss of decontamina- 
tion effect. This result can be explained because of the fact that the 
content of the aerosols in the gas is very low and besides HEPA-filter, 
the mist eliminator is present which removes aerosols very effectively. 

The deterministic breakage of HEPA-filter has in no case taken place 
while simulating the PASSAT off-gas system i.e. the permissible pres- 
sure drop of 20 mbar has never been exceeded. It can be exceeded due 
to increase in flow rate under accidental conditions. A time dependent 
model of the source is necessary for the investigation of the real dy- 
namic behavior of the accident 'filter-breakage'. Such a modelhas been 
planned in the course of the further work. A flow Controller will then 
also be considered which can take 'intact' or 'defect' State. It Will 
then be possible to take into account the effects Of other components 
on the behavior of the filter. 

5.4 Failure of Heaters 
The failure of heaters result mainly in the release of iodine. In 

contrast to filter breakage, this accident is a good example to demon- 
strate, that the consequences can be highly dependent on the course of 
accident. The failure of only one heater has no effect on the deconta- 
mination factor for iodine. 

Fig. 11 shows the progress of the accident when both heaters go out of 
order almost simultaneously, About 0.7 hr after failure of heater 2, 
heater 1 goes out of order and the temperature falls down to the en- 
trance temperature of TO" C. About two hours after beginning of the 
accident, the release-fraction of iodine increases because of the 
increase in relative humidity of the off-gas and finally reaches 
nearly 80 I. A similar type of accident is shown in Fig. 12, here 
heater 1 goes out of order firstly and after about 4.5 hrs the heater 
2 fails. When-the gas temperature behind heater 2 drops to 40° C, the 
release-fraction Of Iodine increases clearly. The time taken to re- 
Pair the heaters is assumed to be 8 hrs. After repairing heater 1 
the release fraction is nearly at once very low again and therefo;e 
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the simulation stops after 8 hrs. The effect of filter-loading has not 
been shown in both Figures as the iodine filters were almost empty 
in both simulation-trials. In the third example (Fig. 13) there is a 
gap of 7 hours between the failures of the two heaters. Thus, after 
8 hours, when the repair of the first defect heater is finished, the 
temperature of the gas has not fallen down to such a level which could 
have resulted in a severe increase in the release-fraction. After 8 
hrs, at the tims of the lowest temperature, the release-fraction is 
still below 10 % and then becomes less temporarily. By this time, 
however, the iodine loading of the iodine filter has become excessive 
and once more the release-fraction increases. That is caused by the 
strategy decided for the simulation of the behavior of the personnel 
of the off-gas section. It was assumed that while repairing defect 
components no maintenance work, for example, change of filter, will 
be undertaken. The release of iodine varying with the timely sequence 
of the accident has been shown as follows: 

A total number of 37 random trials 'both heaters defect' were carried 
out. On average 120 gms of iodine were released. The release of iodine 
in each case is as: 

- in 11 trials less than 1 gm 
- in 4 trials between 1 and lo gm 
- in 6 trials between 10 and 100 gm 
- in 16 trials between 100 and 425 gm. 

This finally leads to the conclusion, that the interaction of the com- 
ponents of a multibarrier system can be described adequately by the 
method of dynamic accident analysis. The insight in the behavior of 
technical systems under accidental conditions is significantly better 
than that gained with former (static) methods. 
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FIG. 7: DECONTAMINATION 
FACTOR AS A FUNCTION 
OF FLOWRATE AT PFME 

(5 cm) 

c 
0 100 300 500 

LOADING (g) 
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DISCUSSII)N 

MOELLER: What quantities of radioactive material would the 
iodine releases you described represent? 

FURRER: If the two heaters were out of operation, which we 
don't believe would happen, the release of iodine would be some 
number of Ci. If the PASSAT heater has a failure, we would have a 
signal from the temperature controller. In a future plant the offgas 
stream will be switched to a second heater. 

Kovach, J.L.: What is the probability of the heater failures that 
would result in an iodine release? 

FURRER: The probability is very low. After three years of 
experimental work at the PASSAT DOG cleaning facility, we had only one 
failure at the heater in fro& ofthe iodine filter. 
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A MODEL OF IODINE-129 PROCESS DISTRIBUTIONS 
IN A NUCLEAR FUEL REPROCESSING PLANT 

G. J. McManus 
F. A. Duce 
S. J. Fernandez 
L. P. Murphy 

Exxon Nuclear Idaho Co. 
Idaho Falls, Idaho, USA 

ABSTRACT 

This paper documents the development, demonstration and verification 
of a model of iodine-129 pathways in a nuclear fuel reprocessing plant. 
Laboratory experimental results are presented on iodine-129 chemical 
forms and also on evaporator and solvent extraction behavior. In-p1 ant 
sampling results for all accessable processes are also reported. A com- 
puter program using the developed model is documented. Although the ICPP 
is somewhat unique in its processes it is believed these results can be 
applied to other types of fuel reprocessing plants. 

I. INTRODUCTION 

All fuel reprocessing plants subject to EPA regulations must isolate 
at least 99.75% of the iodine-129 in the spent fuel from the environment. 
Therefore, all pathways in a nuclear fuel reprocessing plant containing 
greater than 0.25% of the original iodine-129 must be identified and 
characterized. This characterization must include all parameters influ- 
encing eventual recovery and fixation of the iodine-129 from process 
solutions, including 12gI concentration, chemical form, and volatility. 

Other researchers have attempted to address this problem. Berg and 
Schottelhopf attempted to close the iodine-129 mass balance around the 
WAK (Karlsruhetl! Yet because greater than 99% of the 1291 is vola- 
tilized t the WAK into the dissolver off-gas, the partition of the re- 
maining P 291 into the downstream off-gas and liquid streams was uncer- 
tain due to the small amounts being measured. The release of greater 
than 99% of the iodine-129 into the dissolver off-gases may not be repre- 
sentative of non-Euorpean fuel reprocessing plants. European plants 
such at the WAK, use high temperature fumeless dissolving where oxygen 
is added directly to the dissolver solution. 
quently oxidize any iodide to 12, 

This oxygen would subse- 

solver into the off-gas. 
which is then sparged from the dis- 

However, in fuel reprocessing plants not using fumeless dissolution 
(Purex, electrolytic, etc.) pathways may be considerably different from 
those found in the European plants. This study was undertaken to measure 
the iodine-129 pathways in a more typical or "generic" fuel reprocessing 
plant. 
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The generic fuel reprocessing plant proposed by Davi42)is shown 
in Figure 1. In this fuel reprocessing plant, the nuclear fuel is de- 
livered to a head-end step (graphite burner, volixidizer, etc.); the 
iodine-129 may be partially released in this step (but much less than 
99%). After dissolution, 
nitric acid recovery, 

successive steps include solvent extraction, 
and liquid waste management. 

Llquld 

Figure 1. Generic Fuel Reprocessing Plant 

To measure the iodine-129 pathways in a fuel reprocessing plant sim- 
ilar to that shown in Figure 1, a three phase program was undertaken: 
laboratory evaluation, in-plant sampling, and development of a computer 
model. The first phase was used to identify those processes most likely 
to be major pathways and to permit modeling of those unit operations 
impossible to measure at ICPP. This phase included a laboratory evalua- 
tion of the process chemistry, a review of past experience at the Idaho 
Chemical Processing Plant (ICPP), and simulation of individual process 
unit operations. 

The second phase was the actual in-plant measurement of the iodine- 
129 pathways. The ICPP was chosen as a suitable site to measure these 
iodine-129jpathways because it does not use fumeless dissolution and both 
separation and waste management activities are performed at the same 
site. A block diagram of possible pathways at the ICPP is shown in Fig- 
ure 2. All possible pathways identified by David2)are present except 
the head-end step. However, since it is not clear at the present time 
that a head-end step will be required at future reprocessing plants, this 
may not be a significant deficiency. 

The third phase was the compilation of the pathways analyses into a 
single computer program. This program must be sufficiently flexible to 
predict the effect of changes in process conditions on iodine-129 re- 
leases. Therefore, a fuel reprocessing plant that differs in some re- 
spects from ICPP can still be descri,bed by the results presented here. 
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I r 
I Flrsl Cycle 

Uranium Product 
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Figure 2. ICPP Pathways Block Diagram 
ICPP-s.mu 

II. LABORATORY EVALUATION 

The purpose of the laboratory evaluation was to identify those pro- 
cesses most likely to be major pathways and to permit modeling of those 
unit operations impossible to measure in situ. To accomplish these 
goals, the laboratory evaluation was perf=mem three phases: 1) sta- 
tistically correlate past off-gas and liquid iodine-129 releases with 
plant processes to identify the major release points of iodine-129; 2) 
determine the chemical forms of iodine-129 in the liquid process streams; 
and 3) determine the chemical and physical behavior of 1291 in different 
plant processes. Each of these phases is discussed in the following 
sections. 

Statistical Correlation of Past Iodine-129 Releases 

Liquid iodine-129 discharges for calendar years 1977-1979 and air- 
borne iodine-129 releases for calendar years 1978-1980 were submitted to 
multivariate analysis to identify the most probable 12gI pathways. 
Multivariate analysis methods, s uch a! factor ana$# s Fe;;;seob~;~;d i ;; 
formation about a process' contribution to the 
the radionuclides concentrations in a large number of samples. If one 
or more radionuclides originate from the same source as does the iodine- 
129, their variation as a function of time will be similar. BY detecting 
this common variability, sources can be identified. 

Multivariate analysis begins with the construction of a correlation 
matrix. This correlation matrix is constructed by calculating the linear 
correlation COeffiCientS between each combination (taken two at a time) 
of nuclides in the data set. Correlation matrices for aqueous 1291 dis- 
charges were calculated (one each) for the years 1977-1979, Similarly 
matrices for airborne iodine-129 releases were calculated (one matri; 
each) for the years 1978-1980. The eigenvalues of these matrices were 
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then calculated. The number of significant sources and their relative 
contributions were then calculated from these eigenvalues. 

The eigenvalues for the airborne iodine-129 releases for the years 
1978-1980 indicate only one major source with one or possibly two minor 
sources. Table I shows the major sources and the amount of the 1291 

YB 
riation 
gI 

attributable t'o e ch source. 
correlation matr'ces 

14C, 
89 

From in 
3 

ection of the airborne 

134Cs in 1980; with 144Cef ",~~r@P~nw~k!9; 
3H 125 b 154Eu and 

!kd w!th 5&o in 1678. 

The correlation with 3H, 14C, and 125Sb in 1980 and 14C in 1979 in- 
dicates the Waste Calcining Facility (WCF) is the probable release mecha- 
nism and represents source 1 in Table I. Two additional facts that sug- 
gest source 1 is the WCF (calciner) are the following. First, 50% of all 
the iodine-129 was released from January to October when only the cal- 
ciner operated. Secondly, the calciner was the only major process oper- 
ating in 1979. The minor source (source 2 in Table I) is probably related 
to dissolution and uranium separation. 

rved correlation of 129 
This would account for the ob- 

E 4Eu 
I with the fission products 144Ce 134Cs and 

since these fission products are associated with di;solutioi and 
solvent extraction. Source 3 in Table I probably represents a summation 
of unaccountable minor sources and random analytical errors. 

The eigenvalues for the liquid 12gI releases for the years 1977- 
1979 are similar to the airborne results in that only one significant 
source is indicated, with one or possibly two minor sources as shown in 
Table II. Examination of the correlation 
correlated with 106Ru 238Pu and 154E 

matrices shows that 1291 

and 154Eu in 1978; an: with 152Eu and !i 
in 1977. with 9OSr, 137Cs, 238Pu, 

54Eu in i979. 

TABLE I 

MAJOR SOURCES OF AIRBORNE IODINE-129 RELEASES FOR 
1978-1980 AND THEIR RELATIVE SIGNIFICANCE 

Source 

1 
2 
3 

1978 
% Variance 

37 
21 
15 

1979 
% Variance 

;: 
13 

1980 
% Variance 

57 
21 
14 

TABLE II 

MAJOR SOURCES OF LIQUID IODINE-129 RELEASES FOR 
1977-1979 AND THEIR RELATIVE SIGNIFICANCE 

Source 

1 

2 3 

1978 1979 
% Variance % Variance 

44 40 

23 18 33 42 

1980 
% Variance 

47 

;; 

73 

~.,. ._...-___... - --..- -- 



The correlation with lo6Ru in 1977 and with 152~ 154Eu in 1978 and 
1979 indicate that some process related to the extraction columns is in- 
volved. This conclusion is based on the high distribution coefficients 
for ruthenium, actinides and lanthanides in TBP (tributyl phosphate). Two 
additional facts that support this interpretation are the following. 
First, 
October. 

90% of the iodine-129 released during 1978 was during July- 
This time period corresponds with the operation of the first- 

cycle extraction columns. Secondly, evaporator condensate samples were 
collected on 27 September 1980 (before first-cycle startup) and on 15 

Ps 
tober 1980 (after first-cycle o eration 
91 these samples contained <1x10- f 

began). When analyzed for 
uCi1291/mL and 1.2 x 10m4 l.Kil29I/mt. 

respectively. These results indicate that extraction activities were a 
significant source of iodine-129. 

The other minor source (source 2 in Table II) is probably related to 
calciner operations. The most probable pathway of iodine-129 from the 
calciner to the aqueous release point would be condensation of iodine-129 
from the calciner off-gas. Again, source 3 in Table II probably repre- 
sents the sum of the contributions from minor, unaccountable sources and 
random analytical errors. 

Iodine-129 Species Distribution 

As noted in the previous section, the statistical correlations indi- 
cated that the caliciner is a significant source of the iodine-129 re- 
leased to the atmosphere. For this to occur, a substantial amount of 
iodine-129 must be in the c lciner 

f 2gI 
feed. Therefore, experiments were 

performed to measure total and the chemical species distribution 
in calciner feed solutions. 

Using a previously reported 1291 species separation procedur@five 
calciner solutions were analyzed. The samples were; (1) and (2) calciner 
scrub solutions; (3) a 5 to 1 mixture of high-level zirconium fluoride 
and high sodium concentration waste; (4) high-level zirconium fluoride 
waste; and (5) a 5 to 1 mixture of zirconium fluoride waste and high so- 
dium concentration waste blended with recycled scrub solution. The scrub 
solutions were 2!! HNO3 used to scrub the WCF off-gas. The results of 
these analyses are shown in Table III. 

TABLE III 

RESULTS OF 12gI ANALYSIS OF WASTE CALCINER SOLUTIONS 

Sample ReTu;e”/m::91 Oxidized 1291 
Number ni (nCi/mL) 

Percepjg!educed 

1 1.81+0.20 0.47+0.05 80+12 
2 0.89TO.09 0.4oTo.04 69TlO 
3 0.49To.05 0.34To.04 59T9 
4 Total 1291 = 1.53TO.20 

- 

5 1.14~0.20 0.58~0.06 66+5 - 
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It appears from these limited data that the iodide/total iodine 
ratio is a constant (2/3). At this point an attempt was made to develop 
a thermodynamic model of the calciner feed solution consistent with the 
determined I-/total iodine ratio. The pertinent equilibrium equations 
and oxidation/reduction potentials are shown below in equations l-5. 

H 
8 

106 + H+ t e' = 103 + 3H20 (-1.7 v) 
I 3 + 5H+ t 4E’ = HOI + 2H20 (-1.14 V) 
HOI’ + Ht + e’ = % 12(aq) +H20 (-1.15 V) 
HOI = l-j+ + 01’ 
% 12 (aq) + e- = I- (-0.83 V) 

These equilibrium equations were thought to be the most appropriate 
in the pH range (0 to -0.2) and oxidation-reduction potential (t800 to 
t850 mV) found in calciner feed solutions. 

From equation l-5 the preponderance area diagram shown in Figure 3 
was constructed using well known graphical techniqueJ4! The diagram 
plots logarithmic oxidation-reduction potential versus logrithmic H+ 
activity (i.e., pE vs pH). Each area of the diagram is labeled with the 
single most predominant species for the pE and pH conditions of that 
area. Lines between areas graphically represent the pE and pH values at 
which species adjacent to the lines are in equal concentrations. Equi- 
librium equations, in logarithmic forms, for the equilibrium lines are 
also shown in Figure 3. The system pE and pH were measured and are shown 
on the diagram as a black square. 

Solution of equilibrium Equation 2 with these data predicts that 73% 
of the total iodine is present as iodide ion. This is in excellent agree- 
ment with the experimental results obtained by the resin technique of 69 
+ 9% iodide ion. - 

I ,IVl 

- 1.0 

pE = 19.5 + log 

pE = 14.1 + log 

Figure 3. pE YS pH For Iodine System 
ICPP-5.4: 

{HOI) 
(Ip) ‘/2 - 

(HOI) - ‘h pH pH @ pE = 16.8 + % log ( I-1 

@ pE = 22.1 + % log - PH 
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Laboratory Simulation of First-Cycle Solvent Extraction Flowsheet 

A series of laboratory experiments were performed to better deter- 
mine the pathways of 12gI through a uranium recovery solvent extraction 
scheme. The experiments simulated the first-cycle extraction flowsheet 

$~:"wit"hF~~~eas4\ tracer. 
All tests were done in 250 mL glass separatory fun- 

Six extraction tests were performed: three 
using a simulated coprocessing feed (coprocessing feed is similar to zir- 
conium feed except it contains mercuric nitrate) and three using a simu- 
lated zirconium feed. Milligram quantities of stable iodine-127 (added 
as I') were added to one of the zirconium extractions and to two of the 
coprocessing extractions. The iodine-125 tracer was added to the feed 
and allowed to equilibrate overnight. Previous work has shown this equi- 
libration time to be sufficient for isotopic exchange!3) Equal amounts 
of aqueous feed and organic (10% TBP in tetradecane) were then mixed 
together in the separatory funnel for one to two minutes. After separ- 
ating, the aqueous and organic phases were drawn off and counted separ- 
ately on a Low Energy Photon Spectrometer (LEPS) to determine the iodine- 
125 distribution. Similar tests were done for the other four unit 
operations. The results of all six tests are presented in Table IV. 

TABLE IV 

Unit 
Operation 

Extraction (Zr) 

Extraction 
(coprocessing) 

Scrub 

First Strip 

Second Strip 

Cabonate Wash 

Aqueous 
Composition 

Zr Waste 

Zr Waste + Hg 

0.7b-J Al(N0 
+ 0.3tj NH4 9 

)3 
OH) 

0.005fi HN03 

0.04bj HN03 

O.lfj Na2C03 

Distribution 
Coefficient 

4 

4 

7.2 

<30 

9.2 

9.9 

As shown in this table, the majority of the iodine remains in the 
organic and is not easily stripped. Therefore, there will be an iodine- 
129 buildup in the organic phase until equilibrium is reached. Based on 
the distribution coefficients shown in Table IV, equilibrium will be 
reached after the organic has been cycled 5-10 times. After equilibrium 
has been reached, 80-90% of the iodine-129 entering the extraction column 
will exit with the raffinate. The remaining iodine-129 leaving the ex- 
traction column is then distributed to second-cycle extraction, to the 
ILW waste evaporator, and to the solvent burner. 
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Synthetic 
Feed (Zr or Al) 

? Raffinate 

Al (NO313 
NHAOH 0.005 M HN03 Organic 

f Aqueous Aqueous 
Raftinate Raffinale 

0.04 Y HN03 

I 

0.1 M Na2C03 

I 

Aqueous Aqueous 
Raflinate Ratfinale 

Organic 
10% TBP 

90% Tetradecane 

Figure 4. First Cycle Flowsheet 
ICPP-S-78.36 

To determine the effect of chemical form on the iodine-129 distribu- 
tion coefficient, the chemical species distribution before and after ex- 
traction was measured by the anion exchange method previously presented. 
The first cycle distribution coefficient varied from 8.6 for the reduced 
chemical forms to 0.83 for the oxidized forms. This means either that 
the iodine species distribution must be known to predict the solvent ex- 
traction behavior of iodine-129, or a range of distribution coefficients 
must be used in the model. 

Laboratory Simulation of HLW Evaporator 

Since statistical correlations identified the evaporation process as 
a liquid I29 I release pathway, a HLW evaporator was simulated in the 

Using the apparatus shown in Figure 5 two types of HLW, each 
'aboratory* 1251 tracer were investigated. containing 
tion of these two waste;. 

Table V shows the composi- 

Each of these two wastes was evaporated with different distillation 
rates and for each of these rates the iodine-125 in the condensate, bot- 
toms, and off-gas was measured (Table VI). As indicated in Table VI, no 
more than 4% of the iodine was emitted to the off-gas during evaporation. 
The fraction of the iodine in the condensate is significantly higher for 
Type 2 wastes and increases slightly at higher distillation rates. There- 
fore, the major iodine-129 pathway leaving the HLW evaporator appears to 
be the condensate waste stream that leads to the ILW evaporator. The high 
solubility of the volatilized iodine 
HLW evaporation, 

suggests the formation of I2 during 
but this question was not addressed in these experiments. 
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Condensate 
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Flask Containing 
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e 

Electric Heating 
Mantel with - 
Temperature Control 

0 

Figure 5. HLW Evaporator Simulation Apparatus 

ICPP-S-7.387 

TABLE V 

Species 

Hf 

A13+ 

Fez+, 3+ 

Waste Type 1 Waste Type 2 
(Molar Concentration) (Molar Concentration) 

1.26 1.40 

0.51 0.65 

0.064 0.039 

F- 0.068 0.016 

Cl- 0.0008 0.0073 

Na+ 0.0222 0.67 

NO3 3.34 4.40 

so42 0.041 0.76 
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TABLE VI 

RESULTS OF HLW EVAPORATOR SIMULATIONa 

Feed 
Type 

Distillation 1251 In 1251 In 1251 In 
Rate Condensate Bottoms Off-Gas 

(mL/min) (%I (%> (%I 

1.13 
1.43 
2.93 
1.39 
1.46 
2.90 

16 2 
39 

:z 
: 
4 

24 4 
19 1 

a Percentages may not add to 100% due to analytical uncertainties 

III. IN-PLANT SAMPLING 

To verify the data from the laboratory studies, actual plant proces- 
ses were sampled, including: 

1) Waste solidification feed solutions, scrub solutions, and off- 
gas; 

2) Dissolver off-gas; 
3) First-cycle raffinates: 
4) ILW evaporator (Process Equipment Waste or PEW) condensates, 

bottoms, and off-gas; 
5) Other process off-gases. 

The results of the in-plant sampling are presented in the following 
sections. 

Waste Solidification (WCF) Sampling 

From the previous laboratory analysis, it is apparent that more than 
80% of the iodine-129 charged to the first-cycle solvent extraction pro- 
cesses remains in the aqueous raffinate and is eventually solidified in 
the calciner. In addition, the statistical correlations presented pre- 
viously showed that the calciner is a major airborne release mechanism 
for iodine-129. Therefore, an iodine-129 mass balance was performed 
around the calciner to better characterize calciner emissions. 

Two sample periods were used to perform the mass balance calcula- 
tions. The first period was after four months of operation and the 
second was after one week. Each sample period consisted of raw feed and 
scrub solution samples and off-gas samples taken at calciner stations 3, 
4, 5, and 'after the Atmospheric Protection System (APS) (Figure 6). The 
results of mass balance calculations for periods 1 and 2 are shown in 
Figures 7 and 8, respectively. 
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Figure 6. WCF Off-Gas System 
ICPP-S-3661 
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FIGURE 8 
WCF MASS BALANCE AFTER 7 DAYS OPERATION 

ICPP-s-8511 

The following conclusions were drawn from the data presented in 
Figures 8 and 9. 

1) Between 14% and 31% of the iodine-129 charged to the calciner 
as blended feed is released to the atmosphere. 

2) Iodine-129 builds up in the recycled scrub solution. This is 
illustrated by the difference in scrub solution concentration 
between sample period 2 (after one week of operation) and sample 
period 1 (after four months of operation). This indicates that 
iodine-129 releases will increase as a calciner run progresses. 

3) The combined removal efficiency of the silica gel absorbers, 
HEPA filters and the APS for iodine-129 is less than 30%, and 
of the three removal systems, the silica gel absorber is the 
most efficient control device in the off-gas cleanup system. 
The transmission of iodine-129 through the calciner vessel ap- 
pears to increase as a calciner run progresses. 

In addition to the mass balance performed for total 12%, the 
chemical forms of the 129 I released to the off-gas were measured. The 
procedure for performing these measurements is described elswher&? The 
results of this sampling is shown in Table VII. The significance of the 
large organic fraction shown in this table is that plateout may be only a 
minor component of the overall decontamination factor of the off-gas 
cleanup systems. 
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TABLE VII 

WCF GASEOUS 12gI SPECIES DISTRIBUTION 

Chemical Fraction Emitted 
Form From'WCF (%) 

I2 15 

HOI 21 

Organic 64 

Dissolver Off-Gas Sampling 

To test the previously presented prediction that the dissolver off- 
gas was only a minor release point for l*gI, in-plant off-gas samples 
were taken. Both the zirconium fuels dissolution and aluminum fuels 
dissolution processes were sampled. A diagram of the two off-gas system 
sampled and the sampler locations are shown in Figure 9. 

Zirconium Dirrolver 

Figure 9. Dissolver Off-Gas Sampling Points 
ICPP-S-7885 

The location of the aluminum dissolver sampler is shown in Figure 9 
as Sl. The sampling method has been presented previously6. Briefly, 
two samples were collected on TEDA impregnated charcoal beds with a sam- 
ple flowrate of 1 L/min. The first sample was taken over a 6.7-h ur 
period; the second sample was collected for 52.8 hour 
concentration that would be expected if 100% of the 42 91 

The average lP9, 
was volatilized 

was calculated and then compared to the amount of iodine-129 found on the 
charcoal beds. The results are shown in Table VIII. As can be seen' from 
this table, less than 1 percent of the I291 in the spent fuel charged 
to the aluminum dissolver is volatilized onto the process off-gas. 
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TABLE VIII 

RESULTS OF ALUMINUM DISSOLVER OFF-GAS SAMPLING FOR 12% 

Measured 
12gI Off-Gas 

Maximum Possible 

12gI Collected 
12gI Off-Gas 

Concentration Concentration Percent 12gI 
Sample (nCi) hCi/cd (pCi/cc) Volatilized 

1 <0.05 cl. 25 x lo-10 
cl.58 x lo-11 

1.66 x 10-8 co.75 
2 co.05 1.66 x 10-8 co.10 

A slightly different procedure was used for sampling the zirconium 
off-gas, indicated as position S2 on Figure 9. Longer sample periods and 
larger sample volumes were required because of the larger amounts of 
dilution air at S2 (2OOO:l dilution versus 6O:l at Sl). In addition to 
charcoal beds, two samples were subsequently collected using silver zeo- 
lite beds in the same sam ler configuration. After sampling, the beds 
were homogenized and the P 2gI counted directly on a LEPS. As was done 
with the aluminum off-gas, the average amount of iodine-129 that would 
be released from the zirconium dissolver if 100% of the 12% was vola- 
tilized was calculated and then this amount was compared to that found 
on the samples (Table IX). As can be seen from Table IX, less than 5% 
of the iodine-129 charged to the zirconium dissolver is volatilized into 
the off-gas. Therefore, as the sampling of both aluminum and zirconium 
dissolution suggests, fuel dissolution is not a major iodine-129 released 
point to the atmosphere. 

TABLE IX 

RESULTS OF ZIRCONIUM OISSOLVER OFF-GAS 
SAMPLING FOR IOOINE-129 

Bed 
Type Sample 

Back- 
ground Charcoal 

1 Charcoal 

2 Charcoal 

3 Charcoal 

4 Charcoal 

5 Silver 
Zeolite 

6 Silver 
Zeolite 

7 Charcoal 

Sample 
Duration 

(min) 

5640 14.5 2.97 x 10-10 

4633 11.8 <4 x 10-12 

4420 12.3 <4 x 10-12 

4420 12.6 6.2 x lo-12 

6957 11.8 6.3 x lo-12 

4320 11.8 2.45 x lo-11 

14130 

16130 

Sample 
Flowrate 
_(L/min) 

14.8 

14.8 

Measured 
Off-Gas 

Concentration 
(I.&i/cc) 

4.8 x lo-12 

1.74 x 10-11 

Maximum 
Possible 

Off-Gas 
Concentration 

(uCi/cc) 

4.44 x 10-10 

2.75 x lo-10 

3.92 x 10-10 

4.03 x 10-10 

4.77 x 10-10 

5.30 x 10-10 

4.06 x lo-10 

P ;tent 
f I 

Volatilized 

m-w- 

co.9 

<1.5 

1.6 

1.6 

5.1 

0.9 

4.3 
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Uranium Recovery Process Stream Samples 

To verify the laboratory solvent extraction results, actual first- 
cycle process stream samples were collected. However, due to the high 
radiation levels only a limited numb r of streams were sampled. 

139 
The 

streams that were sampled and their I content are shown in Table X. 
The two or nit feed samples were taken three days apart and indicate 
that the l?!! I concentration does reach an equilibrium value. From the 
organic feed concentration in Table X and the distribution coefficients 
measured in the laboratory (Table IV), a predicted carbonate wash raffi- 
nate concentration of O.OOGpCi/L was calculated. This is in reasonable 
agreement with the measured value of O.O089$i/L in Table X. Assuming 
an average value of O.OlGuCi/L for the solvent burner feed solution 
and an average flowrate of 5L/min, the solvent burner would not release 
more than 1% of the total 12gI processed to the stack. 

TABLE X 

RESULTS OF THE I29 I ANALYSIS FOR FIRST-CYCLE PROCESS STREAMS 

Sample Iodine-129 
Description Concentration ($i/L) 

Solvent Burner 0.004 
Feed Solution 

Solvent Burner 0.048 
Feed Solution 

Organic Feed 0.0562 
Solution 

Organic Feed 0.0568 
Solution 

Carbonate Wash 0.0089 
Raffinate 

In-Plant Sampling of ILW Evaporator 

Because any aqueous iodine-129 that reaches the environment from the 
ICPP must pass through the ILW (Process Equipment Waste or PEW) evapora- 
tor, a sampling and analysis program around the PEW was performed. Sam- 
ples of the feed, condensate, and bottoms were analyzed. Two sets of 
samples were collected: one when only the WCF was operating and one when 
only the uranium recovery process was operating. The results of both 
sample periods are summarized in Table XI; the source of iodine-129 to 
the PEW during each sample period is summarized in Table XII. These 
tables indicate that when the WCF is in operation the APS condenser ac- 
counts for 87% of the iodine-129 sent to the PEW; when the WCF is shut- 
down it accounts for only 13%. In addition, the amount of iodine-129 
sent to the PEW from the APS condenser is an order of magnitude higher 
during WCF operation than during the uranium recovery process. There- 
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fore, during WCF operation, the major aqueous release of iodine-129 is 
due to condensation of calciner off-gas. 

This may also explain why the or anic fraction of the I*91 released 
from the WCF is high. The inorganic d9 I chemicaI$gforms would be prefer- 
entially condensed leaving behind the organic I. Another plausible 
explanation is possible reactions with unburned kerosene in the calciner 
vessel. It is also clear that much more 12gI is released from the bot- 
toms by the ILW evaporator than from the HLW evaporator. This may be due 
to the greater organic content of the PEW feed solutions. This conclusion 
was supported by the fact that the evaporator iodine off-gas emissions 
were almost entirely comprised of organic iodided5? 

TABLE XI 

RESULTS OF IODINE-129 ANALYSIS OF 
PEW EVAPORATOR FEED SOLUTION, 

CONDENSATE, AND BOTTOMS 

Off-Gas Condensate Bottoms 
Operation (Percent of Total) (Percent of Total) (Percent of Total) 

WCF 40 

URANIUM 
PROCESSING 

40 >90 Cl 

TABLE XII 

SOURCES OF IODINE-129 IN PEW 

Operation 
Fraction 1291 from Fraction I291 from 
APS Condenser (%) Stored Waste (%) 

WCF 13 

URANIUM 
PROCESSING 

13 87 

Other Processes Off-Gas Sampling 

In addition to the off-gas sampling already described, three other 
off-gas streams were sampled; 1) the APS process off-gas during plant 
shutdown, 2) ventilation off-gas during plant sh tdown, 
off-gas (VOG) system. 

and 3) the vessel 
Insignificant amounts of !i 2gI (~0.25% of inventory 

during processing) were measured in the process off-gas and ventilation 
off-gas lines during plant shutdown. 
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The results of the vessel off-gas sampling showed that the only time 
detectable quantities of iodine-129 were released was during first-cycle 
raffinate transfers. This is to be expected because of the atomizing 
effect of the airlifts used in these transfers. Even thou h the iodine- 
129 in the VOG is detectable during transfers (2.9 x 10-l 3 
detected I29 I accounts for an insignificant fraction of the 

ly&i/cc), the 

from the stack (~0.25%). 
I released 

IV. COMPUTER MODEL OF IODINE-129 PATHWAYS 

Using the data from the laboratory evaluation and in-plant sampling 
sections of this paper, a computer program that models the I291 pathways 
was written. The program consists of a series of subroutines based on the 
major plant processes. These processes include: dissolution and first- 
cycle extraction, second-cycle extraction, HLW calcination, HLW and ILW 
evaporation. These subroutines were then combined into the program shown 
in Appendix I. 

Model Verificaton 

To verify the accuracy of the computer program four different oper- 
ating period, representative of each major plant process at the ICPP, 
were selected. These time periods, not used for in-plant sampling were: 

1) Simultaneous operation of zirconium dissolution, first-cycle 
extraction, and waste calcination; 

2) Simultaneous coprocessing dissolution and first-cycle 
extraction; 

3) Simultaneous electrolytic dissolution, first-cycle extraction 
and HLW evaporation; 

4) Only HLW calcination. 

The results shown in Table XIII were obtained using the process 
flowsheet values for flowrates and flow ratios and the laboratory deter- 
mined values for the distribution coefficients. These results compare 
the sum of the calculated gaseous and li uid 12gI discharges to the 
sum of the measured gaseous and liquid 89 I discharges. The uncer- 
tainty in these releases was also calculated based on the total 1291 
charged to the plant during these periods. This value is of interest 
since the EPA regulations are based on the total 12gI generated in the 
nuclear fuel cycle. The least uncertainty was during the period when 
only the WCF was operating. This may occur because all subroutine para- 
meters were determined by in-plant sampling. 

The results obtained when the dissolution/first-cycle subroutine is 
employed are least accurate, with uncertainties ranging from 12- %. 
There are three possible explanations. 1) A conservative 5% of the f2 91 
input to the dissolvers is assumed to be released into the off-gas. Since 
this 5% represents an upper limit, the off-gas release may be overesti- 
mated and the input to the solvent extraction columns may be underesti- 
mated. 2) The distribution coefficients for the first-cycle solvent 
extraction column vary from 0.8 for oxidized iodine species to 8 for re- 
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TABLE XIII 

UNCERTAINITY IN PREDICTED ENVIRONMENTAL RELEASES 

Uncertainty Based Uncertainty Based 
Processes Operating on Release (%)a on Input (%)b 

Zr Dissolution -11.6% -4.0% 
First-Cycle Extraction 
Waste Calcination 

Al + Zr Dissolution +25% +3.5% 
First-Cycle Extraction 

Electrolytic Dissolution +8.8% +3.6% 
First-Cycle Extraction 
HLW Evaporation 

Waste Calcination +0.5% +0.4% 

a Uncertainity Based = Calculated - Measured x 100% 
Calculated 

buncertainity Based = Calc;~;;e~o-p:;;;ured x 100% 

duced species. Therefore, small changes in the iodine species distri- 
bution will cause large changes in the first-cycle distribution coeffi- 
cients. Best agreement between predicted and measured environmental 
releases was obtained with distribution coefficients in the range of 
3-4, in agreement with the laboratory experiments presented previously. 
3) Historically, the solvent extraction process varies significantly 
from flowsheet values. These deviations from flowsheet values would 
result in increased uncertainties. 

Overall, it appears the computer program (listed in Appendix I) can 
predict total environmental 12gI releases within lo-25%. 

V. CONCLUSIONS 

The following conclusions were reached as a result of the work de- 
scribed here. First, two-thirds of the iodine-129 found in the aqueous 
waste streams is iodide, with the remaining one-third in higher oxida- 
tion states. This species distribution can be explained based on the pH 
and oxidation-reduction potential of dissolver solutions. Only a small 
fraction (2-5%) of the iodine-129 entering the plant in the spent fuel 
elements is released into the off-gas during dissolution. The remaining 
iodine-129 is distributed through the plant processes with waste solidi- 
fication being the major atmospheric release point and ILW evaporation 
being the major liquid release point. Only 14-31% of the I291 charged 
to the HLW calcination process as blended feed is released to the atmos- 
phere. This is due to the recycled scrub solutions that remove 45-65% 
of the volatilized iodine-129. However, this collected l291 is revolati- 
lized when these scrub solutions are solidified. 
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A flow diagram of iodine-129 transport through a nuclear fuel repro- 
cessing plant was constructed using the I291 process distribution comput- 
er program listed in Appendix I. The results are shown in Figures 10 and 
11. Figure 10 illustrates transport without HLW evaporation and Figure 
11 illustrates transport with HLW evaporation. Both cases assumed a 
first-cycle extraction distribution coefficient of 4. From these two 
figures it c 

T 
be seen that the HLW evaporation process will determine 

if the major 2gI release point is the off-gas or liquid waste streams. 

In conclusion, it appears the computer program listed in Appendix I 
can accurately predict environmental releases within 10-254'0. 
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APPENDIX I 

10 PRINT 'INPUT THE FLOWRATE TO THE EXTRACTION COLUHN IN L/HR’ 
20 INPUT F9 
30 F9=F9/3*785 
40 PRINT 'INPUT THE A/O RATIO FOR THE EXTRACTION COLUHN’ 
SO INPUT Al 
60 PRINT ‘INPUT THE A/O RATIO FOR THE SCRUB COLUMN’ 
70 INPUT A2 
80 PRINT ‘INPUT THE A/O RATIO FOR THE STRIP COLUtlN* 
90 INPUT- A3 
100 PRINT ‘INPUT THE A/O RATIO FOR THE SECOND STRIP’ 
110 INPUT A4 
120 PRINT ‘INPUT THE A/O RATIO FOR THE CARBONATE WASH’ 
130 INPUT A5 
140 PRINT ‘INPUT THE DIS. COEF. FOR THE EXTRACTION COLUtiNs 
1% INPUT El 
160 PRINT ‘INPUT THE DIS. COEF, FOR THE SCRUB COLUtlN’ 
170 INPUT E2 
180 PR.INT ’ INPUT THE DIS. COEF, FOR THE STRIP COLUHN’ 
190 INPUT E3 
200 PRINT ‘.INPUT THE DIS. COEFI FOR THE SECOND STRIP’ 
210 INPUT E4 
220 PRINT ‘INPUT THE DISI COEF. FOR THE CARBONATE WASH’ 
230 INPUT ES 
240 PRINT ‘INPUT THE # OF uCi OF I-129 SENT TO THE DISSOLVER/DAY’ 
250 INPUT F 
260 PRINT ‘INPUT THE I) OF OPERATING DAYS’ 
270 INPUT D 
280 Fl=F/24 
290 N=Dt24 
300 Y4=0 
310 Sl=O 
320 RI=0 
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330 P=O 
340 n9=0 
350 Pl-0 
360- Y350 
370 K2=0 
300 2910 
390 Y7=0 
400 N=N-1 
410 FOR Z=O TO N 
420 S=O .-OS$Fl 
430 F2=Fl-S 
440 F2=F2tZ9 
450 R=(F2+Y4)/(El/Altl) 
460 Y=R*El/Al 
470 Z9=Yt(A2/E2/(ltA2/E2)) 
480 Y=Y-Z9 
490 Y2=Y*(A3/E3/(1tA&'E3)) 
so0 Yl=Y-Y2 

510 Y3=YL*(A4/E4/(ltA4/E4)) 
520 Yl-Yl-Y3 
530 P=Yl$(A5/ES/(ltAS/E5)) 
540 Y4=Yl-P 
sso Y6=Y2tY3 
560 K=O.O54*Y6 
570 YS-Y6-K 
580 P2=Y5SO.85 
590 S2=Y5$0,05 
600 Ys=Y5*0,1 
610 Sl=StSltS2 
620 Rl=-R&l 
630 Pl=PtPltP2 
640 Y7=Y7+Y5 
650 K?=K’?.+K --AA-----_-_ -----e-m------ -----_- 
660 NEXT z 
670 PRINT ’ THE MOUNT OF I-129 SENT TO THE STACK IN ‘;Di’ DAYS’ 
680 PRINT 'IS ‘iS1;’ uCit THIS CORRESPONDS TO AN AVERAGE’ 
690 S2=S1*2,45E-13/D 
700 -PRINT ’ CONCENTRATION OF l iSZi’ uCi/cc' 
710 -PRINT CTHE MtOUhT OF I-129 SENT TO THE PEW IN ‘iDi’ DAYS IS' 
720 PRINT Pl i' uCi' 
730 PRINT ‘THE AfiOUNT SENT OUT IN THE FIRST CYCLE RAFFINATE IN’ 
740 .PRINT Di ’ DAYS IS 'iRli' uCi. THE TOTAL UOLUHE WAS ‘iF9%24*Di’ GALS’ 
750 PRINT-‘THE CONCENTRATION OF THE I-129 IN THE RAFFINATE WAS’ 
.760 PRINT R1/(F9tD*24*3.785)ia uCi/L* 
770 PRINT ‘-THE MOUNT OF X-129 SENT TO THE SOLVENT BURNER IN 'iDi' DAYS' 
780 PRINT ‘WAS ‘iK2 
790 PRINT ’ THE AHOUNT OF I-129 SENT THE SECOND CYCLE IN *iDi’ DhYS’ 
800 PRINT 'IS 'iY7 
810 GOSUH 2270 
820 GOSUB 2510 
030 GOSUB 2640 
840 PRINT 'IS THE 1ST CYCLE RAFFINATE TO BE CALCINED DIRECTLY l=Y,2=N’ 
850 INPUT H 
860 GOSUB It OF 960~870 
870.PRINT 'IS HLLW EVAPORATION DESIRED l=YESr2=NO’ 
880 INPUT H 
890 GGSUB H OF 16609910 
900 GOSUB 960 
910 PRINT 'SINCE NO CALCINATION OR HLLW EVAPORATION IS DESIRED THEN’ 
920 PRINT Rli' uCi- OF I-129 FROII THE FIRST CYCLE IS SENT TO THE ’ 
930 PRINT ‘TANK FARM’ 
940 GOSUE 2390 
950 GOSUE 2610 
960 QEn -----------------C~LCINER SUBROUTINE----------------------- 
971, .'RINT ‘INPUT THE X REHOVAL IN SCRUBBER* 
980 INPUT K 
990 K=K/lOO 
1000 PRINT ‘INPUT THE SCRUB FLOWRATE IN GAL/HR’ 

1010 INf’UT D9 
1020 IF H9=9 THEN 1070 
1030 J-F9 
1040 I=Rl/IF9*24*0*3.785) 
1050 L=D 
1060 GO. TO 1080 
1070 GOSUB 2940 
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1080 R=O 
1090 x=0 
1100 a=0 
1110 E=O 
1120 H-0.42 
1130 F=O,755 
1140 M=LY24/(1400/J) 
1150 G=1400/J 
1160 B=Rl~l000/~D$24$3600~ 
1170 FOR T=l TO M 
1 la0 F=3600tB$G 
1190 F=F*H 
1200 A=F$KtE 
1210 C=A*2,.642E-7 
1220 S=CXD9*1rOSl 
1230 B=I*JtS 
1240 E=0.8XA 
1250-IF H=:+l THEN 1280 
1260 H=Ht0.0025 
1270 -IF-H<1 THEN 1290 
1280 H-l 
1290 N--B-S 
1300 N=N*1400*3600/J 

,UlU=&tQ&zL ____-____ ---------------- ---- 
1320 IF P=>l THEN 1340 
1330 IF P<l THEN 1350 
1340. P=l 
1350 O=N*P 
1360 0=0X0.97 
1370 Y=O-Q 
1380 X=XtY 
1390 R=RtQ 
1400 NEXT T 
1410. U=R/(L*B6400) 
1420 U=Q*J*2.OE-7 
1430 W=Vlr2,1186E-8 
1440 A=X/~L*W400) 
1450 PRINT, ‘AFTER l iLi’ DAYS OF OPERATION THE CONCENTRATION OF THE’ 
1460 PRINT ‘SCRUB SOLUTION IS 'iCi'nCi/mL 
1470 PRINT 
1480 PRINT ‘AND .THE SCRUB SOLUTION RECYCLE RATE IS ’ 
1490 PRINT Si'nCi/sec' 
1500 PRINT ‘AFTER ‘CL;’ DAYS OF OPERATION THE AVERAGE I-129 ’ 
1510 PRINT ‘FLOWRATE OUT THE STACK IS ‘ilJ;‘nCi/sec’ 

1520 U=UXl.OE-3$3600$24$L 
153Q PRINT ‘AND THE PRESENT FLOWRATE IS l ;V;‘nCi/sec’ 
1540 PRINT ’ 
1950 
1560 
1570 
1580 
1590 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
lSl0 
1820 
1830 
1840 

PRINT ‘ASSUhtING AN AVERAGE STACK FLOW OF 100000 CFM THIS RESULTS’ 
PRINT ‘IN A I-129 CONCENTRATION OF ‘;Wi’nCi/cc’ 
PRINT 
PRINT ‘THE AVERAGE AMOUNT QF I-129 SENT TO THE PEW FROM THE APS’ 
PRINT ‘DURING THE ‘;L;‘ DAYS THE CALCINER WAS OPERATING W&S’; 
PRINT Ai'nCi/sec' 
SP=A*lrOE-3*3600*24%L 
GOSUB 2380 
GOSUE 2590 
PRINT 
REM----------------------HLLW EtJ,zJFQF;ATQR SUBROUTINE--------------- 
REfl C IS I-129 CONCENTRATION. IN nCi/L' 
C=RlflOOO/(F9tD*24) 
REfl INPUT FLOWRATE OF CONDENSATE F 
PRINT ‘INPUT THE RATE OF DISTILLATION IN GAL/HR’ 
INPUT F 
REM INTIhL VOL CHARGED TO THE EVAPORATOR V 
PRI ‘INPUT THE INTIAL VOLUME OF FEED CHARGED TO THE EVAPORATOR IN' 
PRINT- l GAL’ 
INPUT V 
REH INPUT HR BETWEEN BATCHS H 
PRINT ‘INPUT THE NUHBER OF HOURS BETWEEN BATCHS’ 
INPUT H 

REM INPUT # OF DAYS OF OPERATION D 
PRINT ‘INPUT THE NUliBER OF BATCHS BETWEEN BOTTOM TRANSFERS’ 
INPUT N 
G=F*H 
BS=V-G 
REH- INPUT # OF DAYS OF OPERATION D 
PRINT ‘ZNPUT THE # OF DAYS THE EVAPORhTUR IS IN OPERATION’ 
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1850 INPUT D 
1860 V9=891D*24/(N*H) 
1870 K=‘O 
1080 J=VIC 
1890 FOR L=l TO N 
1900 E=O 
1910 REM CALCULATES X REMOVAL PER BATCH 
1920 FOR T=l TO H 
1930 B=V-T*F 
1940 A=F/B 
1950 Y=l-EXP(-l.26*A) 
1960 E-EtY 

1970 IF 00 t 98 THEkZQQQ.~~c------- - ---v-s 
1980 NEXT T 
1990 REM CAL I-129 THAT LEFT THE EVAPORATOR IN THE CONDENSATE 
2000 I=J*E 
2010 REM SUMS AMOUNT I-129 DISTILLED PER BATCH 
2020 K=KtI 

2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2150 
2160 
2170 
2180 
2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 

REM CALCULATES AMOUNT I-129 REilAINING IN THE EVAPORATOR 
J-J-I 
J=JtG*C 
NEXT L 
M=H*N 
O=D$24/fl 
REM CALCULhTES THE AMOUNT OF I-129 SENT TO THE FEW 
F=O$K*lrOE-3 
Gl=O.O2*P 
GOSUD 2560 
P=P-Gl 
REM CALCULATES THE ANOUNT OF I-129 SENT TO THE CALCINER 
G=((N-l)*GtV)*C*O$l.OE-3-P-G1 
F’RINT ‘THE AMOUNT OF I-129 SENT TO THE FEW IN’ 
PRINT Ui’ DAYS WAS ‘iP;’ uCi* 
GOSUB 2340 
PRINT ‘THE AHTr OF I-129 SENT TO THE CCLLCINER IN ';[I;' DAYS IS' 
PRINT Ri’ uCi' 
PRINT U9i’ GALS OF WASTE ENDED UP IN THE HOTTOHS’ 
PRINT 'THIS CORRESPONDS TO AN AVE. I-129 CONCENTRATION IN THE’ 
PRINT ‘BOTTOMS OF ‘iQ/VPi’ I&i/GAL' 
H9=9 
RETURN 
END 
REn------------------PEW SUBROUTINE-------------------- 
REN 1ST CYCLE CONTRIBUTION 
Dl=Pl 
RETURN 
REH-2ND CYCLE CONTRIBUTION 
Dl=Dlt02 
RETURN 
-REH HLLU EVAPORATOR CONTRIBUTION 

2350-Df=Dl+P 
2360 RETURN 
2370 REH-CALCINER CONTRIBUTION 
2380 Dl=DltS2 
2390 PRINT 'INPUT THE AflOUNT OF I-129 THAT GOES TO THE OFF-GASv CGNDr’ 
2400 PRINT ‘AND THE BOTTOHS’ 
2410 INPUT GICIR 
2420 Gl=G/lOO 
2430. IF H-2 THEN 2560 
2440 Cl=C/lOO 
2450 Rl=R/lOO 
2460 El=Dl*G2 
2470 EZ=Dl*Cl 
2400 E3=Dl*Rl 
2490 PRINT E2i’uci OF I-129 WAS SENT TO THE INJECTION WELL’ 
2500 RETURN 
2.510 R,T+---------ST(,CK SUBROUTINE-------------------------- 

2520 PS=SltK2tY4 
2530 RETURN 

2540 P5=P5tS2 
2550 RETURN 
2560 PS=F5tGl 
2570 IF Ha2 THEN 2440 
2580 RETURN 
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2590 
2600 
2610 

FS=P5tU 
PS=P5tEl 
PRINT ’ THE TOTAL MOUNT OF I-129 SENT UP THE STACK FROfl ALL ’ 
PRINT ‘PROCESSES WAS l iPS 2620 

-2fdQLW _--_________-__-_--___-_-__----_ 
2640 REM --------------------2N~-CyCLE SUBROUTINE----------------- 
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2650 02-O 
2610 s2=0 
2670 PRINT ‘INFUT THE A/O RATIOS FOR THE IIA~IIHIIIIAIIIIH COLUMNS’ 
2680 INPUT A2,A3,B2rR3 
2690 PRINT ‘INPUT THE 111s. COEF. FOR THE IIA~IIBYIIIA~IIIB COLUhNS’ 
2700 INPUT- E2,E3rE4,ES 
2710 F-Y7 
2720 PRINT ‘INPUT # OF DAYS OF OPERATION’ 
2730 INPUT N 
2740 -Fl=F/N 
2750 
2760 
2770 
2780 
2790 
2800 
2810 
2820 
2830 
2840 
2850 
2860 
2870 
2880 
2890 
2900 
2910 
2920. 
2930 
2940 

N4-1 
FOR Z=O TO N 
R=Fl*A2/(A2+E2) 
Y2=Fl-R 
R2=Y2*(A3/E3/Clth3/E3)) 
Y3=Y2-R2 
R3=R2$B2/(E4tB2) 
Y4=E4$Y3 
R4=Y4$(83/E5/(ltB3/E5)) 
YS=ESrlR4 
02=02tRtR3tR4 
S2=S2tY3tYJ 
NEXT Z 
PRINT 02;’ uCi OF I-129 WAS SENT TO THE PEW FROM THE 2ND CYCLE’ 
PRINT S2;’ uCi OF I-129 WAS SENT TO THE SOLVENT BURNER FROM THE’ 
PRINT ‘THE 2ND CYCLE’ 
GGSUB 2310 
GOSUB 2540 
RETURN 
REM--------------- ------CALCINATION OF HLLW BOTTOHS------- 

2950 ‘PRINT ‘INYUT THE # OF DAYS THE CALCINER IS RUNNING’ 
2960 INPUT L 
2970 I=.R/VSi/-3 e 785 
2980 PRINT ‘INPUT THE RAW FEED FLOURATE IN GAL/HR’ 
2990 INPUT J 
3000 RETURN 
3010 PRINT ‘INPUT THE RAW FEED FLOWRATE IN GAL/HR’ 
3020 INPUT J 
3030 RETURN 

DISClJSSIOil 

Anon: Can you tell us the reason for the small release of 
iodine in the dissolver off-gas? 

McManus: You mean versus the high release that has been found 
in Germany and France? I think it has to do with the temperature 
of our dissolution process. It is a lower temperature than is used 
in Europe, and that influences the amount that is released in dis- 
solution. 

Anon: What is the temperature? 

WManus: Between 40 and 60 degrees. 

9s 
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CARBON DIOXIDE - KRYPTON SEPARATION AND RADON REMOVAL 
FROM NUCLEAR FUEL REPROCESSING OFF-GAS STREAMS* 

P.M. Hirsch, K.Y. Higuchi, and L. Abraham 
General Atomic Company 

San Diego, California 

Abstract 

General Atomic Company (GA) is conducting pilot-plant-scale tests that simulate 
the treatment of radioactive and other noxious volatile and gaseous constituents of 
off-gas streams from nuclear reprocessing plants. This paper reports the results of 
engineering-scale tests performed on the C02/krypton separation and radon holdup/ 
decay subsystems of the GA integrated off-gas treatment system. 

Separation of CO2 from krypton-containing gas streams is necessary to facili- 
tate subsequent waste processing and krypton storage. Molecular sieve 5A achieved 
this separation in dissolver off-gas streams containing relatively low krypton and 
CO2 concentrations and in krypton-rich product streams from processes such as the 
krypton absorption in liquid carbon dioxide (KALC) process. 

The CO2jkrypton separation unit is a 30.5-cm-diameter x 1.8-m-long column con- 
taining molecular sieve 5A. The loading capacity for CO2 was determined for gas 
mixtures containing 250 ppm to 2.2% CO2 and 170 to 750 ppm krypton in either N2 or 
air. Gas streams rich in CO2 were diluted with N2 to reduce the temperature rise 
from the heat of adsorption, which would otherwise affect loading capacity. The 
effluent CO2 concentration prior to breakthrough was less than 10 ppm, and the 
adsorption capacity for krypton was negligible. Krypton was monitored on-line with 
a time-of-flight mass spectrometer and its concentration determined quantitatively 
by a method of continuous analysis, i.e., selected-ion monitoring. 

Radon-220, a gaseous decay product of the U-232 contaminant in thorium recycle 
fuels, was treated by holdup and decay on a column of synthetic H-mordenite. The 
Rn-220 concentration was monitored on-line with flow-through diffused-junction alpha 
detectors. Single-channel analyzers were utilized to isolate the 6.287~MeV alpha 
energy band characteristic of Rn-220 decay from energy bands due to daughter 
products. 

The decontamination factor (DF) was determined as a function of bed height for 
a 34.6-cm-diameter column. The experimental results yielded a mathematical expres- 
sion to describe the dependence of DF on bed height. A column about 3.66 m (12 ft) 
long is recommended for achieving the design DF of 1000. 

A DF in excess of 1000 was demonstrated in either N2, air, or CO2 carrier gas 
streams. Regeneration of bed material to remove moisture, followed by pretreatment 
of the adsorbent with carrier gas, significantly improved the performance of the 
bed. Substantial retention of particulate daughter products of Rn-220 was demon- 
strated, although those not retained within the bed need to be trapped in a down- 
stream high-efficiency particulate air (HEPA) filter. 

*Prepared under contract DE-AT03-76SF71053 for the San Francisco Operations 
Office of the Department of Energy. 
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Introduction 

Engineering-Scale Off-Gas Treatment System 

General Atomic Company (GA) has completed the detailed design and installation 
of a (radioactively) cold engineering-scale facility for the treatment of off-gas 
from the reprocessing of spent nuclear fuel. Engineering-scale component tests have 
been performed to simulate the treatment of fission and decay products and nonradio- 
active gaseous constituents inherent to nuclear fuel reprocessing. (ls293) The radon 
removal test results were derived from studies made with the radon holdup/decay sub- 
system of the GA engineering-scale off-gas treatment system. 

The GA off-gas treatment system is designed to process simulated radioactive or 
other noxious volatile and gaseous constituents in both dissolver off-gas (DOG) and 
burner off-gas (BOG) streams. Dissolver off-gas is common to several nuclear fuel 
cycles, e.g., light water reactors (LWRs), high-temperature gas-cooled reactors 
(HTGRs), and liquid metal fast breeder reactors (LMFBRs), whereas BOG streams are 
specific to only HTGR fuel reprocessing. Gaseous fission products such as H-3, C-14, 
Kr-85, I-129, and Rn-220 are released during reprocessing. These fission, activa- 
tion, or decay products can be removed before the gas effluent is released into the 
atmosphere. In addition, other gaseous components in the off-gas stream, such as 
CO, S02, and NOK, can be removed or converted into harmless molecular forms if nec- 
essary for environmental and/or process control considerations. 

The GA off-gas treatment system is divided into BOG and DOG subsystems. The 
BOG subsystem includes units for removal of S02, HTO, 12, radon, krypton, and CO2 
and a unit for CO and HT oxidation. The DOG subsystem includes units for removal of 
NOK, 12, H20, radon, CO2, and krypton. The processes used in this engineering-scale 
system are based on prior laboratory-scale development at various sites under the 
sponsorship of the U.S. Department of Energy (DOE) or its predecessor agencies. The 
GA engineering-scale off-gas treatment system is funded under the Consolidated Fuel 
Reprocessing Program, which is managed by Oak Ridge National Laboratory (ORNL) for 
DOE. 

Carbon Dioxide/Krypton Separation 

The off-gas produced during reprocessing of nuclear fuels contains trace 
amounts of krypton, which can be removed before the off-gas is released into the 
atmosphere. For LWR, LMFBR, and HTGR fuel, the spent fuel is reprocessed by disso- 
lution in HNO3. The resulting DOG (for HTGR fuel) contains about 200 ppm Kr-85 
(half-life = 10.7 yr) and 250 ppm C02, and the balance is air. The afr constituent 
typically contains 1.14 ppm normal isotopic krypton and 330 ppm C02. For HTGR fuel, 
the support structure and moderating graphite material must be burned off prior to 
dissolution. The BOG contains about 10 to 15 ppm Kr-85, which is initially concen- 
trated by the krypton absorption in liquid carbon dioxide (KALC) process. The 
resulting off-gas contains about 1.5% krypton, 2.5% xenon, 5% 02, and 91% C02. The 
CO2 must be separated from the krypton before storage because the radiolytic inter- 
action of Kr-85 with CO2 can cause the formation of ozone, creating a potentially 
explosive gas mixture. 

In the cold engineering-scale tests, natural isotopic krypton was separated 
from CO2 using an adsorption column filled with molecular sieve 5A (W.R. Grace & 
co., Davison Chemical Division). This process was based on prior laboratory-scale 
studies performed by C.W. Forsberg at ORNL(4). The separation occurs owing to the 
different adsorption characteristics of krypton and CO2 on the molecular sieve 
material. 
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The krypton concentration in the column effluent was monitored on-line by a 
time-of-flight mass spectrometer and quantitatively analyzed by selected ion 
monitoring. The krypton breakthrough from the C02/krypton separation bed was stud- 
ied under simulated post-KALC BOG and DOG conditions and the CO2 decontamination 
factor (DF) and CO2 capacity of molecular sieve 5A determined. 

Radon Removal by Adsorption/Decay 

Radon-220 is a decay product of the U-232 contaminant in recycle fuels origina- 
ting from thorium-uranium fuel cycles. Radon-220 is a gas with a short half-life at 
ambient temperature, and it diffuses rapidly, resulting in contamination of the sur- 
faces it touches. Because of the short half-life of Rn-220 (56 s), significant 
decontamination can be achieved by increasing the Rn-220 residence time in the off- 
gas treatment system. Laboratory-scale tests conducted by Allied Chemical Corpora- 
tion at the Idaho National Engineering Laboratory (INEL) have shown that the 
synthetic molecular sieve H-mordenite is capable of delaying the transport of Rn-220 
for several half-lives, thus achieving DFs on the order of 103.(5) The success of 
these experiments has made it desirable to investigate R.n-220 adsorption on a larger 
scale. Through operation of an engineering-scale system, performance and scale-up 
design data can be obtained. 

In the GA engineering scale studies, Rn-220 was generated from U308 containing 
approximately 20 ppm U-232. The radon was transported in a carrier gas stream, 
which then passed through the radon holdup/decay bed (an adsorber column containing 
H-mordenite). The Rn-220 concentration was monitored at the inlet and outlet of the 
adsorber column. 

The system chosen for radon analysis is different from that used at INEL. 
Rather than a batch method of gamma radiation detection, an on-line continuous meth- 
od of alpha detection was used. The 6.287-MeV alpha particle emitted by Rn-220 was 
selectively monitored through a system of diffused-junction alpha detectors and 
sophisticated electronics which discriminate between the Rn-220 alpha particles and 
the other alphas emitted by daughter products of Rn-220. The solid daughter 
products resulting from the decay of Rn-220 during holdup on the H-mordenite either 
adsorb onto the bed material or are removed by the carrier gas. It was unnecesary 
to determine the absolute Rn-220 concentration levels because only the DF, a rela- 
tive measurement, was desired. Therefore, identically calibrated alpha detector 
units possessing equivalent detection efficiencies were utilized to measure the 
ratio of inlet to outlet Rn-220 concentration, i.e., the DF. 

The DF of the radon holdup/decay bed was determined as a function of bed height 
for a 0.305-m (1-ft) diameter column. The experimental data in concert with a mech- 
anistic analysis of the system yielded a mathematical expression to describe the 
dependence of DF on bed height. The effects of N2, air, and CO2 carrier gas on DF 
were studied. Regeneration of the bed material to remove moisture and pretreatment 
of the adsorbent with carrier gas increased the Rn-220 removal efficiency of the 
bed. The daughter products of Rn-220 were detected in trace quantities in the bed 
effluent. 

PART I: CARBON DIOXIDE - KRYPTON SEPARATION 

Exoerimental Method 

Figure 1 is a schematic of the C02/krypton separation subsystem of the GA 
engineering-scale off-gas treatment system. This subsystem is capable of simulating 
post-KALC BOG streams and DOG streams. The C02/krypton separation subsystem, like 
the other subsystems within the off-gas treatment system, can be isolated to allow 
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independent testing. The individual components of the C02lkrypton separation 
subsystem are described below. 

Separation Vessel Design 

The CO2/krypton separation vessel is fabricated from 316L stainless steel pipe 
with a 324-mm o.d. and a 5 mm-thick wall (12 in. Sch 10s). The vessel is 1.8 m (71 
in.) long and is packed with 8- to 12-mesh 5A molecular sieve adsorbent supported by 
a 40-mesh 304 stainless steel screen. 

Eleven thermocouples are placed 150 mm apart along the bed centerline to meas- 
ure the CO2 adsorption temperature gradient. The thermocouples are Chromel-Alumel 
(K-type) insulated with MgO powder and Inconel 600 sheaths. An expansion compensa- 
tor (Hyspan Precision Products Incorporated) is located immediately downstream of 
the vessel to protect the system from stress during adsorbent regeneration. A Kose- 
mount model 1151 DP differential pressure transmitter is provided to measure the 
pressure drop across the bed. The transmitter range is 0 to 37.4 kPa (0 to 150 in. 
H20), and it has an accuracy of +0.2X of full scale. 

Adsorbent 

The adsorbent (Davison 5A molecular sieves) is a crystalline metal aluminosili- 
cate with a three-dimensional interconnecting network structure of silica and alumi- 
na tetrahedra. The basic structure of the molecular sieve is represented by the 4A, 
or sodium, form. The 5A is produced by substituting calcium cations for the sodium 
cations. The calcium cations, being divalent, will replace two sodium cations and 
open the structure to apertures of about 5 A. Most of the adsorption takes place 
inside the pores. The uniformity of the size of the pores enables large molecules 
(over 5.5 A) to be "sieved" out. However, since C02, krypton, and N2 have effective 
diameters of about 3 A, the sieving effect is minimal. 

The calcitrm ions induce strong, localized, positive charges in the crystal lat- 
tice. Therefore, polar molecules or induced polar molecules will adsorb more than 
less polar molecules. Since CO2 has an electric quadrupole moment, whereas the mon- 
atomic krypton is nonpolar, the CO2, and krypton molecules are separated on the 
basis of polarity. 

Simulated Feed Gas Supply 

The feed gas supply system is capable of generating either simulated post-KALC 
BOG or DOG compositions. Figure 1 shows the piping and instrumentation. The BOG N2 
dilution supply is regulated by a Brooks O-to 50-lpm model 5815 thermal mass flow 
controller. This controller maintains a preset flow to within 20.2% and has an 
accuracy of *l% of the full-scale reading when the gas is measured at 21.1°C 
(+5.6'(Z) and 274 kPa (4104 kPa). The DOG N2 supply is regulated by a Masoneilan 
Micro Pak flow control valve in conjunction with a Brooks model 1110 rotameter and 
model 5522 flow transmitter. The rotameter accuracy is +l% of full scale. 

The BOG and DOG CO2 supply is regulated by a Brooks 0- to lOOO-seem model 5815 
thermal mass flow controller. The BOG krypton supply is regulated by a 0- to 20- 
seem Brooks model 5815 thermal mass flow controller and the DOG krypton supply by a 
0- to lOO-seem Brooks model 5815 thermal mass flow controller. The DOG 02 supply is 
regulated by a Brooks C- to lOO-lpm model 5815 thermal mass flow controller. 
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Gas Analysis System 

The gas analysis system consists of three Beckman model 864 infrared spectro- 
photometers for CO2 analysis and a CVC MA-3 time-of-flight mass spectrometer for 
krypton analysis. This mass spectrometer is intended for use in the mass range 1 to 
300 amu with unit resolution greater than 150 and usable resolution to 250. 

Carbon Dioxide Analysis. The CO2 concentration is analyzed at the inlet and 
outlet of the C02/krypton separation bed. The analyzers measure CO2 in three 
ranges: 2500 ppm, 2.5%, and 100% full scale, with an accuracy of *l% of the full- 
scale value. The analyzers are calibrated with certified standard gas mixtures pre- 
pared by Matheson. The sample point locations and specific analyzers are selected 
by hand valve and solenoid switching. 

Krypton Analysis. The krypton concentration is measured on-line at the inlet 
and outlet of the C02/krypton separation bed with a time-of-flight mass spectrometer 
using a select-ion method of analysis. With the time-of-flight principle, a sheet 
of positive ions of various mass-to-charge (m/e) ratios is accelerated to a high 
level of kinetic energy and directed through a field-free drift tube toward an ion 
detector. The positive ions are formed by bombarding the sample gas with a stream 
of electrons created by thermionic emission of a heated filament. Because all the 
ions receive equal energy, their drift velocities depend on the m/e ratio; i.e., the 
lighter ions travel to the ion detector faster than the heavier ions. Because all 
the ions leave the starting position almost simultaneously and all drift the same 
distance to reach the detector, those of equal mass separate into sheets displaced 
from other masses. As each sheet of ions strikes the detector, the ions dislodge 
secondary electrons, which are directed into a multiplier, where gains of up to lo7 
can be achieved. This process takes place 30,000 times/s. The resultant peak 
heights that are observed are linearly related to ion abundance and hence to rela- 
tive species concentration in the sample gas. 

Process Control and Data Acquisition 

The N2 and CO2 gas flow rates are regulated by a Diogenes (Rosemount, Incorpo- 
rated) process controller. The output signals from the flow indicators, CO2 analyz- 
ers, mass spectrometer, thermocouples, and pressure sensors are monitored by a 
Hewlett Packard data acquisition system that continuously scans and displays the 
test data on a cathode ray tube (CRT). The data can also be printed and/or stored 
in a floppy disc file at specified time intervals. 

Results 

The first series of runs was carried out to study the adsorption characteris- 
tics of krypton and CO2 under simulated post-RALC BOG conditions. The heat of 
adsorption of CO2 on molecular sieve 5A is high, and its adsorption capacity is sig- 
nificantly reduced at elevated temperatures. Therefore, the temperature rise was 
limited to 25°C by diluting the krypton/CO2 flow with N2 to achieve a total flow 
rate of about 47 slpm. This flow rate represents an N2 dilution factor greater than 
70. The krypton breakthrough curve for this simulated diluted BOG stream is shown 
in Fig 2. The krypton broke through in about 34 min and attained a steady-state 
outlet concentration equal to the inlet concentration of 410 ppm. The CO2 was 
essentially fully adsorbed onto the bed at a feed stream composition of 1.2%. The 
CO2 concentration in the adsorber effluent was less than 10 ppm. The maximum bed 
temperature rise was approximately 20°C, which is in agreement with the CO2 heat of 
adsorption data supplied by the manufacturer of molecular sieve 5A. 
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An additional run was carried out with the N2 gas flow rate reduced in half to 
study its effect on krypton breakthrough (Fig 3). (Prior to this and all succeeding 
runs, the C02/krypton separation bed was regenerated at 200°C with N2 back-purge gas 
until the effluent CO2 concentration was less than 10 ppm.) Krypton breakthrough 
started after 45 min, and a bed temperature rise of 35°C due to CO2 adsorption was 
observed. Even at the higher CO2 concentration of 2.22%, the concentration in the 
bed effluent was less than 10 ppm. 

A CO2 breakthrough run was carried out to determine the CO2 adsorption capacity 
of molecular sieve 5A under simulated post-KALC conditions. The CO2 breakthrough 
began after 116 h, as shown in Fig 4. After 122.5 h, a power failure occurred which 
terminated the run. It was not possible to repeat this run; however, by extrapolat- 
ing the initial breakthrough curve to 2.15% C02, an estimate of the CO2 adsorption 
capacity was made. The value obtained was 0.0968 g CO2/g molecular sieve 5A, which 
is in excellent agreement with the manufacturer's data of 0.098 g CO2/g molecular 
sieve 5A. 

The DOG run series was carried out at a total flow rate of 250 lpm, compared 
with 47.1 lpm for the simulated N2-diluted BOG runs. As expected, the krypton 
breakthrough occurred very rapidly owing to the relatively high flow rate. Both N2 
and air carrier gas were studied to simulate probable dissolver operating condi- 
tions. Figure 5 shows a typical DOG krypton breakthrough. The time to krypton 
breakthrough was 9 min, which was average for the DOG runs. The CO2 concentration 
in the effluent from the C02/krypton separation bed was less than 10 ppm. The CO2 
adsorption capacity is expected to be the same as that obtained under simulated N2- 
diluted BOG conditions, because the CO2 concentrations in the feed are about equal. 

Conclusions and Recommendations 

Molecular sieve 5A was an effective adsorbent for separating CO2 from simulated 
post-K&C BOG streams and DOG streams containing krypton. The CO2 adsorption capac- 
ity of the molecular sieve material was approximately 0.097 g CO2/g molecular sieve 
5A, which is in agreement with the manufacturer's data. The effluent from the CO2/ 
krypton separation bed contained less than 10 ppm CO2 for more than 100 h prior to 
breakthrough for an inlet CO2 concentration of 2.2%. 

The resultant krypton-rich N2 effluent needs to be separated in another type of 
adsorption column for further concentration of krypton prior to krypton waste stor- 
age. A Canadian study(6) has sh own that removal of krypton from N2 gas streams by 
selective adsorption is technically feasible. 

As an alternate engineering scale-up approach, the amount of N2 dilution to 
post-KALC BOG streams can be reduced by redesigning the separation column to 
incorporate in-vessel cooling by an extended-surface internal heat exchanger. In 
this configuration, the heat generated by CO2 adsorption can be more effectively 
removed from the column material, thus reducing the necessary N2 dilution rate in 
addition to increasing the adsorption capacity for CO2 owing to its increased 
partial pressure. 

PART 11: RADON REMOVAL 

Experimental Method 

Figure 6 shows a schematic of the radon holdup/decay subsystem of the GA 
engineering-scale off-gas treatment system. This subsystem, like all others within 
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the off-gas treatment system, is capable of being isolated from the integrated sys- 
tem to allow independent testing. The individual components of the radon removal 
subsystem are described below. 

Radon Holdup/Decay Vessel Design 

The radon holdup/decay vessel is fabricated from 356-mm-o.d., 4.8-mm-thick 
(14-in. Sch 10s) 316L stainless steel pipe and is rated at 5OO'C at 50 psig. The 
vessel accepts a variable-depth adsorption bed of 3 m (118 in.) maximum length. The 
adsorbent is supported by a 40-mesh 304 stainless steel wire screen. A port is 
provided at the top of the vessel for vacuum removal of the contaminated bed 
material. 

Five thermocouples are evenly distributed along the bed centerline for measur- 
ing the temperature gradient. The thermocouples are Chromel-Alumel (K-type), insu- 
lated with MgO powder and Inconel 600 sheaths. An expansion compensator (Hyspan 
Precision Products Incorporated) is located immediately downstream of the vessel to 
protect the system from stress during adsorbent regeneration. A Rosemount model 
1151 DP differential pressure transmitter is provided to measure the pressure drop 
across the bed. The transmitter range is 0 to 7.5 kPa (0 to 30 in. H20) with an 
accuracy of +0.2X of full scale. 

Adsorbent 

The adsorbent (Zeolon 900H) is a hydrogen-substituted synthetic mordenite manu- 
factured by Norton Company. Zeolon 900H is an aluminosilicate characterized by a 
system of parallel channels with uniform diameters of about 10 A. This material is 
highly acid resistant and has a silica-to-alumina ratio of 1O:l. The adsorbent is a 
3.2-mm (l/8-in.) diameter extrudate and is 4.8 to 7.9 mm (3/16 to 5/16 in.) in 
length. 

Carrier Gas Supply 

The carrier gas is either pure N2, simulated air (80% N2, 20% 02), or pure C02. 
The total carrier gas flow rate is regulated at 10 scfm by a Fisher model 513 micro- 
flute flow control valve in conjunction with a Brooks model 1110 rotameter and model 
5522 flow transmitter. The rotameter accuracy is +1% of full scale. The oxygen 
supply is regulated by a Brooks model 5815 thermal mass flow controller. This con- 
troller maintains a preset flow to within +0.2% with an accuracy of *l% of the full- 
scale reading when the gas is measured at 21.1'C (+5.6"C) and 274 kPa (+104 kPa). 

A side stream is diverted from the main carrier gas stream to the radon source 
subsystem, where it acts as a sweep gas to carry radon to the holdup/decay column. 
The side stream is maintained at 2 scfm by a Brooks model 5815 thermal mass flow 
controller. The side stream is adequate for transporting the relatively small 
amount of Rn-220 released from the source material. The radon-containing stream is 
rejoined with the main carrier gas downstream of the Fisher flow control valve. The 
flow control valve compensates for the pressure differential between the main car- 
rier gas line and the sidestream passing through the radon source subsystem. The 
column effluent is conducted into a vent line and passed through an absolute filter 
bank for removal of particulates. The filtered carrier gas stream is then diluted 
with ventilation air supplied by a 6000-scfm blower prior to discharge through the 
pilot plant stack. 
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Rn-220 Source Subsystem 

The radon source subsystem consists of the radon source material and auxilia- 
ries required for safe containment of the radioactive materials within the system. 
A description of the components shown in Fig. 7 is given below. 

Encapsulated Uranium Disc Assembly. The primary containment for the Rn-220 
source material was designed and fabricated by Mott Metallurgical Corporation. The 
encapsulated uranium disc assembly is designed to provide safety in handling of the 
U308 sample during assembly and disassembly of the radon generator. The U308 Was 
enclosed within a cavity (5.08 cm in diameter by 7.92 mm deep) formed between two 
porous 316 stainless steel discs. The discs were 2-u sintered metal filters (5.40- 
cm o.d. by 2.38 mm thick). The bottom disc was welded to a stainless steel retainer 
flange, fO?Xdfig a cavity for the U308. The uranium sample was transferred to the 
cavity in a glove box. The cavity was then sealed by press-fitting the upper disc 
so that it rested on a small ledge machined into the flange. 

Rn-220 Source Material. The Rn-220 source material consists of 2.097 g U308 
containing 1.733 g uranium. The material is in the form of a black, loose, granular 
powder containing some fines. The uranium composition on a weight basis is given 
below: 

U-234 = 95.938% 
U-238 = 3.91% 
U-235 = 0.1040% 
U-236 = 0.048% 
U-232 = 19.7 ppm (alpha pulse height analysis performed on g/7/78). 

The activities of the U-234 and U-232 are about 10.2 and 0.73 mCi, respectively. 

Isolation, Shielding, and Safety Interlocks. The encapsulated uranium disc 
assembly is sealed between two 2-in. welding neck flanges by two gaskets (Flexi- 
tallic Casket Company). Two manually operated ball valves are welded onto the 
upstream and downstream flanges. The entire assembly is radially shielded by 2 in. 
of lead and axially shielded by l/2 in. of lead. 

Upstream of the inlet ball valve and downstream of the outlet ball valve are 
high-efficiency particulate air (HEPA) filters that capture any particulates that 
escape from the uranium disc assembly. The HEPA filters are Celman polysulfyn car- 
tridge model 12791, which have better than 99.97% retention for 0.3-urn particles. 
On the upstream and downstream sides of the absolute filters are solenoid-operated, 
fail-close stainless steel block valves (ASCO model 8210 C88). The solenoid valves 
are interfaced with the motor control center so that they automatically close upon 
failure of the pilot plant stack blower. The operator is alerted to this condition 
by a red-light visual alarm. The solenoid valves also automatically close upon 
power failure, thereby isolating the Rn-220 from the main system. 

Radon Detection System 

Theoretical Background. Figure 8 shows the decay chain for U-232 and Th-232. 
In converting thorium to uranium, uranium isotopes are produced in various abun- 
dances. Table I gives the five principal isotopes and their typical mass fractions. 
Alpha emission is predominant in the decay scheme of each of these isotopes and 
spans a broad energy range. It is assumed, however, that only Rn-220 and its decay 
products can enter the transport lines. Radon is a gas at ambient temperature, 
whereas its precursors are nonvolatile solids. 
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Figure 8. U-232 and Th-232 decay chain. (5) 
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Table I. Mass fractions of the principal uranium iosotopes(7s8). 

Isotope Typical Mass Fraction 

U-232 0.00038 
U-233 0.83 
U-234 0.14 
U-235 0.025 
U-236 0.003 

Table II. The alpha spectrum of Rn-220 and its daughter products(g). 

Nuclide 

Rn-220 

Alpha Energy 
(MeV) 

6.287 
5.747 

Alpha Intensity 
(%I 

-99.7 
0.3 

PO-216 6.78 100 

Bi-212 6.049 25 
6.088 10 

PO-212 8.78 100 
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Table II lists the alpha spectra for Rn-220 and its daughter products. The 
6.287~MeV alpha particle accompanies the decay of Rn-220 approximately 99.7% of the 
time. It is possible, therefore, to distinguish Rn-220 from its daughter products 
by using an electronic system capable of discriminating alpha particles of varying 
energies. This may be achieved with an alpha detector in series with a single- 
channel analyzer tuned to the 6.287~MeV alpha energy band emitted by Rn-220. In 
addition to alpha particles, beta and gamma radiation is also present. The use of 
an electronic discriminator makes certain that the beta and gamma radiation and all 
alpha particles whose energy is less than 6.287 MeV are not counted. Similarly, 
ignoring all particles whose alpha energy exceeds that produced by Rn-220 excludes 
nuclides emitting more energetic alpha particles from the count. Figure 9 illus- 
trates these concepts. 

Flow-Through Alpha Detectors. The flow-through alpha detector assemblies and 
associated electronics were designed and supplied by Harshaw Chemical Company, 
Crystal and Electronics Product Department. Figure 10 shows a block diagram of the 
alpha detector. The detector assembly consists of a flanged, stainless steel chamber 
fitted with an array of four silicon, diffused-junction, alpha particle detectors. 
The flow channel contains a series of baffles arranged to maximize the spectral 
resolution in the analysis. 

A diffused-junction detector can be thought of as an ionization chamber in 
which the gas has been replaced with a semiconducting solid. The semiconductor is a 
partially depleted, phosphorous-diffused, p-type silicon nuclear radiation detector. 
Discrimination between alpha particles is based upon the differences in the specific 
ionization of the particles. The number of ions collected determines the height of 
the electronic pulse, as illustrated in Fig. 9. 

Detector Electronics. The small output signal generated by the diffused- 
junction detectors requires sophisticated electronics, as shown in Fig. 10. The 
individual components are as follows: 

1. 

2. 

3. 

4. 

5. 

Preamplifier. A low-noise, charge-sensitive preamplifier (Harshaw model 
NB-25) intended for use with silicon detectors. The charge created in the 
detectors by radiation energy is converted to an amplified voltage. The 
preamplifier is located near the flow-through alpha detector assemblies to 
minimize external electrical interference. 

Mercury switch pulse generator. A pulse generator (Harshaw model NP-1OA) 
designed to closely simulate the output pulse characteristics of nuclear 
radiation detectors. It is primarily used for calibrating and testing the 
associated pulse-handling instruments, i.e., amplifier, single-channel 
analyzer, scaler, and linear rate meter. 

Detector bias supply. A high-voltage power supply (Harshaw model NV-30) 
that provides up to -+300 V dc for operation of solid-state detectors. 

Amplifier. A research-grade linear amplifier (Harshaw model NA-25) for 
accepting the output signal from the preamplifier. 

Single-channel analyzer. A single-channel pulse height analyzer (Harshaw 
model NC-22) for discriminating the output pulses from the linear amplifier 
The energy threshold and band width can be selected to allow measurement of 
the 6.287~MeV Rn-220 alpha particles. 
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Figure 9. Rn-220 alpha pulse, energy discrimination. 
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Figure 10. Block diagram of the alpha particle electronic measuring system. 
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6. Linear rate meter. A linear rate meter (Harshaw model NR-30) driven by the 
single-channel analyzer. It is capable of measuring alpha count rates from 
10 to lo5 cps in twenty ranges. 

7. Scaler. A high-rate pulse counter (Harshaw model NS-12) capable of a 
maximum continuous count rate of 20 MHz with a resolution of 50 ns. The 
maximum count capacity is lo6 with reset capability. 

8. Timer. A digital preset timer (Harshaw model NT-27) for control of the 
scaler. Timing is from 0.1 s to 990 min in 1% increments. 

Process Control and Data Acauisition 

The main carrier gas and side-stream flow rates are regulated by a Diogenes 
(Rosemount, Incorporated) process controller. The output signals from the flow 
indicators, linear rate meter, thermocouples, and pressure sensors are monitored by 
a Hewlett Packard data acquisition system that continuously scans and displays the 
test data on a CRT. The data can also be printed and/or stored in a floppy disc 
file at specified time intervals. 

Results 

The goals of the radon holdup/decay test series were as follows: (1) to empir- 
ically determine the H-mordenite bed length necessary to achieve the design crite- 
rion DF of 103; (2) to determine the effects of N2, air, and CO2 carrier gas on DF 
at a fixed bed length; (3) to determine the effects of bed regeneration and pre- 
treatment with carrier gas on radon removal efficiency; and (4) to determine whether 
particulate daughter products of Rn-220 are effectively trapped within the H- 
mordenite bed. 

The first series of runs was carried out to determine the effect of holdup/ 
decay bed length on removal efficiency. Nitrogen carrier gas was chosen because it 
does not adsorb on H-mordenite. The H-mordenite was used as received; i.e., it was 
neither regenerated nor pretreated with N2. The total carrier gas flow rate was 17 
Nm3/h (10 scfm) at a face velocity of 3 m/min through the bed, A 3.4-Nm3/h (2-scfm) 
side stream was bypassed through the radon generator subsystem, as shown in Fig. 6. 

The column lengths studied were 1.07 m (3.5 ft), 1.52 m (5.0 ft), 2.29 m (7.5 
ft), and 3.05 m (10.0 ft). Table III presents the test conditions for runs 1 
through 4. The diffused-junction detectors wre cleaned with absolute ethanol and 
dried with high-purity nitrogen before each run. A background noise count was taken 
at the inlet and the outlet of the radon holdup/decay bed immediately prior to 
introducing radon into the carrier gas. At the completion of each run, a background 
count was taken to account for any daughter products that accumulated on the 
diffused-junction detectors. The average value of these two alpha count rates was 
used to correct the data obtained during actual radon measurement for background 
noise and detector contamination. Immediately after introducing radon into the sys- 
tem, a Rn-220 alpha energy spectrum was measured at the bed inlet to set the detec- 
tion band so that overlapping daughter peaks such as Bi-212 and PO-212 could be dis- 
criminated. This procedure was carried out before each run. 

Figures 11 through 14 plot the total adjusted inlet and outlet Rn-220 alpha 
counts versus time. The accuracy of the alpha detectors was severely affected by 
electrical interference .introduced by other pilot plant activities. Therefore, the 
runs mre carried out after normal working hours, limiting their duration. The Rn- 
220 removal efficiency is expected to decrease slowly during a long-term run owing 
to adsorption of Rn-220 daughter products and small quantities of moisture onto the 

115 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 

RADON-220 
ALPHA 
COUNTS 

0 1.0 2.0 3.0 4.0 5.0 

TIME(H) 

100,000 

50,000 

0 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

TIME(H) 

Figure 11. Cumulative Rn-220 alpha Figure 12. Cumulative Rn-220 alpha 
counts for the inlet and outlet of a counts for the inlet and outlet of a 
1.07-m (3.5-ft) holdup/decay bed 1.52-m (5.0-ft) holdup/decay bed. 
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bed material. The cumulative DFs, i.e., the total inlet Rn-220 alpha counts divided 
by the total outlet Rn-220 alpha counts over the duration of the run, are presented 
in Table III and shown graphically in Fig. 15 for the bed lengths studied. 

A mechanistic analysis of the removal of short-lived isotopes by holdup and 
decay in an adsorbent bed yields a general equation which takes into account three 
mechanisms of mass transport: (1) molecular diffusion in the aseous phase; (2) 
eddy diffusion; and (3) intraparticle mass transfer resistance f 10). The equation at 
steady-state is: 

C 
- = exp 

cO 

(-$[f+ yy’- 1]1 , (1) 

where Co = concentration of the radioactive isotope in the feed to the adsorption 
bed, 

C = concentration of the radioactive isotope in the effluent from the 
adsorption bed, 

D = effective diffusion coefficient, 
K = effective adsorption coefficient, 
L = length of adsorption bed, 
VS = superficial carrier gas velocity, 
x = decay constant for the radioactive isotope, 
P = bulk density of the adsorbent. 

Combining constant terms, Eq. 1 can be rewritten as: 

where 

and 

DF = exp (k'L) = kL , (2) 

DF = co/c , (3) 

k' =;[(L + y)l'? - l] (4) 

is a constant for the fixed run conditions. 

This simple expression can be used.to fit the data given in Table IV. Figure 
16 shows a plot of log DF versus L. A least-squares analysis yields a value of 2.15 
for the constant k when L is measured in feet. Figure 15 shows the curve determined 
by the least-squares analysis. 
achieve a DF of 103, 

This curve predicts a 2.74-m (9-ft) bed length to 
which is in good agreement with the results found for CO2 car- 

rier gas in previous laboratory-scale experiments.(s) 

The DOG at the inlet to the radon holdup/decay bed is primarily air, whereas 
the BOG at the radon holdup/decay bed inlet is primarily C02. It was therefore nec- 
essary to determine the DF of Rn-220 in both air and CO2 carrier gas so that the 
results could be applied to the design of a full-scale facility. 

The carrier gas can have an effect on the adsorption properties of Rn-220 owing 
to competition with Rn-220 for adsorption sites. Nitrogen and oxygen do not have a 
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Figure 15. Rn-220 decontamination factor versus radon holdup/decay bed length. 
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Figure 16. Plot of log DF versus radon holduprdecay bed length. 
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significant affinity for H-mordenite, and Rn-220 should have the same adsorption 
behavior in each of these carrier gases. Carbon dioxide, however, adsorbs strongly 
on H-mordenite, and the behavior of Rn-220 in this gas may differ from that in N2 
and air. 

Table III shows the test conditions for runs 5 and 6. Prior to each run, the 
3.05-m (lo-ft) holdup/decay bed was regenerated with dry N2 at 2OO'C for about 24 h. 
For run 5, the H-mordenite was pretreated with a steady 17-Nm3/h (lo-scfm) flow of 
CO2 for 48 h before introducing Rn-220 into the feed. A 55'C bed temperature gradi- 
ent was observed, indicating that CO2 was being strongly adsorbed. Pretreatment was 
considered complete when the H-mordenite regained ambient temperature. Radon-220 
was introduced into the carrier gas and measured at the inlet and the outlet of the 
radon holdup/decay bed for 4 h. No measurable Rn-220 was detected at the outlet of 
the bed over the duration of the run after adjusting for background counts. The max- 
imum measurable DF, based on the background counts at the outlet alpha detector, was 
slightly greater than 1000. Therefore, the actual DF for a 3.05-m (lo-ft) bed with 
CO2 as the carrier gas was at least 1000. 

Prior to run 6, the H-mordenite was pretreated with a 17-Nm3/h (lo-scfm) flow 
of dry simulated air (80% N2, 20% 02) for 3 h before introducing Rn-220 into the 
feed stream. The Rn-220 concentration was measured at the bed inlet and the outlet 
for 3 h. No measurable Rn-220 was detected at the outlet of the bed over the dura- 
tion of the run after adjusting the measured counts for background noise, The maxi- 
mum measur-able DF, based on the background counts at the outlet alpha detector, was 
about 3800. Therefore, the actual DF for a 3.05-m (lo-ft) bed with air as the car- 
rier gas was at least 3800. 

During the air and CO2 carrier gas studies, trace amounts of Rn-220 daughter 
products were detected in the radon holdup/decay bed effluent. These particulates 
can be removed from the off-gas stream by installing a HWA filter at the outlet of 
the bed. 

Conclusions and Recommendations 

A series of Rn-220 removal tests was carried out with the radon holdup/decay 
subsystem of the GA engineering-scale off-gas treatment system. The removal effi- 
ciency was studied in N2, air, and CO2 carrier gas streams to simulate dissolver and 
burner off-gas compositions. 

In N2 carrier gas, the Rn-220 DF obeyed the relation DF = (2.15)L, where L is 
the length of the holdup/decay bed in feet. Although this expression represents a 
statistical fit of a small number of data points, it is in good agreement with the 
results found for CO2 carrier gas in previous laboratory-scale experiments(5). 

A DF in excess of 1000 was demonstrated in air and CO2 carrier gas streams for 
a bed length of 3.5 m (10 ft). However, a 3.66-m (12-ft) bed is recommended to 
ensure that the design DF of 1000 is attained. 

The H-mordenite adsorbent for Rn-220 removal must be regenerated prior to its 
use, because adsorbed water reduces its effective radon removal efficiency.(5) For 
BOG streams, the adsorbent must be pretreated with CO2 to protect against the ini- 
tial flow perturbation and heat generation caused by the adsorption of C02. 

Trace amounts of Rn-220 daughter products in the bed effluent can be removed 
from the off-gas stream. Installation of a HEPA filter at the outlet of the bed is 
recommended to trap these particulates. 
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DISCUSSION 
HOHORST: What absolute concentrations of 220Rn were used in, 
for example, curies&meter -3? 

HIRSCH: The U30S sample that was used for these tests con- 
tained approximately 20 ppm U-232. This was the only such source 
available in the USA for Rn-220 generation. The actual Rn-220 release 
from the U3OS sample depends on Rn-220 generation, diffusion, and 
decay within the U3OS particles. The actual release from these parti- 
cles is indeterminable. Therefore, we did not obtain absolute Rn-220 
concentrations, but rather measured the relative concentration at the 
bed inlet and outlet to calculate the DF. Since the amount of Rn-220 
produced by a reprocessing plant on a yearly basis is extremely small, 
(in the mg range) the large size of the Rn holdup/decay bed is more 
than adequate to treat all the Rn-220. 

LITTLE: CO2 removal using 5A sieves appears effective. 
However, the use of N2 for dilution to prevent heat buildup is counter 
productive. How does this dilution affect the final collection of 
the Kr product? 

HIRSCH: Alternatives to nitrogen dilution may consist of 
either modifying the C02/Kr separation bed by installation of internal 
heat exchangers or by operating the CO2/Kr separation bed at much 
colder temperatures to counteract the heat generation by CO2 adsorp- 
tion. The effectiveness of these processes has yet to be determined. 
With respect to nitrogen dilution, the resultant Kr-rich N2 effluent 
needs to be separated in another process for further concentration 
of Krypton prior to Krypton waste storage. A Canadian study given in 
reference 6 has shown that removal of krypton from N2 gas streams by 
selective adsorption is technically feasible. 

RINGEL: Will it be technically feasible to separate a 
larger amount of CO2 from a smaller amount of Kr by adsorption of the 
CO2? 

HIRSCH: The Kr concentration in KALC overhead product is 
high enough to allow separation of Kr from CO2 with a relatively 
largerconcentration by adsorption. The flow rate from KALC is about 
0.5 LPM. It will not require much bed material to capture the CO2 
for long periods of time. In addition, the separation bed can be 
regenerated and re-used. 

122 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 

ADSORPTION OF GASEOUS Ru04 BY VARIOUS SORBENTS. II 

Lj. Vujisid and R. Nikolid 

Department of Chemistry 

Boris KidriE Institute of Nuclear Sciences-VinEa 

Belgrade, Ywgoslavia 

Abstract - 

Sorption of gaseous RuO4 on impregnated Alcoa Alumina H-152 

impregnated charcoal, silica gel and HEPA filter was investigated. 

The results obtained on various sorbents are compared and discussed 
in connection with possibilities to use chosen ljlaterial in air clean- 

ing systems. 

I. Introduction 

Ruthenium, in nuclear facilities, transforms to volatile 

compounds rather easily and because of its elusive and variable che- 

mical and gama- ray spectral characteristics it is rarely detected in 

waste gases. However, Ru-103 and Ru-106 have generally been observed 

among the principal radionuclides precipitated by rainfall and pol- 

len('). 

Among volatile radioactive species removal of ruthenium 

tetroxide from waste gases is greatest problem. In the last years 

large number of papers have been published concerning its adsorption. 

Unfortunately, many investigators seem to have avoided purification 

of RuO4 from other volatile compounds during its generation. Because 

of usually unknown RuO 4 initial concentration it is impossible to 

make complete balance of Ru04 in adsorption experiments. That is one 

of the reasons why decontamination factor and adsorption characteris- 

tics for the same materials differ in various papers concerning Ru04 

adsorption. 

Among many investigated materials for Ru04 adsorption the 

best results were obtained with silica gel. However, there is dis- 
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agreement in results obtained on silica gel as adsorbent for Ru04 

given by different authors. Descreapances in the results may be cau- 

sed by different characteristics of silica gel and by different expe- 

rimental conditions. Most experiments were done at high temperature 

and long residence time which are not normal operating conditions 

of filtration systems. 

In this paper special attention was paid to generate very 

pure Ru04 of known concentration and to find suitable adsorption ma- 

terial for Ru04 under normal ventilation conditions (25'C, residence 

time 0.3 set). Adsorption materials investigated in the present work 

were blue silica gel (Merck), Alcoa Alumina H-151 and Alcoa Alumina 

H-151 impregnated with: CrC13, K2Cr207, Na2Cr04, CoC12 and CO(NO~)~. 

II. Experimental 

Anhydrous ruthenium tetroxide was prepared from ruthenium 

chloride by following procedure. First, ruthenium chloride was fumed 

with concentrated sulfuric acid to remove the chlorides. Solution of 
106 RuCl (product of Amersham) was also treated with sulfuric acid and 

the chlorides were removed by repeated evaporation of sulfuric acid 

solution. Aliquots of ruthenium sulfate solutions labelled with lPRu 

were added to the solutions of inactive ruthenium sulfates in 50% 

sulfuric acid and heated to 60°C in an allglass apparatus. Solid so- 

dium bismuthate was added to oxidize ruthenium to ruthenium tetroxide 

and slow stream &' dry nitrogen was passed through the apparatus. 

Ruthenium tetroxide vapor, carried by the stream of nitrogen, was 

dried with anhydrous magnesium perchlorate and collected in an U 

shaped glass tube, which was immersed into a trap containing solid 

carbon dioxide. 

In order to obtain certain concentration of ruthenium tetr- 

oxide in the gas stream for adsorption experiments the U shaped tube 

was immersed in NaCl-ice bath and stream of dry nitrogen was passed 

through it. Temperature of the bath and flow rate of nitrogen were 

determined in preliminary experiments for several desised Ru04 con- 

cetrations. Concentration and purity 02 ruthenium tetroxide were de- 

termined spectrophotometrically. For spectrophotometrlc measurements 

ruthenium tetroxide was collected in dilute perchloric acid and spe- 

ctra of these solutions were registrated immediately after the gas 
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generation. The spectra were typical for ruthenium tetroxide soluti- 

ons in perchloric acidc2). 

Adsorption of ruthenium tetroxide was followed by measure- 

ments of gama radioactivity of sorbent samples on a scintillation 

counter. Concentration of ruthenium tetroxide in the gas stream and 

concentration of ruthenium species retained with sorbents were cal- 

culated from known initial specific radioactivity of generated ruthe- 

nium tetroxide. Therefore in order to calculate ruthenium concentra- 

tion in this way, in adsorption experiments, it is necessary to ob- 

tain very pure ruthenium tetroxide, labelled with 106 Ru isotope. 

Adsorption of ruthenium tetroxide by various sorbents was 

first investigated under nearly stationary conditions. Ruthenium 

tetroxide was carried by a very slow stream of dry nitrogen (0.2 

dm3/h) thr0ug.h a series of glass tubes containing various sorbents 

which are normaly used in filtration systems of nuclear facilities. 

From these experiments the most convenient sorbents for ruthenium 

tetroxide were chosen for further investigation. Sorbents for inves- 

tigation of ruthenium tetroxide adsorption were placed in a glass 

column with 5 cm inner diameter.AFparatus for investigation of ru- 

thenium tetroxide adsorption is schematically presented in the Fig- 

ure 1. 

The column was filled with three separate beds of various 

sorbents. The first bed was the test bed followed by the two safety: 

beds. Two separate safety columns were also placed after the adsorp- 

tion column. 

Ruthenium tetroxide of desired concentration was passed 

through the adsorption column with air stream of 360 dm3/h flow rate, 

Residence time was, in all experiments, 0.3 sec. Relative humidity 

of the air was 6025% and the temperature of the air stream and the 

test bed was 22-25'C. 

III. Results and Discussion 

In preliminary experiments of Euthenium tetroxide adsorp- 

tion by various sorbents (3) it was shown that silica gel is promis- 

sing material for adsorption of ruthenium tetroxide in filtration 

system of nuclear facilities, when the adsorption is carried out 

under normal filtrarbi&y,n conditions (25'C, 6.0% R.H., residence time 
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By PASS 
PUMP 

AIR + RuO4 

Figure 1. Schematic diagram of the apparatus for investigation of 

adsorption of Ru04: (1) test bed, (2) safety beds, 

(3) safety columns. 

0.3 sec.). 

For investigation of ruthenium tetroxide adsorption blue 

silika gel, produced by Merck, grain size 1-1.6 mm containing 2% of 

moisture was chosen. Chemical analysis of the silica gel, used in 

these experiments, show that it contains iron, cobalt, nickel and 

chromium. During adsorption of ruthenium tetroxide on this silica 

gel from the wet air stream black deposit on silica gel have been 

formed immediately. Retention of ruthenium tetroxide in these expe- 

riments was better than 99.8%. Detailed information about experi- 

mental conditions and results of ruthenium tetroxide sorption on blue 

silica gel are given (3) in previous paper . 

There are some assumptions (4) that ruthenium tetroxide is 

physically adsorbed on silica gel. If that is the case one could 

expect adsorbed ruthenium species to be eluted from silica gel by 

water or acids. However, if Merck's blue silica gel after adsorption 

of ruthenium tetroxide is immersed in 50% H2S04 only less than 0.1% of 

adsorbed ruthenium is dissolved. Therefore, it can be assumed that 

ruthenium tetroxide is chemically adsorbed on silica gel. Probable me- 

chanism of adsorption is gradual reduction of ruthenium tetroxide by 
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polyvalent metal ions, contained in silica gel, into a stable RuO 
2’ 

If this conclusion is correct than good adsorption of ruthenium 

tetroxide by other sorbents which are impregnated or contain poly- 

valent metal ions can be expected. It is known (5) that iron wool and 

Fe203 
powder are also fairly good sorbents for Ru04, but from some 

practical reasons they are not convenient for use in an off gas fil- 

tration systems (filling and refilling of adsorption columns). To atotd 

failure due to indefinite grain size of iron materials Alcoa Alumina 

H-151, which contains 0.1% of Fe 0 
2 3 

and have definite grain size was 

chosen as a base material for sorption of Ru04. 

Alcoa Alumina H-151 is inexpensive, chemically stable and 

inflammable. It also may have advantage in comparison with silica 

gel because it adsorbs water poorly while capacity of silica gel for 

Ru04 is reduced by significant water adsorption. 

Sorption of Ru04 was investigated on Alcoa Alumina H-151 

without further treatment and Alcoa Alumina H-151 impregnated with: 

O.lM CrC13, O.lM K2Cr207, O.lM Na2Cr04, O.lM CoC12 and O.lM Co(N03j2. 

The residence time in all the experiments was 0.3 set, temperature of 

the air stream and the test bed was 22-25'C, and relative humidity of 

the air stream was 602 5%. The results obtained on these sorbents are 

presented in Table I. In the same table the results for sorption of 

Ru04 on silica gel (3) under the same condition are given for compari- 

son. 

From tH& "&ble I it can’:be -se&~ that unimpregnated Alcoa Alumi- 

na H-151 adsorbs RuO,, very poorly although it was expected that it 

would be very good adsorber since it contains 0.1% of Fe 0 
2 3’ 

In addi- 

tion to it, safety beds with Merck's silica gel and the safety col- 

umns did not retain ruthenium species after they passed the Alcoa 

Alumina H-151 bed. Similar effect was observed earlier with other 

sorbents(6). 

From Table I it can also be seen that all the sorbents inve- 

stigated retain Ru04 to some extent. With exception of silica gel and 

Alcoa Alumina H-151 impregnated with Co(N03J2 significant losses of 

ruthenium from the system are observed with all Ohe crn@8enssu,& 

tentative explanation for this .behavior might be that with strong 

reducing agents Ru04 is directly reduced to Ru02 with evalution of 

oxygen which prevents further reduction of Ru04 in the gas stream. 

Similar behavior was obsert.ved with activated charcoal and HEPA 
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Table I. Results of Ru04 adsorption on various sorbents; 

temperature 22-25'C, relative humidity 60+5%, 

residence time 0.3 sec. 

impregnant R(%) Ql(mg) 

Alcoa Alum in a H-151 

6.0 1.67 1.20 1.61 

CrCl 
3 7.2 2.66 44.4 1.46 

K2Cr207 10.2 3.04 21.8 2.34 . 

Na2Cr04 4.0 1.85 22.3 1.38 

CoC12 2.8 1.04 39.6 0.58 

CO(NO~)~ 0.9 0.34 99.9 0.0 

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

Blue Silica G e lc3) 

10.0 0.50 99.9 0.0 

9.7 0.97 99.9 0.0 

9.7 1.45 98.5 0.0 

9.4 1.65 98.2 cl*0 

10.2 2.04 98.0 0.0 

10.0 2.92 97.3 0.0 

c - concentration of Ru04 in the air stream, 

QO- generated amount of Ru04, 

R- retention of Ru04 by the test bed, 

Ql- nonadsorbed amount of Ru04 in the system. 

filters(3'6). Difference between sorption properties of Alcoa Alu- 

mina H-151 impregnated with Co(N03j2 and CoC12 may be explained by 

oxidative properties of NO 3 
ions and possibilities of various com- 

plex formation between ruthenium and nitrates (7) . 

IV. Conclusion 

Results of Ru04 adsorption on charcoal, silica gel and 

Alcoa Alumin H-151 unimpregnated and impregnated by chromium and 

cobalt salts show that probably the most important fact is the way 
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of reduction of Ru04. If reduction of Ru04 goes directly to Ru02 or 

metal ruthenium than oxygen is evolved. Hence, oxidative atmosphere 

is formed which prevents further reduction of Ru04. Oxidative atmo- 

sphere might also be formed-n other oxidative substances are pre- 

sent in the gas stream. For instance, in nuclear power plants, vari- 

ous iodine species which are present in the waste gases stream may 

also interact with ruthenium volatile species causing losses of ru- 

thenium in filtration systems and difficulties in detection of ru- 

thenium species on the filters. 

Satisfactory adsorption material for ruthenium tetroxide 

can only be a sorbent on which reduction of ruthenium tetroxide goes 

slowly and gradually through formation of ruthenium compounds in 

which ruthenium is in various lower oxidation states. 

Acknowledgements: Performed under contract of Serbian Fund for 

Scientific Activities. 
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KLEIN, Y.: Do you think the difference in the trapping mec- 
hanlsm for Ru could be: (1) in the case of silica gel, RuO4 is first 
adsorbed and then reduced so that the Ru remains on the bed (2) in 
the case of impregnated Alcoa alumina, Ru04 is reduced in the gas 
phase into aerogels of Ru oxides which are not efficiently trapped 
by either a silia gel bed or an Alcoa alumina bed? 

Vujisic: The mechanism of Ru04 adsorption on silica gel is 
slow and gradual reduction occurs on it. But in the case of Alcoa al-u- 
mina 4-151 (either unimpregnated or impregnated with Cr and Co salts, 
except Co (NO3)2) it reduces directly and a lot of oxygen is liberated. 
so, this oxidative atmosphere prevents further reduction of Ru04 on 
the sorbent material. 
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Abstract 

The AKUT II-facility (throughput 10 m3/h, STP) for the clean up 
of the burner off-gas has been tested with synthetic off-gas and 
with off-gas from cold burner tests. The results are reported. 

During dissolution of the burner ash in nitric acid an off-gas 
is formed whose main component is air and which, besides the gaseous 
fission products, contains NOx. 
fission products NO 

Before the separation of the gaseous 
x 

For these reactions 
and/or 02 are removed by reaction with H2 or NH3. 

catalysts were used. Because of the known 
disadvantages of catalytic systems, 
poisoning or thermal influence, 

like reduction in efficiency by 

flameless reduction was tested. 
the alternative method of thermal, 

The reactions were carried out in a stainless steel and a 
quartz reactor. Throughput, reaction temperature, 02-, NO,-, Ha-,and 
NH3-concentrations respectively were varied. The goal of these tests 
was to remove 02 and NO x to below 1 ppm behind the reactor and NH3 
to below the detection limit of 50 ppm. 

It was found that at a reaction temperature of 750°C in the 
stainless steel reactor these goals can be reached for both H2 and 
NH3 as reducing agents. 
takes place. 

In the quartz reactor only the OS-H2-reaction 
Obviously stainless steel acts as a catalyst for all 

other reactions. 

I'. Burner Off-Gas 

The composition of the burner off-gas 

The burner off-gas consists mainly of CO2 with varying amounts 
of CO and impurities in the ppm-range (Table I), of which 12, Xe, Cs, 
and part of the Kr are fission products. 
also 10m2 

The water vapor contains 
ppm fission product T in the form of tritiated water. The 

rest of the impurities stems from the oxygen used for burning and 
from the graphite,. 02 should not be present in the off-gas in the 
percent range except for burner disturbances. When the 02 
concentration reaches 5 % the burner is shut down automatically. 
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co2 
co 
(0, 
W 
Xe 
Kr 

J2 
Cs-Aerosols 

N2 

Ar 
CH4 

G-A-4 
so* 
Cl* 
NO, 
NH3 

a5 v0l % 
15 Vol % 

< 5 Vol %) 

loo0 PPm 
42 ppm 

18 ppm 
1 mm 

50 rng/m3 

50 mm 
550 ppm 

30 PPm 
30 PPm 
6 PPm 
2 wm 
1 PPm 

Q5 ppm 
Table I: Typical Composition of the Burner Off-Gas 

The AKUT II-facility 

To clean up the burner off-gas the AKUT II-facility (1,2) has 
been built. The facility is operated wit;)synthetic off-gas and 
with off-gas from the JUPITER facility . 

The AKUT II-facility with a nominal throughput of 10 m3/h [STP] 
is divided into a low pressure section (p 2 I,5 bar) for the removal 
of impurities other than Kr and a high pressure section 
for the enrichment and separation of Kr (Figure 1). 

(P L 100 bar) 

Figure 1: Schematic Flowsheet of the AKUT II-Facility 
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The low pressure section comprises electrostatic precipitators 
(EF 1+2), HEPA-filters (FF l+2), 
(IA 1+2), SO2 (SA 1+2), 

adsorption beds for 12 and Cl2 
and H20 (WA 1+2) and a recycle system with a 

catalytic oxidizer (CTK I) for the conversion of CO and 02 to CO2 
(Table II). 

Bed Material Operation Regeneration 

AKUT II Volume Height Name 
Component 

Manufacturer Pressure Tempe- Nominal Pressure Tempe- Gas 
rature Gas rature Velocity 

[II [mm1 
Velocity 

[bar abs.] ["Cl [m/s] [bar abs.] [“Cl [m/s1 
I,-Adsorber 6.5 650 AC 6120 SOd-Chemie. 1.4 25 0.21 - - - 
(IA 1 + 2) Mijnchen 

- 
SO,-Adsorber 6.5 650 Zeolon Norton, 1.3 25 (SA 1 + 2) 0.23 1.1 250 0.24 900 Na 

Wesseling 

Oxidizer 12 2 x 40 1922 K Kali-Chemie. 1.2 250-650 - - - 
(CTK 1) (0.15 % Pd) 

Space 
Hannover Velocity: 

12.5 m3 
(STP)/lh 

i,O-Adsorber 6.5 650 3A Merck, 1.2 25 (WA 1 + 2) 0.25 1.1 350 Molecular 0.28 
Darmstadt 

Sieve 

For the enrichment of Kr the gas is compressed (K 4), liquefied 
(TK 1 and WT 41, and fed into the distillation column (RX 1). 

The two sections have been operated separately. The following 
analyzers were used for monitoring concentrations: 

Halogens: Oxidant Monitor Type 924-9 by Mast Co., 
Davenport, Iowa 

so2: Model 953 by Beckman, Munich, and 
a model 299 by Perkin-Elmer, uberlingen, 
with a 20 m gas cell 

H20: AQUANAL by K. Gerhard, Blankenbach 

co: URAS by Hartmann und Braun, Frankfurt 
and a model 299 by Perkin-Elmer, 
uberlingen, with a 20 m gas cell 

02: MAGNOS by Hartmann und Braun, Frankfurt, 
and a Type OA 137 by Servomex, Ratingen 

Test results 

Three test phases can be distinguished: first the components 
were tested separately. Then the low pressure section was tested as 
a whole before it was connected to the JUPITER facility.* In table 
III the tested flows and concentrations in the feed and the 

"With JUPITER off-gas 5 test runs were made with a duration between 
4,5 and 7 hours 
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resulting effluent concentrations are listed. 

Flow 
Concentrations: 

co2 
co 

0, 

Hz0 

so* 

Synthetic Off -Gas 
Feed Eff bent 

5 - 10 m3/h (STP) 

82.5 - 97.5 ‘7’0 - 1 00 % 
2.5 - 17.5% < 20 ppm 

- 0.35 O/o 

775 - 2500 ppm 2 PPm 
7-19ppm 0.1 ppm 

40 - 99 % 

O-60% 
0 - 1.5% 

600 - 2500 ppm 

0.05 - 5 ppm 

JUPITER Off-Gas 
Feed Eff bent 

3.5 - 9.5 m3/h (STP) 

I 

- 100% 
< 100 ppm 
0.3 - 1.5% 

3 PPm 
0.02 ppm 

Table III: AKUT II, Test Conditions 

The 12-adsorber tests were not completed because the iodine 
analyzer broke down. They will have to be repeated after repair of 
the analyzer, but no surprises are expected because the material 
AC 6120 has been tested sufficiently at other institutions (4). 

The SO2 adsorption material Zeolon 900 Na has been tested at 
General Atomic Company (5) and has been put into the AKUT II- 
facility for intermediate use. During the tests it reached the 
expected decontamination factors (Table III). For two reasons 
laboratory tests are under way to find a chemical rather than a 
physical adsorbent: 

a) on physical adsorbents other components such as water 
vapor (containing tritiated water vapor) are coadsorbed, 
which are released to the stack during regeneration of 
the adsorbent. Besides Zeolon 900 Na has a rather low 
dynamic adsorption cap?gfty for SO2 (30 mg/g at a face 
velocity of 0.08 m/s) 

b) the radioactive isotope S 36 with a lifetime of 
88 days is formed during irradiation from the chlorine 
present in the graphite. It might be necessary to store 
SO2 till this isotope has decayed. 

Table IV contains the preliminary data of the chemical 
adsorbents tested so far. The tests were made with a high SO2 
concentration of 2300 ppm to shorten the run time. In previous 
tests with 18 ppm SO2 in the feed with all adsorbents less than 
0.1 ppm SO2 in the effluent were reached at ambient temperature. 
A rise of temperature up to 4000C produced no significant 
improvement. The utilisation of the active component has been a 
few percent at best so far but tests for optimisation are going 
on. 

The next component downstream of the S02-adsorbers is the 
catalytic oxidizer (Table II). The catalyst (0.15 wt.-% Pd on 
Al2O3) can be operated as low as 2OOoC, but since the CO-02 reaction 
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Adsorption 
Material 

Merck 
Nr. 5953 

Kali-Chemie 
Br 1601 

Kali-Chemie 
Br 1598 

Siid-Chemie 
G-72 D 

Siid-Chemie 
G-3 

Siid-Chemie 
ODL-N-140 

I 

I Active 
Comp. 

MnO, 

MnO, 

MnO, 

ZnO 

Fe,O,/Cr,O: 

cue 

1 Percentage 
of Act. 
Comp. 

wt- % 

40-60 0.91 432.- 155 

8 0.9 26.- 50 

8 0.48 23.- 18 

90 35 

80/9 

1.05 

1.0 

0.75-l .o 

10.20 

9.40 

35.- 

32 

22 35 

Packing 
Densitiy 

kg/l 

cost 

DM/kg min 

Time till 
Breakthrough 

Table IV: Chemisorption of SO2 

Bed volume: 136 ml Superficial face velocity: 0.03 m/s 
Bed height: 150 mm 

100 l/h [STP] 
SO2 concentration: 2300 ppm SO2 

Gas flow: in CO2 
Temperature: 20% 

breaks down completely between 1900 and 200°C it is advisable to 
keep a safety margin. We do not operate lower than 2500C. 

The gas recycle of the oxidizer system, which dilutes the off- 
gas to a concentration far below the CO-02 explosion limit, was 
operated at 150 k 20 m3/h [STP]. 

The CO concentration behind the catalyst is < 20 ppm (detection 
limit of the Perkin Elmer IR-analyzer model 299 with 20 m gas cell) 
and independent of the CO feed concentration when the 02 surplus is 
> 0.33 %. During the JUPITER tests the Perkin Elmer IR-analyzer was 
Eat available, so that a less sensitive analyzer was used where the 
detection limit was 100 ppm CO. 

The JUPITER off-gas shows a fluctuation of flow, 02 and CO 
concentration even at steady state conditions. The typical variation 
would be between 10 and 11 m3/h [STP], 10 and 13 % CO,and 0 - 0.2 02 
in a 3 minute rythm (corresponding to the feed of crushed fuel 
elements into the burner). The CO fluctuations were controlled well 
in the oxidizer system, but sudden CO increases 1 5 % caused 02 
surplusses up to 1.5 %. Work is under way to improve the control 
system and also to reduce the pressure drop across the connecting 
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ducts, because the AKUT II blower (K 1) could only suck 9,5 m3/h 
[STP] due to a too high pressure drop. 

If in the off-gas hydrocarbons are present these are reduced in 
the oxidizer to H20 and C02. 

Water vapor is removed in the H20-adsorbers (WA 1+2). In the 
laboratory 3 A, 4 A, and 5 A molecular sieves have been tested. No 
difference was detected in capacity, breakthrough curve or 
decontamination factor. The 3 A molecular sieve was chosen for 
AKUT II. Figure 2 shows the breakthrough curves for identical 
molecular sieves and identical loading conditions for the laboratory 
adsorber of 34 mm diameter and the AKUT II adsorber of 113 mm 
diameter. Rather unexpectedly the breakthrough time and with it 
the length of the mass transfer zone were much longer for the 
adsorber with 113 mm diameter compared to the adsorber with 34 mm 
diameter. 

s 2 
Bed ham. 34mm 

LMTZ q 123 mm LMTZ = 293mm 

Bulk Gas: CO, 
C,: 2400 ppm Hz0 
Bed Height: 650 mm 
Face Velocity: 0.26 m/s 
Time till Breakthrough: 43 h 

18 24 30 
Time [hl - 

Figure 2: Adsorption of H20 on 3 A Molecular sieve (Merck), ratio of 
effluent concentration c and feed concentration co versus 
time 

The H20 effluent concentration was 2 - 3 ppm and in the tested 
range independent of the feed concentration (Table III). The 
capacity of 190 g H20/kg MS corresponds to the data given in 
literature (6). 

Behind the water adsorbers the off-gas was released into the 
hot cell off-gas ducts. 
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The distillation column RK 1 has been tested separately with 
pure CO2 to gain the flooding curves. 

The overall length of the column is 5.8 m and the inner 
diameter is 40 mm. 
5 x 5 mm) is 4.7 m. 

The total height of the packing (wire spirals 
It is divided into four parts with liquid 

distributors between them. 

The diameter of the column was designed such that the vapor 
velocity at nominal throughput was 50 % of the flooding velocity. 
The flooding velocities were calculated with the empirical equation 
given in Perry's Handbook (7) 

$a P L 
3 g pye2 = function E 3 

53E Pl 1/- p1 
(1) 

Ut = superficial gas velocity, ft./set. 
aP = total area of packing, sq. ft./cu. ft. bed 
E = fractional voids in dry packing 
57 = gravitational constant, 32.2 ft./sec.2 

Pl,g = gas and liquid densities, lb./cu. ft. 
L = liquid-mass rate, lb./(sec.)(sq. ft.) 
G = gas-mass rate, lb./(sec.)(sq. ft.) 
1-11 = liquid viscosity, centipoise 

For comparison the floodin curves were also calculated with the 
equation given by Sawistowski 3) 

'F 
2 

1r-l 'z 

where UP = 

a = 
g = 
8 = 
PL = 
PG = 
UL = 
!Jw = 
G = 
L = 

flooding velocity of the gas phase based on 
total column cross-section 
surface area of packing per unit volume of column 
acceleration due to gravity 
void fraction of the packing 
density of the liquid 
density of the gas 
viscosity of the liquid 
viscosity of water at 20°C (approx. 1 centipoise) 
mass rate of flow of the gas phase 
mass rate of flow of the liquid phase 

(2) 

In Figure 3 the vapor velocities at flooding points for L/V = 
i.e. for total reflux, at temperatures between - loo C and + 200C 
are shown. The calculated curves are based on equation (1) (dot - 
dash - line) and equation (2) (dashed line). The diagram also 
contains our data (solid line). The difference between the vapor 
velocities calculated by equation (1) and our data is only between 
8 % at 120C and 1 % at - 10°C. This is very satisfactory, 
considering the fact that equation (1) was derived from data on 
air-water-systems where e.g. the PL/PG ratio is 1000 compared to 
the CO2 system where pL/pG = 6.5 at 10%. 

1, 
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Figure 3: Vapor velocities at flooding points versus temperature 
for L/V = 1 

The pressure drop (Ap) through the column is plotted versus the 
vapor velocity (UU) for several temperatures in Figure 4. The curves 
show the typical lower break at the loading velocity and the 
typical upper break at the flooding velocity. 

The values for the vapor velocity and the pressure drop at the 
flooding points (UF and ApF) at various temperatures (T) are 
inserted in the diagram. (UF was plotted versus T in Figure 3.) 

Work planned for the AKUT II-facility in near future is 

- to get the low pressure section ready for the next JUPITER 
campaign, planned for September 

- to run the distillation column at L/V ratios other than 1 

and to determine the efficiency of the column for C02-N2, 
CQ-02 I and C02-Kr systems. 
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10 - 100 

! 

s 0 
E 

2 

10( 

10 

12 0,037 41 
7 0,042 40,5 

1,5 0,049 40 
-3 0.054 39,5 
-6 0.060 39 

-10 0,068 38,5 

I- 

AKUT II-Facility 

Distillation Column L/V = 1 Flooding 
point 

\ Loading 
point 

I I , IIIlll 1 I I Illlll I 

0,001 0,Ol OJ 
UD I mlsl - 

Figure 4: The Pressure Drop Ap through the Distillation Column 
versus Vapor Velocity UD at Various Temperatures 

II. Dissolver Off-Gas 

Introduction 

During dissolution of nuclear fuel in concentrated nitric acid 
nitrogen oxides are formed which are released into the process off- 
gas system together with the gaseous fission products. A typical 
composition of the dissolver off-gas is shown in table V. 

N2 75.4 Vol.% 
02 20.3 Vol.% 
H20 1.5 Vol.% 
Xe 1.06 Vol.% 
Ar 0.9 Vol.% 
NO, 0.5 Vol.% 
Kr 0.16 Vol.% 
H2rJ2rC02rCnHm < 0.1 Vol.% 

Table V: Typical Composition of the Dissolver Off-Gas 

139 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 

The goal of the experiments reported herein was the removal of 
02 and NOx from the dissolver off-gas to below 1 ppm to protect the 
cryogenic Krypton-separation unit following downstream. 

The main work on removal of 02 and/or NOx has been done on 
catalytic reduction: 

02 and NO, 
catalysts 
mordenite f 

together have been reacted with H2 over noble metal 
9,101. To remove NOx alone, it was reduced with NH3 over 
'l1,12]. 

Since the use of catalysts includes some drawbacks like 
poisoning and dust formation, it was decided to check the 
possibilities of thermal reduction. 
NH3 were tested [13]. 

As reducing agents both H2 and 

The reaction equations for the 02-NOx-H2 and the 02-NOx-NH3 
systems are listed in table VI. The stoichiometric amount of H2 was 
determined by equations I and II and of NH3 by equations VI and VII. 
The NH3, which is formed according to equation III and the NH3 

O2 + 2 H2 ---, 2 Hz0 (1) 
2NO+ 2H2 + N2 + 2 Hz0 (11) 
2NO-t5H, + 2 NH3 + 2 Hz0 (III) 
NO2 + H2 + NO + Hz0 (IV) 
2 NH3 --, N2 + 3 H2 (v) 

2 NH3 + 312 O2 --j N2 + 3 Hz0 o/I) 
4 NH3 + 4 NO + O2 + 4 N2 + 6 Hz0 (VII) 
4 NH3 + 3 NO;, + 712 N2 + 6 Hz0 (VIII) 
4 NH3 + 5 0, -j, 4 NO + 6 Hz0 (IX) 
2 NH3 ---) N2 + 3 H2 (V> 
2NO+5H, + 2 NH3 + 2 Hz0 (III) 

Table VI: Reaction Equations for the 02-NOx-H2 and the 02-NOx-NH3 
Systems 

surplus in the 02-NOx -NH3 system dissociate according to equation V 
into N2 and H2. This leads to the second goal of our tests besides 
the removal of 02 and NOx below 1 ppm: to introduce no NH3 into the 
off-gas. 

Table VII contains the different gas mixtures, the various gas 
streams and concentration ranges, and the reactor materials that 
were tested successively. 
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Tested Gas Mixtures 

N2 - O2 - H2 
N, - NO - H2 
N2 - O2 - NO - HP 
N2 - O2 - NO - H2 - HP0 
N2 - 0, - NO - H2 - 12 

N2 - O2 - NO - NH3 
N2 - O2 - NO - NH3 - Hz0 

Tested Gas Compositions 

N2 : 600, 800, 1000 I/h (2O”C, 1 .l bar) 
02 : 0.5, 1 % 
NO : 750, 1500 ppm 
Hz0 : 0, 10000 ppm 
H2 : 23 to 140 % surplus 
NH3 : - 40 to + 60% surplus 
12 : 0 to 3000 ppm 

Tested Reactor Materials 

Stainless Steel Nr. 1.4571 (DIN) 
Quartz 

Table VII: Tested Gas Mixtures, Gas Compositions, and Reactor 
Materials 

Test Equipment 

Figure 5 shows the design of the thermal reactor fabricated 
from stainless steel Nr. 1.4571 (DIN). Five thermocouples in 
protective tubes are located at various heights. Three resistance 
heater jackets were controlled independently to establish a fairly 
even temperature profile throughout the reactor. 

The quartz reactor had the same dimensions as the metal reactor, 
but was equipped with only 2 thermocouples, T 2 and T 6. 

Figure 6 shows the test assembly. the gases were supplied from 
gas cylinders, with the exception of iodide and water vapor. Iodine 
was liberated from a sodium iodide solution by reaction with 
ammonium ferro sulfate. Water vapor was added by directing part of 
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Thermal 
Reactor 

Y Direction 
of Flow 

Figure 5: Design of the Thermal Reactor 

the N2 stream through a water tank. Entrained water aerosols were 
separated in a demister. All gases were blended upstream of reactant 
gas supplies. Before the gas entered the reactor it was heated in a 
preheater wrapped with a heating tape. The gas entered the reactor 
in all tests with a temperature of 4200C. The reactor temperature was 
varied between 4200C and 75OOC. Behind the reactor the gas was cooled 
to ambient temperature in a water cooled heat exchanger, where part 
of the water vapor condensed. 

The gas was analysed for iodine and ammonia discontinuously, all 
other analyses were continuous. For 02 concentrations above 
1000 ppm a MAGNOS (Hartmann & Braun), for 02 concentrations below 
1000 ppm an ELCOFLUX C5 (Dr. Thiedig & Co) were used. H2 was 
measured with CALDOS analyzers bv Hartmann & Braun, and NOx with a 

142 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 
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I Analyzers 1 
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+H,SO, 
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I 
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I L----------------------A Equipment for 
Thermal Reactor Tests 

Figure 6: Test Assembly 

LUMINOX 201 by BOC and a model 951 by Beckman. For water analysis an 
AQUANAL by K. Gerhard KG was used. NH3 was absorbed in boric acid 
and titrated. 12 was absorbed in an aqueous potassium carbonate 
solution, reduced to iodide with sodium sulfate and then determined 
with an ion selective electrode. 

Reduction tests with the metal reactor 

H2 as' reducing agent 

The first reaction to be tested was the 02-H2 reaction. Figure 
7 shows the complete reduction of 02 with H2 as a function of 
reactor temperature and throughput. The higher the throughput, that 
means the lower the residence time, the higher the temperatures 
that are necessary for complete removal of 02. For the higher H2 
surplus (curves a and c) the reaction temperature can be lower than 
for the lower surplus (curves b and d). It is interesting to note 
that for the lower 02 concentration tested (0,5 %) for the highest 
throughput of 1000 l/h [STP] higher reaction temperatures were 
measured (curves c and d). 

In the next test series with NO and H2 the NH3 formation and 
the reaction temperature were checked. 

Figure 8 shows the results for a feed of 1500 ppm NO. The 
numbers in the curves give the H2 concentration in the reactor 
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Figure 7: Complete Reduction of 02 with H2 as a Function of Reactor 
Temperature and Throughput 

effluent. Below 500°C NO is reduced and NH3 formed. It can be seen 
that for higher H2 surplus NO is reduced at a lower temperature and 
that the formation of NH3 depends on the amount of H2 present. For 
I,5 % H2 in the effluent all NO is reduced to NH3. The NH3 
dissociates at temperatures above 45OoC, and at 6300C the NH3 
concentration is below the detection limit of 50 ppm. 

In the diagram no throughput was entered as parameter because 
the curves are identical for the three tested throughputs of 600, 
800 and 1000 l/h [STP]. For a feed of 750 ppm NO the curves are 
similar in shape and do not render any different results. 

From the tests described so far it can be seen that both NO and 
02 can be removed completely by reaction with H2. The next step was 
to test the simultaneous reduction of NO and 02 with H2. Again the 
N2-feed of 600, 800 and 1000 l/h [STP], 02 feed concentrations of 
0.5 % and 1 %, NO feed concentrations of 750 and 1500 ppm, and H2 
concentrations in the effluent of 0.5 %, 1 % and 1.5 % (corresponding 
to stoichiometric surplusses between 23 % and 140 %) were tested. 

Figure 9 shows the results of one of these tests with a feed 
of 0.5 % 02, 750 ppm NO, and 2 % H2 (which corresponds to 93 % 
stoichiometric surplus). 

For the specific gas composition shown in Figure 9 02 is 
removed completely for a N2 feed of 600 l/h [STP] at 5200C for a N2 
feed of 800 l/h [STP] at 630°C. For a N2 feed of 1000 l/h [STP] 
3 ppm 02 remain, even at 740°C. For NO, the temperature is always 
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Figure 8: NO and NH3 Effluent Concentrations vs. Reactor Temperature 

lower than for 02. NH3 in all cases needs 730°C to 7SOoC for complete 
dissociation. 

Summing up the different runs with N2-02'NOx-H2-gas mixtures it 
can be said that 

- in all tests on the reduction of 02 and NOx with H2 NH3 was 
formed. The NH3 formation depends mainly on the NOx concen- 
tration, the H2 concentration,and to a lesser degree on the 
throughput, with the lowest concentration at a N2 feed of 
800 l/h [STP] and the highest at 600 l/h [STP], 

- for a N2 feed of 600 l/h [STP] (corresponding to a residence 
time of 3,5 s) for all tested 02 and NO, concentrations and 
independent of the H2 surplus no 02, NO, or NH3 can be 
detected behind the reactor for a reactor temperature of 
73ooc f 2ooc, 

- for a N2 feed of 1000 l/h [STP] (corresponding to a residence 
time of 2,l s) for all tested mixtures traces of 02 and NO, 
2 10 ppm and also traces of NH3 2 160 ppm were found in the 
effluent. 

This means that if a mean reactor temperature of 730°C + 20°C 
is maintained and the residence time is > 3,5 s than for all tested 
gas mixtures no 02, NO, or NH3 is found in the reactor effluent. 

Since the dissolver off-gas is saturated with water vapor, its 
influence was tested by adding 10.000 ppm water vapor to the gas 
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Figure 9: 02, NO,, NH3 Concentrations in Effluent vs. Reactor 
Temperature and Throughput 

mixture. Generally speaking it can be stated that by the presence of 
water the reaction temperatures for 02 and NOx were lowered and the 
NH3 formation was enhanced. But at the temperature of 7300C + 20°C 
all NH3 had dissociated so that in the end no difference was 
noticeable. 

NH3 as reducing agent 

In the following test series NH3 was used as reducing agent. 
Again a N2 feed of 600, 800 and 1000 l/h [STP], 02 concentrations of 
0.5 and 1 %, but only one NO concentration of 1500 ppm were tested. 
NH3 was varied between -40 and + 60 % of the stoichiometric amount. 
Figure 10 shows the results of varying amounts of NH3 on the 02 and 
NO, concentrations in the effluent. 02 is reduced to NO for under- 
stoichiometric NH3 supply and only at -. 40 % overstoichiometric 
supply no NO, is detectable in the effluent. Furtheron it can be seen 
that only for the lowest N2 feed stream of 600 l/h [STP] all 02 is 
reduced. For the two higher throughputs even at 40 % over- 
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Figure 10: 02 and NO x Concentrations in Effluent for NH3 as 
Reducing Agent 

stoichiometric NH3 supply 10 to 30 ppm 02 are detectable in the 
effluent. 

In Figure 11 the 02, NO,,and NH3 concentrations in the reactor 
effluent versus the feed stream are shown. Only for the N2 feed of 
600 l/h [STP] 02 and NO, are removed below 1 ppm. But even for the 
lowest throughput NH3 is found in the effluent: NH3 concentration is 
170 ppm and 320 ppm for a feed of 0.5 % 0 2 and 1 % 02 respectively. 
That means that a longer residence time than the one tested is 
necessary to remove NH3 completely. 

Introduction of 10.000 ppm H20 did not influence the results. 

Reduction tests with the quartz' reactor 

To clarify the question whether the reactor material influences 
the described reactions, part of the tests were repeated in a quartz 
reactor of the same dimensions as the stainless steel reactor. 
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Figure 11: 02 and NO, Reduction with NH3 

The tests were made with a N2 feed of 600 l/h [STP], an 02 feed 
concentration of 1 %, a NO feed concentration of 1500 ppm, and a 
reactor temperature of 75OOC. 

In the 02'H2 reaction 02 was removed completely at a stoichio- 
metric H2 surplus of only 1 %. The NO-H2 reaction did not take place. 

The tests were repeated with NH3 as reducing agent. And again 
no reaction took place. 

When a few pieces of the stainless steel reactor material were 
put into the quartz reactor all reactions rendered the same results 
as in the stainless steel reactor. It is obvious that the NO,-H2- 
and the 02-NOx -NH3 reactions are catalyzed by stainless steel. Since 
the steel Nr. 1.4571 (DIN) which we used is not the right material 
for a reactor with a prolonged life time, and the recommended material 
for temperatures around 750°C which is not suceptible to 
embrittlement by N2 is Incoloy 800, it would be advisable to check 
the influence of this material on the reactions. 

Influence o'f iodine on the re'actions 

The last test series was made to determine the effect of iodine 
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on the described reactions. The tests were made in the metal reactor 
at 7400C and a N2 feed of 600 l/h [STP]. Summing up the data, it can 
be stated that below 25 ppm 12 in the gas no influence was noted. 
More then 25 ppm I2 led to traces of 02 and NOx (2 10 ppm) in the 
effluent. An 12 excursion of 3000 ppm caused the complete breakdown 
of all reactions. If the 12 influx is stopped and the reactor flushed 
for a few minutes with a N2-H2 mixture the reactor recovers and the 
reactions take place again. 

In the quartz reactor only the 02-H2 reaction was tested, since 
other reactions do not take place as mentioned above. At an 12 
concentration of 140 ppm the H2-02 reaction broke down completely. 

It is assumed that iodine atoms interrupt the H2-02 chain 
reaction with the consequence that the reaction rate drops and the 
gas needs a longer residence time for complete reaction. It is also 
possible that the catalytic centers of the metal are poisoned by the 
iodine and the NO,-H2 reaction is impaired. To clear this point more 
experiments would be necessary. 

Summary 

Summing up the tests with thermal reactors it can be said, that 

- 02 and NOx can be reduced with H2 at 730 2 20°C. No 02, NO,, 
or NH3 is detected in the effluent if the residence time is 
2 3.5 s. 

- 02 and NOx can also be reduced with NH3, but a longer 
residence time than for H2 is needed, because more 
intermediate reactions are involved. 

- The reactions are catalysed by stainless steel. 

- Traces of iodine 2 25 ppm impair the reactions. 

- Saturation of the gas with water vapor does not increase 
the reaction temperature or the residence time. 
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SURFACE DEPOSITION OF RADON DECAY PRODUCTS 
WITH AND WITHOUT ENHANCED AIR MOTION 

S.N. Rudnick, E.F. Maher, W.C. Hinds, and M. W. First 
Harvard Air Cleaning Laboratory 

Boston, MA 02115 

Abstract 

The effectiveness of fan-induced air motion in reducing airborne activity of short-lived 
radon decay products was evaluated in a 78-ms chamber. Observed reductions were as high 
as 50% for RaA (siePo), 79% for RaB (214Pb), and 86% for RaC (214Bi). Activity Measurements 
of these nuclides on chamber and fan surfaces, along with airborne activity, were used to 
calculate material balances. Greater than about 90% of deposited activity was found on 
chamber surfaces, although areal activity density was higher on fan surfaces. Deposition 
velocity and diffusional boundary thickness were also determined. When no fans were used, 
boundary layer thickness was estimated to be 25 times the recoil distance of a RaB atom 
and, with fans, about 4 times the recoil distance, suggesting that recoiling RaB atoms prob- 
ably do not play a significant role in the relationship between surface and airborne activity. 
The results of this study have relevance for all habitable spaces having excessive radon con- 
centration. 

Inaction 

Engineering strategies to control short-lived radon decay products in buildings or 
mines can be divided into three types: 1) prevention of radon entry (e.g., sealants, ven- 
tilated crawl spaces, and judicious selection of building materials); 2) dilution with outside 
air directly or through heat exchangers; 3) removal of radon or its decay products from the 
indoor airspace by various air treatments. Historically, air dilution has been most effective, 
although not employed for this specific purpose. Recently, it has become less acceptable 
because of high energy costs for heating and air conditioning dilution air. Research con- 
ducted in the present study was directed to a subdivision of strategy 3, removal of radon 
decay products due to air motion produced by fans. 

Fans remove radon decay products from. the airspace by causing surface deposition, 
which is often termed plateout. The primary mechanism causing plateout by fans is 
dausion, and although this mechanism is also active when no fans are in use, fan-induced 
air motion can enhance its importance greatly. Because partitioning of radon decay pro- 
ducts between the airspace and surfaces is fundamental to understanding the health 
hazards associated with radon, experimental data on plateout, as well as on the fate of all 
radon decay products, are necessary for formulation and verification of a mathematical 
model. 

Plateout due to fan-induced air motion has been reported previously by several investi- 
gators.(1a2*a) Wren&l observed reductions in working level of up to 90% in two uranium mines 
due to air motion caused by air recirculation rates between 20 and 60/h, far in excess of 
that which would be used in buildings. Holub@) reported working level reductions of 41% in 
an experimental chamber when a mixing fan was used. His tests indicated that this reduc- 
tion was the result of radon decay product deposition on the fan rather than on chamber 
surfaces. Abu-Jarad@) reported a 28% reduction in working level for an experimental 
chamber when a mixing fan was operating. Using plastic track etch u-detectors, he com- 
pared acti’vities on fan blades and chamber surfaces, before and after treatment, and found 
that fan deposition accounted for about 2% of activity lost from the airspace. He concluded 
that enhanced deposition on chamber surfaces was responsible for most of the working level 
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reduction. 

Experimental Methods 

Experimental studies were designed to simulate closely conditions occurring in a 
residence or building. Nonetheless, transient effects, such as time-dependent variations in 
air infiltration rate or radon intrusion rate, were not studied because experimental results 
would have been too difficult to analyze. Consequently, all measurements were made after 
steady-state experimental conditions were attained. 

Apparatus 

Experiments were made in a chamber having a volume of 78-ms and surface area of 122 
m2. This chamber was unfurnished and had a linoleum floor, painted metal walls, and five 
sealed windows. Air infiltration rates were established by exhausting the requisite airflow 
through a calibrated venturi flowmeter. Although air was forced to infiltrate through cracks 
and pores in chamber surfaces, pressure in the chamber was less than barometric pressure 
by at most 3 mm of mercury. Aerosol particles in the chamber entered with air that 
infhtrated from adjacent air-conditioned laboratory spaces. Aerosol concentration ranged 
from 12 to 83 pg/ms during the experimental program.(*) 

Radon (szeRn) was generated by bubbling 0.2 L/mm of humidified air through a 100-&i 
s2*Ra solution. Gas exiting the bubbler passed through a droplet trap and a filter and, then, 
flowed to a distribution manifold on the floor of the chamber. This arrangement simulated 
seepage of radon through the floor. 

Sampling ports were located in the exhaust duct and in one wall of the chamber. Both 
ports accepted 50-mm diameter open-faced filter holders, which minimized aerosol sam- 
pling losses. Tests made with carbon monoxide released in the chamber as a tracer gas 
showed that these locations gave representative samples of concentrations in the chamber 
and confirmed that the chamber air was well mixed. (*I Aii samples for radon were taken 
from the exhaust duct through a filter into an evacuated lOO-cm8 Lucas flask.@) 

Measurement of Radon Decay Product Concentration 

Radon decay product concentrations were determined from a 5-minute air sample col- 
lected on a Millipore AA membrane Alter, which was counted by alpha scintillation after the 
fUter was placed in direct contact with the Ag-activated ZnS-phosphor-coated side of a 
disposable mylar film (W.B. Johnson and Associates, Montvitle, N.J.). The mylar film was 
touching the window of a photomultiplier tube in a light-tight enclosure during the counting 
period, which started 2 minutes after the end of the sampling period and continued for 30 
minutes. Working level and concentrations of RaA, RaB, and RaC were calculated from the 
counts in three time intervals using the modified Tsivoglou method.@) 

Measurement of Rado12 Decay Product Surface Activities 

DilPerent equipment and procedures were used to measure surface activities of radon 
decay products on chamber surfaces and on fan parts. 

On Chamber Surfaces. Steady-state radon decay product activities on chamber sur- 
faces were measured in the following manner: 47-mm diameter paper or aluminum-foil 
disks were affixed to various locations on ceiling, floor, and walls and allowed to remain in 
the chamber for a stiicient time to establish steady-state activities of RaA, RaB, and RaC. 
The disks were removed one at a time from the chamber; by comparing activities of 
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successive samples at the same location, we determined that our entry into the chamber 
had no effect on plateout measurements. The disks were counted under vacuum by alpha- 
particle spectrometry using a 12.6-cm2 silicon surface-barrier detector. Total number of 
counts under the RaA and the RaC’ (214Po) alpha peaks during one time interval and total 
number of counts under the RaC’ alpha peak for a later time interval were determined for 4 
or more disks removed from various locations. From these 3 counts, the steady-state activi- 
ties of RaA, RaB, and RaC on the surfaces were estimated using a computer program written 
for radon decay product airborne concentration(7) and modified for calculation of surface 
activity.(*) No significant differences in area1 density were observed when using aluminum- 
foil or paper disks at the same location, although peak resolution was considerably better 
with foil. This resolution difference results from higher energy loss of an LX. particle when 
escaping the rougher paper surface on its way to the detector, an observation reported by 
previous investigators.@.g) 

On Fan Blades and Housing. Steady-state activities on fan blades and fan housing were 
measured using 6 identical, 75-cm 2, Ag-activated-Z& scintillation detectors. Each detector 
was provided with a protective rigid grill to permit direct contact with surfaces and a l- 
mg/cm2 aluminized mylar film to shield the photomultiplier tube from room light. (model 
43-1, Ludlum Measurements, Sweetwater, TX). 

Activities on front and back fan blade surfaces and fan housing were measured simul- 
taneously with as many detectors as could be positioned within the first 2 minutes after 
removing the fan from the chamber. The modified Tsivoglou method.@) adapted for calcula- 
tion of surface activity,(*) was used to back-calculate steady-state radon decay product 
activities to the instant when the fans were removed from the chamber. 

When measuring deposition on the 51-cm box fan, usually 4 detectors were placed on 
front and back surfaces of 2 blades out of a total of 14 and another 2 detectors on 2 inside 
locations of the housing. Three detectors per blade side were used to characterize average 
activity on 1 of the 4 blades of the 130-cm ceiling fan. Deposition was not uniform with dis- 
tance along the blade, as shown in Table I. 

Table I Relative area1 activity density on blade of 130-cm ceiling fan. 

Relative area1 activity density 
Air infiltration rate 0.23/h 0.52/h 
Decay product RaA RaB RaC RaA RaB RaC 
Position on blade 

Inner third 1.00 1.00 1.00 1.00 1.00 1.00 
Middle third 1.30 1.85 1.78 1.20 1.65 1.60 
Outer third 1.74 2.30 2.53 1.20 2.00 2.48 

Surfaces near the blade tip were found to have up to 2.5 times the area1 activity density as 
those near the inner part of the blades. Similar trends were noted for top and bottom blade 
surfaces, but as expected, no differences in area1 density with position were found when the 
fan blades were still. The higher activity area1 density at the tips of the fan blades was prob- 
ably due to the thinner boundary layer thickness and to the larger air volume per blade 
area swept out by the faster moving surface. 

Results 

The importance of radon decay product plateout was quantified from activity measure- 
ments in the air, on chamber surfaces, and on fan parts. These measurements were also 
used to calculate individual material balances and estimate plateout rates, deposition 
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velocities, and diffusion boundary layer thicknesses for RaA, RaB, and RaC. 

Plateout 

Plateout of radon decay products will always occur to some extent. Its importance can 
be greatly enhanced through air mixing caused by fans. 

Without Fans. Measurements of working level ( WL) and airborne concentrations of RaA, 
RaB, and RaC at various air infiltration rates are given in Figure 1. Theoretical curves, 
shown also in Figure 1 and based on the assumptions of no plateout, spatially uniform 
steady-state concentrations, and infiltration air free of radon and its decay products, were 
plotted from Equations 1, 2, 3, and 4c4): 

hb 

wL = (&+$.+I) [Icl + if+ + A, +,)I 

c, = SE\,& 
133.2&+1)(& +I) 

cb 
c, hb 

=- 
ht,+I 

CC - ‘bAc 
A, +I 

(1) 

(2) 

(3) 

(4) 

where 

WL = working level (i.e., any combination of RaA, RaB, RaC, and RaC’ atoms in one liter 
of air that will, on decay to Pb-210, release 130,000 MeV of alpha-particle energy), WL 

C = radon decay product concentration, pCi/L 

S = radon intrusion rate per chamber volume, atoms/(h.L) 

I = air infiltration rate (i.e., volumetric flow rate of infiltrating air divided by chamber 
volume), l/h 

h = radioactive decay constant (h, = 0.00758, h, = 13.7, hb = 1.55, and A, = 2.11), l/h 

k = dimensional conversion factor (k 1 = 1.052 x 10e4 and k2 = 5.908 x lo-‘), WL.L/atom 

r,a,b, and c are subscripts indicating radon, RaA, RaB, and RaC, respectively. 

In all cases, the measured concentrations were less than the theoretical curves, a result of 
plateout on chamber surfaces. Daerences. which varied from 8.4 to 26% for WL, 11 to 26% 
for RaA, 9.1 to 25% for RaB, and 7.4 to 26% for RaC, were larger at lower air infiltration rates, 
suggesting that longer residence times at lower infiltration rates had a greater effect on pla- 
teout than the diffusional boundary layer thickness, which would be expected to be thicker 
at lower infiltration rates. 

With Fans. Reduction in radon decay product concentration resulting from increasing 
plateout by air mixing was studied using a ceiling fan and a portable box fan. 
Manufacturer’s specifications for these fans are given in Table II. 
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Figure 1 Effect of air infiltration rate on radon decay product 
concentration with no fans in use. (Square symbols de- 
note experimental data; solid lines denote theoretical 
curves based on the assumptions of no plateout, spatially 
uniform steady-state concentrations resulting from de- 
cay of lOO-UCi Ra-226 into 78-m3 chamber, and radon- and 
radon-decay-product-free infiltrating air.) 
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Table II Manufacturer’s fan specifications. 

Fan type 51-cm box fan 130-cm ceiling fan 
Model number 11077’ 22306-75” 
Setting High Medium Low High Low 
Airflow rate, m3/min** 156 147 136 198 113 
Fan speed, rev/min 1000 930 750 200 115 
Power consumption, W 185 150 100 155 80 

‘Hunter Comfort Conditioning Division, Robbins & Myers, Inc., Memphis, TN 38114. 

“NEMA method 

Figure 2 shows the ratio of radon decay product concentration with a fan to the concentra- 
tion without a fan versus air infiltration rate. Use of box fans reduced WL by 43 to 76% and 
concentrations of RaA by 32 to 50%, RaB by 45 to 79%, and RaC by 43 to 86%. 

Material Balance Calculations 

Steady-state material balance equations for radon, RaA, RaB, and RaC in terms of 
atoms per unit time are given by Equations 5 through 8. The left side of these equations 
accounts for entry of radon and its decay products into the chamber, including its airspace 
and surfaces, and the right side for their exit in the exhausted air and elimination by decay. 

For radon, 

where 

V = chamber volume (i.e., its airspace volume), L 

+ radon concentration in infiltrating air, atoms/L 

4 = number of airborne radon atoms in the chamber 

n, = radon concentration in exiting air, atoms/L 

We assumed that radon adsorption on chamber surfaces was negligible. 

Similarly, for RaA, RaB, and RaC, 

N,h, +nfVI=n,VT+N,X,+ W,X, 

N,h, + w,h, + TZb v. = nb w + Nbhb + wbhb 

Nb&, + w,,hb + ?$m = n, I/I + N,h, + w,h, 

where 

nf = radon decay product concentration in infiltrating air, atoms/L 

n = radon decay product concentration in exiting air, atoms/L 
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Figure 2 Effect of mixing fans on radon decay 
product concentration. 
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N = number of airborne radon decay product atoms in the chamber 

W = number of radon decay product atoms on chamber surfaces 

Me.asurements indicated that infiltration air was free of radon and its decay products 
(i.e., n$Wti- -ng~$wO) and that point-to-point concentrations were fairly uniform and not 
much different from exhaust concentrations c4) (i.e., nwN/ Ir for radon and its decay pro- 
ducts). 

Applying these approximations to Equations 5 through 8 and rearranging gives surface 
activities (i.e., disintegrations per unit time) of each decay product: 

wa A, = SV&/ (I+&) - n, V(I+h,) W 

Wbhb = SIG,/ (/+A,) - nb V(I+Ab) - n, 1/1 (10) 

WC AC = sn,/ (I+li,) - n, V(/(I+h,) - (n,+nb)VI (11) 

The amount of radon decay products on chamber surfaces can also be expressed in terms of 
potential alpha energy in MeV (PA&‘); i.e., 

PAE = E=W, + E,a(W, + w, + WC) (12) 

where 

J% = energy of alpha particle from RaA = 6.00 MeV 

& = energy of alpha particle from RaC’ = 7.66 MeV 

Inserting Equations 9 through 11 into Equation 12 and rearranging yields 

PAE = [E,&’ + E,e(h,’ + X,’ + h,‘)]SV&/ (I + h,) 

-[Q + nb + nG + !$&I(&’ + hg’ + h,‘) 

(13) 

The right side of Equations 9, 10, 11, and 13 can be used to calculate activities of radon 
decay products and potential alpha energy on chamber surfaces. The measured parame- 
ters required are air infiltration rates, airspace volume, airborne concentrations of RaA, 
RaB, and RaC, and radon intrusion rate. If these calculated values are in agreement with 
measured values of RaA, RaB, and RaC activities and potential alpha energy on chamber sur- 
faces, and the fate of all radon decay products has been confirmed. 

Material balance results for 5 tests in which surface measurements were made are 
shown in Table III for radon decay products and Table IV for potential alpha energy. The 
amount of radon decay products on chamber surfaces and fan parts are given in Table V. As 
shown in Table III, measured activity of RaA on all surfaces ranged from 46% to 86% of calcu- 
lated activities based on Equation 9. The range was 46% to 114% for RaB and 56% to 250% for 
RaC based on Equations 10 and 11, respectively. Measured potential alpha energy on sur- 
faces, shown in Table TV, ranged form 52% to 116% of calculated amounts based on Equation 
13. If the test with two box fans are ignored, this range would narrow to 94% to 116%. 
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Measured and calculated values of activities and potential alpha energy on surfaces had 
an error attributable to counting. Counting error associated with calculated activities and 
potential alpha energy was traceable to measurements of airborne radon decay product 
concentrations used in Equations 9, 10, 11, and 13. We assumed that the number of counts 
measured followed a Poisson distribution and that counting error could be estimated using 
the standard error propagation equation. 

To determine whether differences between measured and calculated values could be 
explained solely by counting errors, we tested the null hypothesis, that the difierence is 
zero. We assumed that the difference was distributed normally with a variance equal to the 
sum of the counting-related variances of measured and calculated values. Counting-related 
variances are given in Tables III and IV in terms of the coefficient of variation. Entries in the 
last column of these tables are p-values, the probability of erroneously rejecting the null 
hypothesis. Values of p less than 0.05 indicate significance at the 95% confidence level; i.e., 
the difference between measured and calculated values of activity or potential alpha energy 
cannot be explained solely by counting errors. Alternative explanations for material bal- 
ance discrepancies (i.e., p < 0.05), other than counting error, are uncertainties in radon 
source activity, air infiltration rate, sampling rate, and detector efficiency, as well as nonun- 
iform airborne concentrations in the chamber (i.e., deviations from a well-mixed model) and 
nonuniform radon decay product deposition on chamber surfaces. Because activity meas- 
urements were made on only a small fraction of the surface area of the chamber, nonuni- 
form deposition is probably the primary cause for material balance discrepancies. 

For 15 material balances shown in Table III, counting error can account solely for the 
differences between measured and calculated values in 10 cases. For 5 material balances 
shown in Table IV, 4 of the differences can be explained by counting error. 

Plateout Parameters for Radon Decay Products 

Various parameters, such as plateout rate, deposition velocity, and boundary layer 
thickness, can be used to quantify plateout of radon decay products. These parameters are 
useful for mathematical modeling and for comparison purposes. 

Plateout Rates. The plateout rate of RaA, Pa, is deflned as the number of equivalent 
chamber volumes of RaA that are completely deposited on chamber surfaces per unit time. 
An equivalent chamber volume of RaA is equal to N,, the number of RaA atoms airborne in 
the chamber, whether attached to particles or not. Thus, the number of atoms of RaA plat- 
ing out per unit time is equal to PaNa. At steady state, P,N, is also equal to the number of 
atoms of RaA on chamber surfaces that decay per unit time (i.e., surface activity of RaA). 
Thus, 

As shown schematically in Figure 3, evaluation of the plateout rate for RaB is more 
complicated than for RaA because of two reasons: (1) when atoms of RaA on chamber sur- 
faces decay, they become RaB atoms; and (2) they also recoil when the alpha particle is 
emitted and may therefore become resuspended. The steady-state material balance for 
RaB on chamber surfaces is given by Equation 15: 

Pb& + w,h, = wbh, + W,&R 05) 

where R is the fraction of RaA atoms on chamber surfaces that, upon decay to RaB, become 
resuspended into the chamber airspace, which is assumed to be well mixed. Evaluation of R 
requires experiments that we did not conduct, and as far as we know, R has never been 
measured for conditions resembling a building or a mine. 
defined Pd as a net plateout rate of RaB; i.e., 

To overcome this deficiency, we 
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(16) 

Thus, 

P; = (Wbhb - waLTm% (17) 

One expects R to take on values between 0 and 0.5 because half the atoms recoil into the 
surface. When R = 0, Pd=Pb and when R = 0.5, Pi=Pb -0.5 W,h,/ N,. The plateout rate for 
RaC can also be obtained from a material balance: 

Beta recoil from decay of RaB to RaC and RaC to RaC’ was assumed to be unlikely.(15) 

Using Equations 14 through 18, we calculated plateout rates, which are summarized in 
Table VI. For W,, W,, and WC, we used the average of measured and calculated values given in 
Table III; although this is somewhat arbitrary, the average should be a good estimate of true 
surface activities because material balances must be satisfied. The plateout rate of RaB 
(Pb) was calculated assuming R = 0 or R = 0.5; the correct value for Pb should lie some- 
where between these two calculated values. Coefficients of variation due to counting errors 
are also given in Table VI. Coefficients of variations for RaB and RaC’tend to be much larger 
than for RaA, reflecting the statistical penalty incurred when two large numbers are sub- 
tracted and the difference is small. For this reason, measured plateout rates for RaA are 
probably more accurate than for RaB and RaC. Pa can be more accurately determined also 
because it is larger than Pb or PC inasmuch as more RaA is unattached to particles than RaB 
or RaC and most of the plateout is attributable to unattached species. By the same reason- 
ing, Pt, should be greater than PC. With the exception of the no-air-treatment test at an 
infiltration rate of 0.52/h, Pa > Pb > PC, as expected. 

Deposition Velocities. Deposition velocity is defined as the flux of atoms to the 
chamber surfaces, i.e., atoms per unit time per unit area, divided by the concentration in 
the chamber airspace, which is assumed to be well mixed. Inasmuch as deposition velocity 
is a measure of how rapidly these atoms move from the well-mixed airspace to chamber sur- 
faces, different deposition velocities would be obtained for atoms attached and unattached 
to particles. Because unattached atoms have a deposition velocity that is about 500 greater 
than attaqhed atoms(“), we assumed that only the former play a significant role in plateout. 
Thus, 

v, = Pa V/ Af a (19) 

where 

va = .deposition velocity of unattached RaA atoms, m/s 

A = area of chamber surfaces 

fa = unattached RaA atoms/total RaA atoms 

Measurements using a diffusion battery indicated that frs” l/3 in our experimental 
chamber.f4) Approximate deposition velocities for unattached RaA atoms were calculated 
from Equation 19 and are given in Table VII. 

Boundary Layer Thickness. In a very simplistic model for the distribution of radon 
decay products in a chamber, concentrations are assumed to be spatially uniform except in 
a very thin boundary layer in which they decrease linearly to zero at the surface. If pla- 
teout of unattached RaA atoms is a molecular diffusion process, then in the boundary layer 
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Fick’s first law will be obeyed, i.e., 

J = -D a& - 
a a1 

where 

J = flux of unattached RaA atoms to chamber surfaces, atoms/(s~m*) 

0, = diffusion coefficient for unattached RaA atoms, m2/s 

c, = concentration of unattached RaA atoms, atoms/m3 

1 = distance from the surface, m 

Combining Equations 19 and 20 and incorporating the assumptions yields 

&=D,/ v, 

(20) 

(21) 

where La is the diffusion boundary layer thickness for unattached RaA atoms. 

Boundary layer thicknesses for RaA, based on Da = 0.05 cm2/s,(“) are summarized in 
Table VII. Boundary layer thicknesses for RaB and RaC were not calculated because their 
measured plateout rates are not believed to be accurate. Deposition velocity and diffusion 
boundary layer thickness for unattached RaB and RaC, however, would be expected to be 
approximately equal to those for RaA. 

Conclusions and Summary 

In a 78-m’ chamber, observed reductions in airborne activity caused by air motion 
induced by a 130-cm ceiling fan were as high as 50% for RaA, 77% for RaB, 81% for RaC, and 
75% for WI,; with a 51-cm box fan, reductions were 40% for RaA. 79% for RaB, 86% for RaC, 
and 76% for W,!,. Although these reductions are roughly comparable, the ceiling fan has 
significant advantages: it consumes less energy than the box fan, is considerably quieter, is 
probably better designed to operate continuously for many years, and produces less notice- 
able air motion. The manufacturer claimed that the ceiling fan can be used profitably all 
year round; i.e., by altering the direction of rotation or pitch of the blades, it can be used to 
“reduce air conditioning cost during the cooling season and reduce wasteful heat 
stratification during the heating season. “(12) Use of ceiling fans in the winter, however, tends 
to make a residence feel colder except possibly for buildings using local heat sources or 
having very high ceilings.(13) 

To determine the fate of radon decay products, a material balance was calculated 
based on measurements of decay product activities on chamber surfaces, on the fan, in the 
airspace, and in exiting air. Less than 7% of the surface deposition of radon decay products 
took place on fan blades or fan housing, as shown in Table V. Holub et a1.c2) found deposition 
on a fan, but none on walls, when conducting similar experiments. The reason for these con- 
tradictory results can be explained as follows: the surface area of a fan is significantly less 
than that of walls, and, therefore, area1 activity density on a fan could be many times 
higher. Thus, the relative external activity on the fan measured by the beta-gamma detec- 
tion system of Holub et al. may have been in a measurable range with their equipment, 
whereas the wall activity was not. Holubf’*) found no activity on the fan when he replaced 
his nichrome-wire condensation nuclei generator with a different type of generator. He sug- 
gested that the activity he measured on the fan in his original experiments was due to the 
charged state of the condensation nuclei.ir4) 

167 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 

Deposition velocities for unattached radon decay products were found to be 0.14 cm/s 
when no fans were used and between 0.61 and 0.86 cm/s with fans; boundary layer 
thicknesses for unattached decay products were 3.6 mm without fans and between 0.58 and 
0.82 mm with fans. The likelihood of recoil-caused resuspension of a radon decay product 
atom into the well-mixed airspace can be estimated by comparing the boundary layer thick- 
ness and the stopping distance of a recoiling RaB atom. When the boundary layer thickness 
is much larger than the stopping distance, recoil can be neglected, whereas if the opposite 
is true, resuspension must be taken into account. When they are about the same, the 
importance of recoil is less clear. The stopping distance in air of a recoiling RaB atom has 
been reported to be equal to about 0.1 mm. (s*15l This is about one quarter the boundary 
layer thickness calculated for those tests in which fans were used and about one twenty-fifth 
the boundary layer thickness when no fans were in operation. Thus, recoil probably did not 
play a significant role in the interaction of airborne and surface activity of RaB under the 
conditions of our experiments, although special tests are necessary to validate this specula- 
tion. 
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DISCUSSIOJ 

YOUNG : Has the use of aerosol additions with subsequent fil- 
tration with high efficiency filters been used to selectively remove 
radon and daughter products from process streams or ventilation 
systems: 

FIRST: We also included that aspect in our studies. I did 
not report on that today because it is going to be published in 
Health Physics in an issue devoted exclusively to radon and decay 
products. We did find, of course, that decay products seek any 
surface. Once you put in aerosols, or allow aerosols to come in, you 
get a large fraction attached to particles. We performed studies 
using diffusion batteries whereby we could remove the unattached 
radon decay products and get the attached out the other end in pretty 
pure form. We related the results to particle size and to particle 
numbers and ended up by having a rather serious disagreement among 
ourselves as to whether it was better to have more particles or 
whether it was worse from the standpoint of health. We looked at 
where the radon decay products would deposit if they were-unattached. 
Some think they may go deep into the lungs. My impression from the 
diffusion constants that we worked with is that they probably would 
not get very far down before they would deposit by diffusiophoresis, 
whereas small particles would go down deep linta the alveola spaces. 
Which is worse from the standpoint of lung cancer is a matter of some 
debate in the literature. I think it is still up in the air. 

YOUNG: I wasn't thinking primarily in terms of stripping 
decay products from the air in homes or business buildings. I was 
thinking more about process systems,or where you want to remove 
radon selectively. It seems like the utilization of aerosols or 
downstream filters might be one technique of doing it. 

FIRST: We also did filter studies. A HEPA filter strips 
unattached radon daughter products out of the air at 100% efficiency 
with one passage but you end up with the remaining radon in the air. 

ROUYER: According to your study, what do you recommend as the 
most effective means to decrease working level in insulated buildings? 
Is it to put fans and increase plateout, or is it to increase the 
ventilation rate? 

FIRST: The easiest and simplest thing to do is to increase the 
ventilation rate. Almost everywhere, it was never a problem in 
buildings and residences until we started conserving energy and 
tightened up the buildings so that there was little natural or mechan- 
ical air exchange. Proposals have been made to use heat exchangers 
so that one can continue to ventilate buildings, but recover some 
of the heat (or some of the air conditioning) in the exhausted air. 
That is a very inefficient way of recovering heat because the temp- 
erature differential will be very small and one does not get much 
heat recovery for the large amount of equipment that must be -purchased 
and installed. In addition, you have to expend energy for blowers, 
motors, and so on. We were looking for simple ways that wouldn't 
cost anything, wouldn't take up any space, and wouldn't require any 
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maintanence. One \of the ways you can do that, for example, is to 
greatly increase the surface area in a room, but this is very awkward. 
However, if you have a hot air heating system, you can fill the ducts 
with egg crate separators and this will impose almost no added re- 
sistance, but will give a many-fold surface area increase and you can 
strip out decay products bv diffusion very nicely. That was another 
of the things we looked at but did not report on in this paper. 
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FORMATION AND CHARACXERIZATION OF FISSION-PRODUCT ARROSOLS 
UNDER POSTULATRD HIGR ACCIDENT CONDITIONS 

I. N. Tang and H. B. Munkelritz 
Brookhaven National Laboratory 

Upton, N. Y. 11973 

Abstract 

The paper presents the results of an experimental investigation on the forma- 
tion mechanism and physical characterization of simulated nuclear aerosols that 
could likely be released during an HIM core heat-up accident. Experiments were 
carried out in a high-temperature flow system consisting essentially of an induc- 
tively heated release source, a vapor deposition tube, and a filter assembly for 
collecting particulate matter. Simulated fission products Sr and Ba as oxides are 
separately impregnated in H451 graphite wafers and released at elevated temperatures 
into a dry helium flow. In the presence of graphite, the oxides are quantitatively 
reduced to metals, which subsequently vaporize at temperatures much lower than re- 
quired for the oxides alone to vaporize in the absence of graphite. A substantial 
fraction of the released material is associated with particulate matter, which is 
collected on filters located downstream at ambient temperature. The release and 
transport of simulated fission product Ag as metal are also investigated. Electron 
microscopic examinations of the collected Sr and Ag aerosols show large agglomerates 
composed of primary particles roughly 0.1 gm in diameter. 

I. Introduction 

The potential evolution of substantial amounts of radioactive a8rOSOlS as a 
consequence of high-temperature vaporization of nuclear materials during a reactor 
accident is a major consideration in reaCtOr safety analysis. 
(11, 

In an earlier study 
the rate and extent of aerosol formation were reported for HTGR core graphite 

heated up to 16008C in either a dry or moist helium. It was shown that particles in 
the Aitken nuclei size range were formed with initial concentrations as high as 
lo7 particles per cm3. Since airborne particles at high concentrations readily 
serve as condensation or adsorption sites for gaseous species, it would be expected 
that, under appropriate conditions, the presence of aerosol particles could greatly 
facilitate the gas-phase transport of vaporized fission products. 

In the present paper, we report the results of an investigation concerning the 
release and transport of simulated fission products Ag, Sr and Ba as particulate mat- 
ter. Although extensive research efforts have b88n expended during the past fifteen 
years or so, both in the United States and abroad, on the formatio&a$l characteriza- 
tion of radioactive aerosols pertaining to LWR and LMFBR safety l 

considsration has been given to the potential aerosol problems in HT& safety 
The results of the present study show that fission product transport via aerosols is 
an important safety problem to be seriously considered in H'IGR accident analyses. 

II. &Deriaental Procedure 

A high-temperature flow apparatus, shown schematically in Figure 1, was con- 
structed. Basically, it consisted of a quartz tube inside which a graphite sample 
was heated inductively in flowing dry helium. A filter assembly was located some 
distance dorrnstream from the heated release source. The quartz tube had an enlarged 
section (8 cm dia. x 40 cm length) immediately above the heated sample region for 
effective deposition Of condensible vapor Species on the Walls. Fission products 
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Figure 1. Schematia Diagram of Fission Product Transport Apparatus 

associated with partioles passed through the vapor deposition section and were sub- 
sequently collected on a 0.2 gm filter (Pluoroporo or Nuclooporo) placed in the fil- 
ter assembly. The quantity of the collected material was analyzed by atomio absorp- 
tion. 

The simulated fission products Sr and Ba were initially in the form of 
nitrate, whereas metallic Ag, except otherwise indicated, was used in the 
experiments. A typical experiment with Sr was conduoted in the following manner, 
Thin wafers (2 mm thickness x 2 cm diameter) of II451 graphite were first dried at 
15OOC in a vacuum oven to a constant weight. The prewoighsd wafers wore then placed 
in a glass vessel, which was evacuated and baok-filled with an aqueous Sr(NO312 
solution of predetermined oonoontration. After an overnight soak, the wafers were 
removed from the vessel and dried in the vacuum oven to a oonstant weight. The 
final weights were noted. The amount of Sr(NO312 salt absorbed in the pore 
structure of the graphite was then craloulatod from the weights before and after 
impregnation for each wafer. 

The Sr(N$)2 impregnated wafers wore then enclosed in an H451 graphite 
oruoible having a 3 mm-diameter aight hole on its ewer for temperature monitoring. 
The optiaal path (sight glass and prism) and pyrometer wore calibrated together for 
temperature measurement using foils of gold, silver, palladium, niokel and platinum, 
whose melting points are aoourately known. In later orperimontr, however, the 
wafer8 were simply stacked together and mounted on a graphite pedestal. 

The assembled source was then heated induatively in flowing helium, with the 
filter assembly bypassed, to a temperature of about llOO°C at which Sr(N%)2 is 
converted to SrO acoording to the follarring reaation:. 
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2 Sr(NO3)2 $ 2Sr0 + 4NO2 + 02 (1) 

After allowing a sufficient time for conversion (usually 30 min.), the filter was 
valved back to the gas stream. The sample temperature was then increased to a pro- 
determined level and hold constant during a sampling period. At the conclusion of 
the sampling period, the exposed filter was removed and immediately replaced with a 
now filter before the temperature was raised again. Occasionally, the filter as- 
sembly was loft in the gas stream during the initial heating period to ascertain 
whether or not Sr was released during the conversion process. In no instance was a 
significant amount of Sr found. When desired, a small flow (100 cc/min.) could be 
diverted into a continuous-flow condensation nuclei counter for monitoring the parti- 
cle concentrations of the gas stream. 

III. Results and Discussion 

Vaporization Mechanism for AR. Sr and Ba 

Both Sr(N03)2 and Ba(N03)2 decompose at - llOO°C to form respective 
oxides, which are stable refractory material having a high molting point and lonr 
vapor pressures at moderato temperatures. Electron probe microanalysis t5) has 
shown that fission product Sr and Ba form ceramic oxides in irradiated oxide fuel 
kernels. Fission product Ag, on the other hand, is present in the fuel kernels as 
metal since it is .not stable in its oxide form at temperatures as low as 3OOoC. 
Some of the relevant physical properties are given in Table I for Ag, SrO, and BaO, 
along with the approximate release temperatures observed for each species in the 
presence of graphite. 

Table I 

Selected Physical Properties 

F.P. m.D. .OC 
Observed* Vapor Pressure 

b.u.,OC Release Tomo..°C at Release Tomu,torr 

As 961 2212 -1100 -0.04 

SrO 2430 -3000 -1250 -1.3 x 10-7 

BaO 1923 -2000 
* In presence of graphite 

-1500 - 1 x 10-3 

The release temperatures given in Table I for Ag, SrO and BaO wore derived 
from a series of experiments in which the simulated fission products wore each 
released from a heated II451 graphite source into dry helium flowing at 2.5 Urnin. 
The material oolloctod on filter at each temperature was analyzed and the amount was 
converted into percent of the initial fission product loading as element. Asummary 
of the results is shown in Figure 2, whore cumulative peroontago of the material 
collected as particulate matter in each experiment was plotted vs. release 
temperatures. The steepest portion of the release curve was taken as a rough 
estimation of the release temperature for the fission product under investigation. 

The vapor pressures of the two oxides at the release temperatures, as shown in 
the last colrrmn of Table I, are rather lore for vaporization to take place signifi- 
cantly. Thormodynamio considerations, however, indicate that chemical reactions of 
the oxides with graphite could proceed to reduce the oxides to the metallic state, 
which would then vaporize at relatively low temperatures. In the case of SrO, for 
example, the overall reaction could be as follows: 

174 



17th DOE NUCLEAR AIR CLEANING CONFERENCE 

1000 1200 1400 1600 1800 2000 2200 
RE LE ASE TEMPERATURE,OC 

Figure 2. Particulate Transport as a Function of Souroo Temperature 

SrO (5) + C (8) = Sr (g) + CO (g) (2) 

whore the letter in the parenthesis indicates the state of substance being either 
solid or gas. The thermodynamic equilibrium of Boaotion (2) may be represented by 

-AG"/RT Pco' PSr = Kp = e (3) 

whore the activity of a solid substancro is taken as unity, Kp is the equilibrium 
constant, AGO is the Gibb's free energy of roaetion, and B is the gas-law constant. 
A computation of the equilibrium partial pressure for metallic Sr at T = 1500sK 
yields a value of 0.14 torr for PSr, 
oxide, P?&n 1.2 x 10-7 

as aomparod to the vapor pressure of the 
torr at the samo temperstare. Tho above oaloulation olear- 

ly indicates that, in the prosenoe of graphite, fission product strontium would 
vaporize as metal rather than as oxide. In order to further oonfirm this 
hypothesis, anothor oxporimont was carried out, in whiah St0 was placed in a 
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tungsten crucible and heated in the absence of graphite. The results from this 
experiment wore compared with those of an earlier experiment performed in the 
presence of graphite. As shown in Figaro 3, SrO wss not vaporized approciately in 
the absence of graphite, oven at temperatures as high as 176OW. 

Physical Characterization of Sr and Aa Aerosols 

The color of the freshly collected Sr aerosol on Fluoropore filters usually 
varied from light brown to black, depending upon the thickness of the deposit. Upon 
exposure to room air, the deposit always lost its color, indicating the conversion 
of elemental Sr to the oxide, and eventually to the hydroxide form. 
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I 
90 IN TUNGSTEN CRUCIBLE 

I TO 
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Figure 3. Effect of Graphite on SrO Vaporization 
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In an effort to study the particle size and morphology of the Sr deposit, oloc- 
tron microscope 55mplos wore prepared in experiments whore the filters wore exposed 
only briefly to the aerosol stream. At 1 litor/min flow rate, filter samples with 
aerosol collection times of 120, 60, 30 and 10 sot wore obtained. Those 5amplo5 
were kept under inert atmosphere before electron microscopic examinations. It 
turned out that with oven the shortest collection time the aerosol deposit on filter 
was very heavy. A picture at 42000X magnification is shown in the upper insert of 
Figure 4, together with the Sr elemental analysis result (lower insert) by the x-ray 
fluorescence microprobe method. Although the electron micrograph is not in very 
sharp focus the picture shows essentially agglomerates with primary particles 
roughly 0.1 pm in diameter, which wore most likely formed by vapor-phase 
nucleation. 

Figure 5 shows a composite of electron micrographic pictures of Ag aerosols at 
four different magnifications. Those Ag aerosols, produced from a AgN03 improg- 
natod graphite source in the same manner as Sr and Ba aerosols, were collected on 
Nuclooporo filters for bettor examination. Unlike Sr and Ba aerosols which are 
chemically reactive in ambient air, Ag aerosols are stable in air and, therefore, 
they provide a good moans for studying the morphology of fission product aerosols. 
Such information is needed to understand the aerosol formation mechanism. In this 
particular case, agglomerates composed of primary particles almost uniform in size 
(dg=0.098 p, og = 1.20) are clearly revealed, indicating the condensational 
nature of the particles, as opposed to fission product adsorption on existing parti- 
cles. 

Sr TransDort vs. Initial Loadinn in Grauhito 

The experiments reported in the present study wore all made with simulated 
fission products impregnated in the graphite matrix with concentrations between ap- 
proximately 1 mg to 10 mg of Sr, for example. per g of graphite. A legitimate ques- 
tion then arises as to whether or not the extent of aerosol formation depends on the 
initial loading of fission products in the graphite matrix. To answer this 
question, we present in Figaro 6 the results from six experiments made under 
identical oonditions. Hero, the 96 Sr collected on filter is plotted vs. initial St 
loading in the graphite samples. In addition, the concentration corresponding to 
one monolayer coverage on graphite was calculated for Sr on the basis of an 
ostimatod graphite surface area of 1 s?lg. As shown in Figure 6, the extent of 
aerosol formation in terms of percentage collected on filter as particulate matter 
is independent of the initial loading for concentrations down to approximately one 
monolayer coverage of Sr in ?I451 graphite. Work is in progress to reduce the 
initial Sr concentration further down to below one monolayer coverage. 

IV. Conclusion 

The experimental results of our investigation to date have clearly 
demonstrated that the formation of nuclear aerosols under certain R'IGR accident' 
uonditions oould be an important mechanism by which vaporized fission produats suoh 
as Ag, Sr and Ba are transported in the gas phase. Electron microsoopio 
examinations of the colleoted Sr and Ag aerosols have rovealod,largo agglomerates 
oomposed of primary partioles roughly 0.1 gm in dismotor. Those primary particles 
are most likely formed by vapor phase nuoleation. The percentage of aerosol 
formation is independent of the initial loading in the graphite matrix for 
conuontrations down to one monolayer oovorago , as demonstrated for the case of St. 
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Figure 4. Sr Aerosol Deposit on Fluoroporo Filter 
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Figure 5. Ag Aerosol Deposit on Nuclooporo Filter 
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Figure 6. Effect of Initial Sr Loading on Particulate Transport 
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CONCLUDING REMARKS OF SESSION CHAIRMAN: 

Summarizing, 
from overseas. 

most of the papers on fuel reprocessing were 
We hope that this ratio will change in the future. 

We have had both experimental data and modeling papers presented and 
I think the conclusion is that we still need additional experimental 
data to confirm the design of off-gas cleanup systems, to evaluate 
potential failures of these cleanup systems, and to assure that we 
have safe fuel reprocessing facilities. We certainly appreciate the 
contribution by our foreign visitors to this technology and we hope 
that this will fill in some of the gaps that we in the U.S. have not 
had a chance to work on the past few years. I want to thank all the 
authors for their work and for their presentations. I would also like 
to apologize for some of the equipment failures we had. When we had 
two simultaneous failures in our audiovisual system just in one 
session, I am wondering if we are justified in looking at single 
failures even in nuclear applications. The number of components here 
is much smaller than in a nuclear power plant,if we tried to apply 
statistics. I think we had better look at multiple failures and 
make sure we can protect our systems from them. 
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