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In-plle experiments are being conducted to study the release of fission
products during simulated reactor accidents. Two types of experiments have
been performed in the Oak Ridge Research Reactor to simulate reactor accidents
in which fuel elements are destroyed by melting or burning. One type
consisted of melting or vaporizing a miniature stainless-steel-clad UOo fuel
element in s helium atmosphere. In the other type, a miniature fuel element
composed of spheroldal particles of uranium carbide coated with pyrolytic
carbon and embedded in a graphite matrix was burned in air. In each cese,
fission and gemma heat railsed the temperature of the fuel element high enough
to cause destruction. The detalls of design and operation of these experiments
have been described previously.l,?2

UO2 Melting Experiments

In a typical in-plle meltdown experiment a minieture UOp fuel element cled

in stainless steel 1s placed in a helilum filled container of stalnless steel, Fig.

which is lined with ceramic thermal insulation. Thils assembly 1s moved to e
position close to the top of the lattice of the Osk Ridge Research Reactor to
build up traces of fission products 1n the UOp specimen. At the end of
irradiation period the assembly 1s lowered into a position where filssion and
gemma. heat cause the specimen to melt. Helium gas sweeping over the specimen
carries gas-borne fission products to suiltable filters and traps where they are
separated and collected. After the specimen is withdrewn from the flux, the
furnace, filters, traps, and assoclated tubing are removed from the reactor.
These parts are then cut up in a hot cell, examined, and anslyzed for fission
products.

Eleven experiments have been run, the first two of which were meinly for
testing equipment although fission product release information was geined. The
conditions for the next seven were identical, that is, 6% enriched UOp, 40O cm’
per min helium flow and the same time at the melting position. The inherent
variation in the reactor neutron flux, however, caused a spread in the maximum
temperature and resulted in partisl melting in some cases and complete melting
in others. The flow of helium sweep gas was increased from LOO to 800 emd/min
for Experiment 10 and L4000 cm3/min for Experiment 11; otherwise, the conditions
were the same as in the preceding UOs meltdowns.
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The analytical results of the experiments through Number 10 have been
discussed in detail5:u and the physical appearance of the UOs after the melting
is described 1n references (l, 5).- The results summarized in Tables 1 and 2
show the percentages of the various fission products released from the fuel
residues and holder and the percentages of the isotopes which escaped from the
high temperature zone of the furnace. Each value is based on the total amount
of that fission product found throughout the experimental assembly. The data
in Table 1 except for Experiment 7, show, in general, that nearly all of the I,
Te, and Cs and more thesn half of the Sr, Zr, Ru, Ba, and Ce were released from
the fuel. One-third to one-half of the UOp was released and the fisslon pro-
ducts contained in this UOp were considered to be released from the fuel.
Fission product release was generally greater in Experiment 2 which had
apparently reached a higher maximum temperature and which was irradiated unclad.

The values given in Table 2 are release values from the high temperature
zone of the furnace. This zone consists of the volume enclosed by and including
the ZrOpo thermal insulation. The temperature of this zone during the period in
which the UOp was molten was 1000°C or greater. In Experiment 2 strontium and
barium were swept out of the furnace 1n the form of gaseous krypton and xenon
by the helium during irredistion of the unclad fuel. The BallO, for example,
was found in the charcoal trap where 1t would be expected if it had been
carried as XellO, Comparing the release of fisslon products from the high
temperature zone (Teble 2) with that released from the fuel (Table 1), there
was a slight decrease 1n the release of I, Te, and Cs, and a considerable
decrease in the release of Sr, Zr, Ru, Ba, Ce, end U. Release of these latter
fission producte and uranium from the high temperature zone was generally less
then 3%. This decrease in release values from fuel to high temperature zone is
considered significant since during an actual reactor accident temperatures
corresponding to those of the high temperature zone would probably occur only
within the reactor contalnment.

The consequences of the increased helium flow in Experiments 10 and 1l
appear to be a reduction in the release of the less volatile fission products
caused by a reduction in temperature, and an increase in the release of these
products from the high temperature zone because of the higher velocity of the
svVeep gas.

Charscterization Studies of Released Fission Products

The distribution of filsslon products and uranium among the various regilons
in each experiment is being analyzed and interpreted in terms of the fractionation
processes which govern the behavior of these materials. Fractionatlon refers to
any alterations of the radionuclide composition occurring during the experiment
which results in a sample composition different from that predicted for normal
fission ylelds. Similar fractionation studies hgve been reported by Frelling
in the study of debris from nuclear detonations. Fractionation occurs because
of differences in characteristics of the fisslon products leading to differences
in release or deposition mechanisms. A study of fractlonation, then, should
lead to a better understanding of both the mechaniems and the characteristics.
As an example of the type of data analysis wgich is being used in the fraction-
ation studies, the ratio of Ball0/zr95 vs sr99/zr95 1s plotted in Fig. 2 for
Experiment 7. The equation of the line empirically determined is shown. 1In
this plot the absclssa mey be regarded as a measure of the intensity of the
volatilization conditions to whicg each sample, represented by a point on the
plot, has been exposed. Since Sr 9 is more volatile then Zr9¥, points to the
right represent samples with lncreasing amounts of volatilized Sr89, for
example, samples from cooler reglons, while points to the left represent samples
progressively depleted in Sr89. The ordinate is a measure of the degree to
which BallO volatilized for each volatilization condition on the sbscissa.
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Teble 1. Material Released from the Fuel in UO, Melting Experiments (%)

Sample length, 1. in; dlameter, 0.210 in; sample molten 5 min except Experiment
2, 10 min; helium flow, k40O cc/min, except Experiments 10 and 11, 800 and 4000 cc/min

Sr89 7 Ru106 31 reld2  ogldT Balho Celhh uo

Expt. 2

2 99.8 87.3 88.0 99.7 93.0 50.0
3 93,0 86.9 51.2 96.1 85.2 ho,7
L 76.6 55.5 82.8 99.6 9h.1 58.9 Lh.5
5 57.3 42,9 90.8 99.4  98.4 97.2 55.4 Ly, 6 34.5
6 54.6 60.1 59.8 99.0 91.k 98.6 51.7 48.7 46.8
T 5.21 0.908 10.9 96.0 96.5 14,0 2.50 0.710
8 hz.7 58.1 57.b4 98.7 97.6 98.0 70.0 bz, 4 36.0
9 7.3 T71.5 93.1 99.7 99.1 98.8 T1.2 70.3 0.5
10 68.8  57.7 97.3 95.9 gk.9 T2.5 59.3 55.8
11 18.3 12.2 48,4 97.7 99.h 96,3 26.3 7.58 5.08

Table 2. Material Released from High Temperature Zone®™ of the Furnace in U0s
Melting Experiments (%)

Sr89 Zr95 Ru106 I131 Tel}e CS137 Ba1ho Celhh Uo

Expt. 2

2 20.1 0.115 2.84 1k.s5 0.508 L4.08

3 l.24 0.110 0.61h 0.732 1.78 0.0520
L 2.90 0.0465 6.60 94.5 0.941 0.651 0.773
5 1.44 0.0200 5.22 87.0 79.2 79.0 2.30 0.328 0.233
6 0.911 0.0896 1.32 gh.,3 48,8 81.9 0.547 0.0675 0.291
T 0.866 0.0370 2.15 ho.7 11,5 .Th.1 0.576 0.322 0.00894
8 1.28 0.0508 1.73 95.4 81.4 87.5 0.824 o0.244 0.0197
9 0.974 0.123 4,022 T79.70 89.34 58,14 1.118 0.302 0.0128
10 2.119 2.819 89.46 T1.45  79.73 2.8%57 1.003 0.289
11 2.93 0.568 0.198 89.0 69.5 86.4 8.01 1.2k 1.64

8‘I{:Lgh-‘temperza\t\lre zone inciudes fuel materisl and thermal insulation; minimum
temperature, 1000°C.
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This plot indicates that Bal'0 and sr89 behave similarly and are both more
volatile than the reference Zr92. In a similar plot for Ru from Experiment 7,

the slope is greater than unity, indicating that the Ru was more volatile than
the Sr. In Experiment 8 the slope foE Ru was unity indicating that its
volatility was nearly the same as Bal40, The difference in the slope probably
represents a difference in the release mechanism since the fuel in Experiment 7T
did not melt extensively while thet in Experiment 8 did. One result of the
fractionation studles is the conclusion that in several of these experiments,
ruthenium follows the stainless steel cladding as the cladding melts into a
puddle and subsequently vaporizes to other areas of the assembly. The

mechanism for this is not yet known. However, 1t 1s anticipated that this work
should lead to the formulation of models which explaln the observed distributions
and which may provide a basis for predicting the behavior, especially that in a
controlled system of accldent released fission products under various conditions.
A knowledge of fractionation mechanisms will ald in the recognition of the
relative importance of the various factors which define a reactor accident.

The characterizetion of relessed fission products by the diffusion tube
method 1s_belng continued. Early results of thils method were previously
reported.

In-Pile Burning of UCo-Graphite Fuel

Three experiments have been conducted 1n the Osk Ridge Research Reactor at
ORNL in which fuel speclmens consisting of pyrolytic-carbon-coated uranium
carbide particles embedded in a graphite matrix were burned at temperatures up
to approximately 1400°C. In two of these experiments, flssion and gamms heat
produced a sufficiently high temperature for a large portion of the fuel to
burn during the 15-min. period in which sir was supplied as the sweep gas.
The method of running the experiment and the results of the first experiment
were described previously.? The specifications for the specimen and pertinent
experimental conditions are listed below:

Fuel Specimen

Particles Uranium Carbide spheres 175~250pn
Laminar pyrolytic-carbon coating 75-100u thick

Matrix Graphite

Manufacturer Minnesota Mining and Manufacturing Company

Dimensions 0.6-1n. bushing, 0.5 1n. long with 0.25-in.
axial hole

Uranium content 8 to 10 wt. % natural uranium

Burning Conditions

Initial temperature 890°¢

Combustion temperature Up to 1Lk0o°¢c

Air flow rate 400 em3/min

Burning duration 15 min

As the graphite matrix burned, some of the fuel particles fell away from
the unburned fuel. Metallographic examination of these particles and those in
the unburned fuel showed that the damsge to particles ranged from none to
complete destruction of the coating and oxidatlion of the uranium carbide;
however, 1t was not possible to determine the percentage of particles which
belong in these categories. Some of the particles which remained in the
unburned fuel also showed cracks. In Experiment 1, a count of the damaged
and undamaged particles in the exposed surface of the fuel showed that about
45% of the particles had at least one crack in the coating., Experiment 2 was
discarded without obtaining radiochemical analyses because the low uranium
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content of the specimen made a comparison with the other burning experiment
impossible.

The results of Experiment 3, for the most part, confirmed the conclusions
from Experiment 1. In the first experiment,3:7 58% of the specimen burned as
compared with 41% in the third. In the third experiment, most of the uranium
carbide in the specimen was concentrated on one slde, and this side burned
very little; 93% of the uranium found by analyses was in the unburned fuel.

The release of Sr, Zr, Ba, Ce, and U from the high~temperature zone of
the furnace was very low, but large fractlons of I, Te, and Cs were released.
Forty percent of the Ru wag released from the furnace in Experiment 1 and 5.7%
in Experiment 3. The loss of ruthenium in the first experiment was probebly
due to the formetion of volatile oxides, A large fraction of some of the
fission products was probebly retained inside those particles with undemaged
pyrolytic~-carbon coatings, especially those in the unburned fuel. Determinastion
of the release of krypton and xenon was omitted to avold collecting oxygen in
liquid-~-nitrogen cooled charcoal absorbers. The following conclusions, based on
Experiments 1 and 3, can be made:

1. Strontium, barium, zirconium, and cerium were retained where they are
formed.

2. The unburned fuel reteined 88 to 97% of the iodine amssociated with
the uranium of the unburned fuel.

3, The following were released from the high tempersture zone of the
furnace: 15 to 25% of the I, 15 to 25% of the Te, and 35 to 40% of
the Cs.

k., The release of ruthenium varied between 5 and L40%.

5. An appreciable amount of Cs (10% of total), Ru (1%), and I (1.5%)
penetrated the filter, but Te was retained by the filter.

6. The fragments which fell away from the specimen during burning
contained the seme percent of carbon as the unburned fuel.

7. The slde of the specimen with the least smount of urenium carbide
burned more rapidly than other portilons.

The results of both melting and burning in-plle experiments show that,
although large fractions of the fission products were released from the fuel,
they were almost entirely retailned inside the high temperature zone of the
furnace with the exception of iodine, cesium, and tellurium; if oxygen is
present, ruthenium 1s slso released. The noble gases gppear to be released
completely. These results suggest that for the conditlons tested, effective
retention of many fission products may be expected by high temperature
surfaces near the hot zone in reactor accidents. Of the fission products
released from the high temperature zone, significent frections were carried as
particles as small as 20 to 30A° in diemeter. This work is being continued
with emphesis being placed on the effects of the conditions of reactor
accldents on the amounts and forms of released fission products.

-13-




Table 3. Fission Products and Uranium from In-Pile Burning Experiments

Material Found (Percentage of Total in Assembly)
T e s Ba, Ce U
5 89 7299 Ru106 31 132 L 13T 140 14k

Unburned fuela

Experiment 50.6 58.2 27.0 59.7 47.6 38.1 51.7 54,8
Experiment 3 75.4 83.9 87.0 2.4  76.1 39.1 .

Outside of fuel residue®

Experiment 1 13.8 3.7
Experiment 3 13.1 5.0

L Retained in furmace

1.9

' Experiment 1 98.8 99
Experiment 3 98.7 98.

5  59.3 73.2 649  63.0  99.
7  9h.3 85.6 85.7 58.4 99.

AN \n
\Q
-3
H
88
o O

858.6% of the sample was burned in Experiment 1 and 41% in Experiment 3.
bExperiment 2 was not analyzed because of low uranium content in the specimen.

®Fuel residues include the unburned portion of the specimen, fuel particles and powder, and the
floor of the combustion furnace.
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DISCUSSION AND COMMENT

Variations of release in steam atmosphere would be expected.
The variations in release mechanisms and particle sizes would probably
occur when oxygen would be introduced. There are no future plans for
carbide fuels, A later paper will describe diffusion tube separation
of particles produced by melting fuels. Release in a water environ-
ment will be studied at a later date.

Session Chairman: The paper "Curreunt Studies of Fission
Product Behavior at BNL,'" by A. W, Castleman, Jr., and F. J. Salzano
will be delivered by Mr. Lee Gemmell of that Laboratoryts lealth
Physics Division. We regret that neither of the authors can be pre-
sent; however, Mr. Gemmell is an able proxy.
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CURRENT STUDIES OF FISSION PRODUCT BEHAVIOR AT BNL
by

A. W. Castleman, Jr. and F. J. 8alzano
Brookhaven National Laboratory
Upton, New York

INTRODUCTION

Programs are under way at Brookhaven National Laboratory
to study the behavior of fission products released from re-
actor fuel materials. Major emphasis has been placed on fission-

product iodine because of the physiological hazard associated

with the 1131 isotope.

A complete reactor safety analysis, considering either a
slow or rapid release of fission products, requires a know-
ledge of the chemical and physical states of the fission products
during release, the extent of their release, and an understand-

ing of their chemical interactions with the reactor environment.

-16-




RELEASE OF FISSION PRODUCTS FROM URANIUM
AT HIGH TEMPERATURES

An extensive research effort has been carried out at BNL
and other laboratories in the last few years for the purpose
of studying fission product release rates from fuel elements.
However, the subject is complex and not yet sufficiently under-
stood. The purpose of the BNL work is, first, to develop a
fundamental understanding of the fission product release mech-
anism; and second, to investigate the various factors which
govern their physical and chemical behavior during and after
release. It is expected that a detailed study of release from
various reactor fuels under inert, oxidizing, and reducing con-
ditions will provide data which can be used to predict fission
Product behavior in systems which have not been experimentally
investigated.

The studies reported here are concerned with fission prod-
uct release from metallic U and a U ~3.5% Mo alloy into inert
(He) , oxidizing (air), and reducing environments. The exper-
imental technigues have been previously described.(l’z) The
fission products released into He and air were separated by
condensing them (or their compounds) at different temperatures
in a quartz tube, whose temperature decreased with length. The
release of iodine into He and air from samples heated to tem-
peratures between 1150° and 1250°C was studied in detail. Re-
cently, preliminary results were obtained at temperatures up
to 1800°C. These results are reported herein,

Most of the i1odine released from U into He at temperatures
between 1150° and 1250°C was in some combined form as evident
from its deposition temperature zone shown in Fig. 1. {The

condensation zone of other fission products is shown for com-
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parison.) Elemental iodine is quite volatile and would not
condense at such high temperatures (250° to 350°C). This is
(3)

also borne out by the work of HOlemann and Braun who studied
the adsorption of microgram quantities of iodine on quartz sur-
faces in the temperature range 150° to 1000°C. Using their
values, less than 3% of the iodine which deposited at 300°C
could be attributed to adsorption, even assuming rapid equilib~
rium with the quartz surface. The iodine condensation was
found to depend only on temperature, as evidenced by the fact
that quartz, gold, and stainless steel surfaces behaved the
same,

The released iodine from both metallic U and & U ~3.5% Mo
alloy was found to be identical in nature. This is consistent
with thermodynamic estimates which show that molybdenum iodides
are unstable under the conditions of a fuel meltdown. The
above iodine release results were the same for fuels irradiated
over the range of 3.0 x lO14 to 5.4 x 1019 nvt, showing that
within this range there was no concentration dependence.

Two possible explanations could be offered for the observed
iodine behavior:

1. Chemical combination with uranium.

2. Chemical combination with another fission product.
Considering the second, no other fission product was consist-
ently associated with the iodine in its deposition zone. 1If
the released iodine had formed a compound with some other fis-
sion products, CsI would be the most likely possibility, on
the basis of free energy of formation values and on relative
concentrations. The chemical activity of the Cs, however, is
so low compared to that of the uranium, that the iodine is con-
verted almost quantitatively to a uranium iodide. About 90%
of the released Cs deposited in the temperature range 600° to
800°C, while the quantity deposited in the iodine zone was a
function of run-time and gas-flow rate. Undoubtedly, some
reaction between the iodine compound and Ce occurs in the cell

after release from the fuels with the higher burnups. The
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iodine deposit was found to be unstable in air at 250° to 350°C,
elemental iodine being slowly released. Csl is quite stable

in air at these temperatures; uranium lodides, however, are
unstable in air and would release elemental iodine to a flow-
ing air stream as observed.

On the basis of these results, as well as thermodynamic
and kinetic considerations, the released species 18 uranium
iodide, probably UIZ' Approximately the right concentration
of U was found in the deposition zones, but a definite ratio
of U/I has not yet been established.

Preliminary results at 1800°C show that considerably more
elemental iodine is released than at 1250°C. This would be
expected, since the uranium iodides are less stable at the
higher temperature.

The deposition behavior of fission products released into
air is shown in Fig. 2, 1In contrast to the He results, elemental
iodine rather than a uranium iodide is released from U heated

to 1200°C in air, These results are summarized in Table I.

lodine Reactions

Atmosphere Reaction Temperature
He U+2l — UI2 1200°C
le(adn.) + ()2 _— UOZI2 + I2
ambient

00212 — UO! + l2

Air 3u(l + 40a — U 08 +1 1300°C

3

Table I

Another series of experiments was undertaken to study the
chemical state of iodine released from U into steam at temper-
atures between 1000° and 1320°C. Since hydrogen is evolved
during the oxidation of the U, the fission products are re-

-20-




_‘[z_

WALL TEMPERATURE, °C

1600

1200

800

400

-~
-

l

rd

l
!
|
|

/

/
I
|
|
|
!
/
/

l

|

|

T
MELTDOWN
AREA |

| [ |

11 ]

|

|

|

|1 1

I

—~

8

12

16

20

MELTDOWN TUBE DISTANCE, in.
FISSION PRODUCT DEPOSITION URANIUM-AIR

Figure 2




leased into a reducing medium. Some of the competing reac-

tions associated with the iodine release are shown below.

(1) vu(r.P.

) + 2H20 - UO2 + 2H2 + F.P.

(2) H, + 2I = 2HI (Vapor phase)

2

(3) I, + HO = HIO + I~ + H' (Aqueous phase)

(4) 310~ 4 107 + 2I° (Aqueous phase)

2

Reaction (1) is

2
3

the over-all reaction which liberates H2 and

fission products. The reaction between H, and iodine is shown

in reaction (2).

2
Although HI is relatively unstable with re-

spect to molecular iodine and hydrogen, it is quite stable with

respect to atomic iodine which is released from the U in steam.

HI is very soluble in water and readily dissolves upon forma-

tion. Some elemental iodine dissolves in water according to

reaction (3), but this is separated as elemental iodine and

not collected as iodide ions in the analytical procedure.

Typical results of the release from metallic U at 1200°C

are shown in Table II. Greater than 90% of the released io-

Table II

Iodine Release -~ Steam, Uranium System {1200°¢C)

Species Average Percent
I° 8.7
I 90.9

103
- 004

IO4

dine was collected as iodide ions. Essentially no difference

in the iodine chemical state was found by varying the fuel tem-

perature within the range 1000° to 1320°cC.

The pH of the water

initially charged to the release cell was varied between 5.9

and 6.8:; however, this had no apparent effect on the chemical

state of the released iodine. The chemical state of the iodine

is evidently a function of residence time after release, and

depends primarily on subsequent chemical reactions, i.e., the
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hydrogen-iodine reaction kinetics. Less than 1/2% of the io-

3
ature disproportionation of 10 (reactions (3) and (4)].

dine was collected as IO,, which is formed by the high temper-

BEHAVIOR OF IODINE ON GRAPHITE

Graphite is used as a moderator and fuel-matrix material
in power reactors. In advanced types of high-temperature gas-
cooled reactors it performs both functions. In such reactors,
certain fission products, including iodine, will be released
even during normal operation. These will be, to a certain ex-
tent, adsorbed on the fuel and any other graphite components.
Therefore, it ts important to understand and be able to pre-
dict the behavior of iodine in contact with graphite, i.e.,
the adsorption behavior and possible reactions with the bulk
graphite,

Some preliminary results of the behavior of jlodine on a

(4)

reimpregnated graphite have been reported. The adsorption
of iodine was studied by using 1131 tracer with a scintilla-
tion scanning probe. The techniques and procedure used in the
present study are the same as those previously described.(4)
The purpose of this report is to present a summary of the final
results and conclusions.

The object of the study was to measure the adsorption of
iodine on TS8X graphite, a high~purity material. Initial studies
indicated considerable variation in the adsorption behavior of
iodine on what was thought to be similar graphites. The ad-
sorption behavior of iodine on this pure polycrystalline graph-
ite was investigated over the temperature range of interest
(100° to 800°C) in reactor systems. Moreover, certain variables,
in addition to temperature and pressure, which could affect the
adsorption behavior of iodine were studied. The other vari-

ables were (a) outgassing temperature, (b) heat treatment, and
(c) contact with water vapor at 900°C. Since it has been es-~
(6-9)

tablished by several investigators that there is no re-

action of pure iodine and bulk graphite at temperatures up to

1000°C, one is only concerned with adsorption phenomena. Iso-

-23-
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Table III

TABLE OF EXPERIMENTS

BEHAVIOR OF IODINE ON TSX GRAPHITE

1 2 3 3 5 3
Surface Area by
Surface Area by ]lodine Adsorption] Outgassing
Sample Nitrogen at 100°C Temperature Treatment Experimental Procedure
Ml/g Ml/g °C
Qutgassed at 2000°C. Exposed| 800°C Isotherm measured
to air and reoutgassed in the 500°C One point obtained at 1 mm Hg
c 0.38 0.24 2000 equilibration capsule at 900°C | 100°C Isotherm measured
Outgassed at 2000°C. Exposed| 800°C Isotherm measured
to air and reoutgassed in the 500°C Isotherm measured
D 0.33 0.36 2000 equilibration capsule at 900°C | 100°C Isotherm measured
QOutgassed in the equilibration | 800°C Isotherm measured
capsule at 900°C 500°C Isotherm measured
E 0.28 0.22 900 100°C Isotherm measured
200°C Isotherm measured
Equilibrated with 23 mm Hg 800°C Isotherm measured
o H,0 vapor at 900°C, then 500°C Isotherm measured
F 0.31 0.24 900°C outgassed at 900°C 200°C Isotherm measured
100°C Isotherm measured
Outgassed in the equilibration | 100°C Isotherm measured
G Not 0.23 200°C capsule at 200°C 200°C Isotherm measured

measured




therms were measured at 100°, 200°, 500°, and 800°C over the

pressure range 0,010 to 15 mm Hg.

RESULTS

A series of five graphite samples was studied. For the
purpose of discussion they are given the letter designations
c, D, E, F, and G. The surface area of each sample, as meas-
ured with nitrogen at -195°C, is given in Table III, along with
the outgassing temperature and sample treatment.

The data obtained on iodine adsorption at 800°C for samples
C, D, E, and F are shown in Fig. 3. The largest adsorption toock
place on sample C which was heated to the highest temperature,
2000°C (2150°C maximum), while the least adsorption took place
on sample E which was heated to the lowest temperature, 900°C.
The results from samples D and F, which were outgassed at 2000°C
(2030°C maximum) and treated with water vapor at 900°C, respec-
tively, fell between those from C and E.

The data obtained at 800°C can be adequately expressed by

the Freundlich equation
n
Q = Kp

where Q is the guantity of iodine adsorbed in ppm, p is the
pressure in mm Hg, and K and n are constants which depend on
temperature and the nature of the adsorbing surface. In the
table shown in Fig. 4, are listed the values of K and n ob-
tained. As K decreases the value of n increases.

The data obtained on the adsorption of iodine at 500° and
200°C are shown in Fig. 4 and 5. The same co-ordinates are

Plotted as in Fig. 3. At these temperatures, the data no longer
give a linear relationship. The isotherms are not similar in

shape and show abrupt changes in slope. A consistent feature
of the data is the relative positions of the adsorption iso-
therms, i.e., that sample which gave the highest adsorption at
800°C also showed the highest adsorption at 500° and 200°C.
Neither the 500° nor the 200° data can be fitted by any of the

common isotherm equations. From Table III, it can be seen that
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IODINE CONCENTRATION, ppm

ADSORPTION OF I10DINE AT 800°C ON TSX GRAPHITE
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IODINE CONCENTRATION, ppm
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IODINE CONCENTRATION, ppm

ADSORPTION OF I0DINE AT 200°C ON TSX GRAPHITE
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there is no relation between surface area and iodine adsorption,
since the surface areas of the samples were similar.

The data obtained at 100°C are shown in Fig. 6. They fall
into two distinct isotherm groups, which appear to merge at
about a pressure of 2 mm Hg. At low pressures, the isotherms
differ by an order of magnitude. The samples outgassed at
2000°C and the sample treated with the water vapor are included
in the higher isotherm, while the samples outgassed at 200°
and 900°C are included in the lower isotherm.,

Utilizing B.E.T. theory,(lo) it is possible to calculate
the monolayer coverage on the graphite and therefore its sur-
face area. The surface area values obtained for all the sam-
ples are shown in the third column of Table III and show ex-
cellent agreement with each other, and with the exception of
sample D, are within 5% of the mean. These values compare well
with the surface area values obtained with nitrogen at -195°C
which are listed in the second column of the table.

DISCUSSION

The adsorption of iodine on graphite at 200°, 500°, and
800°C was found to vary with outgassing temperature, heat treat-
ment, and contact with water vapor at 23 mm Hg. None of the
above treatments was found to affect appreciably the surface
area of the graphite. There was no relation between surface

area and the quantities of iodine adsorbed. These facts, and
the fact that the iodine could not be completely removed by

reducing the partial pressure to zero, indicate that iodine
is wholly or partially chemisorbed at these temperatures.

(11)

P. Connor et al. have investigated the adsorption of io-
dine on a graphite powder up to 400°C and found evidence for
at least partial chemisorption in the fact that adsorption of
hydrogen reduces the subsequent adsorption of iodine by ap-
proximately a stoichiometric amount.

More direct evidence for chemisorption would be the mag-

nitude of the heat of adsorption. Calculated values of the
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IODINE CONCENTRATION, ppm

ADSORPTION OF IODINE AT 100°C ON TSX GRAPHITE
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heat of adsorption from the measured data are not significant,
owing to the flatness of the isotherms. Calculation of the
isosteric heat of adsorption from isotherm data previously re-
ported,(4) in the temperature range 200° to 450°C,* indicates
that at low surface coverage the isosteric heat of adsorption
was as high as 40 kilocalories per gram mole and decreased and
approached the heat of vaporization (10.6 kilocalories per gram
mole) at high surface coverage. Estimates of the heat of chemi-
sorption of iodine on graphite, based on the strength of the
carbon~iodine bond, indicate the heat of adsorption to be in
the order of 44 kilocalories per gram mole when the iodine is
chemisorbed as monoatomic iodine. Therefore, the value of

40 kilocalories per gram mole obtained in this study indicates
the iodine to be chemisorbed at low surface coverages.

In the case of the 100°C isotherms there are no signif-
icant differences between the samples outgassed at 200° and
800°C., However, there is a considerable difference between
these and samples outgassed at 2000°C and that treated with
water vapor, though the surface areas of the samples are sim-
ilar. The fact that the isotherms converge at 2 mm Hg and the
fact that the surface areas calculated from the iodine adsorp-
tion are similar to the values cobtained with nitrogen at -195°C
over the same relative pressure range, indicate that at 100°c,
above 2 mm Hg, jiodine is held on the graphite by physical
multimolecular adsorption.

In general, the difference between the high iodine adsorp-
tion on samples C, D, and F relative to sample E and G is due
to the production of new chemisorption sites during the 2000°C
outgassing and the treatment with water vapor. These sites
are created by removal of surface carbon atoms, without alter-
ing appreciably the original surface area. These treatments
apparently change the nature and number of the adsorption sites,
as well as the distribution of energies among the sites,

Information which could be used to predict iodine adsorp-

*Graphite Specialties Company, R-4 graphite

-31-




tion on graphite in a reactor core, either during normal opera-
tion or after accidental release of fission products, would be
of value to those concerned with reactor safety. Such informa-
tion can enable one to estimate the extent of iodine adsorption
in the core, if its partial pressure were known, Because of
the variable nature of the graphite surface and its sensitivity
to various environmental conditions, this becomes, however,

a very uncertain prediction. However, since a good estimate

is better than none at all, it is suggested that the following
relation be used to estimate iodine adsorption in a graphite
reactor core:

20,000/RT

-4 P1/2
Q=3.2Xlo )
T1/4

where Q is the quantity adsorbed in ppm, T is the absolute tem~
perature, R is the gas constant, and P is the partial pressure

of the iodine in mm Hg. The above is the low-pressure form of

the Langmuir equation for adsorption of a diatomic gas which

dissoclates on a uniform adsorbing surface.(lz)

The constants
in the equation are derived from the B00°C isotherm data ob-
tained on the untreated TSX graphite (E), outgassed at 900°C.
It should only be applied above the critical temperature of the

iodine (553°C) and at pressures below 10~3 mm Hg.
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DISCUSSION AND COMMENT

Session Chairmans Thank you, Mr. Gemmell, We realize that you are
not prepared to enter into detailed discussion since you have not been associated
with the figsion product behavior study. We appreciate the fact that althoupgh
you were primed to present the paper from the platform that you may not feel
qualified to answer detailed questions.

Dr, Silvermant I am not certain this is going to be a fair question
gince you are filling in as a proxy, but the conclusions that Salzano drew that
the iodines can absorb, and so on, are not new to us, but the data that he pre-
sented showing the measurement of surface area with nitrogen correlating so well
with the measurement of surface area with iodine treatment has me puzzled, be-
cause we thought we had an excelient way to measure surface area using iodine
adsorption, and yet when we tried to do this we found not monomolecular sdsorp-
tion, but multiple molecular layers, and the correlation he showed us would
contradict that conclusion, In fact I hope we were wrong and he is rightl

Mr. Gemmells Dr. Silverman's comments and question have been re-
corded. I regret very much that I am not sufficlently acquainted with the work
to answer your problem. When I return to Brookhaven, I'11 pet in touch with
Mr. Salzano and ask him tg write a reply which will be included in the pro-
ceedings of the conference. In the meantime, we will contact Dr. Silverman by
telephone and arrive at a mutually satisfactory answer. The authors of this
paper have asked me to express their regrets for not belng able to be here
today.

Mr. Salzanot (Reply to Dr. Silverman'a Question) The surface areas
I measured were obtained from the 100°C isotherms. They were calculated from
B,E.T. plots over the relative pressure range 0.0l to 0.30. If the temperature
or relative pressure range were different than the above values the results
might not agree with the nitrogen surface areas. I have not, determined if this
method works with other materials or at different temperatures.

Session Chairmant The last speaker during Session I 1s Mr. J. D.
McCormack, of Hanford Atomic Products Operations, who has prepared a paper
entitled, "Some Observations on Iodine Removal from Plant Steams with Charcoal.”
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SOME OBSERVATIONS ON IODINE REMOVAL FROM PLANT
STREAMS WITH CHARCOAL

J, D, McCormack
General Electric Company
Hanford Atomic Products Operation
Richland, Washington

ABSTRACT

The performance of several large scale charcoal beds in
radiolodine removal service is discussed. The efficiency of
the beds was measured after service times of months to years,
and appears to be related to the quality of the air being
treated, Ifficiencies of 99,9 per cent to nearly zero per
cent were noted,

INTRODUCTION

Radicactive iodine must be effectively removed from air streams, which,
through design or accident, may contain quentities of this isotope. Exhaust
from fuel processing plants, reactor halls, end radiochemical laboratories must
be treated to insure that iodine releases are minimal, The Federal Radlation
Council recommended in 1?61 that permissible concentrations for 113! in air ve
significantly J.owere:-.d.(1 This ruling prompted even more restrictive limitse to
the quantity of 113! yhich could be safely releasaed from large nuclear instal-
letions, and led to additional evaluations of existing and new lodine removal
facilitles,

Among the more common 113! removal systems are llquid scrubbers, silver
reactors, and charcoal beds, While the scrubbers and silver reactors can be
efficient iodine removers, charcoal beds are often favored because of their
simplicity, compactness and efficiency.

Although very high 113! removal efficiencies may be demonstrated in the
laboratory for fresh charcoal under a rather wide range of operating condi-
tions, the proof of sustaeined efficlency must come through observations of the
actual bed installation. Reduction in efficiency with time is a real possibil-
ity due to mechanical blinding of active centers with inert material, and to
the eventual saturation of active centers by minute traces of unsuspected chem-
icals present, such as oil fumes and organic solvents., Another consideration
which must be given attention is the potential that the iodine present in the
stream mey not be wholly molecular fodine, A charcoel showing 99,99 per cent
removal of molecular iodine in controlled laboratory tests may concelvably be
much less efficient on a plant stream. Less reactive species of 113! nave been
cited in the literature, but the physical and chemical nature of these forms
have not been clearly revealed, 2:3X
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Ten large scale charcoal beds have been operated at Illanford for periods
ranging from a few months to several years., From 6000 to 100,000 c¢fm of air
pass through these beds. Iight are part of the reactor confinement system, one
is installed in a high level radiometallurgy laboratory, and one was more re-
cently installed at a chemical separation plant (Redox) downstream from a high
efficiency filter.

OBJECTIVE
It is the obJective of this paper to present certain observations of the

performance of these charcoasl beds in service relative to 113! removel effic-
iency.

TESTING OF CHARCOAL SYSTEMS

Reactor Confinement Beds

The charcoal beds which treat the reactor building ventiletion eir are pre-
ceded by absolute filters, Their design was discussed in detail at the Seventh
Air Cleaning Conference,{4) Perforated metal envelopes, containing test char=
coal hung on the upstream face of the main l-inch thick convoluted bed, were
provided in the initial design to permit periodic checking of charcoal effic=~
iency during service, The chercoal from these envelopes after a period in ser-
vice is removed and repacked in 1-1/4-inch long by 7/16-inch-diameter beds.
Filtered air containing 1131 1iverated by the evaporation of a carbon tetra-
chloride solution of iodine is drawn through the test coconut shell charcoal bed
at a face velocity of 60 fpm. The test charcoal is followed with a similar care
tridge of Pittsburgh BPL type activated carbon. This charcoal has been shown
in previous tests to be a very efficient adsorber of molecular iodine., The 1131
sctivity is determined by measurement of the 0.36 Mev gamma ray under conditions
of constant counting efficiency., The iodine retention is then calculaeted as the
ratio of the activity on the test cartridge to the sum of the activity on the
test and the back-up cartridge, Table I shows the results of the laboratory re-
tention measurement. The test charcoals had been exposed to the air stream for
about one year. The "unexposed" charcoal standard, a sample of the original
charcoal used in the installation, had been stored in a sealed glass Jar,

TABLE T

IODINE RETENTION OF REACTOR CONFINEMENT
CHARCOAL AFTER 1 YDAR OF IXPOSURE

Sample Location % 1131 Retained

99.8
99.7
99.8
99.7
99.9
99.7
99.6

KW 99.7
"unexposed" 100.0

Dy oaQw
=

g

The standard deviation of the tests, based upon the counting data, is
gabout 0,07 per cent; hence, it can be seen that the deterioration of the char-
coal is not highly significant,
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Radiometallurgy Bullding Beds

The lodine removal charcoal beds used to treat 6000 cfm of hot cell ex-
haust air are quite similar to those just described and the testing was iden-
tical except that in this case one of the 2' x 2' modular beds was opened and
the charcoal sample removed from the bed itself, Testing of this charcoal,
which had been in service for over two years, showed a poor retention of molec-
uler iodine, Because the grain size was larger than the previous charcoals
which had been tested, and relatively large in relation to the 7/16-inch-
dismeter test cartridge, additionel measurements were made with larger diameter
test cartridges to check for wall effects. These results, and others, are
shown in Table II, below,

TABLE II

RESULTS OF RADIOMETALLURGY BUILDING CHARCOAL TESTS

Test 7 713le
No, Charcoal Retsined _Comments
1 Exposed 58 As sampled,
2 Exposed 57 100 fpm; 7/8"-diameter.
3 Exposed ol Abraded and washed,
N Exposed 99.7 100 fpm; crushed to 14/20 mesh.
5 New 99.9 As sampled.

* Test bed was T/l6-inch-diameter x 1-1/bk-inch long, with air
flow of 60 fpm, unless otherwise noted under comments,

The semple of exposed charcoal definitely shows a low retention of the
13 vapors, as can be seen from test one, above. As noted, test two was made
to check for wall effects, The results, similar to test one, show that wall
effects were not important in the testing,

The loss of adsorptive capacity seems to be restricted to the surface of
the charceel grains, as shown by the incressed retention on tests three and
four. Indeed, the charcoal had a dull, dusty appearance, The presence of
Sb!25 petivity could indicate some particle penetration of the high efficlency
filters upstream of the charcoal, Iither removal of the surface layer by mild
abrasion and washing, or creation of new surfaces by crushing restores the
efficiency of the charcoal to nearly that of new charcoal, shown in test five,

Separations Plant Bed

Earlier this year a charcoal bed wes installed in the ventilation exhaust
stream from the Redox plutonium separations plant., The location chosen was
Just downstream from the deep bed sand filter, through which pass all of the
process building ventilating air and vessel vent air. Exhaust gases from the
fuel dissolvers do not pass through the sand filter, Iodine appearing in the
air entering the sand filter comes from tanks, columns, and process vessels at
many points in the process and might be suspected of being associated with or
in combination with other meterials, An earlier study of charcoal capsules
for measuring 113! 4n the total stack exhaust, which 1s made up of the sand
filter stream and the treested dissolver off gases, showed that from 90 to 95
per cent of the iodine present would be trapped on charcoal during a 2k=hour
sampling period.(5 Although not as efficient as for wholly elemental iodine,
the indicated efficliency was high enough to werrsnt the use of charcosl on the
stream downstream from the sand filter,
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The observed efficiency of the charcoal trap installed downstream of the
sand filter has been very low, The sustalned exposure to traces of orgenic
vapors of hexone and degradation products appears to effectively block the 1131
from adsorption sites although detailled causes are not known. As contrasted to
the 95 to 99 per cent 113! arriciency for a 2h-hour long sample drawn from the
total exhaust through small charcoal capsules, the installed bed has & current
efficiency of practically zero.

Some experiments were conducted to measure the loss of efficlency with
time for a charcoal cartridge through which was drawn a long term sample of air
tsken upstream from the sand filter at Redox, An identical cartridge was oper-
ated in parallel on the same volume of air and replaced daily with a fresh
charcoal cartridge. Results of these tests are shown in Figure 1., A face vel-
ocity of about 100 fpm was used.

These data show the progressive and rather complete loss of efficiency
with time. The materials present in the atream explicitly responsible for this
"poisoning" effect are not known at present.

Sempling of this stream does show that approximately one-helf of the gas-
eous iodine 1s in a form not readily removed by caustic scrubbers, but is re-
tained by fresh charcoalj that is, some forT Sther than molecular fodine, This
is in agreement with the finding of others. 6) The iodine which is retained by
the charcoal seems firmly fixed and ls not eluted through the bed by seir and
fluctuating concentrations of hexone vapors at room temperature, In addition,
vacuum degassing of the charcoal at 100 to 200 C removed the hexone, but only a
small amount of I}3! . say 10 per cent -- vas removed. It seems, then, that
the radioiodine 1s not chemically associated with the hexone vapors in the air
stream, In our laboratory tests charcoal could be made inefficient when oll
vapor was present, Hexone present did not materiaslly reduce the initial effic-
iency. Long exposure studles were not conducted, however.

The efficiency of both new and exposed samples of the charcoal has been
measured with molecular I!3!, The efficiency of the exposed charcoel has also
been measured in the Redox air stream with generated 1131. These results are
shown in Table III,

TABLE III

RESULTS OF REDOX BUILDING CHARCOAL TESTS

Test No, Charcoal % 1131 Retention* Commenta
1 Unexposed 99.9 Filtered laboratory air.
2 Exposed 99.5 Exposed 15 days, eluted 23 days
with alr and 20 ppm hexone.
3 Exposed 86 Exposed 37 days, tested with

generated 1131 yp process air,

# Charcoal beds were T/16-inch diameter by l~-inch long
with a linear flow of 100 fpm.

While the specific cause of the loss of efficlency has not yet been deter-

mined, the loss has been demonstrated to increase with time of exposure to the
air stream,
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CONCLUSIONS

The efficiency of chercoal beds for iodine removal from air has been dis-
cussed as a function of length of service and complexity of the alr composi-
tion, Beds in three types of installations were investipated. There seems to
be a correlation between the retention of iodine removal efficiency and the
quality of the alr stream., Charcoal in the reactor building ventilstion air,
which can be thought of as clean air from a building which includes no chemical
processing activities, showed no significant deterioration during one year ex-
posure, Charcoal in service for over two years in a radiometallurgy lab showed
loss of iodine retention, being only 58 per cent efficient under the test con~
ditions, The air from the hot cell exhaust contains impurities generated from
physical testing of irradiated fuel elements and from a small amount of chem-
ical treatment of the specimens,

In the third application, in the process bullding ventilation air and ves-
sel off-gas streams, charcoal lost its iodine removal efficlency during a
period of a few weeks. This eir stream contains organic and inorganic compon-
ents arising from the routine processing of irradisted fuel elements.

The varying response of the charcosl behavior of these three filtered gas
streams is some indication of the complex nature of iodine and the care that
should be used in applying iodine adsorbing systems in real ges streams., In
addition, the possible "poisoning" potential of trece components in the air
being treated must be recognized, Because of this potential the performance of
charcoal beds should be periodically monitored,
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DISCUSSION AND COMMENT

Although a caustic scrubber 1s not efficient for removal of
iodine, remember that it has been treated in the plant with boost-over
reactors. Silver reactors in the steam will remove some additional
iodine. A charcoal bed behind the caustic scrubber will always pick up
additional iodine, whereas a caustic scrubber behind a fresh charcoal
bed will pick up essentially no additional iodine.

In the radio-metallurgical application upstream absolute filters
preceded the charcoal, It was felt that in this series of results there
was niechanical blockage of the carbon.
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In the performance of a charcoal cleanup filter where primary
coolant is released in steam into the containment, Savannah River has run
numerous tesgts with activated carbon exposed to steam-alr uixtures, as
well as to steam. With new carbon it was found that the steam or steam-air
nixtures, as long as they entrain water or a large fraction of it, is
removed up-stream of the carbon filter, there is no adverse effect on the
removal efficiency. DLeds that are exposed to steam-air conditions until
the carbon is essentially in equilibrium with the water vapor shows no
adverse effects on todine-removal efficiency. With exposure to normal
rural air for as lang as Eive months no adverse effects on the iodine-
removal efficiency in steam-air mixtures. These results were reported in

DP-778.

The UKAEA has been examining the performance of charcoal against
fodine emissions from irradiated fuel under a variety of conditions and
one of the species of iodine identified was methyl iodide. The perfor-
mance of charcoal against methyl iodide appears to be somewhat complex
but the sallent point so far resolved is that up to a certain loading of
methyl fodide, which is rather low, of the order of a fewHMg/g charcoal
there is virtually complete retention; beyond this penetration increases
and reaches high percentages.

There was no specific information regarding HAPO iodine con-
centrations in off-gas streams in respective loadings when decreasing
efficiencies were observed; however, the iodine concentrate streams were

low.

SESSION CHAIRMAN: These three papers we have heard are, of
course, related to determining the extraction or release of figsion products
from fuel in the case of a reactor accident, characterizing the properties
and behavior of these materials, and doing something about ameliorating the
consequences of the accident. The motivation here, of course, is to assess
the consequences of reactor accidents, and hopefully with the view to take
steps that would allow one to relax siting criteria.

This raises an interesting question, I think; namely, to what
extent have we been successful, through research and development, in doing
gomething useful and constructive towards solving the reactor safety prob-
lem. We have an expert in the audience, Dr. Silverman of Harvard University.
I wonder if he would care to say a few words about the impact this research
has had on evaluating the consequences of reactor accidents, and toc what
extent it has been useful in relaxing siting criteria.

COMMENT BY DR. SILVERMAN:

First, let me say that we have enough confidence in what we
think carbon can do, notwithstanding fires, and have recommended and have
seen carried out multi-million dollar programs in reactor confinement at
both llanford and Savannah River, and you will hear about these in some
detail. You probably heard at the Idaho Conference some of the orderly
and positive planning.

I think those of you who are familiar with the reactor giting
problem will get the notion, if we can be sure of the source for its
strength and its chemical characteristics, that we ought to be able now,
on the basis of our research and development, to design safeguards and
feel a degree of confidence in their performance.
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I might say, speaking entirely without regard to my regulatory
status, that the Nuclear Ship Savannah has such safeguards aboard, and
that these safepuards are being routinely tested and retested, because
of the problems in entering ports throughout the world, and has shown
the kind of performance that would permit one to make reliable estimates
of the safety of its operation.

The results of our research and development are being put into
effect. As you will see from some of the later discussion in regard to
research and development, we still have some problems with charcoal that
ignites. Activity may be lost, but there are ways to protect against
that. Either substitute another adsorbent, or another technique,

All things considered, I think reactor safeguarding is coming
closer and closer to the point when we can accept engineered safeguards,
primary engineered safeguards, with a third degree of reliability, and
I think what we are now arguing about essentially is whether or not the
DF should be 100, 101, 102, et cetera. In other words, the release is
zero. 1 am the only one who might raise some alarm as to how positive
can you be that it is zero; we haven't got efficiencies of 100%, even
though we are pretty close.

With that in mind I still think we have some objectives to
achieve in engineered safeguards, but certainly we have come a long way.

What can we expect from the mechanical behavior of a system,
because we test and retest? We have vibration and compaction taking place
in charcoal beds, and I would take the attitude that 1if somebody can show
me 99.5% efficiency after repeated retests, with both vibration and mechan-
ical stress, then I would accept the 99.5%. I don't know how to give me
an assurance that I will feel better. In other words should I says "0.K.
my safety factor is going to be 99.5% or reduce it to 99%." 1In other
words I half helieve that I should take 90%, because I think that somebody
is going to become careless in routine surveillance, and so on.

If you have a system that 1is operating all the time that tests
99,5% before you enter a port, I think you have a pretty good feeling that
it is going to be 99.5% all the time you are at dock-side, i{f we are talk-
ing about a nuclear-powered ship.

If we are talking about a power reactor in the center of
Pittsburgh, or something of that nature, I think the frequency of your
checking is going to give you the confidence in what numbers you can use.

S0 1 don't think it is any different than taking out a coupon
and checking it for irradiation characteristics, tensile strengths, and
so on. It is the same basic philosopliy. Our engineering safeguards for
cleanup and protec:ion of the public still, we hope, are never called on to
act; but nevertheless, we have to have that area with some positive degree
of assurance, in case all other things go wrong.

Sessions Chairman: Thank you. If there are no other comments
this will conclude Session I.
SESSION II - TRANSPORT AND VENTILATION OF RADIOACTIVE
AEROSOLS AND GASES

Morning - 22 October 1963

D. J. Keigher, RLO, Chairman
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Session Chairman: Gentlemen, 3ession Il concerns the transport
and ventilation of radioactive aerosols and gases, The first paper has
been prepared and will be delivered by Mr. T. W. Pickel of the Oak Ridge
National Laboratory. The title of thisinteresting presentation has been
announced as, "The Analog Computer as an Aid in Critical Ventilation
Systew Evaluation.
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