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IODINE SORPTION ON LOW-CHROMIUM ALLOY STEEL

M. F. Osbormne
R. B. Briggs™
R. P. Wichner

ABSTRACT

Studies of iodine sorption on low-alloy steel in helium
atmosphere included both computer calculations and experimen-
tal measurements under conditions that could be related to
the high-temperature gas-cooled reactor (HTGR). Adsorption
measurements provide data on the potentially releasable
inventory of iodine (a major radiological hazard) stored on
surfaces in the coolant circuit during normal operation.
Measurements of the rate and extent of iodine desorption when
test conditions were changed are useful for evaluating the
consequences of accidents.

The results of calculations with the SOLGASMIX~PV computer
program indicated that HI is the dominant iodine species in the
system and that the deposition of CrI;(s) or Fel,(s) in the
cooler regions will effectively limit the ampount of iodine in
the gas phase. Experimental measurements were obtained on
2-1/47% Cr—1% Mo steel specimens at iodine burdens as low as
107% Pa (10-!1 atm), about 100 times lower than any previous
work. Equilibrium iodine loadings were very sensitive to speci-
men surface condition, being reduced with oxidation. Loadings
on unoxidized specimens ranged from ~0.001 ug I/cm? at 10~* Pa
(10=? atm) and 800°C to "4 pg I/cm? at 3 x 10-3 Pa (3 x 10-10
atm) and 400°C, Temperature increases of 100 to 200°C caused
rapid desorpticn of large fractions of the absorbed iodine, and
sites with a spectrum of activation energies for desorption were
indicated.

1. SUMMARY

The equilibrium sorption of iodine on 2-1/4% Cr—1% Mo steel in
flowing helium was investigated at conditions that could be compared to

those in the coolant circuit of a high-temperature gas-cooled reactor (HTIGR).

*
Consultant.



The purpose of this work was to provide data on adsorption and subsequent
desorption which could be used in the assessment of HTGR safety. The
results of our investigations to date — about two years of a three-year
program — are presented in this report. A final report will be prepared
upon completion of additional work. Efforts included computer calcula-
tions to determine the partial pressures of the various iodine species
as functions of temperature, hydrogen pressure, and oxygen pressure.
Whereas most of the earlier experimental studies had examined iodine
sorption on low-alloy steels at iodine burdens {(defined as the partial
pressure if all iodine in the gas phase were converted to the monatomic
form) greater than n10-2 Pa (n10-7 atm)*, these experiments were concen-
trated in the range 10~6 to 10-3 Pa (10‘11 to 10-% atm). Iodine burdens
in an operating HTGR are expected to be 510‘5 Pa. Test temperatures
were 400 to 800°C, and test atmospheres were 1.1 X 10° Pa (1.1 atm)

helium containing 50 Pa (5 x 10~* atm) hydrogen in most cases.

The computer program SOLGASMIX-PV uses standard thermodynamic data
to calculate the equilibrium relationships in complex chemical systems.
Calculations were made on an isothermal system at 3 X 10% Pa (50 atm)
helium pressure with constant amounts of iron and chromium available.
System temperature and the amounts of iodine, hydrogen, and oxygen were
varied. The results showed that, in all realistic cases, the dominant
iodine species in the gas phase was hydrogen iodide. Depending on the
amount of iodine available and the temperature, CrI;(s) or Fel,(s) may

form to effectively limit the amount of jodine in the gas phase.

An experimental apparatus and procedure were developed to measure
iodine sorption on metal specimens using the transpiratiom, or flowing
gas, method. Purified helium passed over elemental iodine which con-
tained 1311 tracer in a low-temperature (-80 to =-530°C) saturator. The
helium-iodine stream was diluted with helium containing the desired
amount of hydrogen before passing over the specimens in a quartz furnace

tube. The accumulation of iodine on the specimens was measured and

*
Since 1.00 atm = 1.01325 X 10° Pa, we use the approximation )
1.0 atm = 1.0 x 10° Pa throughout this report.



recorded continucusly with Nal (Tl) crystal detectors connected to
single~channel analyzers. The iodine source temperature and the helium
flow rates were controlled to supply the desired iodine burden in the
mixed helium stream, which was monitored by measuring the iodine col-
lected from a small side stream (V5% of the total mixed helium stream).
The iodine collected on the metal specimens and on a charcoal trap dowm-
stream from the specimens was integrated to determine the average iodine
burden in the helium over stable periods of operation. Each experiment
consisted of several successive phases; where practical, the equilibrium
loading at a constant temperature and iodine burden was measured, then
conditions were changed either to allow more iodine to adsorb or to
cause desorption to a new equilibrium loading on the same specimens.
Each test phase required from 1 to >10 d, and test durations were up to
45 d. After completion of a test, the specimens were removed and the
apparatus was disassembled. The amounts of iodine on all components
were determined with a multichannel analyzer to verify both the on-line
measurements with single-channel analyzers and the material balance for
the test. The test specimens were examined visually and metallographically

to evaluate changes in surface character, such as oxidationm.

Equilibrium loading data were found to be quite variable and sensi-
tive to specimen oxidation. At 400°C, the most thoroughly tested tem-
perature, equilibrium loadings of ~1 to 5 pg I/cm? were obtained on

relatively clean specimens at iodine burdens of 10~3 to 10~3 pa (1010

to 1078 atm); at lower icdine burdens, the loadings were reduced. In
several tests where the specimens were heavily oxidized (<1 x 10-2 Pa
hydrogen in the helium), the loading was reduced about one order of mag-
nitude at all iodine burdens. As specimen temperature was increased,
the iodine lecadings decreased, roughly one order of magnitude for each
200°C in the 400 to 800°C interval. At 600°C the loading varied from
"0.003 to 0.3 ug I/cm? at iodine burdens of 3 x 10=% and 1 x 10-3 pa

(3 x 107! and 1 x 1078 atm) respectively. Measurements at 800°C were
near the limit of detection, ~0.001 ug I/em? at n1 x 10~% Pa (1072 atm).
Data scatter prevented correlation with a particular isotherm, but some

agreement with the Temkin isotherm was apparent.



Analysis of the rates of adsorption and desorption revealed some
interesting results. The adsorption of iodine on steel is not a ther-
mally activated process. The adsorption rate decreases with increasing
temperature, and the adsorption reactions are not understood. If the
adsorption rate is taken as the product of the rate of impingement of
iodine on the surface and a sticking coefficient, the sticking coeffi-

cient in our experiments decreased from 10™3? at 400 to n10~% at 700°C.

The desorption of iodine is thermally activated, however. Desorp-
tion rate data indicate that the iodine adsorbed on sites having a
spectrum of activation energies for desorption that ranged from
2.2 x 10% to 3.3 x 105 J/mol. Some evidence indicates that iodine
resides on the metal surface as Fel,. The form in which it desorbs
appears to depend on such factors as temperature, composition of the

environment, and amount and rate of desorptiom.



2. INTRODUCTICN

Iodine is an important element in the safety evaluation of all
reactor systems. It is of particular interest in the high-temperature
gas-cooled reactor (HTGR) because its combination of chemical and physi-
cal properties make it a potential hazard under both normal operation
and accident conditions.! Among the more significant of these character-
istics are (1) iodine is produced in“relatively large fission yields;
(2) it is highly volatile at all HTGR coolant circuit témperatures and
migrates rapidly through graphite; (3) several isotopes are radiologi-
cally significant because they decay with energetic beta and gamma rays
with half-lives of hours or days; and (4) a variety of chemical forms —
all readily transportable — are possible, depending on temperature and
the level of impurities (Hp, H,0, CHy, etc.) in the helium coolant.
Moreover, changes in coolant circuit conditions, such as temperature
increase or water ingress, would be expected to increase the potential

for release in a depressurization accident.

2.1 Purpose of Work

The limited amount of applicable data on iodine sorption and desorp-
tion under HTGR conditions, as emphasized by safety studies, dictated a
need for additional work in this area.? The specific objectives of this
program were (1) to determine equilibrium loadings of iodine on low-

chromium alloy steel, specifically 2-1/4% Cr-1% Mo, called T-22, which

is a major component of the HTGR coolant circuit, at conditions repre-—
sentative of an operating HTGR, and (2) to investigate the rate of
desorption under conditions that could be related to hypothetical acci-
dent situations in an HTGR. General information about the behavior of

various.chemical species of iodine was pursued also.

2.2 Scope of Investigation

Because most of the previocus experimental work (to be discussed in

more detail in Sect. 3) had been conducted at iodine burdens* >10~2 Pa

*
Iodine burden (PT) is defined as the partial pressure of iodine
with all icdine species in the gas phase converted to monocatomic I:

P.=P_ =2P + P + 2P + 4P + 2P
Fe Cr

T I Io HI I, FeorIy I,

5



(107 atm) compared to an expected burden of no more than A107% Pa
(’\alO'10 atnm) in the HTGR,3 equilibrium loading measurements at iodine
burdens of 10=% to 10-3 Pa (10~!! to ~10~8 atm) were of primary interest.
During normal operation, the temperatures of metal surfaces in the HTGR
coolant circuit should range between 300 and 800°C, thereby setting the
bounds for our experimental studies. The coolant in the HTGR is high-
purity helium at 48 x 10° Pa (48 atm). Use of a glass/fused silica test
apparatus, which was highly desirable for ease of comstructicn and for
minimizing iodine sorption and/or reaction, limited the test pressure

to a maximum of about 1.2 x 103 Pa (1.2 atm) of helium. As with coolant
pressure, there was no possibility of simulating the high flow rates in
the HTGR; in our tests the flow rates were typically 200 to 400 std cm?/
min, which corresponds to 4.5 to 2.0 cm/s at 400°C and 7.3 or 14.4 cm/s
at 800°C across the specimens. A temperature of 400°C was chosen for

the major emphasis in the adscorption measurements.

Desorption data were obtained during phases of the equilibrium load-
ing tests when changes in conditions caused iodine to descrb from partly
or fully loaded specimens. Such changes involved (1) reducing the iodine
burden in the gas while holding the specimen temperature constant,

(2) increasing the temperature of the specimen while holding the iodine
burden constant, or (3) reducing the iodine burden and increasing the

temperature simultaneously.

2.3 Applications for Data

Assessments of HTGR safety utilize computer programs to make com-
prehensive calculations of the conditions (temperature, atmospheric
properties, surface deposits, etc.) at various peints around the cooclant
circuit. In this manner estimates of the circulating versus deposited
inventories of the released fission products, and their distribution
within the system, are obtained. The usefulness of such programs as
PAD* and PADLOC,S which have been developed and used to make these
calculations, is limited by the precision of input data. Equilibrium
iodine loading measurements at significantly lower iodine burdens
[<10™° Pa (<10~1% atm)] were needed to reduce the uncertainties asso-

ciated with extrapolations of previously available data. Similarly,



additional, more applicable data were needed to better evaluate iodine

desorption and release during accidents including system depressuriza-
tion.



3. REVIEW OF PREVIOUS STUDIES OF IODINE SCORPTION ON STEEL

Several experimenters have studied the sorption of iodine on steels;
the review and evaluation by Hoinkis® were particularly helpful. Minor
differences in alloy should not have a significant effect on the results
since the major component (>90%) was iron in all cases, but differences
in experimental technique, atmospheric impurities (especially O and

H;0)}, and iodine burden are more important.

Some sorptions have been carried out in vacuum, called the pseudo-
isopiestic method, and others in flowing helium, called the transpiration
method. The latter method better simulates behavior in the HTGR coolant
circuit. Some tests using the transpiration method were conducted in a
closed loop (as in the HTGR), but the majority operated in a once-through

mode, as in our experiments.

Milstead, Bell, and Norman’ reported the results of pseudcisopiestic
tests wherein the sorption of iodine on 1% Cr—1/4% Mo steel at 400°C was
measured at iodine burdens of 2 x 10™% to 2 Pa (12 x 1077 to
"2 % 10~5 atm). They also evaluated and compared previous work at the
General Atomic Company which utilized the transpiration method. With
one exception, these tests were conducted at iodine burdems >0.1 Pa.

The results of thermodynamic equilibrium calculations, reported in
Fig. A.l4 of Sect. 9, indicate that most of the ilodine would have been
in the form of iron iodides. More recent experiments at the General
Atomic Company using the pseudoisopiestic technique have concentrated
on even higher iodine burdens,? such as might occur in some accident

situations.

A series of pseudoisopiestic tests of iodine sorption on mild steel
at 316 to 538°C was reported by Neill.? The iodine burdens in these
experiments were either 1 x 1l0~* or ~10 Pa, and both adsorption and
desorption rates were measured. Data from Neill? and Milstead et al.’
are plotted in Fig. 3.1 to illustrate the need for additional measure-
ments at the lower iodine burdens. Although fairly consistent iodine
coverages of 10 ug/cm? are indicated at high iodine burdens (0.0l to

10 Pa), the large uncertainties of extrapolation to an iodine burden of
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Fig. 3.1. Measurements of iodine sorption on low-alloy steel at 400°C,
assuming that the iodine burden was equal to twice the reported source
pressure of iodine.

71075 Pa are apparent. In addition to the obvious data scatter, most of
the plotted values were derived from experiments in which FeI,(s) was
stable,® thereby adding further uncertainty to extrapolations into
regions where Fel,(s) would not exist, A4n additional uncertainty in
comparing data from different experiments is the ratio of true-to-
geometric surface area. Only Neill® reported any consideration of this
parameter, and his value of 1.25 seems unreasonably low because the
specimens did not receive the special polishing necessary to obtain a
particularly smooth surface. The work of Watanabe et al,!Y and of
Strehlow!! shows that even highly polished surfaces have roughness fac-

tors of ~2.5.

Chemisorption of iodine on a metal surface, which should be the
dominant mode cf depesition at the low iodine burdens of interest, pre-

dicts iodine loadings much below those indicated by the above data, as



10

discussed by Compere et al.3 Assuming an ionic radius of 2.16 % 16719 m
(2.16 ﬁ) and association of each iodine atom with a particular iron

atom to form Fe-I bonds, Compere et al. concluded that monolayer coverage
should be about 0.086 pg I/cm? (4.1 x 10!* I atoms/cm?). This calcula-
tion, however, was based on the true surface area available for gas
adsorption, whereas the data in Fig. 3.1 are based on geometric area.

As noted above, surface roughness factors, the ratio of true-to-geometric
surface area, vary widely; depending on the method used to fabricate the

specimens, roughness factors as high as 10 may exist.

Other studies of iodine sorption on metals do not appear particularly
useful for comparison. Neill, Gray, and Kress'? conducted tests of iodine
behavior in a stainless steel loop containing helium at 2.76 x 106 Ppa
(400 psig). Test temperatures were 200 to 260°C, and neither the icdine
burdens in the circulating helium nor the surface coverages were accu-
rately determined. Genco and co-workers!? reported transpiration experi-
ments of iodine deposition on preoxidized stainless steel in air-steam
and hydrogen-steam atmospheres in the temperature range 150 to 750°C.
Iodine burdens, injected as I, or HI, were in the 103 to 10 Pa (1073 to
10~“ atm) range. Maximum reported loadings were less than 1 ug I/cm?
at 150°C. The deposition of iodine on a variety of metal surfaces was
investigated by Davis et al.l% in atmospheres of helium, hydrogen, air,
and steam. This work, which was actually several different types of
experiments, was intended more to establish limits of iodine behavior
under a broad range of conditions than tc measure specific loadings under

clearly defined conditions.

A study of iodine sorption on Fe30y powder in vacuum (the pseudo-
isopiestic method) at 200 fo 450°C and 10=% to 10-2 Pa (1071l to
107 atm) was initiated by Hoinkis!® and continued by Osborne and

co-workers.!®

Differences in experimental methods and specimen surface
characteristics make data comparisons difficult to interpret even for
oxidized metal specimens, but the previous experience proved very help-

ful in planning and conducting the recent experiments using steel specimens.



4. PREDCMINANT IODINE SPECIES IN THE GAS PHASE

Recognizing that the various chemical species in the Fe~Cr-I-He
system would vary in concentration with temperature and with the con-
centration of such impurities as hydrogen and oxygen, we employed the
computer program SOLGASMIX~-PV!7 to investigate the equilibrium relation-
ships. This program considered an isothermal system with a constant
total pressure and used the thermcdynamic data to compute the equilibrium
compositions of all species by minimization of the system free energy.
The temperature range investigated was 100 to 800°C, and the quantities
of the various elements input for the several series of calculations are

listed here.

Element and state Quantity or partial pressure
Fe(s) 100 mol
Cr(s) 0 to 2 mol
He(g) 5 x 108 Pa (50 atm)
1(g) 1 x 107 to 1 Pa (10-12 to 10-5 atm)
H{g) 0 to 2 x 102 Pa (0 to 2 x 10~3 atm)
0(g) 0 to 5 Pa (0 to 5 x 10> atm)

Since a large fraction of the HTGR coolant circuit — especially in
the temperature region where a large fraction of the fission product
iodine is expected to deposit — is composed of 2-1/4% Cr—1% Mo steel,
we assumed essentially unlimited availability of this alloy. Scme
uncertainty about the availability of unoxidized chromium dictated that
cases with and without chromium be considered, as shown above. The
ranges of partial pressures of iodine, hydrogen, and oxygen were chosen
to span any expected coolant conditions. Other possible coolant impuri-
ties, such as carbon, were ignored becazuse they would not be expected to

significantly affect the behavior of iodine in this system.

The results of these calculations showed that where hydrogen was
present, the dominant iodine species was hydrogen iodide, with mono-
atomic lodine concentrations some two orders of magnitude lower, as

shown in Fig. 4.1. Gasecus metal iodides (CrI,, Fel,, Feli, and Fe,I,)

11
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Fig. 4.1. The equilibrium distribution of the iodine species in

the Fe-I-H system at 400°C, as calculated by the computer program

SOLGASMIX-FV.
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appeared in comparable concentrations only at the higher iodine input
levels and were limited by deposition of CrI,(s) and/or Fel,(s). These

results are discussed further and are illustrated in a series of figures
in Appendix A.



5. EXPERIMENTAL APPARATUS AND PROCEDURE

The primary requirements for the test apparatus were that it be
relatively (1) impervious to gaéeous contaminants (especially oxygen
and water vapor) over the temperature range -100 to 800°C,.(2) unreac-
tive with both iodine and the steel specimens, and (3) simple to fabri-
cate and operate. In order to attain good counting precision at the low
iodine burdens, specimens of a high surface-to-mass/volume ratio, an
iodine source of high specific activity, and an arrangement for locating
the detectors close to the specimens (but well shielded from the source)

were required.

5,1 Test Apparatus

The apparatus was composed of a fused silica furnace tube to which
the other components made of Pyrex glass (Fig. 5.1) could be readily
attached. Several minor modifications were made to the apparatus during
the test series. The apparatus shown in Fig. 5.1 is the final version,
as was used in the last several tests; details of the development are
discussed in the preliminary reports of individual tests,la*27 and the
more significant changes will be mentioned later along with experimental

results.

Helium was supplied, typically in two separate, standard cylinders.
Cylinder 1 was of highest available purity and was connected to the
saturator. Cylinder 2 supplied a special mix, containing 0.05 vol %
hvdrogen, to provide a partial pressure of 50 Pa (5 X 10~* atm) in the
n1.1 atm tests, the same as the predicted hydrogen pressure in the 48-ata
HTGR ccolant. Analyses of the helium used in these tests are listed in
Table 5.1. The helium supply lines, pressure gauges, mass flowmeters,
and microcontrol valves were all standard metal components. The connec-
tions to the Pyrex cold traps were ground ball joints, sealed with vacuum

grease.

The apparatus, from the cold traps designed to freeze out water
vapor or any other impurity condemsible at -196°C (liquid nitrogen tem-
perature) to the large ball joint connection at the downstream end of the
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Table 3.1. Mass spectrometric analysis of helium
used in sorption tests

Impurity contents

Cylinder No. Test No. (ppm)
Hy Qs H,0 Co CO- CHy
1
{Saturator flow) A-3, A-6 0.06 <0.02 1.3 0.02 <0.005
A-7 through
A-13 0.01 0.01 0.9 0.02 <0.005
2 A-5, A-6 0.06 <0.02 1.3 0.02 <0.005
(Primary flow) A-7 600 <1 1 <1
A-8 510 0.8 <0.1 <0.1 <0.2
A-9 490 0.7 <0.1 <0.1 <0.2
A-10 530 0.1 0:1 0.3
A-11 500 3.6 1 1
A-12 500 1-3 <3 <1
A-13 510 1-3 <1 <1

furnace tube, was a single unit. After assembly in situ, it was filled
with helium to V1.2 x 10° Pa (~1.2 atm) pressure, and all components were

checked for leakage with a leak detector.

The parallel inlet helium streams served a dual function. Purified
helium passed through the saturator at a low flow rate (2 to 10 std cm?/
min) to entrain the desired amocunt of iodine in the inert gas stream.
The larger primary flow rate (200 to 400 std cm3/min) provided both
dilution to reduce the iodine burden and alsc the desired mix of impuri-

ties (primarily hydrogen) to simulate HTGR coolant (Fig. 5.2).

Both helium streams were passed through clusters of T-22 strips
(the same material as used for adsorption specimens) maintained at 400°C.
This step was intended to reduce the content of anv remaining oxidants
in the helium to a level at which no oxidation of the specimens could
occur. (As shown in Fig. 5.2, the helium supplied to the saturator
stream was passed through a purification trap, a bed of zirconium chips

at 700°C, prior to reaching the flow measurement and control equipment.)

The saturator was a U-tube with a ~2.0-cm-diam bulb at the bend

immersed in a propancl bath, which was cooled to the desired temperature
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Fig. 5.2. TFlow diagram for adsorption experiment.

(-80 to -50°C) by a mechanical cooler (FTS Systems Multicool Model M£-1-
90) . A ball check valve was located in the outlet from the saturator to
impede iodine diffusion into the primary stream when no helium was flow-
ing through the saturator. A small side tube, called the purge line,

was attached to the outlet from the saturator immediately before the ball
check valve. The purpose of this purge line was to allow helium to be
discharged from the saturator through a small charcoal trap, without any
flow to the furnace tube and specimens, during the transfer of iodine

from the preparation ampoule to the saturator. (In some of the early
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experiments, some iodine was inadvertently deposited on the specimens
during this transfer operation.) The charcoal trap in the purge line,
which was composed of Teflon, was temporarily mounted at detector 2,
allowing the collection of iodine during transfer and monitoring for a
period thereafter. After lodine transfer into the saturator and purging
to a constant, predictable flow rate, the Pyrex purge line was fused at

point B (Fig. 5.2).

Tmmediately downstream from the junction of the primary and satura-
tor lines, a small side line was attached (point ¢, Fig. 5.2). This
monitor line allowed a small fraction (typically 3-6%) of the mixed gas
to bypass the furnace tube and flow_through another small charcoal
cartridge (called the monitor trap). This monitor trap was mounited at
a third detector (not shown in Fig. 5.1), which enabled us to contin-

uously monitor independently the rate of iodine flow to the specimens.

The furnace tube was a 30-mm-diam x 1.5-mm-wall fused silica tube,
50 em long. The inlet end was reduced to 8 mm diam and contained three
baffles to mix the incoming gas. The outlet end terminated in a large
ground glass joint to facilitate loading the specimens and charcoal trap.
The specimens were mounted in bulkheads with 15-mm? cutouts, assuring
gas flow through the array cof thin plates. Two independently controlied
furnaces surrounding the furnace tube were capable of heating the speci-
mens to 1000°C with rapid heating rates (~100°C/min) and stable control
(*<5°C). A eylindrical cartridge of activated charcoal capable of adsorb-
ing all of the iodine source was mounted in the downstream end of the
furnace tube, and a similar cartridge was mounted as a backup in the
connection between the furnace tube and the cold trap. This trap,
cooled in a solid CC,-acetone bath, protected the furnace tube from back-
diffusion of impurities during evacuation at the beginning of an experi-
ment and also served as a third collector for any iodine that might

penetrate the charcoal traps during the experiments.

Downstream from the cold trap were (1) a connection to a vacuum
svstem, plus the valves and vacuum gauges needed for system evacuation;
and (2) a mass flowmeter, rotometer, and microcontrol valve for regulat-

ing and measuring outlet gas flow.
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5.2 Metal Sorption Specimens

The 2-1/4% Cr—1% Mo steel specimens were rectangular arrays of
0.24-mm-thick plates, as shown in Fig. 5.3. The thin plates were mounted
in slots in thicker side pieces of the same alloy. The gas stream flowed
through the array parallel to the plates, 2 mm and 51 mm, respectively,

for specimens 1 and 2.

ORNL-DWG 78-355R2

| {4mm {
FOIL r 7
TOP PLATE .
8 = = 14mm
REMOVABLE %
ADSORBER
PLATES —
— e
P’
2n"n—A P///
SPECIMEN 1 SPECIMEN 2
2 mm LONG 5¢{ mm LONG

Fig. 5.3. Low chromium alloy steel adsorption specimens.

The thin plates were produced by successively rolling and annealing
strips28 of 4.76-mm-thick (3/16-in.) plate.* Chemical analysis and
mechanical characteristics of the material are listed in Table 5.2.

The individual plates were sheared to the proper size. Because this
low-alloy steel tends to rust in room air, the protective oil film was
not removed until immediately before locading into the apparatus. The
assembled specimens were cleaned by washing in CCl, and acetone, then
dried at 125°C.

*
Obtained from Alloy and Carbon Steel Co., North Bergen, NJ 07047.
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Table 5.2. Chemical analysis and characteristics

. . a
of specimen material

Content per

Element manufacturer
(%

C 0.13

Mn 0.45

P 0.012

S 0.017

Si 0.021

Cr 2.37

Mo 0.92

Fe Balance

Mechanical test results

Yield point (0.2%) 33.3 ksi (2.30 x 108 Pa)
Tensile strength 66.3 ksi (4.57 x 108 Pa)
Elongation 28% in 2 in. (5.08 cm)
Reduction of area 627%

aAlloy and Carbon Steel Co., North Bergen, NJ
07047, 2-1/4% Cr—1% Mo steel, heat no. 3P796.

Surface characterization of the specimens included surface rough-
ness (6.8 times geometric) by the diamond stylus method, 2% surface area
(140 times geometric) by the BET gas adsorption method, 3% and metallo-
graphic examination at 250 to 1000 X,31 as reported in Appendix B. The
latter revealed numerous small cracks, apparently caused by shearing,
which tended to corroborate the very high surface area indicated by
gas adsorption. However, this surface area measurement must be consid-
ered a relatively low confidence value because the total area was

marginal for measurement.

5.3 Instrumentation

A variety of instruments were used to (1) record helium flow rates;
(2) control and record temperatures of hot metal getters, the icdine
source, and the specimens; (3) regulate the supply of liquid nitrogen to

the cold trap; and (4} count and record the radiociodine collected on the
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specimens and charcoal traps. Gas flow rates were set and occasionally

readjusted manually, but all temperatures were controlled automatically.

The counting system was composed of three similar channels feeding

data to a printout control, as shown in Fig. 5.4. At predetermined time

DETECTORS

PREAMPLIFIERS

AMPLIFIERS

SINGLE-CHANNEL
ANALYZERS

COUNTERS

Fig. 5.4.

ORNL DWG B80-1505
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A A A
f ] !
SCA SCA SCa
1 ¥ ]
c c C
TIMER PRINTOUT CLOCK
CONTROL
TELETYPE |——
DATA
PRINTOUT TAPE
COMPUTER
PRINTQUT PLOT

Schematic diagram of data collection system.
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intervals, the number of counts collected in each channel, the length of
the time interval, and the accumulated time from the beginning of the
experiment were printed by a teletype and recorded on paper tape. The
printout was used to monitor the progress of the experiment, and the
data on tape were transferred for computer processing; corrections for
background and radicactive decay, relative and maximum count rates,

specimen loadings, etc., were calculated and selected data were plotted.

5.4 Todine Source and Saturator

The 1317 gsource material (typically 5 mCi) was obtained as carrier-
free Nal in aqueous solution. After adding a small amcunt of natural
iodine (as Nal) and the extraction of starndard samples, elemental iodine
was prepared by the decomposition of PdI, in vacuum. The detailed pro-
cedure for this operation, which was carried out in a separate laboratory,
is listed in Appendix C. 1In order to obtain high specific activities,

the amount of carrier (natural) iodine was limited to "1 mg.

About 1% of the total solution was withdrawn, divided into small
samples adsorbed on silver zeolite beads, and sealed in 3-mm-diam * 15-mm-
long Pyrex tubes for use as standards in calibrating the detectors prior
to an experiment. Beginning with the original 1317 gource material, each
specific fraction (ampoule, standards, etc.) was measured by a multi-
channel analyzer. Two of these small standards, which were essentially
line sources 1 em long, were placed in the furnmace tube at the positions
of the leading edges of the sorption specimens to determine the counting
efficiency for an accurately known amount of 311 before each experiment.
They were also counted at the entrance teo the collimator of each detec-
tor. The same standards were recounted at the collimators several times
per week during the experiment as verification of the counting system

stability. Details of these calibratiomns are discussed in Appendix D.

During preparation the elemental iodine (I;) was deposited in an
ampoule equipped with a magnetically operated breakseal. This ampoule
was attached to the experimental apparatus at point A, Fiz. 5.1. With
a helium flow of about 3 std cm?/min through the cold (-80°C) saturator

and purge line, the breakseal was bvroken and the iodine was warmed to
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40 to 50°C, permitting it to diffuse slowly into the helium stream and
be carried to the saturator where it condensed on the inlet leg. After
a few hours, most of the iodine was transferred to the saturator, as
verified by radioactivity measurements with a survey meter, and the

source ampoule was fused closed and removed.

In all cases, a small amount of radioiodine was collected on the
purge trap during this transfer operation, thus indicating the presence
of a small fraction of an iodine species with much higher vapor pressure
at -80°C than I,. We speculate, but cannot demonstrate, that a small
amount of organic impurity reacted to form CH3I (or some other organic
iodide) with such a vapor pressure. Other e:-cperirnenters,13’32 while
conducting similar tests, have observed similar high vapor pressures of

an unidentified iodine speciés at the beginning of experiments.

In order to establish the desired iodine burden,PT, in the helium
stream, we set the temperature of the saturator to provide a vapor pres-
sure, PIZ’ according to the work of Honig and Hook,33 then adjusted the.
helium flow rates to obtain the desired total flow rate and dilution

factor, using the expression

F1 + Fo
P = ———— P (l
I2 ZFl T’ )
where
F, = flow rate through saturator,
F, = flow rate in primary stream.

Flow rates through the saturator, Fj, were kept very low (2 to 10 std

cma/min) to ensure saturation of the helium.

Depending somewhat on sorption test conditions, the effective use-
ful lifetime of a typical !3l1 source (v2-5 uCi/ug I) was about 6 weeks,
at which point the count rates for most loadings were approaching marginal

usefulness.

5.5 Operating Procedure

The procedure for conducting an experiment included apparatus con-

struction, specimen preparation, iodine source preparation, detector
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calibration and background counting, and leak-testing of the apparatus
with specimens in place, all before opening the icdine source ampoule,
which was defined as time zero for each experiment. After transferring
the iodine into the saturator, the source was purged at ~-50°C for
several hours to discharge any highly volatile species to the purge trap.
The icdine flow rate was measured at two or more saturator temperatures
over a period of several days to verify that the source was behaving

according to the temperature-flow relationship.

Once predictable behavior of the iodine source had been established,
the purge line was sealed, and flow of the mixed gas through the furnace
tube and the monitor line was initiated. Since the specific activity of
the iodine was highest at the beginning of an experiment, the conditions
usually were chosen so that relatively low loadings were measured early,
with higher loadings obtained later in the test sequence. To achieve an
equilibrium leoading on specimen 1, the conditions (temperature, flow, and
PT) were held constant until the count rate {(corrected for decay) stopped
increasing or until, as in some cases, we concluded that an unreasonably
long period (>2 weeks) would be required to approach the desired equi-
librium. The counting svstem collected data continuously and printed at

intervals of 1000 to 5000 s.

Upon reaching equilibrium (or nearly so) iodine coverage on
specimen 1, conditions were changed to begin the next phase of the experi-
ment. The conditions for the varicus phases of each experiment are
tabulated in Appendix E, and calculations of the concentration of iodine
on the surfaces are given in Appendix F. Desorptions were begun from an
equilibrium loading by either reducing the iodine burden (normally tec 0),
which resulted in very slow desorption, or by increasing specimen tem-—
perature 100 or 200°C, which caused rapid desorption. The counting inter-

vals were adjusted to reflect the rate of desorption.

The total amount and the distribution of iodine adsorbed on the
specimens, the outlet end of the furnace tube {generally insignificant),
and the charcoal trap were determined through pericdic profile measure-
ments. Detectors 1 and 2 were moved in increments of 2 to 10 mm with

100-s counts at each position, and the data were plotted versus position.
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Comparison of these plots with the detector calibration curves (Appendix D)
enabled us to make reliable estimates of the total amount of iodine on
specimen 2 and the charcoal trap. These data were useful in verifying the
average iodine burden at the specimens and in determining loading (ug I/em?)

on specimen 2.

5.6 Experiment Disassembly and Posttest Measurements

At the conclusion of each experiment, the temperatures were reduced,
the specimens and charcoal traps were removed into individual containers,
and the apparatus was disassembled into sealed sections (saturator, fur-
nace tube, and connecting tube) under continued helium flow. All com-
ponents were inspected visually, and the iodine content of each component
was measured by a multichannel analyzer and found to agree acceptably
with in situ measurements. (In some cases the detector calibrations were
reverified with standards before disassembly.) The iodine material
balance was determined, as tabulated in Appendix E, and the results

usually indicated the recovery of >90% of the original iodine.



6. RESULTS AND ANALYSIS

As noted previously, the first priority of these experiments was to
determine the equilibrium iodine loading on the steel specimens as func-
tions of iodine burden and temperature. The influence of small amounts
of oxidizing impurities (0, and H;0) in the helium was investigated also
and is included in the discussion. In planning the sequence of experi-
mental phases, we tried to obtain as much additional data on adsorption
and desorption rates as possible. These data were examined, and although

somewhat incomplete, some interesting results were obtained.

6.1 Equilibrium Adsorption Measurements

Cur specific objective in measuring the equilibrium loadings of
iodine on low-alloy steel was to obtain a series of adsorption isctherms
at iodine burdens of ~107% to 10~% Pa (n107%! to 10~2 atm) and tempera-
tures of 400 to 800°C. Test conditions and adsorption data are summa-
rized in Table 6.1. On comparison of the data from different experiments,
however, we found a disturbing lack of comsistency. All data at 400°C
are plotted in Fig. 6.1, which shows ranges of iodine loadings up to
>100 at iodine burdems of ~10~3 Pa (~10-10 atm). Tt was readily apparent
that iodine loading was sensitive to specimen oxidation. The measure-
ments obtained from tests A-4-4, A-5-1, and A-6-1 in pure helium, which
was known to be slightly oxidizing, fall well below other values at
similar iodine burdens. In addition, posttest examination of these
specimens verified that thev were heavily oxidized. Thus, these three
measurements may be more representative of iodine sorption on iron oxide
than on steel, but comparisons with earlier measurements on Fe;0, (ref. 16)

are limited bv uncertainties in the true surface area.

The remaining equilibrium sorption data at 400°C indicate iodine
coverages in the range 0.5 to 5 ug/cm? (geometric area) for iodine
burdens of 10~% to 10-3 Pa (10710 to 1073 atm) and decreasing to
~0.05 ug/em® at 107° to 107> Pa (107!! to 107!Y atm). The width of
this data band is about one order of magnitude. Typical uncertainties

in these data include measurement of ifodine concentratien (:£107%) and

26



Table 6.1.

Summary of adsorption and desorption data from all experiments

Ste?gzizgate Todine burden PHz
Test concentration {10~° Pa or Temperature {(Pa or
Experiment phase Specimen (Lg/cmz) 10710 acwm) °C) 107° atm) Remarks
A4 1 and 2 1 (51 om) 2 to 3 20 to 30 400 1200 Steady state concentration estimated from analyses
{adsorption) of profiles for long specimen.
3 and 4 1 (51 am) 0.1 to 0.2 20 400 3 When Py was reduced, todine neither adsorbed or
{adsorption) desorbed at entrance of specimen. Concentra-
tions are steady values reached on specimen
downstream of 4 to 8 mm at entrance. Specimen
was considerably oxidized. Blistered near
entrance
A-5 1 1 (2 mm) 0.4 500 to 600 400 “0.001 Activity was continuing to rise slowly at end of
(adsorption) phase 1. Severe oxidation.
2 (51 mm) 0.4 to 2 500 to 600 200 A0.001 Activity was steady at entrance of specimen.
Concentration was obtajned from profile.
4 1 0.1 0 600 0,001 No desorption when burden was reduced at 400°C.
(desorption) Steady state reached at 600°C.
A-6 1 1 0.013 0.8 to 1.7 400 ~0, 001 Steady value reached early in phase 1.
{adsorption)
2 >0.034 0.8 to 1.7 200 ~0.001 Determined from profile. HNo indication that it
was at steady state. .
11, 12, 13 1 0.0013 0.4 to 14 400 ~“0.001 No adsorption on specimen 1 after iodine was
(adsorption) desorbed at 600 and 800°C. Specimen was
severely oxidized.
A-7 1 1 0.04 to 0.05 0.4 to 2.0 400 50 No adsorption or desorption of iodine sorbed on
(adsorption) specimens during chargin; of saturator.
2 1 0.4 10 to 19 400 50 Concentration of 0.4 ug/cm® was not quite at
(adsorption) steady state for burden of 19 x 10°° Pa when
burden decreased to 10 x 10~% Pa. Todine
desorbed slowly and was not yet at equilibrium
when concentration had decreased to 0.3 ug/cm?.
3 1 »>2.1 140 400 50 At end of phase 3, <0.15 of fodine was being
(adsorption) adsorbed on specimen 1, but there was no indica-
tion that rate of adsorption was decreasing.
2 >4 140 400 50 Determined from profile. HNo indication that

concentration had reached steady value.

Lz



Table 6.1 (continued)

'_f " Steady state P
{odine lodine burden Hz
Test concentration (1077 Pa or Temperature (Pa or
Experiment pliase Specimen (ug/cmz) 107'° atm) {°c) 10-° atm) Remarks
4 1 »>2.3 4.0 400 50 Iodine on specimen 1 continued to increase when
(adsorption) saturator temperature was lowered, Burden
calculated fvom rate of increase on specimen 1.
No indication of being near steady state.
A-8 2 14 0.011 0 600 50 At beginning of phase 2, there was 0.093 ug/cmz
(desorption) 1B 0.007 Q 600 50 on 14 and 0.053 ug/em® on 1B, Todine did not
desorb at 400°C in phase 1, but burden might
have been as high as 7 x 10-% Pa from
desorption of lodine from wall of furnace tube.
3 1A 0.001 0 800 50 Activity very close to background.
(desorprion) 1B <(0.,001 Q0 800 50
5 1A 1.4 90 to 170 400 50 These values were steady or very nearly so.
(adsorption)
1B Q.41 90 to 170 400 50
53 1a 0.3 130 to 140 600 50 Degorption to steady state with iodine burden
(desorption) held constant.
1B 0.2 130 to 140 600 50
7 1A 1.0 90 to 190 400 50 These values were steady.
(adsorption)
1B 0.6 90 to 190 400 50
8 14 <0.5 0 to 4 400 50 Temperature of saturator was reduced and flow was
(desorption) 1B <0.4 0D to 4 400 stopped to reduce burden to 0. Bypass flow
could have mailntained burden at 4 x 1075 pa
Concentrations appeared to be nearing, but had
not reached steady values.
A~9 2 14 0,087 0.2 to 0.4 400 50 Iodine was put on specimen when burden was
(adsorption) A2 x 107° Pa for short time. Jlodine concentra-
tion was stlll increasing when burden had fallen
to 4 x 107° Pa but was steady at 2 x 1()_6 Pa.
3 14 0.003 0.2 to 0.4 600 50 Reached steady values during desorption.
(desorption) 18 0.002 .2 to 0.4 600 5()
5 1A 0. 064 0.4 to 0.6 400 50 Iadine concentrations were steady, but lower
(adsorption) 18 0.056 0.4 to 0.6 400 50 than at end of plhase 1,

8T



Table 6.1 {continued)

Ste?g 1:;ate Todine burden PH2
Test concentration (10~° Pa or Temperature (Pa or
Experiment phase Specimen (ug/cm?) 10-%° arm) {°C) 107" atm) Remarks
6 1A <0.046 0 to 0.07 400 50 Saturator temperature was reduced and flow was
(desorption) 1B 0.056 0.12 to 0.19 50 stopped. Material balance indicated that
burden at entrance of specimen lA might have
been as high as 0.7 x 10™° Pa, Iodine desorbed
from specimen 1A and was continuing to desorb
at end of phase, Iodime on specimen 2 did not
change.
A-11 1 1 >0.034 0.060 to 0.096 400 50 Run was ended by crack in helium line. Activity
(adsorption) was rising at steady rate and almost all the
ifodine was adsorbing on specimen 1 at end.
A-12 1-9 1 <3.2 0.7 to 1.2 400 50 Todine neither adsorbed nor desorbed when burden
(adsorption) was reduced from 17 x 107% Ppa.
1-12 1 >3.5 2.2 to 3.0 400 50 Iodine was continuing to adsorb although 0.45
(adsorption) fraction was passing specimen 1,
14 1 <0.4 2.2 to 3.0 600 50 Desorption was not carried to steady state. Steady
(desorpticn) (0.1-0,2) value estimated to be 0.1-0.2 pg/cm?.
A-13 1 1 >0.83 (n4) 2.6 to 3.0 400 50 Adsorption was normal. Phase was ended while
(adsorption) specimen was still adsorbing 0.69 of iodine in
gas. ("4 pgfem?) estimated by method of Hougen
and Marshall,
2 1 <0. 64 3.0 500 50 Phase was ended before reaching ateady state.
(desorption) (0.3-0.5) Steady state value of 0.3 to 0.5 uglcmz was
estimated from shape of desorption curve,
3 1 0.091 3.0 600 50 Steady state value.
(desorption)
4 1 0.0060 3.0 700 50 Steady state value.
(desorption) 2 0.0065 3.0 700 50 Steady state value. Assumes uniform concentration
on surface. '
5 1 0.0012 3.0 800 50 Steady state value, but activity waa hardly
(desorption) distinguishable from background.
2 0.0007 3.0 800 50 Steady state value. Assumes uniform concentration.
6 . 1 0.0014 20 to 30 800 50 Steady state value, but activity was hardly
(adsorption) distinguishable from background.
2 0.0009 20 to 30 800 50 Steady state value. Assumes uniform concentration.

N~
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Table 6.1 (continued)

Steady state ) P
{odine Iodine burden H,
Test concentration (107°% pa or Temperature (Pa or
Experfuent phase Speclmen (ug/cmi) 1071 atm) (°C) (107% atm) Remarks
7 1 0.010 20 to 30 700 50 jteady state value.
(adsorption) 2 >0, 010 200 to 30 700 S0 Steady state had not been reached.
8 1 0.046 20 to 30 600 50 Steady state value.
(adsorption) 2 0.065 20 to 30 600 50 At or near steady state.
9 1 0.015 3.0 to 6.0 600 50 Steady state. High burden based on monitor.
(desorption) 2 <0.044 1.0 10 6.0 600 50 Far from steady state at end of phase.
11 1 >1.4 (>4) 3.1 400 50 Far from steady state. Appeared that steady state
(adsorption) value would be greater than the “4 ug/cm® esti-
mated for phase 1.
12 1 <1.36 0 400 50 Not at steady state when phase ended.
(desorption)
13 1 <0.086 2.0 to 3.0 600 50 Not quite at steady state. Estimate based on
{desorption) (0.06-0.07) shape of desorption curve.
2 <0.046 2.0 to 3.0 600 50 Not at steady state.

0¢
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Fig. 6.1. Equilibrium sorption measurements of iodine on low-alloy
steel at 400°C. Points with arrows denote near-equilibrium measurements,
with arrow indicating direction of true value.

iodine burden (#\30%), but the major contributor to this data scatter

is thought to be variation in the surface characteristics of the speci-
mens, both from one experiment to another and during the course of an
experiment. The apparent change in specimen adsorptive capacities dur-
ing experiments A-11, A-12, and A-13 is discussed in detail in Appendix E,
and uncertainties in the true surface area of specimens are considered

in Appendix B. 1In addition, variation in the stability of FeI, with
changes in experimental conditicns may be a factor in the wide range of

data.

1f we accept the previously calculated valuel® for monolayer cover-

age of iodine on iron (0.086 ng I/cm?® true surface area} and assume that



32

3 to 5 ug I/cm? geometric area corresponds to monolayer coverage om our
specimens, the true surface area should be 30 to 60 times geometric.
Since measurements of the ratio of true-to-geometric surface area were
6.8 (by surface roughness) and V140 (by gas adsorptiom), as discussed

in Appendix B, the ratio of 30 to 60 seems reasonably compatible. These
widely varying values, about a factor of 20, are roughly comparable to
the range in icdine loading values and could account for most of the

data scatter,

Another factor that cannot be discounted is the variation in the
stability of Fel; with changes in temperature, iodine burden, and partial
pressure of hydrogen in the helium. If conditions were suitable for Fel;
formation and condensation (see Appendix A), the amount of iodine depos-
ited at a particular location would be limited only by the amount
available, and would be totally unrelated to monolayer coverage of iodine
in the form of I or HI. The equilibrium partial pressures of the various
iodine species are shown for a wide variety of test conditions in

Appendix A.

Although the specimens tested in helium containing 50 Pa (500 volumes/
million) hydrogen were never heavily oxidized, as in tests A-4, A-5, and
A-6, some evidence of oxidation was frequently apparent. Thus, it appears
likely that limited and variable oxidation of the specimens in tests A-7
through A~13 may have contributed to the wide range of equilibrium sorp-
tion values. The apparent changes in specimen adsorptive capacities
during experiments A-11, A-12, and A-13 could have been the result of

changes in oxidatien.

Comparable data from other investigators are presented along with
our data in Fig. 6.2, thereby illustrating iodine loading on steel at
400°C over seven orders of magnitude in iodine burden. 1In the absence
of information about the surface area of specimens in the data from
Milstead et al., we assumed that the values were based on geometric
area, as were our data. Since Neill et al. reported a true-to-gecmetric

area ratio of only 1.25, the difference in his data is insignificant.

The equilibrium sorption measurements obtained at higher tempera-

tures (500 to 800°C) are shown in Fig. 6.3. All of these values were
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Fig. 6.2, Comparison of all measurements of iodine sorption on steel
at 400°C. TFor the data of Milstead et al.’ and Neill,9 we assume that the
iodine burden was equal to twice the reported source pressure of iodine.

derived from tests in helium containing 50 Pa (500 volumes/million)
hydrogen. Although relati&ely few higher temperature measurements were
made, the data appear reasonably consistent, both between different
experiments at the same temperature and between different temperatures.
For iodine burdens of 107% to 10-3 Pa (10-!! to 10~% atm), the iodine
coverage decreased by a factor of 8 for each 100°C increase in tempera-
ture. The three filled points in Fig. 6.4 represent data from Milstead
et al.” and Neill et al.? at intermediate temperatures, the only compari-
sons available. All these data indicate that, at constant temperature
in the 600 to 800°C range, equilibrium iodine loading increases with
iodine burden with a slope of V1. The same effects that caused data
scatter at 400°C, partiCularlj uncertainty in true surface area and the
effect of oxidation, would be expected to influence measurements at
higher temperatures. 1In addirion, the lower iodine loadings at higher

temperatures can be measured with somewhat less precision.
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Fig. 6.3. Equilibrium sorption measurements of iodine on low-alloy
steel at 500 and 800°C. Points with arrows denote near—equilibrium
measurements, with arrow indicating direction of true value,

Interpretation of the data in Figs. 6.2 and 6.4 is complicated by
the previously discussed scatter. At 400°C, a straight line of slope
A1/2 appears to fit the data reasonably well but is difficult to corre-
late with theory. Let us assume that monolayer coverage is ™3 Ug I/ca?,
as suggested by the data between 10-3 and 10-! Pa (10-10 and 10-% atm)
iodine burden in Fig. 6.2, and that the higher loadings at iodine burdens
of 1 Pa ('\JlO‘5 atm) were the result of Fel, condensation. Then the lower
iodine loadings at 10-° Pa (10-1% arm) and below would represent a sharp
decline in loading with iodine burden. Since several adsorption isotherms
are of this general shape, we tested data for iodine burdens below 10~ Pa

for correlation with three simple isotherms.
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Fig. 6.4. Comparison of measurements of iodine sorption on steel at
higher temperatures.

The Langmuir isotherm is of the generzl form

where
8 = fraction of monolayer coverage,
a = a constant,
P = iodine burden.

According to Hayward and Trapnell,34 plotting P/6 versus P should yield
a straight line if the process is Langmuir in character; that is, the
heat of adsorption, q, is independent of the extent of coverage, 8.
Similarly, the general form of the Freundlich isotherm, which assumes

that q falls logarithmically with increasing coverage, is

6 = (aop)RT/qm , | (3)
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where

a constant

I
]

the ideal gas constant,

=H = o
]

absolute temperature,

heat of adsorption at monolayer coverage.

]

iy

A plot of log & versus log P should produce a family of straight lines
converging to a common point at 6 = 1. The Temkin isotherm assumes
that q falls linearly with increasing coverage and, in the region of
intermediate coverage (0.2 < 6 < 0,8), is of the form

g = 2L 1, AP, (4)

1,2

where a9, is heat of adsorption at § = 0, and a and Ao are constants inde-
pendent of 8. If a process follows Temkin behavior, a plot of ln P versus
8 vields a straight line with the slope proportional to the absolute

temperature,

When the equilibrium sorption data were plotted as above, the results
were inconclusive., In all three cases, the data fell in bands that were
too broad to clearly indicate correlation with a particular isotherm, but
the data bands were narrower in the Freundlich and Temkin plots than in
the Langmuir plot. In additiom, there was an apparent increase in slope
with increasing temperature on the Temkin plots (shown in Fig. 6.5) in
agreement with the theory. Based on other considerations which are
discussed under desorption behavior, a spectrum of adsorption site
energies, leading to a spectrum of heats of adsorption, appears to
exist. Consequently, either the Freundlich or the Temkin isotherm (and
perhaps both) would be expected to fit the data better than the Langmuir
isotherm. Thus, we are inclined to conclude that iodine sorption on

steel follows Temkin isotherm behavior.

6.2 Adsorption and Descrption Rates

The adsorption of iodine from the helium carrier can be described

by an equation in which the adsorption rate is set equal to the product
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test for Temkin isotherm behavior.

of the rate of collision of iodine species with the surface and a stick-—

ing coefficient.*32

u=—g§k—is, (»
where

u = adsorption rate, atoms or molecules/m®s;

S = sticking coefficient;

p = partial pressure of iodine species, Pa;

m = mass of icdine species, kg (2.11 x 10723 kg for an iodine atom) ;

k = Boltzmann constant (1.374 x 10~23 J/K):

T = temperature, K.

This section is based primarily on information from Chaps. III

and IV of ref, 34.
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For direct activation adsorption

S = Of(e)e—E(a)/RT , (6)

where
g = condensation coefficient;
8 = fractional coverage of the adsorption sites;
f(6) = a function of 8;
E(8) = activation energy for adsorption, which may depend on 3,
J/mol:
R = gas constant [8.313 J/(mol-K)].

For desorption, which is always activated,

u = ke (et (/AT N
where
u' = desorption rate, atoms or molecules/mzs;
KD = a desorption rate constant, atoms or molecules/mzs;
£'(8) = a function of 8;
E'(8) = activation energy for desorption, which may depend cn 3,

J/mol.

The net rate of adsorption (or desorption) can be obtained by com-

bining equations (5), (6), and (7) to give

-E'(8) /RT

-E(8)/RT _ KDf‘(e)e ‘ (8)

dn Y

o}
f(8)e
dt YITmkT

According to the system equilibrium calculations described earlier,
practically all the iodine in the helium in contact with the specimens in
these experiments was in the form of monatomic iodine or hydrcgen iodide
melecules. We assume that the adsorption and desorption of iodine involved
orly single adsorption sites. 1In that case, the rate of adsorption is
proportional to the fraction of the surface not covered by adsorbate,

f(8) = (1 - 8), and the rate of desorption is proportional to the frac-

tion of the surface that is covered, £'(8) = 9. By definition

5 = n/ns s (9
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where
n = number of atoms or molecules adsorbed/m?,

n_ = number of adsorption sites/m2.

Also,

%

where

va_ , N L))

Vv = vibration frequency perpendicular to surface of atoms or molecules

having sufficient energy to desorb, s—!.

Substitution of these relationships into Eq. (8) yields

dn _ _ps (, _ =)\ -E(n/ng)/RT _ _ -E'(n/ng)/RT
at = Vavmkt (l ns)e ) voe S (11)

The data from our experiments were expressed most conveniently in
units of pg I/em? of geometrical area. Also, the data were not suffi-
cient for determining a relationship between the activation energies and

8. For our purposes, Eq. (ll) became

- ="'
du _ 49470p (1 _ w_) CE/RT | EV/RT (12)
dt b1 W
T s
where
w = concentration of adsorbed iodine, ug/cmz;
w, = concentration of adsorbed lodine with all sites filled,
ug/cm?;
E and E' = "average" activation energies.

Preferably, values for the product ¢ exp(-E/RT) are obtained from
measurements of dw/dt under conditions where w/wS is small, and values
for the product v exp(E'/RT) are obtained from such measurements when
p = 0. These conditions were not often present in the experiments. Con-
sequently, the effects of adsorption and desorption usually had to be

considered simultanecusly when calculating values for the parameters.

During the adsorption phases of the experiments,

% = kG = : 2
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where

overall mass transfer coefficient, cm/s;

bt

CG = local or bulk gas concentration of iodine species in gas,
Hg/cm3;
C* = concentration of iodine in gas in equilibrium with the con-

centration of adsorbed iodine on the surfaces, ug/em?.

When the concentration of iodine con the surface was low and CG >> C*,

dw kmp
SW A, = L
It © kMCG 15.5 T ° (14

Values for were obtained directly from the experimental data by use
y

of the relationship

_-3.66 x 10=% 7T . Pe .
Y A o 5= (15)

o]

where

il

helium flow rate, std cm3/s;

A surface area of specimen,cm2 (7 cm? for specimen 1);

]

[}

P.s P iodine burden in gas at exit and inlet, respectively, Paj

e? o
pe/po = fraction of inlet iodine in exit gas.

The adsorption rate for a constant pressure, P> Was obtained by substi-

tuting values for kﬂ and P, in Eq. (14).
L

The adsorption rate data obtained from the experiments are reported
in Table 6.2. 1In some cases, the concentration of iodine on the specimen
at the end of the interval, over which the measurement was made, was
large enough that the criterion CG >> C* would not have been satisfied.

For those cases, the derived kw values are low.

The conditions during phase 1 of experiment A-13 were such that a
method described by Hougen and Marshall®® could be used to estimate kM'
The method involves the use of charts, presented in their paper, to
obtain kM from the rate of change in the fraction of the iodine in the
gas leaving the specimen. An important assumption in the method is that
the concentration of adsorbed iodine is directly proportional to the
concentration in the gas at the surface over the range invoived in the

calculation. We cannot be certain that the assumption is valid for our



Table 6.2,

Adsorption rate data

Measured Iodine on a exp(-E/RT) v exp{-E'/RT)
Time at Todine Fractiaon iodine specimen  Steady state Ho Desorption "s = L
end of burden in of jodine adsorption at end of concentration k desorption wg = 5 5 /cm‘ 10 /cmg
Test interval  Temperature Gas flow inlet gas in exit rate interval of iodine M W and He HE
Experiment. phase (108 s) (“c) (std ca/s) {(Pa) gas (hg/em® 5)  lug/en®) (pg/en?) (cm/s) Ws ~ 10 pg/em®  (1/10F 8) (1/10° s)
A=l 1 0.94 Loo 3.3 5.0E-3 0.51 3.2E-5 0.11 (0. )a 0.3 LE-5 SE-5 12 13
A=t o .50 hoo 3.3 1. ¢m-b 0.51 2. LE-6 0.k (>0.h) 0.8 1k-h
3 9.50 oo 3.3 8.0E-h 0.h5 1.1B-5 0.50 (>2) 0.9 1E-4
A-H i 3.34 oo 3.3 4. Qb6 0.12 1.1B-7 0.01 (>0.02) 3 LE-4
5 10,28 [1y4) 3.3 1.7E-3 0.4 1.7E-5 1.2 1.4 0.8 1E-4 TE=k 8 10
7 13.65 Lo 3.3 1.2E-3 0.37 2.7E-5 0.66 1.0 1 1e-k Lg-4 7 7
A-Q 1 6.77 Loo 3.3 ?.,0E-6 0.19 4. 6E-8 0.016 {>0.02) z 2E-L B~
? 8.4y 400 3.3 2.0E-5 0,14 5.6E-7 0.081 (>0.10) 2 2E=L g
5 .40 koo 3.3 L. 0E-6 0.12 7.3E-8 0.03h 0.06 3 LE-L 8E~4 1 1
A-11 1 9. 98 400 6.7 T.9E-T 0.51 7.0E-8 0.0035 {(>>0.03) 4 2E-4
a 14,45 Loo 3.3 1.3k-6 0.050 3.3E-8 6,018 (>>0.03) L SE-Y -
3 14.00 Lo 6.7 6.0E-T 0.031 3.08-8 0.029 {(>»0.03) 8 10E-h |
A-1 1a 3.70 hoo 6.5 2. ks Q0,50 6.3E-T 0.063 (>1) 2 ZE-k
1b 8.50 hoo 6.3 2.7E-5 0,034 1.3E-6 0.62 (>} 8 10E-h
3 11.20 Lioo 6.3 5.7E-5 0.015 1,986 1.2 (>2) 9 10E-h
H 13,10 Lo 6.3 1.58-h 0.038 7.1E-6 3.2 (=) 7 8E-h
A-13 1 5.50 hoo 6.5 1.8E-5 0,043 9, 0B-7 0. 068 (&) 7 BE-U SE-h .02 0.04
7 14,95 T 6.5 3.CE-h 0,90 1.66-6 G. 005 0.01 ok Le-Yy 8E-5 ko Lo
8 19.95 B0 6.5 LOE-4 .73 h.3E-6 0.0c9 0.046 0.9 1E-4 3E-4 30 30
11 25.83 Loo 6.3 LJfE=S o il 1.4E-6 0.96 (L) 2 2E-4 3E-hb 0.01 0.04
11 29.41 hoo 6.3 3.1E-5 0.0 1.LE-6 0.73 (&) 7 BE-h 10E-h 0.03 0.06

a :
Values in purentheses are eslimated. Steady state wus not reached during the phase of the experiment.
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case, but a value of 7.4 cm/s was obtained for kw. This compares with

the 7 cm/s given in Table 6.2.

The values of kM range from 0.3 cm/s in experiment A-3 to 9 cm/s in
experiments A-12 and A-13. In Appendix G, we estimated that the coeffi-
cient, kG’ for transport of iodine atoms and HI molecules through the
gas to the surface is about 50 cm/s at 400°C and increases with tempera-
ture. The much lower values obtained from the experiments show that the
transport of the iodine through the gas to the surface provided only a

minor part of the resistance to adsorption of the ilodine.

In experiment A-5, the carrier for the iodine was '"pure" helium.
The helium contained some oxygen, and specimen 1 was severely oxidized
during the experiment. Helium containing hydrogen at a partial pressure
of 50 Pa was the carrier in experiments A-12 and A-13. By the time of
those experiments, the apparatus had been modified to almost eliminate
oxidation of the specimen. We attribute the lower value of kM in

experiment A-5 to an effect of oxidation.

The value obtained for kM depends on the number of sites per square
centimeter available to the iodine and the '"resistance’ that must be
overcome to reach the sites. The data seem to indicate that the primary
effect of the oxygen was to reduce the number of sites. The steady state
concentration of iodine on the surfaces estimated for experiment A-3,
when the iodine burden was 5.6 x 10-3 Pa, was about one-tenth of that
estimated for experiments A-12 and A-13, when the burden was only 3 to
5 % 10-5 Pa. Alsc, at the beginning of experiments A-11 and A-12, and
in phase 11 of A-13 after some moisture had passed over the specimens,

'.-c\I was only 2 cm/s but increased over a few days to 7 to 9 cm/s.

Having values for k%’ the relationship obtained by combining Zqs. (12)

i

and (14) was used to derive estimates for the values of other parameters:

kP -E/RT w -E'/RT
T

15.5 = 49470p e 1L-—}-

S

(18)

Based on the assumptions that w << L and the effect of desorption was
negzligible, values of = exp(-E/RT) were calculated for all the adsorp-

tions. The results are listed in Table 5.2.
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Some of the adsorptions were carried to steady state, or we were
able to extrapolate from the shape of the adsorption curve what the steady
state loading would have been. For those cases, values for 0 exp(-E/RT)
and v exp(E'/RT) were obtained by solving a pair of Eq. (16)'s — one for
an adsorption interval and another for the steady state condition. A
value for W, was required in order to solve the equatioms. For experi-
ments A-12 and A-13, the steady state concentration of iodine was estimated
to have been about 4 ug/cm2 at 400°C, For those experiments, at least, L
must have been greater than &4 ug/cm?. We assumed values of 5 and
10 ug/cm? for use in the calculations. The results of these calculations
are included in Table 6.2.

The values for o exp(-E/RT) at 400°C range from 4 x 10~5 to 1 x 1073
at 400°C. Since they depend primarily on kM’ the causes for the varia-
tion are the same: the effects of oxidation, method of analysis, and
others as yet unidentified. Only in a few cases, where a comparison
could be made, did including the effect of desorption produce large
increases in the values. The values of ¢ exp(-E/RT) were insensitive to

the choice of values for wo > 5 ug/em?.

Values for v exp(-E'/RT) that were derived from the calculations are
included in Table 6.2. They will be considered later along with other

desorption data.

In experiment A-13, data were obtained from adsorptions at 600 and

700°C as well as 400°C. The values for g exp(-E/RT), from calculations
that included the effect of desorption, are plotted versus 1000/T in

Fig. 6.6.

Because of the few data points and the uncertainty in their values,
it is difficult to draw an acceptable line through them for use in calcu-
lating values for the activation energy and the condensation coefficient.
A single straight line would imply constant values for those parameters,
If the ilodine were adsorbed on sites having a range of activation
energies, the "average" energy could change with temperature, and such

a line would not truly represent the data.



44

ORNL-DWG 81-644

1073
=
@
~
tud
' -
~ 1074 k- —
[~ = —
b3 b o
L1
b — —
1075 ! | |
0.8 1.0 1.2 1.4 1.6

1000/ 7T

Fig. 6.6. Effect of temperature on 7 exp{-E/RT].

Despite these considerations, we have drawn a straight line of
arbitrary position and slope through the data points. Based on that

representation of the data, E = -36,000 J/mol and 0 = 1.4 X 10-%.

Rates of adsorption of iodine on mild steel were measured by Neill.~
He obtained net adsorption rates of 7.5 x 1078 to 775 x 1073 mg/em? h
(2 x 10=% to 215 x 1078 ug/em? s) at 400°C when the iodine source pres-
sure was 4.9 x 1075 Pa and the iodine burden at the specimens was about
9 x 10™° Pa. At 400°C we measured adsorption rates of similar magnitude,

240 x 1078 and 710 x 10~% pg/em? s when the average iodine burdens were
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about 1.5 x 10™* and 8 x 10-5 pa respectively (experiment A-7, phase 2
and experiment A-12, phase 8),

Neill derived values for the activation energy for adsorption and
the condensation coefficient from data taken at temperatures from 316
to 538°C when the iodine source pressure was 4.9 Pa. The activation
energy was -27.5 kcal/mol (-115,000 J/mol), and the condensation coeffi-
cient was 5.53 x 10~18,

Inspection of Neill's data? indicates that the activation energy
would have been near the -36,000 J/mol that we obtained, if only the
data at 400°C and above had been available for the determination. His
value for the condensation coefficient is much less than the 1.4 X 10-%
that we obtained. Part of the difference is a consequence of the dif-
ference in activation energies. The remainder seems to be a result of
Neill's value being based on data obtained when the iodine source pres-
sure was 4.9 Pa. It appears that the adsorption rate in Neill's experi-
ments increased by a factor of less than 40 when the source pressure was
increased by a factor of 10° (from 4.9 x 10-° Pa to 4.9 Pa). Since the
adsorption rate did not increase in proportion to the pressure, the
apparent value of the condensation coefficient would have been much

smaller at the higher pressure.

Since the activation energy derived from the experiments has a nega-
tive value, the adsorpticn process is not thermally activated. According
to Hayward and ’I‘rapnell,"’“ there is no established theory that can account
for the kinetics of nonactivated adsorption in detail. Precursor states
are important, so the kinetics cannot be described adquately in terms of
collisions with vacant sites by substituting E = 0 into the equations for
direct activated adsorption. The significance of values for E and g,

derived from plots such as Fig. 6.6, is uncertain.

If one considers the adsorption data in terms of Eq. (5), the stick-
ing coefficient, S, has the value of o exp(-E/RT)(1 - w/ws). At the times
that adsorption rates were measured in our experiments, w/ws was small
enough to be neglected. Therefore, S§ had approximately the values of

0 exp(-E/RT) in Table 6.2 and Fig. 6.6. Those values, 4 x 105 to
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1 x 10'3, are much lower than the 0.1 to 0.5 that have been reported for
other systems,3“ but such low values are not uncommon. Rapid desorption
of iodine from the precursor state or veolatilization of Fel,, if it was
a product of the adsorption, are possible causes for the low sticking

coefficients in our experiments.

The experiments to measure the steady state concentration of iodine
on metal specimens included desorption phases. In some, the iodine bur-
den was reduced while the specimen was held at the adsorption temperature.
In others, the temperature was raised while the iodine burden was held
constant in order to obtain steady state loadings at higher temperature.
In a few, the iodine burden was reduced and the temperature was raised.

Data obtained from all the desorptions are presented in Table 6.3.

Early in the experiment, we observed that iodine adsorbed at 400°C
desorbed slowly, or not at all, at 400°C when the iodine burden was
reduced to 0. Raising the temperature to 600°C, with the burden at 0,
resulted in rapid desorption of 60 to 90% of the iodine before the rate
slowed to near 0. Practically all the remaining iodine desorbed rapidly
when the temperature was raised further to 800°C. This behavior is

shown by the data from experiments A-5, A-6, and A-8 in Table 6.3.

Xelly3® reported on experiments in which gas "attached" to various
materials was released by heating in steps to 800°C, where the last of the
attached material was released. With each increase in temperature, some of
the gas was released rapidly. Then, the rate of release slowed greatly
until the temperature was raised again. Kelly showed that such behavior is
a consequence of a spectrum of activation energles for release. The

analysis of data from our experiments 1s consistent with such a conclusion.

For each desorption in our experiments, the logarithm of the amount
of iodine on specimen 1 was plotted versus time. It developed that the
desorption curves could be resolved, with good fits to the data, into

component curves, each of the form

n
— = - (17
1n \n(t to) , (17
no

N~



Table 6.3,

Lesorption data

Iodine burden ul

a
&p 1s the iucredse in lodine burden lu the helfum produced by desorption at the beginning of the desorption phase; Ap -

-
bl\nlurlshn indicate that loading was at steady state st end ot preceding phage.,

'.Numhcru in parentheses are the maximus values for which )‘n could not be distinguished from O.

Tiesorption rate kuown to huve been limited by gas flow.

F

"
Flm .
n"no

_dplet of specimen _ Todine loading  Buration of 10 (8, ?cmm/a‘l/a £) e “E./RT B! for v - 10
Hellum Desorption Preceting an_ specimen desorption 2 o Ap“ - — —~ — = oy
Test  Temperature Flow phase phase  Beglaning  End phasge n no £ < 107 = 307% f5 - 10~ f§ - 10 f5 = 10 £5 = 10
Experiment  phase . (std ca’/s) (10°® pa) (105 Bw)  {ug) (ug)  (10° 5) (1/10° 8} (ug) (10-® pa) (/168 8) (1/20* 5} (10" J/wol) (10 J/mol)
. b v a 3 ] o
A5 403 oo 3.3 0 500 2.7+ 2.7 2,72 0 (.01 2.7 0 (@) 8.0 1.7 (<0.08) (<0.017)  (>2.46) (>2.55)
L 600 3.2 0 [} 2. 0.9 0.72 Loo 0.5 1200 7.5 1.6 3000 6ha 2.22 2.5h
17 1.2 130 27 z. 277
0.1y 1.0 1.4 .30 2.98 3.10
A-B " hioo 3.3 0 0.8-1.7 0.0ude O.o 0.62 0 {«0.02) G.098 o (w.01) HK.0 1.7 {<0.16) {<0.034)  (>2.42) {(>2.51)
5 hoo 3.3 o R 0.110 0,104 3.2 0.02 0,110 0.0z 8.0 1.7 [7: 0.3k 2.h42 2.51
7 600 3.3 0 [1} 0,100 0.0k 0.8y 23 0.039 5.0 7.3 1.6 168 37 2.64 2.75
0.55 0,061 h,o 0.58 2.91 3.02
8 B0 3.3 o o 0.0k 0.002 0.10 90 o.0h 1y 6.6 1.6 5490 14k 313 3.25
A-7 H Loa 3.3 10 1y 2.4 1.9 2.0 0.4 + 1.0 2.9 8.0 1.7 k.o 0.8y 2.2k 2.33
0 1.4
A-H v B0 3.3 Q o.f .65 .Uty 8.66 w 9. 37 7.3 1.6 Lt iz 7.69 2.6
7.6 0,14 59 12 2.72 2.83
0.71 0.1 5.2 1.1 2.8y 3.00
3 Hou 4.4 bl 8] GOy [FRVIL 0.0y ] 0.06 0 6.6 1.0 5100 1hoa i 3.09
0 (anz) .01y (<1.4) (<0.32) (>3.1) &3.4)
o L 5.4 Ltho Hi-1{u R 1.4 1.67 Sy 6.9 Fres] 1.3 1.6 Lio o 2.57 2.68
) 0.6 21 k.6 2.79 2.90
o 1.9
3 oo kI 4 Yo-140 6.4 3.4 3.3 oo 2.7 34 H.0 1.7 18 3.7 z.16 e.25
G.0oky 1.9 0.34 0.073 2.38 2.47
Aoty ] 600 3.4 0.z 2-007 0.61* 0.0% S.ue o5 0.3z Wy T3 1.6 180 Lo 2.63 2.7Th
9.1 0.14 37 8.z z.75 z.86
0.74 0.13 5.6 1.2 z.b68 3.00
[’} 0.02
[} 500 3.4 o] 0.5 Q.U 0.32 5.5 6.9 0.036 1.4 8.0 1.7 52 11 2.10 2.19
0.059 4 oLk 0.ky 0,10 2.36 2.45
Al [T s hoo 6,7 [4] 0.6 10,95 10.03 5.39 o.ooﬁd 10.35  0.34 b 5 1.h 0.027 0.008 2.59 2.59
11 Loa 5.7 0 2.8 3.9 .8 1.91 0,016 23.5 2.1 4.5 1.4 0.072 0.022 2.u7 2,53
13 L0 6.7 k! 2.2 2h.p 23.6 0.26 0.2 ~12,0 13 '8 1.3 6.9 0.3 2.50 2.56
[+ ~12.0
1h 600 bt 3 3 3.6 a7 a.57 14 13.3 1200 L. 1.3 (4] 20 2.71 2.79
.7 8.6 )
Q 1.0
A-iy ¢ S0 0.3 3 261 6.7 L5 1.0 0.53 3.2 L7 L.y 1.3 2.h 0.69 .61 2.69
o 3.0
§ [Ea3) 6.3 3 3 i 0.6 2.4 9.4 .z 71 Wy 1.3 L1 12 2.7h 2.83
2.8 1.6 12 3.6 2.43 2.92
0 .60
I U 6.4 3 k3 0.61m a.ult .yl 4 O.hy g '3} 1.3 100 33 2.08 3.07
7.9 0.14 3e 10 3.o07 3.17
Q 0.6h7
5 s3] u.y 3 3 SR VRIS 0,50 55 0.018 3.4 4.0 1.3 220 72 3.22 1.32
13 0.01k a2 17 3-35 3.h5
1] 0.009 B
Y 600 6.3 36 20-30 0. 32" 0.11 0.8y 10 0.2l 5. .3 1.3 3 LS) 2.rh 2.8z
o 0.11
1z Lo) 6.3 0 3.1 9.7 9.5 1.90 oo 9.7 0.38 4.7 1.4 0,066 0.020 2.47 z.54
13 600 6.3 2-3 0 G.4 0.53 1.56 13 5.2 210 b3 1.3 56 17 2.72 2.80
A 3.8 10 3.1 2.8 2.93
[ ok
-17.

Ly



48

where
mn, ™ o = mass of iodine on specimen associated with component
curve n at times t and to, ug:
t = time, s;
An = desorption rate constant, s~L.

Three of the desorption curves from experiment A-13 are shown in
Figs, 6.7, 6.8, and 6.9. The rate constants and related data for all the
desorptions are reported in Table 6.3. The fact that more than one com-
ponent curve with A # 0 was obtained in most cases suggests that the
icdine was present in populations having different activation energies

for desorption.
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Fig. 6.7. Desorption curve for experiment A-13-3 at 600°C in helium
having an iodine burden of 3 x 107° Pa,
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If there were several such populations, the desorption could be
described by the equation
dw -E1/RT

T CpaS1-vw,e

-E| /RT
- n
+ ... + Cpan’sn \)wne . (18)

where the subscripts designate the several populations, and aj ... a,
are the fractions of the surface occupied by sites having activation
energies EI . Eé for desorption. Assuming that the sticking coeffi-

cilents were equal at each temperature,
Cpfa S = Cps = —2B2 (19)
1 nn

As the helium passed over the specimen and iodine desorbed into the gas,

the iodine burden increased from the inlet to the exit of the specimen.
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having an iodine burden of 3 X 10~° Pa.

When this effect is included

4947 17.6 Af dw
= + f‘l = —_— —_ e ——— — 2|
CpS C(po p)S T% (po 7 it s, (20)
where
p_ = partial pressure of iodime in helium entering the

specimen, Pa;
Ap = change in partial pressure resulting from desorption, Pa;
f = factor to average the increase in pressure over the surface;
Py + fAp = average pressure over the surface;
A = geometrical area of specimen, cmz;

F = helium flow, std cm?/s.
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With regard to the desorption curve and its component curves,

w=w + ... + wa
= o)t " I "
Wl WLk bW vl (21)
and
N '
dw _ dn) dwy (22

dt dt et dt °

where w; represents the desorbing part and WH represents the steady state

part of W Then, Eqs. (18) to (21) combine to give

1 1 ]
87,200A£S | dw v ~E1/RT y “En/RT
— = = - eee - s 2
(; + __J;E;T__) Tt VWi e Ve (23)
and
4947p S w =E,/RT .« -E'/RT
— - vwje - ... = ww''e n =0, (24)
T2 B
Equation (23) can be solved to obtain equations for w{ eee w; of the
form
(@; ) v—Eg/RT _
in -] = — (t-t) . (25)
no 1+ 87,2?OAfS s}
TF
It follows that, for A # 0,
-E /RT
vd87n£00AfS =y - (26
1 + ’1—

T*F
The steady state component curve, for which A = 0, is represented here
by Eq. (24). However, care must be taken in using values from the steady
state component, because it may also contain populations for which )\ was

so small as to have been indistinguishable from 0 when the desorption

curve was resolved.

The activation energy for desorption, calculated by use of Eq. (26),
for each value of An for each desorption is given in Table 6.3. For

purposes of the calculations, valueslof 1 x 1073 and 1 x lO‘“Vwere
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assigned to the product £S on the basis of the results of the analysis
of the adsorption data., The commonly used value of 1 X 1013/s was
assigned to v.3% Except for experiment A-5, the values of v exp(-E'/RT)
obtained from the adsorption phases and listed in Table 6.2 are about

the same as those obtained from the desorption phases (Table 6.3).

In experiment A-13, desorptions were carried out at 100°C intervals
from 400 to 800°C. The relationship between the temperature and the
activation energy for desorption of the iodine being desorbed at each

temperature is shown in Fig. 6.10.
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Fig. 6.10. Effect of temperature of desorption on activation energy
for desorption of iodine.

The data from all the experiments are consistent in showing that the
fractional desorption rate increased with temperature, but less than would
be expected if the activation energy were constant. In each case where
iodine was desorbed by raising the temperature, the activation energy for
the rapidly desorbing component at the higher temperature was equal to
or somewhat greater than the activation energy for the slowly desorbing
component at the preceding lower temperature. This observation obtains
whether the sticking coefficient is assumed to be constant over the tem-

perature range or to decrease from 107° to 10~* between 400 and 800°C.
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We conclude that the data from the experiments provide substantial
support for the thesis that the iocdine was adsorbed on sites having a
range of activation energies for desorption. Assuming that 103 > § > 10™*
and v ¥ 1013, the range for iodine adsorbed at 400°C was from about
2.2 x 10° to 3.3 x 105 J/mol. It is not possible to determine the iodine
concentration as a function of activation energy, but it appears that
about 80% was on sites having activation energies of 2.2 x 10° to
2.8 x 10° J/mol.

These estimates, and the data on which they are based, contain some
substantial uncertainties. The activation energies depend on uncertain
values for S and v. The values of An’ primarily A;, depend on the extent
to which the calculation compensated for readsorption. Values in the
Ap column of Table 6.3 show that the iodine burden in the helium leaving
the specimen at the beginning of a desorption was often equal to and
sometimes, when the temperature was raised, much greater than the burden
during the preceding adsorption. This could result in low values for

A} and high values for Ej.

In particular, the values for A for the desorptions at 400°C in
experiments A-12-6, A-12-7, A-12-11, and A~13-12 must be low. The
iodine concentration on the specimen had not reached steady state at
the end of the adsorption phases. The iodine burden in the helium
leaving the specimen was well below the burden in the entering gas.

The concentration of iodine on the specimen near the exit must have

been considerably lower than the average concentration on the surface.

During the desorption phases, the iodine burden in the helium
entering the specimens was near 0. The burdens in the gas leaving the
specimens were about the same as they were at the end of the adsorption
phases. This implies that the net desorption rate was being controlled
by the helium flow rate and the equilibrium between the iodine in the

gas and on the surface at the exit of the specimen.

The desorptions in Neill's experiments were carried out in vacuum.
Presumably, readsorption was negligible. He found that several desorp-

tion coefficients (A's) were required to describe each desorption curve.
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All the desorptions were carried out at the temperature of the adsorp-
tion. Not all the iodine desorbed at temperatures from 316 to 538°C,
the range in the experiments. The fraction that desorbed decreased with
increasing temperature, but the concentration of iodine remaining on the

surface also decreased.

Neill derived a desorption activation emergy of 67,000 J/mol
(16 kcal/mol) from an Arrthenius-type plot of the }) values from his
experiments. This value is close to the free energy for the sublima-
tion of Fel,. On this basis he concluded that the iodine was desorbed

as Fel;.

The values of v exp(-Ei/RT) for £§ = 1073, which is A; "corrected”
for the effect of readsorption, from our desorptions at temperatures
from 600 to 800°C fit the extension of Neill's data to higher tempera-
ture. At lower temperatures, the corrected desorption coefficients from

our experiments, except for experiment A-8-8, are much smaller than
Neill's. The value of 18 x 107%/s for A-8-8 fits the data from his

experiments.

All the desorptions in Neill's experiments were preceded by adsorp-
tions at an lodine pressure of 5 to 10 Pa. According to the system
equilibrium calculations, Fel;(s) is stable at the temperature and
iodine pressure in N¥eill's experiments. It seems likely that some
iodine would be released as Fel, during the desorptions. At the tem-
perature and iodine and hydrogen pressures in our experiments, Fel;(s)
and Fel,(2) (above 587°C) are not stable. The difference in the stability
of Fel,; may, in additionm to the effect of readsorption, account for some
of the difference between the initial adsorption rates in the two sets
of experiments. However, there is evidence that lodine desorbed as Fel;
at times, seemingly when a large amount was released rapidly, in our
experiments. During phase 4 of experiment A-13, about 14 ug of iodine
was released from specimen 2 when it was heated rapidly from 400 to
700°C. At least one—third of the iodine condensed in a film on the wall
of the furnace tube between the specimen and the charcoal trap. The
material could not be recovered for analysis, but there was ample indirect

evidence to conclude that it was Fel;.
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The data from the experiments seem to show that adsorbed iodine
resides on the metal surface as FeI;. Whether the iodine desorbs as
FeI;, HI, or I depends on such conditions as the temperature, the com-

position of the gas phase, and the amount and rate of release.

6.3 Conclusions

Tests were performed to determine the equilibrium loadings of iodine
on 2-1/4% Cr—1%Z Mo steel in the temperature range 400 to 800°C. The
tests were characterized by a large scatter in the measured or inferred
equilibrium loadings, which we attribute to variations in the condition
of the surface. For this reason, one isotherm (400°C) was examined most
extensively in order to obtain more complete information for at least

one case.

Our tests at 400°C and comparisons with the work of other experi-
menters lead us to the following conclusions regarding the 400°C

isotherm:

1. In helium containing enough hydrogen to prevent significant oxida-
tion of the steel, the surface saturates with chemisorbed iodine
at an iodine burden of about 10~3 Pa (10‘10 atm). For our speci-
mens the saturation concentration was 3 to 5 ug/cm?. Assuming
that the surface was covered by one monolayer of adsorbed iodine
at saturation, the effective surface area was 30 to 60 times the

geometric area.

2. At iodine pressures high enough for Fel;(s) to be stable and to
accumulate, the concentration of icdine on the surface increases
above the chemisorbed saturation level with increasing iodine
burden. The iodine burden at which FeI,(s) is stable is about
0.4 Pa (4 x 10~% atm) when the gas contains no hydrogen and

increases with increasing hydrogen pressure.

3. The equilibrium concentration of iodine on unoxidized steel fails
rapidly with decreasing iodine burden below about 10~° Pa
(10-10 atm). The few data obtained at the lower pressures sug-
gest that the equilibrium concentration may vary directly with

the iodine burden in this regime.
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The equilibrium concentration of iodine om oxidized steel depends
on the degree of oxidation. On a severely oxidized surface, the
equilibrium concentration may be as little as 1% of that on an
unoxidized surface, which is comparable with measured equilibrium

concentrations on Fe30y.

The equilibrium concentration of icdine on steel decreases with
increasing temperature above 400°C. The decrease in our experi-
ments was about a facter of 50 for each 200°C increase in tempera-
ture. At 800°C the adsorptive capacity of the metal was so small

that it was hardly measurable.

The data from our experiments and others indicate that the adsorp-
tion of iodine on steel is not a thermally activated process. The
rate of adsorption decreases with increasing temperature, and the
adsorption reactions are not understood. If the adsorption rate
is taken as the product of the rate of impingement of iodine on the
surface and a sticking coefficient, we obtain values for the stick-

ing coefficient that decrease from ~10-3 at 400°C to ~10—" at 700°C.

The desorption of iodine is a thermally activated process. The
desorption rate increases with temperature but, in our experiments,
does so less rapidly than would be expected if the activation energy
were constant. We inferred from this that iodine adsorbed on sites
having a range of activation energies for desorption. The range of
activation energies was calculated to be from 2.2 x 105 to 3.3 x 10°
J/mol if a value of 10!3 was assigned te v, the vibration fre-
quency normal to the surface of adsorbed atoms with sufficient
energy to desorb. About 80% of the iodine was on sites having
activation energies in the range 2.2 x 10° to 2.8 X 105 J/mol.

These values provide a basis for estimating desorption rates.

Evidence from the experiments seems to indicate that adsorbed
iodine resides on the metal surface as Fel;. Whether the iodine
desorbs as Fel,, HI, or I may depend on the temperature, the com-

position of the gas phase, and the amount and rate of desorption.



7. FUTURE WORK

The results presented in this report have been evaluated with regard
to what additional work is needed to complete our understanding of iodine
sorption/desorption behavior on low-chromium alloy steel under HTGR con-
ditions. Experiments need to be conducted which are designed to avoid
problems or uncertainties experienced in the past and/or to address

unanswered questions.

Specimen fabrication and geometry need to be reexamined, with emphasis
on eliminating (or at least reducing) the uncertainty in surface area
available for gas adsorption by revision of fabrication techniques. A
change in specimen geometry which might facilitate data collection and
analysis should be considered. Better control of the impurity levels in

the helium should be investigated also.

Experiments need to be conducted to measure the equilibrium iodine
loadings at 300°C, and the higher temperature data (at 600 to 800°C) need
to be supplemented. At least one experiment should be devoted to additional
equilibrium measurements at very low iodine burdens, <10=% Pa (<10-1! arm).
The test sequences should be planned to provide as much additional data as
possible on sorption/desorption kinetics. Experiments to investigate
desorption upon the injection of controlled'amounts of water vapor, and

perhaps simulations of other accident scenarios, should be considered.

The above experiments will be considered in the future when financial

support is provided.
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Appendix A. THERMODYNAMIC EQUILIBRIUM CALCULATIONS

Calculations were made by use of the computer program SOLGASMIX-Pv17
to obtain information about the chemical species likely to be present in
the chemical systems involved in the adsorption studies. The calcula-
tions involved equilibrating specified amounts of iodine, oxygen, and
hydrogen in helium with an excess of iron or iron and chromium metal at
specified temperatures and pressure. Values for Aﬁg’zgg and Asgga for
the various chemical species considered in the calculations are listed
in Table A.1l. The assumption that AG; = 0Hf 298 - TAsggg was used, as
discussed by Kubachewski, Evans, and Alcock.3?7 The results of the cal-
culations are values for the partial pressures of the various species in
the gas and the amounts of any condensed phases that would be present at

equilibrium.

Some of the results for the system Fe~Cr-I-H are shown in Figs. A.1
through A.8. Those for the system Fe-I-H are presented in Figs. A.9
through A.l4. The pressures of the principal species HI, I, I, Fel,,
and Crl;, when present, are plotted in the figures. Fel3 and Fe,I, also
were calculated to be present in the gas, mostly at pressures that are
insignificant in comparison with the principal constituents. The FeorI,
pressure became significant under some conditions in the Fe-I-H system

and is included in Figs. A.9 through A.14,

The iodine burden in the figures represents the iodine burdem in
the gas before equilibration. That is also the iodine burden in the gas
after equilibration if no iodine is removed in condensed phases. The
hydrogen pressure is the pressure in the gas before equilibration. For
all practical purposes, that is the hydrogen pressure after equilibra-
tion for those cases in which the initial hydrogen pressure is much
greatef than the iodine burden in gas. If the iodine burden is of the
same or greater magnitude than the initial hydrogen pressure, much of
the hydrogen is consumed in the broduction of hydrogen iodide and the

hydrogen pressure is reduced.
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Table A.l., Thermodynamic data used in SOLGASMIX-PV calculations
o a

Chemical BHg 298 45995
species (J/mol) [J/(k-mol)]
He(g) 0.0 0.0
H-(g) 0.0 -1.3057E02
I(g) 1.0685E05 -1.8068E02
I,(g) 6.2442E04 -2.6058E02
02(g) 0.0 -2.0500E02
H,0(g) 2,.0920E04 -2,2754E02
Fel,(g) 8.7900E04 ~3.4900E02
Fel;(g) 7.1100E04 -3.9500E02
Fe,I,(g) 8.3700E03 ~54350E02
HI(g) 2.6360E04 -2.6048E02
Cris(g) 1.0000ES -3.4600E02
I,(2) 1.3520E04 -1.5036E02
Fel2(2) 7.0998E04 -1.9550E02
I,(s) 0.0 -1.1614E02
Fe(s) 0.0 -2.7320E01
Cr(s) 0.0 -2.3620E01
Fels(s) -1.0460E05 -1.6760E02
CrI,(s) -1.5700E05 -1.6400E02
Cr,015(s) -1.1347E06 -8.1150E01
FeO(s) -2.7204E05 -6.0750E0L
Fe,04(s) -8.2550E05 -8.7400E01
Fe40y(s) -1.1209E06 -1.4530E02
FeCr,04(s) ~-1.4443E06 -1.4600E02

aWhere AG?I' = AH%’zgg - Tﬁsgga.
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with chromium and iron at 600 and 800°C in helium initially containing
2.5 x 10~3 Pa of hydrogen.
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with chromium and irom at 300 and 400°C in helium.
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In the systems that contain chromium and ironm, CrI,(s), or Cris(4)
above 856°C, is stable beginming at an iodine burden that depends on
the temperature and the hydrogen pressure. FeI;(s), or Fel,() above
587°C, occurs as the condensed phase in the Fe-I-H system. Formation
of the condensed phase limits the partial pressures of the iodine
species, and the iodine burden in the gas after equilibration, to the
values at the iodine burden where condensation begins. In Figs. A.2,
A.4, A.6, and A.8 the icdine burden above which the partial pressures
of the iodine species remain constant is the iodine burden at which
CrI, first condenses at the associated temperature. The excess iodine
present in gas having a greater initial iodine burden is removed in the
condensed CrI;. Condensation of Fel, produces the similar effect shown
in Figs. A.10, A.12, and A.l4.

Some of the data for 100 and 200°C that were not included in the

figures, but are worth noting, are listed in Table A.2.

Table A.2. Additional data for 100 and 200°C

System Fe-Cr-I-H Fe-I-H

Hydrogen pressure

(Pa) 30 3 0.0025 0 0 0.0025
Temperature (°C) 100 100 100 100 200 100
Condensed phase CrI, CrI; Cri, CrI, CrI, Fel,

Iodine burden at
which condensed
phases forms (Pa) 2.4E-8 5.8E-9 1.7E=-10 6.5E-16 2.0E-10 8.1E-7

Partial pressures
of iodine species
over condensed

phase (Pa)
HI 2.4E-8 5.8E-9 1.7E-10 0O 0 8.1E-7
I 6.5E-16 6.5E-16 6.5E-16 6.5E-16 2.0E-10 3.2E-12
1, 3.5E-18 3.5E-18 3.5E-18 3.5E-18 1.1E-13 8.4F-13
Fel, 1.5E-20 1.5E-20 1.5E-20 1.5E-20 2.7E-13 3.5E-13
FesI, 5.3E-30 5.3E-30 5.3E-30 5.3E-30 1.9E-20 3.0E-15
Crl, 3.3E-22 3.3E-22 3.3E-22 3.3E-22 1.3E-14 0




Trace amcunts of oxygen in the gas may react with chromium in the

Fe-Cr-I-H system to form CrQy(s) and with irom in the Fe-I-H system to

form FeO(s). The equilibrium pressure of 0, over the metal oxide and

the ratio pHZ/pHZO

listed in Table A.3 for several temperatures.

Table A.3. 0, pressure and pH2 in gas over CrOj

/pﬁzo
and FeQ at equilibrium

above which reduction of the oxide would occur are

Over CrO, Over Fe0
T o, P,/ Pu0 Pa, P,/ Pu,0
(°c (Pa) (Pa)
800 5E-23 2E04 5E-15 1.5
600 2E-31 5EQ05 5E-21 3
400 JE-45 1EC8 1E-30 11
200 1E-69 4E12 1E-48 110




Appendix B. CHARACTERIZATION OF METAL ADSORPTION SPECIMENS

The adsorption specimens were composed of thin (0.24-mm~thick) plates
of 2-1/4% Cr—1% Mo steel, called alloy T-22., These plates had been
fabricated by reducing the thickness of the original 4.76-mm plate (see
Sect. 6.2) through a series of rolling and annealing operations. The
individual specimen plates, either 2 mm or 51 mm long by 13.3 mm wide,
were assembled into holders of the same material (Fig. B.1). Each
specimen was composed of ten thin plates plus the thicker side pieces

of the holder.

ORNL-0OWG 78-355R2

FOIL r*“%mm—.‘

TOP PLATE

8 = < 14mm
REMOVABLE L,
ADSORBER
PLATES ——— C

2rm1'\-"4 |/

SPECIMEN 1 SPECIMEN 2
2 mm LONG 51 mm LONG

Fig. B.1. Steel adsorption specimens.

Investigation of the surface characteristics of these specimens
included determination of (1) surface roughness using the diamond stylus
technique, (2) surface area available for gas adsorption using a modified
BET method on a large number of the 2-mm-long specimens, (3) metallic
composition of the surface by x-ray analysis, (4) surface appearance at

1000 x using the backscattered electron image technique, and (5) general
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appearance at 250 and 1000 X of sections through the specimens by metal-
lographic examination. The first two methods were applied to control
specimens only, but in the latter three analyses, the results of examina-

tions of control (untested) and tested specimens were compared.

A supply of the thin plate material from which the specimens were
cut was sent to General Atomic Company for surface roughness measurement
and, if desired, for testing in their iodine sorpticn studies at much
higher iodine burdens (0.01 to 100 Pa). This material was reported29 to
have a surface roughness of 6.8; that is, the true area was 6.8 times

geometric.

A large number (v100) of the 2- by 13.3-mm plates were submitted
for BET surface area measurement at ORNL. Although the total area was
marginal for reliable measurement, the reported value3? was about 140

times geometric, much higher than expected.

Metallographic examination was conducted on ten specimen plates;al
two were as—fabricated controls, three had been exposed to slightly
oxidizing helium at three different temperatures (200, 300, and 800°C)
for several days, and the remaining five plates were selected from five
different adsorption tests. Initial examination of the control specimen
plates at 250 x did not reveal any unusual features in the microstructure,
and the three plates exposed to slightly oxidizing helium exhibited typi-
cal oxide layers, very thin except at 800°C. Upon receipt of the very
high surface area measurements by gas adsorption, the control specimens
were reexamined at 1000 X, and numerous small cracks, especially in the
sheared edges, were found. Examples of this cracking are shown in
Fig. B.2. Thus, it appears likely that these cracks, which probably
were produced during the rolling and/or shearing operations in specimen
fabrication, could significantly increase the surface area for gas
adsorption. Similar cracks were apparent in and near the sheared end
of the plate from specimen 1 of test A-9, shown in Fig. B.3. However,
there was only slight surface oxidation, in agreement with visual obser-
vations and test operating history. Some recrystallization and increase

in grain size were the only other apparent test effects.
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Fig. B.2. Appearance of as-fabricated control specimen plate, etched.
Note subsurface longitudinal cracks (a) and distortion and cracks in
sheared end (D).

The appearance of unoxidized and oxidized specimens igs illustrated

in Fig. B.4. Although the plate shown in Fig. B.4 (a) was exposed in
test A-9 [>6 weeks at 400 to 600°C in He plus 50 Pa (5 x 10~% atm) Hy],

it is similar in appearance to the untested control specimens. Con-
versely, the plate from test A-6 [Fig. B.4 (b)] was covered with oxide
of quite variable thickness. Such nonuniform oxidation under these con-
ditions would not be unexpected for this alloy. The sheared end of a
plate from test A-12 is shown at 250 and 1000 X in Fig. B.5. Again,
appreciable distortion and cracking (presumably resulting from fabrica-
tion) were observed. Some carbide-poor regions are shown in the etched
view; however, there is no indication that these regions were related to

prior cracking or to the sorption testing.



(172599

Fig. B.3. Appearance of specimen plate from test A-9, showing
cracks penetrating the sheared end (etched condition). Some recrvstal-
lization and grain growth is apparent, compared with control plate shown
in Fig. B.2.

In summary, these metallographic studies revealed cracking which
could have increased specimen surface area significantly. However, this
observed cracking hardly seems sufficient to substantiate the very high
surface area (140 times geometric) indicated by BET measurements. Xo
other features of the specimen microstructure appeared to be significant
in evaluating iodine sorption behavior.

The analysis of metallic surface composition by x ray showed that
several areas, before and after testing, were within acceptable ranges
for this alloy. Similarly, backscattered electron images of the speci-

men surfaces revealed no unusual or unexpected features. 38
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Fig. B.4. Comparison of (a) unoxidized and (b) oxidized specimen
plates, as polished. The plate in (o) was exposed in test A-9 but is
also typical of control specimens. The plate in (b)), from test A-6,
exhibits heavy, nonuniform oxidation.
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Fig. B.5, Sheared end of plate from test A-12, 250 X, as polished
(¢) and 1000 %, etched (b). Note distortion and crack from shearing (z)
and carbide-poor regions in sheared end ().



Appendix . PREPARATION OF ELEMENTAL IODINE SOURCE MATERIAL

High~purity elemental iodine containing a specific fractiom of 131T
tracer was used in these adsorption experiments. A procedure originally
developed by Carroll3® and modified by Osbornel® was used; the principal
steps are listed below. Because radiation safety regulations limited
the amount of !3!1 allowable in this preparation to 5 mCi (and 1 mCi per
experiment), the amount of normal iodine carrier used was limited to
0.5 to 2 mg, thus providing a specific activity of 2.5 to 10 mCi 13lI/mg I
at the beginning of an experiment. The apparatus used in the prepara~

tion is shown in Fig. C.1.
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Fig. ¢€.1. Apparatus used to prepare elemental iodine by the
decomposition of PdI; in vacuum.

1. Obtain carrier-free !3!I, normally 5 mCi as Nal in NaOH solution.
2. Add natural I carrier as NaI, using standard solution.

3. Dilute with distilled Hy0 to total of 2.00 mL, mix, and withdraw
two samples of 0.020 mL each and add to 0.10 mL H,0 in culture

tubes. (These samples, each 1% of total, are to be used as count-

ing standards.)
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10.

11.

12,

13.

14.

15.

16.
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Transfer remaining 98% of solution intc Vycor centrifuge tube and

rinse bottle with "1 mlL H,O.

Add 0.30 mL concentrated PdCl, solution to precipitate PdI;, mix,

and wait 10 min.

Add 0.030 mL saturated H3POj solution and mix to precipitate excess
Pd.

Warm solution slowly with heat lamp (to 80-90°C), being careful not

to boil, and wait until solution clears.

Dilute with H»0 to 2/3 volume of centrifuge tube and mix thoroughly

to wash precipitate.

Concentrate PdI, by centrifuging and decant solution with long

pipette, being careful not to disturb the precipitate.

Wash the precipitate four more times and check wash solution with
3 to 4 drops of AgNOj3 solution for any evidence of AgCl (or Agl)

precipitate in separate tube.

Dry precipitate and centrifuge tube with heat lamp. (PdIl, starts

decomposing at 350°C.) Purge tube carefully with vacuum or air.

Attach centrifuge tube containing PdI, to transfer apparatus and
evacuate to <0.0l1 Pa (<10 um Hg) with entire apparatus (except
bottom end of centrifuge tube) heated to 300 to 400°C for 1 te 2 h.
Use a liquid nitrogem—cooled trap to prevent back diffusion of

pump oil.

Seal off the apparatus and add liquid nitrogen cecolant to interme-

diate iodine collection tube.

Slowlv heat the PdI, precipitate to decompose it. (Iodine will
collect above liquid nitrogen level in intermediate collection

tube.) After I, has transferred, seal off centrifuge tube,

Transfer liquid nitrogen cooling from intermediate collection tube
to break-seal ampoules and allow the former to come to room tem-

perature without heating.

After more than one hour, iodine should be completely transferred

to ampoules. Seal ampoules with torch while cooling iodine.



Appendix D. DETECTOR CALIBRATIONS AND ACTIVITY
PROFILES FOR SPECIMENS

The amounts of iodine adsorbed om the specimens and other adsorbers
in these experiments were determined by measuring the 1311 tracer activity
by use of sodium iodide crystal detectors. The detectors were mounted in
lead shields and viewed the specimens through collimator slits 3.2 to
9.5 mm (1/8 to 3/8 in.) wide and 2.5 to 5 cm (1 to 2 in.) long. The
output from each crystal was connected to a single-channel aralyzer that

was adjusted to measure the 365-keV photons from the decay of 1!3171.

The geometrical relationship between a specimen in the furnace tube
and a detector in its shield is shown in Fig. D.1. The shield was
mounted on wheels so that it could be moved along a track below the fur-
nace tube. The ability to move the detector emabled us to measure
activity on the wall of the furnace tube and on charcoal traps away from
the specimens. Movement coupled with the use of narrow collimators
offered the possibility of determining the axial distributiomn of iodine

on the 5l-mm-long specimens.

Each detector was calibrated before each experiment by measuring
the activities of !3!T or Slcr standards which were placed at the
entrances to the specimens and the charcoal traps that were to be mea-
sured during the experiment. The iodine standards were glass or plastic
tubes about 3 mm diam X 15 mm long that contained an aqueous solution
of 1311 or solution absorbed in silver zeolite beads. The 5l¢r standard
was a 0.5 mm diam X 10 mm long piece of Nichrome wire. These calibra-
tions could not be repeated during an experiment, so the activities of
standards placed at the entrance of the collimators were measured also.
These measurements at the collimators were repeated periodically during

some of the experiments to monitor the performance of the detectors.,

For many of the calibrations, the detector was moved along the track
to obtain a curve of activity versus position of the detector relative
to that of the standard., Curves for detectors having collimator slit
widths of 3.2, 6.4, and 9.5 mm (1/8, 1/4, and 3/8 in.) are shown in

Fig. D.2. Some calibrations were made by measuring the activities of
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Fig. D.2. Calibration curves for detectors.

the standards with the detectors positioned, on the basis of the curves
of Fig. D.3, to obtain a maximum reading. The calibrations obtained

were in terms of activity in counts/s per uCi of 13lI. These were con-
verted to counts/s per ug of iodine by multiplying by the specific
activity, in uci 131I/ug I, of the iodine used in the experiment. This
latter calibration and the activities measured during the experiment
were converted to a common basis by correcting for decay to a time 0
that was established at the beginning of each experiment. Calibrations

that were obtained for experiments A-4 through A-13 are shown in Table D.1.

Determining the amount of iodine on a 2-mm-long specimen was
straightforward., The detector was positioned so that the entire speci-
men could be seen by the detector through the collimator. The amount
(in micrograms) of icdine on the specimen was simply the measured activ-

ity, in counts/s corrected to time 0, divided by the product of the
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Fig. D.3. Effect of length of uniform source on profile obtained
with detector with a 3.2-mm collimator.

calibration factor, in counts/s uCi '3'I, and the specific activity of

the iodine in nci '3l1/ug I.

The part of a 51-mm specimen that could be seen with full efficiency
varied from about 3 mm for a 3.2-mm collimator to 9 mm for a 9.5-mm col-
limator. As long as almost all the activity adscrbed over a length that
was fully visible to the detector through the collimator and the detec-
tor was positioned properly, the amount of icdine on the specimen could

be determined in the manner described above. This was often the case.

When the iodine was adsorbed over a greater length of specimen, the
activity registered by the detector did not give a true measure of all
the iodine on the specimen. In such cases, it was necessary to obtain
an activity profile by moving the detector under the specimen and mea-
suring the activity as a function of position. The total amount of
iodine on a specimen was cbtained from the profile by use of the follow-

ing relationship:
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Table D.1. Detector calibrations

Calibrarion, (counts/a)/uci 1311

Experiment Detector Collimator

width Charcoal Monitor Purge
(mm) Specimen trap trap trap Collimator
A4 1 3.2 1.457
6.4 2.54
2 9.5 5.46%
A=5 1 3.2 12.6
6.4 23.6
2 9.5 42.6
A=6 1 6.4 25.2
2 9.5 48.6
A=T7 1 6.4 22.6
2 9.5 44.3
A-8 1 6.4 20.2 145 179
2 9.5 40.7 277
A=9 1 6.4 20.6 130 155
Zab 9.5 51.9 331
2b 9.5 (59) 376
A-10 1 9.5 24.4 244
2 9.3 41.9 328
3 9.5 492 318
A-11 and 1 9.5 27.5 238
aA-12 2 9.5 54.5 68.8 290 372
3 9.5 554 363
A-13 1 9.5 29.9 229
2 9.5 46.6 60.9 246 350
9,3 (3ne (48)° 277
3 9.5 554 350

“cause for low values is not known but might have been improper adjustment of
single—channel analyzer.

bDetectot was replaced during experiment. Calibration at position of specimen
was calculated by comparison of calibrations at collimator,

®Calibration drifted during experiment. These values during latter part were
based on change in calibration at collimator.
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AC
Q= _p max
ADS ’
where
Q = total amount of iodine, ug;
AP = area under specimen profile, mm:
Cmax = maximum activity for profile, counts/s;

A = area under calibration profile, mm;

12 mm for 3.2-mm collimator;
18 mm for 6.4-mm collimator;

3] um for 9.5-mm collimator;

D = detector calibration, counts/s uCi 1311;

S = specific activity, uCi *3l1/ug I.

Although it was necessary for some calculations to know the total

amount of iodine on the specimens, the main objective of the experiments

was to determine the concentration of iodine on the metal surface when a

steady state was reached in helium containing a specified burden of iodine.

We learned early during the experiments that the time required to reach

an equilibrium loading on more than a 1- or 2-mm length of specimen at

400°C and iodine burdens of E}O‘S Pa (5}0_10 atm) was likely to be pro-

hibitive. A short specimen could be used

of iodine adsorbed reached a steady wvalue.

used and operated until the concentration
surface, as determined by analysis of the

steady value.

Two specimens, each 51 mm long, were

and operated until the amount
Or, a long specimen could be
of iodine on a part of the

activity profiles, reached a

used in experiment A-4, the

first meaningful experiment, and we attempted to obtain values for the

equilibrium locading on the metal by analyzing the activity profiles.

We found that the calibration profiles and the profiles for the specimens

could not be measured precisely enough to

permit a good analysis of the

axial distribution of iodine on the specimens. Thereafter, we used one

or twe, 2-mm-long specimens in the position of specimen 1 for the load-

ing measurements. A 5l-mm-long specimen was used in the position of

specimen 2, mostly for measurements of the amount of iodine that passed

through specimen 1 and for some general information on the adsorption

behavior.
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In experiment A-4 and again in A-13, some estimates of equilibrium
loadings were obtained by comparing the activity profiles for the 5l-mm-
long specimens with profiles that had beer calculated for particular
loadings. Figure D.3 shows how the profiles measured with a detector
with a 3.2-mm collimator were calculated to change with length of speci-
men that reaches the equilibrium loading. Figure D.4 shows how the local
activity and the ratio of the local activity to the maximum activity
change as the length of the saturated zone increases. Figure D.5 shows
the profiles that would be obtained with a detector with a 9.5-mm

collimator i1f the concentration of iodine were uniform over various

lengths.
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Fig. D.4, Effect of length of uniform scurce on absolute and
normalized activities at several positions of a detector with a 3.2-mm

collimator.

The curves in Figs. D.3 and D.4 are based on the assumption that
all the iodine is present on the length of specimen that has reached
equilibrium. Although the assumption is not quite correct, calculations

based on information in Appendizes F and G indicated that, in the range
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Fig. D.5. Effect of length of uniform source on profile obtained
with detector with a 9.5-mm collimator.

of interest, most of the iodine would be in the region of saturatiocn
and that the concentration would fall rapidly with distance downstream.
Figures D.3 and D.4 were used to estimate the equilibrium loadings on
the specimens in experiment A-4. Measured profiles were compared with
Fig. D.5 to judge whether the activity on specimen 2 was distributed

nearly uniformly over the surface during some phases of experiment A-13.



Appendix E. BRIEF DESCRIPTIONS OF EXPERIMENTS

E.1 Experiment A-4

Experiment A-4 followed a series of preliminary tests and was the
first in which a serious attempt was made to determine the equilibrium
loading of iodine on type T-22 steel at low iodine burden. Conditions
during the several phases of the experiment are reported in Table E.l.
The amounts of iodine on the specimens at several times, and estimates
of the iodine burdens based on those amounts, are shown in Table E.2.
The accumulation of iodine on specimen 1 during phases 1 and 2 is illus-
trated in Fig. E.l1. Activity profiles for the two specimens, each

51 mm long, are shown for several times in Figs. E.2 and E.3.

Phases 1 and 2 differed only in that the flows sometimes fluctuated
during phase 2, so the conditions were less steady. During both phases,
all the iodine in the gas adsorbed on specimen 1. The distribution of
iodine on the specimen was estimated by comparing the measured profiles
with the calculated profiles (Appendix D, Figs. D.3 and D.4). We judged
that the concentration of iodine on the surface had reached a steady
state over a length of 1 to 3 mm from the entrance of the specimen at
the end of phase 1. The 23 ug adsorbed, distributed over the 3.5 to

9.5 cm® of surface, gave an average concentration of 6.6 to 2.4 ug/em?.

At the end of phase 2 (see profile in Fig. E.2), 32 ug of iodine
appeared to be distributed over 12 cm? of surface within about 4 mm of
the entrance with an average concentration of 2.7 pg/cm®. We inferred
from the data that the equilibrium concentration of iodine on the sur-
face was 2 to 3 ug/cm’ at 400°C in helium having an iodine burden of
2 x 107% to 3 x 10~% Pa (2 x 1079 to 3 x 10-9 atm) and containing
1200 Pa (1.2 x 1072 atm) of hydrogen.

The conditions for phases 3 and 4 were the same as for phases 1
and 2 except for the lower partial pressure of hydrogen in the helium,
At the beginning of phase 3, about 10%Z of the iodine desorbed from.
near the entrance of specimen 1, Then the activity near the entrance

remained constant throughout the remainder of the experiment.
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Table E.1. Test conditions in each phase of experiment A-4
I, transfer 1 Za 2b 2¢ 3 4 5 End
Beginning dace 2/1 2/2 2/9 2/10 2/11 2/12 2/20 2/22 2/23
Time (clock) 13:48 10:40 14:130 14:00 23:00 8:05 11:00 11:00 11:18
Cumulative time (10° s) 0 0.748 6.95 7.8L 8.96 9.29 16.22 17.95 18.82
Specimen temperature (°C)
Specimen 1 (51 mm) 400 400 400 400 400 400 400 400
Specimen 2 (51 um) 200 200 200 200 200 200 200 200
Helium flow (em?/wmin, SIP)
Saturator 3 10 10 to 12 10 10 to 0 10 10 10
Primary 4] 190 190 to 230 190 180 to O 190 190 190
Total 3 200 200 to 242 200 200 to O 200 200 200
fodine source
Temperature (OC) ~95 -6 1 -86 -86 -86 -86 -86 -63
Py al saturator tewmperature (11)'5 Pa) 0.1 vl 1 1 1 1 1 100
¢
I burden in mixed gas based on
Py and gas flows (107° Pa) “0. 1 20,1 ~0L 1 0.1 0.1 0.1 10
I burden based on adsorption
measurements (107° Pa) 200 Lo 30 20 to 30 20 to 30 20 to 30 10 to 20 20 300
Atmosphere He with He with He with He with He with He with Pure He Pure te
1200 Pa W 1200 Pa H; 1200 Pa Wz 1200 Pa H; 1200 Pa By 3 Pa Hp (v107° Pa Hz) (21077 Pa H2)

00T



Table E.2. Iodine on specimens and iodine burden determined from activity measurements during experiment A-4

a b .
_ Specimen 1 Specimen 2 Charcoal trap - Total  Adsorption
Test Time Profile Chax Iod1ine Profile Chax Todine C Todine 1lodine rate Iodine burden
plase (10° s) area (mm) (counta/s) (ug) area (mm) (counts/s) (ug) (counta/fa) (ug) (ug) (10-3 bg I/s) (107*Paor 10™? atm)
1 4,21 11.9 4.1 9 0 1] 1.3 0.7 9
6.88 1.9 9.7 23 0 0 1.3 0.7 24 5.3 2.9
3 9.50 14.0 12.5 34 0 [ 1.5 O.Bd 35 4,2 2.2
11.09 i5.8 12_12 37 0 0 l'le 0.6d 38 1.9 1.0
16.16 23.9 26. 4 49 8.4 64.4° 8.1 12.0 1.2 58 3.9 2.1
4 17.03 24,1 25.5 48 48.8 74.7 12.0 14.0 1.4 61 3.5 1.9
5 18.14 27.4 24.0 52 48.8 103 16.0 13.0 1.3 69
18.79 27.2 26.5 57 62.7 189 37.0 126 13.0 167 59.0 32.0
“profiles measured with 3.2-mm collimator.
b

Profiles measured with 9.5-mm collimator.

=3

Todine on charcoal trap was obatined directly from activity measured by detector with 9.5-mm collimator.

=

The difference between the values is believed to have resulted from the adjustment to the analyzer and not to adsorption of fodine.

eAdjustment of the single-channel analyzers at 11.9 X 10° g changed the calibrations and increased the counts/s per ug I.

T0T1
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Fig. E.2. Activity profiles for specimen 1, as measured by detector 1

with 3.2-mme collimator and normalized to maximum count rate. These data
represent conditions at ends of phases 2, 3, 4, and 5 of experiment A-d,
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Fig. E.3. Activity profiles for specimen 2, as measured by detector 2
with 9.5~mm collimator. These data represent conditions at ends of phases 3
and 5 of experiment A-4.

The iodine that desorbed from near the entrance adsorbed farther
along specimen 1, and all the iodine in the gas continued to adsorb on
that specimen until about 11.4 x 1095 s, Before the end of phase 3, the
amount and distribution of icdine on specimen 1 had become steady, and
all the iodine was adsorbing on specimen 2. This situation persisted

to the end of phase 4.

An activity profile for specimen 1 at the end of phase 3 is shown
in Fig. E.2. Profiles and waximum activities measured during phase 4
were practically the same. The profiles indicate that most of the 32 ug
of iodine that was present on the surface within 4 mm of the entrance of
the specimen at the end of phase 2 remained in place. The 17 ug that
adsorbed during phase 3 was distributed almost uniformly over the remain-
der of the specimen. This implies that the concentration of 0.1 to
0.2 ug I/cm? over most of the surface was in equilibrium at 400°C with
helium having an iodine burden of 2 % 10=% Pa (2 x 10~% atm) and contain-

ing 3 Pa (3 x 107> atm) of hydrogen.
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During phase 5 the temperature of the saturator was increased to
raise the iodine burden in the gas. During this phase, 13% of the iodine
adsorbed on specimen 1, 55% adsorbed on specimen 2, and 32% adsorbed on
the charcoal trap. This was the first time that appreciable iodine
reached the charcoal trap. Activity profiles measured at the end of
phase 5 are shown in Figs. E.2 and E.3. The period of operation was tco
short to provide the data needed for estimating an equilibrium concentra-

tion of iodine on the metal.

Several factors produce uncertainty in the estimates of the equi-
librium values of iodine concentrations derived above. First, the iodine
burden calculated from the rate of adsorption of iodine on the specimens
in phases 1 through 4 was 200 to 300 times greater than should have been
obtained from elemental iodine at the temperature in the saturator. This
difference was shown to be much greater than could be attributed to uncer-
tainties in temperature and flow. For lack of other explanation, the
high burden was attributed to the presence, in the saturator, of iodine
compounds that are more volatile than elemental iodine. Methyl iodide is

one such compound.

If such a compound was present, the adsorption was not appreciably
inhibited when the helium contained 1200 Pa (1.2 x 10”2 atm) of hydrogen.
The iodine adsorbed readily and within a few millimeters of the entrance

of specimen 1.

Clearly, reducing the partial pressure of hydrogen to 3 Pa
(3 x 1073 atm) had a drastic effect on the adsorption on specimen 1.
Adsorption on the surface near the entrance stopped. When steady state
was reached, the concentration on the surface downstream was only 5> to
10% of that which had been reached near the entrance when the hydrogen

pressure was high.

The reason for the difference is unclear. The chemical equilibrium
data in Appendix A show that almost all the iodine should have been
present in the gas as HI at 400°C when the iodine burden was 3 x 10™" Pa
(3 x 102 atm) or less and the hydrogen pressure was 3 Pa (3 x 1073 atm)
or greater, if iodine was added to the gas as elemental iodine. The

effect of the hydrogen pressure might be explained if the iodine was
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added as a compound that had to be reduced by hydrogen to HI before the

icdine could adsorb.

Alternatively, the effect might have been related to the ability
of the hydrogen to inhibit oxidation of the metal. Examination of the
specimens after the experiment revealed that the metal had been oxidized.
On specimen 1, the surface within 4 to 5 mm of the entrance was blistered
and flaking. The remainder was spotted with oxide. Specimen 2, which had
been at 200°C, was oxidized less than gpecimen 1. It was reddish browm
over about the first centimeter and blue over the rest of its length.
Red-brown oxide occurred in short stringers over the full length. Pre-
sumably, most of the oxidation occurred during-phases 3, 4, and 5 when
the hydrogen content of the gas was reduced to 3 Pa (3 x 107> atm) and
then to about 10~3 Pa (10-8 atm). The oxide has less capacity than the

metal for adsorbing iodine.

E.2 Experiment A-5

Experiment A-5 was run with pure helium [vl x 10-3 Pa (1 x 10~8 atm)
of hydrogen] as the carrier for the iodine. Conditions for phase 1 were
the same as those for phase 5 {(the final phase) of experiment A-4. Speci-
men 1 was made 2 mm long so that all the surface would reach the equilib-
rium concentration more rapidly, and the total amount of deposited icdine
could be determined directly from the detector reading obtained with the

6.4-mm collimator.

The test conditions during experiment A-5 are listed in Table E.3.
The way in which the amounts of iodine on the specimens and the charcoal
trap changed during the experiment is shown in Figs. E.4 and E.5. The
amounts shown for specimen 1 and the charcoal trap are the total amounts
of iodine on those items. The amount shown for specimen 2 is indicative
of the amount of iodine on the part of the specimen that could be seen
through the collimator of a detector positioned at the entrance of the
specimen. The total amount of iodine on specimen 2 was determined from
activity profiles. Several activity profiles, plotted in terms of total
rather than normalized activity, are shown in Fig. E.6. Some of the data

and calculations are summarized in Table E.4.



Table E.3. Test conditions in each phase of experiment A-5

I, transfer 1 2 3 4 End
Beginning date 3/2 3/2 3/5 3/6 3/8 3/9
Time (clock) 9:50 14:52 10:30 15:15 14:16 10:23
Cumulative time (10° s) 0 0.180  2.61 3.66 5.33 6.05
Specimen temperature (°C)
Specimen 1 (2 mm) 400 400 400 400 600
Specimen 2 (51 mm) 200 200 200 200 400
Helium flow (cm3/min, STP)
Saturator (pure le) 10 10 0 0
Primary (pure He) 190 190 190 190
Total 200 200 190. 190
[odine source
Temperature (°C) -100 -63 -95 -95 -95
PI2 at saturator temperature (107° Pa) 0.035 100 0.1 0.1 0.1
[ burden in mixed gas based on
P;  and gas flows (107° Pa) 10 0.01 0 0
2
[ burden based on adsorption 500 to

measurements (107% Pa) 600

90T




Fig. E.5.

Fig. E.4. Iodine on specimen 1 during experiment A-5
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Fig. E.6. Activity profiles for specimen 2 during experiment A-3,
as measured by detector with 9.5-mm cecllimator.

Although it was intended that phase 1, the adsorption phase of the
experiment, be carried ocut at an iodine burdem of 1 x 107% Pa
(1 x 10~? atm), measurements of the rate of adsorption of iodine on the
components show that it was actually 5 x 107% to 6 x 1073 Pa (5 x 1077
to 6 x 10— atm). This was like the experience in experiment A-4.
Again, after study of temperatures, flows, and operation of the experi-
ment, the high burden was attributed to the presence of an iodine compound

that is more volatile than elemental iodine,

The high iodine burden in helium that contains as little as 10~? Pa
(10'B atm) of hydrogen complicates the interpretation of the adsorption
data. Although chemical equilibrium, as projected by the figures in
Appendix A, would not be expected to exist in the experiment, the data

do suggest the following:



Table E.4. Iodine on apecimens and iodine burden determined from activity measurements durlng experiment A-5

____Specimen 1 Specimen 2 Charcoal trap Total Adsorption
Test Time C Iodine Profile Chnax Todine C Todine iodine rate Iodine burden
phase (10%s) (counts/s) (ug) area (m) (counts/s) (ug) (counts/s) (ug) (ug) (107% pg 1/8) (10-* Pa or 10~? atm)
1 0.30 <0.1 <0.1 <0.1 <0.1 <1
1.06 1.3 2.0 68 21.0 40.0 40.9 36 78 103 5.5
2.58 1.7 2.7 72 33.0 66.0 227 197 266 124 6.5
2 3.41 1.7 2.7 68 30.0 57.0 239 208 268
3 4.30 1.7 2.7 71 28.0 56.0 245 213 271
5.24 1.7 2.7 68 27.0 52.0 242 210 265
4 5.99 0.4 0.7 58 13.0 21.0 277 240 262
vostrest 0.9 16.0 214¥ T 2 1o1° 5.4

60T

1
“Postrest measurements by use of multichannel analyzer
b .

Includes 14 pg on furnace tube in vicinity of charcoal trap.

“Based on assumption that lodine was adsorbed between 0.3 x 10° and 2.58 x 10° 3.
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1. CrI,(s) is stable at iodine burdens >1073 Pa (>107% atm) at 400°C
and >2 x 107 Pa (>2 x 10-!2 atm) at 200°C. HI and I should have
reacted with any chromium that was accessible on specimens 1 and 2

to produce CrI,(s).

2. 1In circumstances where the activity or accessibility of chormium
is too low to deplete the gas of iodine, FeI;(g) can attain an
equilibrium pressure of 103 Pa (10728 atm) in helium having an
iodine burden of 6 x 1073 Pa (6 x 1073 atm) at 400°C. At 200°C
Fel,(s) is stable at iodine burdems >2 X 107% pa (>2 x 102 atm).
Therefore, HI and I should have reacted with iron on specimen 1
to produce a significant pressure of Fel; in the gas. This Fel,(g)
should have condensed on specimen 2, and additional Fel;{s) should
have been produced on that part of specimen 2 where the iodine

burden was >2 x 10~" Pa.

The interpretation is further complicated by oxidation of the speci-
men. Specimen 1 was considerably oxidized and the surface was blistered.
The front half of specimen 2 was greenish gray mixed with reddish brown.
The downstream half of the specimen was reddish brown. Areas of heavier
oxidation appeared as short axial stringers on the surface. Calculations
following a later experiment indicated that most of the oxygen probably
diffused into the gas through the wall of plastic tubing in the helium
lines. The rate was sufficient to give an oxygen pressure of 0.02 to
0.04 Pa (2 to 4 x 10~7 atm). Oxidation would be expected to reduce the
availability of the small amount of chromium in the metal for reaction

with iodine.

In Fig. E.5 it appears that a steady state loading on specimen 1 had
almost been reached at 1.1 x 10° s, At that time, the total loading was
2.0 ug I. The average concentration was 0.3 ug/cmz. However, the amount
of iodine on specimen 1 continued to inerease slowly and reached

0.4 ug/em? by the end of phase 1.

The amount of iodine on the part of specimen 2 that could be seen by
the detector at its monitoring location near the entrance of the specimen

reached a steadvy wvalue at 1.9 x 10° s. According to the activity profile
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at 2.58 x 10° s in Fig. E.6, there were regions of higher-than-average
activity near the entrance and near the exit of the specimen. Whether

a steady state had been reached over the entire specimen is unknown. We
estimate that the concentration on the surface near the entrance was not
less than 0.4 ug/cmz, the average over the entire surface, or greater

than 2 ug/cm?2.

We do not consider the steady, or nearly steady, concentrations of
iodine on the specimens to be adsorption equilibrium values. Unless
access of iodine to chromium and iron was blocked by films of chromium
and iron oxides and iodides, there should have been continuing reactions
to produce CrI;(s) and FeI;(g) on specimen 1 and CrI,(s) and Fel;(s) on
specimen 2. Without limited access, it appears that the concentration
of iodine on the surface, especially on specimen 2, could have increased

indefinitely.

In phases 2 and 3, the specimen temperatures of phase 1 were main-
tained, and the iodine burden in the gas was reduced to a véry low value
to investigate desorption. No measurable amount of iodine desorbed from
specimen 1. Either the activation emergy for desorption was so high,
for the sites on which lfodine had adsorbed, that the desorption rate was
very low, or the ilodine was occluded within the metal oxides, and the
rate of diffusion to the surface was low. Iodine desorbed readily from
specimen 2. We attribute this to the dissociation of Fel, when the iodine

burden was lowered.

When the temperatures were raised in phase 5, iodine desorbed rapidly
from both specimens until new steady values were reached on specimen 1 and
near the inlet on specimen 2, At the end of the experiment, iodine
activity was found on the wall of the furnace tube downsteam of specimen 2.
This is an indication that part of the iodine was released as Fel,. The
average concentration on specimen 1 at 600°C was 0.1 pg/cm?. The concen—
tration on specimen 2 near the entrance at 400°C is estimated to have
been 0.1 to 0.4 pg/cm?. We attribute the steady concentrations, in the
absence of an appreciable iodine burden in the gas, to the icdine being
present on sites having high activation energies for desorption, or to an

effect of the metal oxides.



E.3 Experiment A-6

Experiment A-6 was run partly to obtain adsorptiocn data and partly
to investigate the behavior of the iodine saturator. Conditions during
the many phases of the test are shown in Table E.5. The way in which
the amounts of iodine on specimen 1 and near the entrance of specimen 2
changed during phases 1 through 7 is shown in Figs. E.7 and E.8. Some

of the data are summarized in Table E.6.

Appreciable iodine reached the specimens during the charging of the
saturator. The amount was about (.06 ug on specimen 1 and 0.10 Hg near
the entrance of specimen 2 at the beginning of phase 1. When the flow
of pure helium through the system was begun, the amount of icdine on
specimen 1 rose erratically, peaking at 0.105 ug at 0.79 X 105 s. Then
it settled back to 0.096 ug where it remained for the rest of phase 1.

The steady concentration of iodine om specimen 1 was 0.014 ug/cm?.

The amount of iodine on specimen 2 began a rise at about 0.7 X 10° s
that continued to the end of phase 1. The activity profile at the end of
phase 1 indicated that most of the 0.63 ug of iodine on the specimen was
distributed over the first 6 mm. The average concentration was
0.034 ug/cmz, but the data do not indicate that a steady state had been

reached.

Based on the rate of increase of activity on the specimens and the
charcoal trap, the iodine burden during phase 1 was 0.9 x 1073 to
1.7 x 1075 Pa (0.9 x 10710 to 1.7 x 10-19 atm). The activity profiles
indicated that almost all the iodine on specimen 2 was near the entrance.
Yet, about one-third of the iodine passed over the rest of the specimen
to the charcoal trap. If the icdine reaching the charcoal trap was in
a form not readily adsorbable by the metal, the burden of '"adsorbable"
iodine was steady at § % 107% to 9 x 105 Pa (0.8 x 10719 to
0.9 x 10~!0 atm) during phase 1. All these burdems are 20 to 40 times
the burden that should have produced by iodine at the temperature of the
saturator. The higher burden is attributed to an unidentified iodine

compound that is more volatile than elemental iodine.



Table E.5.

Begloning date
Time (clock)
Cumylatfve time (10° 3)

Specimen temperacure (°C)
I P

specimen 1 (2 mm) 400 400
Specimen 2 (51 nm) 200 200
Helium flow (Cmafmin, STP)
Saturater 2 0
Primary 190 195
Total 192 195
lodine source
Tewperature (°C) -83 -83
Py at saturator temperature (107° Pay 2 2
2
I burden in mixed gas based en
Py and gas flows (10-% Fa) 0.04 0
2
I burden bused on adsorption 0.9 to
measurements (1073 Pa) 1.7

Atmosphere

Pure He Pure He

Test conditions in each phase of experiment A-6

10
190
200

-83

Pure He

4

4/19
14:45
6.02

400
200

195
197

=15

10

5.9

Pure He

5 (] 7 8 9 10
4/20 4/24 4/25 4726 4/26 4726
16:03 11:03 9:00 9:53 13:45 15:07
6.93 10,20 10.98 11.87 11.97 12.05
400 400 600 800 800 600
200 200 400 600 800 800

Q 0 0 4} 1] 0

196 196 196 196 1586 196
196 196 196 196 196 196
-83 -83 -83 -83 -83 -83
2 2 2 2 2 2
0 [ 0 0 0 [¢]
Pure He Het+ 50 Pa Hy He+ 50 pa Hz He+50 Pa H; He+ 50 Pa Hz He+50 Pa H;

€11



Beglnning date
Tlme (clock)
Cumulative time (10° s)

Specimen temperature (°C)
Speclmen b2 ww)
Specimen 2 (51 o)

Hellua Flow (em®/min, STP)
Saturator
Primary
Total

lTodine source
Temperature (°C)
F]  al satutator temperature (an=® v
2

burden In mixed gas based on
P; and gas flows {107° Pa)
2

burdun based on adsorption
measurements (1077 Pa)

Atmosphere

4/27
11:41
12.79

400
400

195
197

-81

0.04

0.4

Pure He

Table E.5 (continued)

400
400

198
200

-bY
40

0.8

Pure He

13

5/3
11:55
17.92

400
400

198
200

-57.5

250

>14

Pure He

14

S/4
9:59
18.71

600
600

198
JEL]

-8

Pure He

574
11:07
18.735

800
80O

198

198

-83

Pure He

16 End

574 5/4
11:46 12:59
18.77 18.82

800
800

198

198

-83

He + 50 Pa Ho

VAN
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Fig. E.7. Iodine on specimen 1 during phases 1 through 7 of
experiment A-6.
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Fig. E.8. 1Iodine on specimen 2 during phases 1 through 7 of
experiment A-6,



Table E.6. Todine on specimens and lodine burdens determined from activity measurements during experiment A-6

~ specdmen 1 o sSpecimen 2 Charcoal trap Total Adsorption
Test Time ¢ Todine Profile Cmax Iodine C Iodine iodine Tate Todine burden
phase  (10° s) (counta/s) g) area {(mm) {(counts/s) (31g) (counts/s) (ug) Wg) (10-° g 1/s) (10~% Pa or 107'% atm)
1 0.66 3.1 0.105 a 6.4 0.10 11.8 0.19 Q.40
1.87 2.8 0.046 a 18.0 0.29 24.6 0.39 0.78 0.31 1.7
3.21 2.9 0.096 d 31.5 0.50 28.0 0.45 1.0 0.20 1.1
4.08 2.9 0.096 d 39.1 0.63 28.7 0.46 1.2 0.16 0.9
2 4.96 2.8 0.096 o 40.0 0.64 30.4 0.49 1.2
| 5.90 3.1 0.105 18.0 S.ﬁb 1.40 31.5 0.50 2.0 0.83 4.4
4 6.84 3.2 0.110 41.7 l2.4b 2.46 33.5 0.5%4 3.1 1.2 5.9
10 12,70 o 0 d 20,0 d 261 4.1 »4.1
11 15.2% N 0 d 30.0 d m 4.3 4.1 >0.08 >0.4
12 17.92 3 [0} d Lo d 307 4.9 >4.9 >0, 24 >1.3

13 18.67 o 0 d 280 d 434 6.9 >6.9 >2.7 >14

97T

I .
Amount of {odine oun specimen 2 was determined directly from activity measured at entrance of specimen by use of a 9.5-mm
collimator.

!
Profile was measured through a 3.2-mm cellimator,
JArleily was not distingnishable from background.

i . )
specimen had moved and profiles were not complete enough for calculatlng lodine loading.
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Phase 2 was a short interval during which the iodine burden was
reduced, presumably to 0, by stopping the flow of gas to the saturator.
The activity on specimen 1 did not change appreciably. After the initial
sharp decrease (these occurred several times during the experiment and
were attributed to upsets in the temperatures attendant to the measure-
ment of activity profiles), the activity on specimen 2 increased, but at
a much reduced rate. We assume that the iodine adsorbed on specimen 2
had desorbed from the wall of the furnace tube ahead of the specimen.
1f, however, it came from a flow of gas through the saturator, as was
found to occur in a later experiment, the rate was less than 1 cm3

(STP) /min.

In phase 3 the flow of gas through the saturator was increased over
that of phase 1 by a factor of 5 to see whether the measured iodine bur-
den would increase proportionally. In phase 4 the flow through the
saturator was returned to that of phase 1, but the temperature was
increased by an amount that would produce a fivefold increase in the
vapor pressure of elemental iodine. The changes in flow and temperature
increased the iodire burden by factors of about 4 and 6 respectively.
Considering the uncertainties in the measurements, the increases
obtained were consistent with the changes in flow and temperature.
During phases 3 and 4, the amount of iodine on specimen 1 increased

slightly. Most of the iodine adsorbed on specimen 2.

Flow of gas through the saturator was turned off to desorb iodine

in phases 5 through 10. In phase 5, when the flow reductiocn was the
only change in conditions, iodine desorbed from specimen 1 at the very
slow rate of 2.4 x 1078 ug/s. After an initial loss of iodine when a
profile was measured, iodine desorbed from near the entrance of speci-

men 2 at a rate of 3.5 x 1077 ug/s.

Changing the gas to helium containing 50 Pa (5 x 10" atm) of
hydrogen in phase 6 had no obvious effect on the desorption from speci-
men 1. However, the rate of desorption from near the entrance of
specimen 2 increased to 1.1 x 1075 yg/s. The reason for this increase

in desorption rate is unclear. If the iodine on specimen 2 was in the
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form of FeI;(s), the increase in hydrogen pressure, from about 10-3 pa
in pure helium to 50 Pa, might have increased the rate of desorption by
increasing the rate of dissociation of Fel,. However, the maximum
iodine burden, 6 x 1075 Pa (6 x 10710 atm), during phase 4 was not high
enough for Fel.(s) to have been stable under equilibrium cenditions at
200°C unless the helium contained less than about 10~* Pa (10™° atm) of

hydrogen.

In phases 7 through 10 the amount of iodine on the specimens was
reduced by raising the temperature to 800°C. The final activity on
specimen 1 was indistinguishable from background, but a small amount

remained on specimen 2.

The adsorption tests in pure helium were resumed in phase 11 under
the conditions of phase 1 except that both specimens were at 400°C. In
phases 12 and 13, the saturator temperature was increased to raise the
iodine burden at the specimens. We found after the test was ended that
specimen 2 was displaced downstream from its original position. The
profiles obtained after phase 9 were not complete enough to make good
estimates of the iodine burdens in the gas during the later phases. We
can, however, infer the magnitudes of those burdens from the profiles
obtained and the increase in activity on the charcoal trap shown in
Table E.6. The iodine burdens during phases 11, 12, and 13 were greater

than 4 x 10~%, 1.3 x 1073, and 1.4 x 10=* Pa respectively.

During phases 11, 12, and 13, there was no appreciable increase in
the activity on specimen 1. 1In phases 14, 15, and 16, the temperature
was raised to 800°C and hydrogen was added to the helium. The activity
on specimen 1 did not decrease. The specific activity was low at the
end of the experiment, but we could easily have discerned a change of

0.02 ug (0.003 ug/cm?) on specimen 1.

Specimen 1 was oxidized, pitted, and had a flaking surface after
the end of the experiment. Specimen 2 was covered with a thin reddish

brown and blue film characteristic of oxidized steel.

At the beginning of this experiment, we obtained a steady state con-

centration of 0.0l4 ug/cm® on T-22 steel at 400°C in pure helium having
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an iodine burden of 0.9 x 1073 to 1.7 x 10-5 pa (0.9 x 10710 ¢o

1.7 x 10710 atm). When the iodine burden was reduced, this iodine did
not desorb at 400°C, but it desorbed readily when the temperature was
increased to 600 and 800°C. At the end of the experiment, when the
surface was heavily oxidized, <0.003 pg I/cm? adsorbed at 400°C when
the iodine burden was >1.4 x 10~“ Pa (>1.4 x 10-9 atm) ,

E.4 Experiment A-7

The procedures for this experiment were like those of the preceding
ones except that the saturator was purged with helium at the beginning
to remove iodine compounds that are more volatile than the element. The
purging seemed to help. During most of the tests, the iodine burden in
the gas, based on the vapor pressure of iodine at the temperature in the
saturator and the gas flows, was in good agreement with that based on the
adsorption measurements. Helium containing 50 Pa (5 x 10~* atm) of hydro-
gen was the carrier for the iodine in all the tests. Both specimens were
at 400°C during the adsorption phases. Under equilibrium conditions,
almost all the iodime in the helium would have been present as HI and I
during all phases of the experiment, CrI;(s) and Fel,(s) should not have
been stable under any of the conditions. The main stream of helium was
passed over type T-22 steel foil at 400°C just before mixing with the
stream from the saturator in an effort to reduce the oxidation of the

specimens.

Experimental conditions are listed in Table E.7. The manner in which
the amount of iodine on the specimens changed during the several phases is

shown in Figs. E.9 and E.10. Some of the data are summarized in Table E.S§.

Phase 1 began with a small amount of iodine on the specimens. The
0.04 to 0.05 ng I/em? on specimen 1 did not change during phase 1. Because
of difficulties with the detector for specimen 2, which were not corrected
until part way into phase 2, we cannot make a good estimate of the iodine
burden in phase 1. The data were interpreted to indicate that the burden
was less than the intended 2 x 10~° Pa (2 x 10°19 atm) and probably was

greater than 4 x 10~6 pg (4 x 10-1t1 atm). We conclude, on a rather



Table k.7. Test conditions in each phase of experiment A-7

12 Source
transfer purge 1 2 3 4 End
Beginning date 5/17 5/18 5/18  5/22 5/28 6/2 6/6
Time (clock) 15:21 08:50 14:23 14:29 09:55 13:05 10:30
Cumulative time (10° ) 0 0.629 0.823 4,273 9.263 13:66 17.01
Specimen temperature (°C)
Specimen 1 (2 mm) 400 400 400 400 400 400
Specimen 2 (51 mm) 400 400 400 400 400 400
Helium flow (std cm®/min)
Saturator (pure ile) 2 6 2 2 2 2
Primary (He + 50 Pa i) 100 100 198 198 198 198
Total 102 106 200 200 200 200
Todine source
Temperature (°0) -83 -55/-45 -63 -49 -32 -83
Py at saturator temperature {107° Pa) 2 400/2000 100 1000 10* 2
2
I burden in mixed gas based on
Py and gas flows (107 % pa) a a 2 20 200 0.04
2
T burden based on adsorption
measurements (1075 Pa) <2 10 to 19 140 4

1 .
(Spec1mens were bypassed during charging of saturator and purging of source.

0ZT
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Fig. E.9. Todine on specimen 1 during experiment A-7.
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Fig. E.10. Todine on specimen 2 during experiment A-7.



Table E.8. Todine on specimens and lodine burdens determined from activity
measurements during experiment A-7

Total Adsorption

Test Time ____Specimen 1 ___ Specimen 2 fodine rate Todine burden
phase (10° &) (counts/s) (g 1) (counts/s) (ug 1) (1g) (10-* ug I/s) (10-% Pa or 10°'° atm)
2 6.0 1.2 0.83 2.5 0.88
6.5 2.5 1.7 5.1 1.8 1.8 3.6
7.0 3.5 2.4 8.8 3.1 2.0 4.0 t 19
7.2 3.8 2.6 10.2 3.6 0.7 3.5
7.5 3.6 2.4 12.6 4.4 0.6 2.0
8.0 3.5 2.4 15.8 5.5 1.1 2.2
8.5 3.2 2,2 18.8 6.6 0.9 1.8 ! 10
9.0 2.9 2.0 22,2 7.8 1.0 2.0
3 9.3 2.75 1.9 21.8 7.6
9.5 5.10 3.5 25.5 8.9 2.9 15.0 80
10,2 9.0 6.2 70.0 25.0 19.0 27.0 140
13.1 18.3 12.6 270 95.0 J6.0 26.0 140
4 13.7 21.1 14.6 309 108 15.0 25.0 130
14.0 20.0 13.8 309 108/
17.0 23.3 16.1 267 108 2.3 0.8 4
Posttest 19.0 102

“Based on activity profiles.

T
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tenuous basis, that the concentration of 0.04 to 0.05 ug/cm? was in
equilibrium at 400°C with an iodine burden scmewhere in the range of
0.4 x 1075 to 2 x 10=5 Pa (0.4 x 10-1® to 2 x 10~10 atm) in helium con-
taining 50 Pa (5 x 10~% atm) of hydrogen.

Lack of an increase in activity on specimen 1 led us to raise the
saturator temperature to increase the iodine burden for phase 2. Equip-
ment difficulties prevented the saturator from reaching the higher tem-
perature until about 5 X 10° s. The increase in burden produced an
almost immediate rise in the amount of iodine on specimen 1 that con-
tinued until about 7.2 x 105 s (see Fig. E.9). Thereafter, the amount

of iodine decreased slowly until the end of phase 2.

Not much iodine had arrived at specimen 2 by the time the detector
was replaced at 5.9 x 10° s. Then, the amount on specimen 2 increased
at an almost uniform rate until the end of phase 2 (Fig. E.10). Activity
profiles for specimen 2 showed that almost all the iodine on the specimen
adsorbed near the entrance in full view of the detector through the
9.5-mm collimator. Yo significant amount of iodine reached the charcoal

trap.

At 7.2 x 10° s, there was 2.6 ug of icdine cn specimen 1; the aver-
age concentration was 0.4 Ug/cm? and the iodine burden was 1.9 x 10~* Pa
(1.9 x 10-9 atm). Although the concentration had not yet reached steady
state, the fraction of the iodine in the gas adsorbing on specimen 1 had
decreased to 0.3, so the loading appeared to be nearing a steady value.
Then the iodine burden decreased abruptly to 1.0 x 10~% Pa
(1.0 x 10~9 atm), and iodine began to desorb from the specimen. We con-
cluded that the concentration of 0.4 g I/cm? would have been in equilib-

rium at 400°C with an iodine burden betweea 1.0 x 10™% and 1.9 x 10~* Pa.

In phase 3 the saturator temperature was raised again to obtain an
iodine burden near 2 x 10~3 Pa (2 x 10™8 aﬁm). The amount of iodine on
both specimens increased steadily throughout phase 3. The amount of

iodine on the charcoal trap did not increase.

At the end of phase 3, less than 15% of the fiodine was adsorbing

on specimen 1, and the average concentration was 2.1 ug/cmz. An
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activity profile for specimen 2, measured at 12.9 x 10% g, is shown in
Fig. E.1l. Comparison of this profile with the calculated profiles in
Appendix D indicates that the bulk of the iodine was within 4 to 8 mm of
the entrance. Other profiles showed that the distribution had not changed
much by the end of phase 3, so the average concentration at that time was

between 4 and 9 ug/cm?.
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Fig. E.11. Activity profile for specimen 2 in experiment A-7 at
12.9 % 10° s measured by detector 2 with a 3.2-mm collimator.

The numbers above indicate that the equilibrium loading on T-22 steel
is at lease 4 ug/cm® at 400°C in helium containing 50 Pa (5 x 107 atm) of
hydrogen and having an iodine burden of 1.4 x 10=2 Pa (5 x 107* atm). Since
such a small fraction of the iodine was adsorbing on specimen 1, while the
loading was well below the equilibrium value, the surfaces of the specimens
must have been considerably different. Based on later observations, we

attribute the difference to oxidation of specimen 1.

In phase 4 the temperature of the saturator was lowered to reduce

the iodine burden to about 4 % 10~7 Pa (4 = 10-12 atm). Todine desorbed
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from near the entrance of specimen 2, but activity profiles indicated
that the iodine just moved along the specimen. There was no significant

change in the amount of iodine on specimen 2 or on the charcoal trap.

The amount of iodine on specimen 1 did not decrease but increased at
a rate that corresponded to adsorption of all the iodine from gas having
a burden of 4 x 107> Pa (4 x 10710 atm). The source of the higher-than-
expected iodine pressure might have been desorption from an area at the
entrance of the furnmace tube. That area was found to contain about

30 ug of iodine at the end of the experiment.

The average concentration of iodine on specimen 1 at the end of
phase 4 was 2.3 ug/cm?® and was still rising in gas that was estimated to
have an iodine burden of 4 x 10~5 Pa (4 x 10~10 atm). This about six
times the equilibrium value of 0.4 ug/cm? that we assigned to a burden
of 1.0 x 107% to 1.9 x 107" Pa (1 x 102 to 1.9 x 10~2 atm) in phase 2.
We find no explanation for why all the iodine in the gas seemed to adsorb
on specimen 1 during phase 4. Uncertainties in the data and analysis
could have obscured the adsorption of some iodine on specimen 2, but not
so much that the iodine burden could have exceeded 2 x 107" Pa
(2 x 10~2 atm). Although we cannot explain the behavior in phase 4, we
note that equilibrium loadings of ~4 pg/cm? at 400°C in helium contain-
ing 50 Pa (5 x 10" atm) of hydrogen and iodine burdens of 1 x 10~ to
3 x 107° Pa (1 x 10710 to 3 x 10710 atm) were estimated from data

in later experiments.

Upon disassembly of the apparatus, the specimens were examined and
the amounts of iodine on various components were measured. Specimen 1
was oxidized and the surface was flaking, but the extent of oxidation
was less than on specimen 1 at the end of experiment A-6. The surface
within about 6 mm of the entrance of specimen 2 was mostly covered with
tiny mounds of oxide, The remainder of the specimen was coated with a
thin film of red-brown oxide containing numerous stringers of thicker
oxide. Calculations indicated that oxygen probably was entering the
system by diffusion through the wall of plastic tubing in the helium
supply lines.



126

The amount of iodine found on the specimens by use of the multi-
channel analyzer was about the same as was indicated by the detectors on
the test apparatus at the end of the experiment (see Table E.8). Only

0.2 ug of iodine was found on the charcoal trap.

The following values for steady state concentrations of iodine on
type T-22 steel at 400°C versus iodine burdens in helium containing 50 Pa
(5 x 10~* atm) of hydrogen were inferred from the data from this experi-

ment:

Test Todine burden Surface concentration
phase (107° Pa or 10712 atm) (ug I/cm?)

1 0.4-2.0 0.04-0.05

2 10-19 0.4

3 140 >4.0

4 4 »>2.3

E.5 Experiment A-8

Several changes in apparatus were made for this experiment., Three
specimens, numbered 1A, 1B, and 2, were used. Specimens 1A and 1B were
2 mm long; specimen 2 was 51 mm. The plastic tubing in the helium
supply lines were replaced with metal tubing. A trap containing T-22
steel, like that installed earlier in the main helium line, was added to
the line to the saturator and operated at 430°C. These modifications
helped, for the specimens were only lightly oxidized during this experi-

ment.

Conditions during the experiment are reported in Table E.9. The
amount of iodine on the specimens is shown as a function of time in
Figs. E.12 through E.l15. Data and results of some calculations are

summarized in Table E.10.

The furnace tube cracked downstream of specimen 2 during the charg-
ing of the saturator, allowing iodine to reach the specimens. Since the
crack was outside the furnace, it was sealed with Teflon tape. Phases 1
through 3 of the experiment were devoted to desorbing the iodine from

specimens 1A and 1B. The specimens were at 400°C when the iodine was



Table E.9.

Test conditions in each phase of experiment A-8

I, transfer 1 2 3 4 5 6 7 8 End
Beginning date 8/13 8/14 8/15 8/16 8/16 8/22 8/27 8/29 8/31 9/4
Time (clock) 15:42 13:01 13:49 8:19 9:44 13:50 11:43 10:36 14:54 10:55
Cumulative time (105 §) 0 0.763 1.65 2.31 2.37 7.62 11.83 13.50 15.34 18.64
Specimen temperature (°C)
Specimens 1A and 1B (2 mm each) 400 400 600 800 400 400 600 400 400
Specimen 2 (51 mm) 400 400 400 400 400 400 400 400 400
Helium flow (std cm®/min)
Saturator (pure He) 14 0 0 0 10 10 10 10 0
Primary (He + 50 Pa H,) lloa 100 200 200 190 190 190 150 190
Total 28 100 200 200 200 200 200 200 190
Todine source
Temperature (°C) -83 -83 -83 -83 -75 -63 -63 -63 -80
Pl at saturator temperature (1075 pa) 2 2 2 2 10 100 100 100 3.9
2
I burden in mixed gas based on a
Py and gas flows (1075 Pa) 0 0 0 0 1 10 10 10 0
2
I burden based on adsorption
measurements (10~° Pa) <0.7 ] 0 0.05 to 90 to 130 wo 90 to 0
0.4 170 140 190

plow was intended to be entirely through purge line.

specimens.

At "18:00 on 8/13, a crack in the furnace tube allowed some flow over the

LTT



128

ORNL DWG 81-15365

PHASE
4 5
o.us L | ‘
.
0.40 ¥
t
0.35 3
5
~ 0.30 £
o + |
i ¢
-~ 0.25
N
w t
z +
g 0.0 +
.
0.15 SPECIMEN 1A .
.
0. 10 - W :waﬁax .‘.v"“o' ++
v
.
0.05 I
’ SPECIMEN 1B
4 . 1 . Liieia 1 daaiil s I [ESUPEN |
3 3 4 S 5 7 3 3 10
TIME ( 10° s

Fig. E.12. Todine on specimens 1A and 1B during phase 4 and the
early part of phase 5 of experiment A-8.
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of experiment A-8.
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Actlivity Todine adsorbed Todine concentration
L (counts/ﬁl} o (hg) N Todine Iodine on surfaces Specimen 1
Test Time ~__ Specimens Charcoal  Specimens _ Charcoal transport burden ,n‘_¥A!UE/CWZ) __ temperature
phase  (10° 5) 1A 18 trap Ta 1B 2 Lrap Total (107° pg/s) (1075 Pa) 1 1B (°c)
1 0.77 7.9 4.4 2.6 0.5 0.61 0.34 0.10 0.02 1.07 0.087 0.049 400
160 8.5 4.8 1.5 0.9 0.65 0.37 0,13 0.03 1.18 1.33 0.7 0.093 0.053
2 2.30 1.0 0.6 25,8 (0.9)Y  0.08  0.05 0.96  (0.03) 1.12 0 o 0.011 0.007 600
3 2.33 0.2 0.1 28.7 0.5 0.02 0.01 1.06 0.02 1.11 0 0 0.003 0.001}
BOO
4 2.40 0.1 (<0.1 28.7 {0.5) 0.01  (<0.01) 1.06 {0.02) 1.10 0 0 0.001 <0.001
3.34 1.0 0.1 28,7 0.9 0.08 0.01 1.06 0.03 1.18 0.75 0.4
4.08 1.2 0.1 28.7 0.8 0.09 0.01L 1.06 0.03 1.19 0.14 0.07 0.013 400
7.50 1.2 0.2 28.13 0.5 0.09 06.02 1.05 0.03 1.19 <0.1 <0.05
5 8.52 1.: 0.1 27.7 0.5 0.10 0.01 1.03 0.02 1.16
9.59 5. 0.3 27.7 0.6 0.42 0.02 1.03 0.02 1.49 3.1 2
10.28 109 59.0 123 0.8 8.4 4.5 4.6 0.02 17.5 230 120
10.96 120 71.0 655 0.9 9.2 5.5 24.3 0.03 39.0 320 170
.76 126 74.0 1190 .0 9.7 5.7 44.1 0.04 60.0 260 140 1.4 0.81 400
6 12.00 24 18.0 1610 (1.0) 2.2 1.4 60.0b 0.04 64.0 170 90
12.60 25 16.0 1.6 1.9 1.2 78.0 0.06 81.0 270 140
13.45 26 17.0 1.6 2.0 1.3 98.0b 0.06 101 240 130 0.29 0.19 600
7 14.35 BO 56.0 1.5 6.2 4.2 1072 0.06 117 180 50
15.12 87 59,40 1.6 6.7 4.5 133 0.06 144 350 190 0.96 0.60 400
B 18.62 43 34.0 1.7 3.3 2.6 137b 0.06 143 0 0 0.47 0.37 400
Posttest 2.1 1.9 164 0.03
“Numbers in parentheses were assumed on the bas{s of carlier measured values,

Values were caleulated by use of the area under an activity profile and the maxfmum count rate for the profiles.

Table E,

10.

Summary of data from experiment A-8

0tT
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adsorbed. Simply stopping the flow through the saturator in phase 1
without increasing the temperature of the specimens produced no desorp-
tion of iodine. Conversely, the activity increased slightly. Presumably,
the iodine in the gas reaching the specimens desorbed from the wall of

the furnace tube upstream. The burden might have been as great as

7 % 10=8 Pg (7 x 101! amm).

Increasing the temperature in phase 2 resulted in rapid desorption
of iodine to steady concentrations of (.01l ug/cm2 on specimen 1A and
0.007 ug/cm® on specimen 1B. At 800°C in phase 3, the activity on the
specimens was reduced to slightly above background. The iodine concen-

trations were 0,001 ug/cm2 or less.

In phase 4, the flow through the saturator was restored, the tem-
perature was raised to obtain an iodine burden of 10=3 Pa (10'10 atm),
and the specimens were returned to 400°C. The amount of iodine increased
appreciably on specimen 1A only, as shown in Fig. E.12., Based on the
rate of increase, the iodine burden was 4 x 10~° Pa (4 x 10—t} atm) at

the beginning and was too low to measure at the end of phase 4.

In phase 5, the temperature was increased again to see whether an
appreciable burden could be obtained in the gas. The amount of icdine
on the specimens did not change significantly from 7.6 x 10° s, the
beginning of phase 5, until about 8 x 105 s when the amount on specimen 1A
began to rise slowly. Thenm, at about 9.5 x 105 s, the amount of iodine
on specimen 1A began a very rapid rise that slowed markedly at 10.5 x 10° s

as the lodine loading appeared to approach a steady value (see Fig. E.14).

The amount of iodine on specimen 1B was measured only when activity
profiles were taken. No increase was seen until after the rapid rise on
specimen 1A began. Then, the amount increased to a level that appeared

to be steady at about 60% of that on specimen 1A at the end of phase 5.

The amount of iodine on specimen 2 did not begin to increase until
the rapid rises on 1A and 1B were about half completed (Fig. E.15).
Then, it too began to increase rapidly at a rate that showed no sign of

diminishing at the end of phase 5.

Iodine burdens calculated for several intervals during phase 5 are

shown in Table E.10. Beginning at the time of the sharp rise in iodine
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on specimen 1, the iodine burden was in the range 0.9 x 1073 to
1.7 x 1073 Pa (0.9 x 1078 to 1.7 x 10~% atm). This was about ten times
the burden expected from the gas flows and the vapor pressure of iodine

at -63°C.

During tests of the saturator at the end of the experiment, we found
that a valve in a bypass between the main helium line and the line to the
saturator had been opened accidentally at some time during the experiment.
With the valve open, as much as half the helium could have been flowing
through the saturator. The higher flow rate was sufficient to account
for the higher iodine burden in this experiment. However, there was no
evidence that this was the explanation for the high iodine burdens in

earlier experiments.

At the end of phase 5, iodine concentrations of 1.4 j_'g/cm2 on
specimen 1A and 0.81 ug/cm2 on specimen 1B appeared to be in equilibrium
with an iodine burden of 0.9 x 1073 ro 1.7 x 1073 Pa (0.9 x 1073 to
1.7 x 1072 atm) at 400°C., We note here that specimens 1A and 1B were
used in two experiments, A-8 and A-9. The equilibrium activity on
specimen 1\ was always greater than that on 1B. Whether this was because
the specimen with the greater adsorptive capacity happened to be placed
in position 1A in both experiments, or whether there is a more subtle

reason, 1s unknown.

In phase 6, the temperature of specimens lA and 1B was raised to
600°C. Iodine desorbed rapidly and equilibrium concentrations of 0.3
and 0.2 ug/cm3 were obtained on specimens 1A and 1B, respectively, for
an iodine burden of 1.3 x 1073 to 1.4 x 1077 Pa (1.3 x 1072 to

1.4 % 107% atm) (Fig. E.14).

Then, the temperature of specimens 1A and 1B was lowered to 300°C
to see whether the loadings would return to those of phase 3. When the
amounts of iodine on the specimens became steady, or nearly so, in
phase 7, the icdine concentrations were about 1.0 ug/cm2 on specimen 1A
and 0.6 ug/cm? on specimen lB. These are about 70% of the concentrations
at the end of phase 5. The measurements indicated that the iodine ourden

-
i

had been in the same range, but the measurements were not precise snoug:

e
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to establish whether the difference in loadings should be attributed to

a change in conditions or surfaces.

For phase 8, the temperature of the saturator was reduced to -80°C,
and the saturator flow was turned off with the intent of reducing the
iodine burden in the gas to zero. However, the flow through the bypass
line would not have been stopped. Lowering the temperature should have
reduced the burden to about 4 x 10~5 pPa (4 x 10~10 atm). The adsorption
measurements indicated that the iodine burden was zero, but they were not
accurate enough to distinguish between 4 x 10=5 and 0 Pa (4 x 10-10 and
0 atm).

The amounts of iodine on specimens 1A and 1B decreased rapidly at
the beginning of phase 8. The average iodine concentrations had reached
about 0.5 ug/cm? on specimen 1A and 0.4 ug/cm? on specimen 1B and were

decreasing slowly when phase 8 was ended.

At the end of the experiment, specimens 1A and 1B and the front 30
to 35 mm of specimen 2 were uniformly light gray in color, which indicates
that they were lightly oxidized. From 35 to 50 mm on specimen 2, the
color darkened and changed to the reddish brown typical of heavier
oxidation. Presumably, this greater oxidation was produced by oxygen
and moisture that entered through the crack in the furnace tube at the
beginning of the experiment. Posttest measurements showed about 30%
less iodine on specimens 1A and 1B and 20% more iodine on specimen 2
than was indicated by the detectors on the adsorption apparatus. Only

about 0.02% of the iodine reached the charcoal trap.

The following values for steady state concentrations of iodine on
type T-22 steel in helium containing 50 Pa (5 x 10~" atm) of hydrogen
and variocus iodine burdens were inferred from the data from this

experiment:



Test Temperature Todine burden Surface concentration
phase (°C) (10~3 Pa or 10~8 atm) (ug I/cm?)

2 600 0 0.007-0.011

3 800 0 <0.011

5 400 0.9-1.7 8.0-1.4

6 600 1.3-1.4 0.2-0.3

7 400 0.9-1.9 0.7-1.0

8 400 0-0.04 <0.5

E.6 Experiment A-9

The bypass between the main helium line and the line to the satura-
tor was removed in preparation for experiment A-9. Two short specimens,
1A and 1B, and one long specimen were used in the experiment. Before
beginning the adsorption tests, the saturator was purged until there
was reasonable agreement between the vapor pressure of elemental iodine
at the temperature in the saturator, and the pressure calculated from
the gas flow through the saturator and the rate of adsorption of iodine

on the purge trap.

Conditions during the experiment are listed in Table E.1l. The
change with time of the amounts of iodine on the specimens is shown in
Figs. E.16 and E.17. Some of the data and calculations are summarized

in Table E.12.

Phase 1 was begun under conditions that were intended to provide an
iodine burden of 107° Pa (107!! atm). Almost all the iodine adsorbed on
specimen l1A. Except for a short interval at the beginning, the iodine
burden calculated from the rate of adsorption on the specimens was

2 x 107 Pa (2 x 10-!! atm).

Phase 1 came to an abrupt end at about 7.4 x 105 s when the amount
of iodine on specimen 1A began to rise very rapidly, as shown in Fig. E.16.
In phase 2, the rate of rise was nearly constant for about 1 x 10% s at
the higher icdine burden of about 2 x 10~ Pa (2 x 10-'0 atm). Almost all
the iodine adsorbed on specimen 1A. Then the rate of rise on specimen la

decreased rapidly until the amount of iodine reached a stezady level., At



Table E.11., Test conditions ln each phase of experiment A-9

I Saturator test Adsorption test
transfer A B C D E F 1 2 3 4 5 6 End
Beglnning date 9/24 9/24 9/25  9/25 9/27 9/27 9/28 9/28 10/3 10/9 10/15 10/15 10/29 11/5
Time (clock) ) 12:47 14:35 10:30 15:09 9:54 16:30 8:43 14:02 4:40 9:53 11:38 14:45 14:30 13:35
Cumulative time (10° s) 0 0.065 0.77  0.94 2.46 2,70 3.28 3.47 7.42 12.79 18.01 18.12 30.15 36.10
Specimen temperature (°C)
Specimens 1A and 1B (2 mm) 400 400 400 400 400 400 400 400 400 600 600 400 400
Specimen 2 (51 mm) 400 400 400 400 400 400 - 400 400 400 600 800 400 400
Helium flow (std cm®/min)
Saturator (pure He) 10 10 10 10 10 10 10 2.9 2.9 2.9 2.9 2.9 ]
Primary (He + 50 Pa H,) 90 90 30 90 90 90 90 197 197 197 197 197 200
Total 100 100 100 100 100 100 100 200 200 200 200 200 200
Todine source
Temperature (°C) -80 -75 -50 -80 -63 -80 -15 -80 -B1 -80 -80 -75 -80
Py at saturator temperature (10-3 Pa) 3.9 10 800 3.9 100 3.9 i0 3.9 3.0 3.9 3.9 10 3.9
2
P[2 fn saturator based on adsorption
measurements (107 % Pa) 15 190 5.0 18 NA NA NA NA NA NA
I burden in mixed gas based on
P12 and gas flows (10~° pa) NA NA NA Ra NA NA NA 0.11 0.9 0.11 0.11 0.3 0
I burden in mixed gas based on
adsorption measurements (10~> Pa) NA NA NA NA NA NA NA 0.2 0.2 to 0.2 0.2 0.5
2.0

GET




136

ORNL DWG 81-15361

PHASE
gt ] @ | 3 g% 05 | 6 |
0.5 1""‘:
0.5 - L SPECIMEN
= i \\\\\ ; ‘gf 2 ;B\\
1 3 . o v
~ o i , SPECIMEN 14 f} i‘—+
8 0.3 i N of f d
i i : § SPECIMEN 1A
SPECIMEN * .
0.2 18— AN
SPECIMEN 1B
0.1
L " )
g 30 ES 40

TIME ( 0% s
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Fig., E.17. TIodine on specimen 2 during experiment A-9.



Table E.12. Summary of data from experiment A-9
Activity (counts/a) lodine (jg) Icdine Iodine Todine concentration
Test Time Charcoal Charcoal transport burden (pg/cm?) Temperature
phase (10° s) 1A 1B 2 trap 1A 18 2 trap Total (10‘7ug/s)(10'6 Pa) 1A B (°c)
1 3.49 0.11 0 0 0 0.004 0O 0 0 0.004
1.83 0.98 0 0 Q 0.032 0 0 0 0.032 8.2 4
4.03 1.24 0 0 0 0.040 0 0 0 0.040 4.2 2
6.77 3.36 0.7 0.05 i) 0.11 0.023 0.001 0 0.13 3.3 3 0.016 0.003 400
2 7.64 7.8 1.1 0.15 0 0.25 0.035 0.002 0 0.29
8.49 17.9 2.7 0.2 0 0.58 0.087 0.002 0 0.67 45.0 20
9.37 19.0 4.1 0.3 0 0.61 0.13 0.003 (1] 0.74 8.0 4
10.25 19.0 4.7 0.5 0 0.6l 0.15 0.006 0 0.77 3.4 2
12.04 18.9 6.4 0.8 0 0.61 0.21 0.009 0 0.83 3.4 2 0.087 0.030 400
3 15.33 1.2 0.8 5.5 0.039 0.026 0.823 0.061 0.95 3.7 2
16.25 0.7 0.5 23.0 0.023 0.016 0.71 0.25 1.00 5.4 3
17.25 0.7 0.5 30.0 0.023 0.016 0.71% 0.3 1.08 8.0 4 0.003 0.002 600
17.91 0.7 0.5 29.8 0.023 0.016 0.71 0.33 1.08 (4.3 2
4 18.11 0.7 0.7 <1 100 0.02 .02 <0.01 1.11 1.15
5 22.50 7.5 1.7 <1 103 0.24 0.05 <0.01 1.14 1.44 6.8 4
26.50 13.0 1.4 3 106 0.42 0.24 0.03 1.18 1.87 10.0 5
29.95 14.0 12.0 25 103 0.45 0.39 0.28 1.14 2.206 11.0 6 0.064 0.056 400
(9.4 5
6 36.00 10.0 12.0 99 0.32 0.39 0.49a 1.10 2.30
Posttest 0.36 0.42 0.43 0.76

alues obtained from activity profiles,

Values are averages for interval from 12.04 x 10° to 17.91 x 10° s,

“Values are averages for interval from 18.11 x 10° to 29.95 x 10°

8.

LET
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that time, the iodine burden, based on the rate of adsorption on speci-
mens 1B and 2, had returned to 2 x 10~% Pa. We could find no reason for
the sudden increase in iodine burden or for the rapid return to the

burden of phase 1.

At the end of phase 2, the average concentration of iodine on
specimen 1A was 0.087 ug/cm?. Because the loading was steady, we assume
that the iodine on the surface was in equilibrium with an iodine burden
of 2 x 105 Pa (2 x 10-11 atm). We found in earlier experiments that
iodine adsorbed at 400°C did not always desorb at that temperature when
the iodine burden was reduced, so the iodine on the specimen could have
been in equilibrium with a higher iodine burden. Since iodine was still
adsorbing on specimen 1 during the interval when the burden was falling
and averaged 4 x 107% Pa (4 x 10-11 atm), the iodine on the surface would

not have been in equilibrium with a burden that was >4 x 10~% Pa.

In phase 3, the specimens were heated to 600°C until the amounts
of iodine reached steady levels of 0.003 ug/cm? on specimen 1A and
0.002 pg/em” on 1B, The average iodine burden during phase 3 was

2 x 1075 Pa (2 x 10711 atm).

During the interval from 12.79 X 10° to 12.85 x 10° s, the amount
of iodine on specimen 1A decreased from 0.61 to 0.33 ug. Assuming that
the iodine burden in the gas entering specimen 1A was 2 x 10~° Pa
(2 x 10~!! atm), the average iodine burden in the gas leaving the specimen
was 2.5 x 10=* Pa (2.5 x 10=? atm). Some of this iodine adsorbed on
specimen 1B, and the loading increased from 0.21 to 0.27 ug. Socon there-
after, the iodine loadings on the two specimens became equal and decreased
together until tne steady loadings were approached. Then the loading on

specimen 1B became and stayed less than that on specimen 1A.

In phase 4, specimen 2 was heated to 800°C to desorb most of the

iodine that remained at 600°C (see Fig. E.17).

The temperature of the saturator was raised to -75°C to give an
iodine burden of 3 x 1075 Pa (3 = 10~!! atm) for phase 5. The iodine
burden obtained from the rate of adsorption on the specimens varied
between 4 x 10-% and 6 x 10-6 Pa (4 % 1011 and 6 ¥ 101! atm) and

averaged 5 x 1075 Pa.
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The adsorption conformed to the model in phase 5. At the beginning
almost all the iodine adsorbed on specimen 1A. As the concentration on
that specimen increased, the fraction that reached and adsorbed on
specimen 1B gradually increased. It was not until 8 x 10° s into phase 5
that lodine began to adsorb on specimen 2 at a preceptible rate. By the
end of phase 5, the loadings on specimens 1A and 1B had become steady,
and all the iodine was adsorbing on specimen 2 near the entrance. Little,
if any, of the iodine reached the charccal trap. The steady concentra-
tions of iodine on specimens 1A and 1B were 0.064 and 0,056 ug/cmz,
respectively, at an icdine burden of 4 x 1076 to 6 x 10=% Pa (4 x 10~tl
to 6 x 10-1l atm).

At the beginning of phase 6, the temperature of the saturator was
lowered, and the flow through the saturator was stopped to lower the
iodine burden and to see whether iodine would desorb from the specimens
at 400°C. Iodine desorbed from specimen 1A from the beginning and was
continuing to desorb at the end of phase 6. As well as we could deter-
mine, no iodine desorbed from specimen 1B; the loading on that specimen
was higher than on 1lA. Specimen 2 adsorbed the iodine that was desorbed
ahead of it. The amount of iodine on the charcoal trap did not change

significantly.

The measurements indicated that 0.13 ug of iodine desorbed from
specimen 1A and 0.21 Ug adsorbed on specimen 2 over an interval of
6.0 x 10> s in phase 6. The transfer rates correspond to iodine burdens
of 1.2 x 10=% and 1.9 x 10-% Pa (1.2 x 10-1! and 1.9 x 10~!1 atm) respec-
tively. The difference suggests that the iodine burden in the gas enter-
ing specimen 1A might have been as high as 0.7 x 10~% Pa (0.7 x 10~!l atm).
More likely, the difference is indicative of the uncertainty in the

measurements,

At the end of the experiment, specimens 1A and 1B were more oxidized
than those from experiment A-8, but very much less than specimen 1 from
earlier experiments. The specimens in this experiment were exposed almost
twice as long as those in A-8. The amounts of iodine on the specimens, as
determined by use of the multichannel analyzer, were within 12% of those

indicated by the detectors on the apparatus.
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The steady state concentrations of iodine on the metal and the iodine

burdens that were inferred from the data from this experiment are listed

helow:
Test Temperature Iodine burden Surface concentration
phase (°0) (10°% Pa or 107!! arm) (ug I/cm?)

2 400 2=4 0.09

3 600 2-4 0.002-0.003

5 400 4=6 0.06

E.7 Experiment A-10

In experiment A~10 our objective was to measure the equilibrium load-
ing of iodine on type T-22 steel at 400°C when exposed to very low iodine
burdens, 10~7 to 10-% Pa (107!2 to 10-!! atm), in helium containing 50 Pa
{5 x 107% atm) of hydrogen. One modification was made to the apparatus.
An outlet was installed on the helium line just ahead of the furnace tube
so that a small stream of gas could be withdrawn continuously during the
experiment (see Fig. 5.1). This stream was passed through a charcoal trap
to remove the jodine. A third detector and a third counting channel were
added to the data collection system. The rate of increase in activity on
the charceocal was measured as a means of monitoring the iodine burden in

the gas.

Preparations for the experiment were made in the usual way. The
saturator was purged with helium at several temperatures before beginning
the adsorption tests. During the purges, the iodine pressure in the
saturator was estimated by measuring the rate of adsorption of iodine on
a charcoal trap in the purge line. Unexplained changes in the iodine
pressure occurred several times during the purges, but, at the end, the
pressure inferred from the measurements was within a few percent of the

pressure of elemental iodine at the tempeature in the saturator.

The adsorption tests were begun with the saturator at the tempera-
ture of the final purge test. The flow through the saturator was reduced
to provide an iodine burden of 2.8 x 10-7 Pa (2.8 % 10~!2 atm) at the
specimens. The system operated steadily for 5.3 x 10% s, About 0.0007 g

of iodine reached the specimens, which corresponds to an iodine burden of
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3 x 1079 Pa (3 x 10~!* atm). The flow through the saturator was increased
for 2.7 x 10° s to raise the iodine burden to 1.1 x 10~® Pa (1.1 x 1011
atm). Then the temperature of the saturator was raised for 0.7 x 10°3 g
to increase the iodime burden to 1.1 x 10~° Pa (1.1 x 10~!0 atm). The
rate at which iodine reached the specimens was not increased by those

changes, so the adsorption tests were terminated.

The saturator was tested again at the end of the experiment with
anomalous results. Some tests also were made of the procedure for pre-
paring the iodine source and charging the saturator. Those tests indi-
cated that, at low flow rates, iodine could diffuse upstream into the
T-22 steel hot trap in the helium line to the saturator and be converted
to Fel,; during the charging. Conversion of much of the 420 ug of iodine
in the source to Fel; might have caused the difficulties with the source
in this test but does not seem to explain all the observations. However,

we could find no other explanationm.

E.8 Experiment A-11

Because of the difficulties experienced during experiment A-10, the
T-22 hot trap was removed from the helium line to the saturator before
beginning this experiment. After the iodine was charged, the saturator
was subjected to extensive testing and purging before beginning the
adsorption test. At the beginning, the results of the tests were con~
fusing. But, it was discovered that, at a given saturator temperature,
the rate of delivery of iodine to the purge trap was more sensitive to

the main flow of helium than to the flow through the saturator. Appar-
ently, the configuration of the apparatus for purging was such that part
of the main flow could backflow into the saturator and pick up iodine

before it went on to the purge trap.

This condition was remedied by flowing the gas out through the moni-
ter line during the final purge tests. The iodine pressure in the satura-
tor, based on the gas flow through the saturator and the rate of adsorption
on the moniter trap, was in good agreement with the vapor pressure of

iodine at the temperature in the saturator.

Phase 1 of the adsorption tests was begun at 8.57 x 105 s after time

0. Specimen 1, 2 mm long, and specimen 2, 51 mm long, were both at 400°C.
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Pure helium flowed through the saturator at a rate of 5.7 std cm?/min.
The saturator temperature was -81°C. A flow of 394 std cm®/min of helium
containing 50 Pa (5 x 107* atm) of hydrogen mixed with the gas from the
saturator to provide an intended iodine burden of 8.9 X 107 Pa

(8.9 x 10~12 atm) at the entrance of specimen 1.

These conditions were maintained until 11.23 x 10° s, when the pri-
mary flow was reduced to 200 cm3/min to conserve helium. This reduction
doubled the iodine burden in the mixed gas. After the helium supply was
renewed, the original conditions were restored at 14.44 X 10° s. They
were maintained until about 19.5 x 10° s when the helium line cracked
near the entrance of the furnace tube, interrupting the flow. The test

was terminated at 20.46 x 10° s.

The amounts of iodine on the specimens are shown as a function of

time in Fig. E.18. The iodine burdens in the gas, calculated from the
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Fig. E.18. TJTodine on the specimens during experiment A-1l.
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rates of accumulaticn of Jodine on the specimens and on the monitor, are

shown in Table E.13.

At the beginning of the adsorption test, about half the iodine
adsorbed on specimen 1 and half adsorbed on specimen 2 near the entrance.
This was surprising because in experiment A-9, under similar conditioms,
almost all the iodine adsorbed on specimen 1 at the beginning of the

test.

By 11.2 x 105 s, the fraction adsorbing on specimen 1 had gradually
increased to about 0.95; it remained high throughout the rest of the
experiment. None of the monitored operating conditions had changed
significantly. The increased adsorption of iodine appears to have re-

sulted from activation of the surface of specimen 1,

At the end of the experiment, 0.24 ug of iodine had adsorbed on
specimen 1. The average concentration was 0.034 ug/cm?. According to
the measurements of the iodine on the specimens, the iodine burden wvaried
between 6.0 x 107 and 9.6 x 1077 Pa (6 x 10~!2 and 9.6 x 1012 atm) dur-
ing the time that the total gas flow was 400 std cm3/min. This agrees
well with the expected burden. The burden calculated from the rate of
increase in activity on the monitor was much lower. Only about 3% of
the flow passed through the monitor. Being unable to find another cause,
we attributed the low burdens obtained from the monitor to the low flow

and believed them to be incorrect.

There was no indicatieon that the iodine loadings on specimen 1 was
near steady state when the experiment ended. We conclude, in agreement
with results of other tests, that the average concentration of 0.034 ug/cm?
was far below the equilibrium value at 400°C for an iodine burden of about
8 x 10=7 Pa (8 x 107!2 atm) in helium containing 50 Pa (5 x 10~% atm) of

hydrogen.

E.9 Experiment A-12

At the end of experiment A-11, the specimens were removed and the
break in the helium line was repaired. WNew specimens and charcoal traps

were installed, and the metal strips in the T-22 hot trap in the main



Table E.13., Todine burdens calculated from activity measurements during experiment A-11

Total iodine R Monitor
___Specimen 1 __ Specimen 2 adsocrption Todine Todine adsorption lodine
[est Time Actlvity Todine Activicy Todine rate burden Activity lodine rate burden
phase  (10% 8)  (counts/s) (ng) (countsfs) (1g) (1o=7 Lg/s) (107 Pa)  (counts/s) (107 ug) (1070 pg/s) (10~° pa)
1 8.78 1.56 0.0076 16.6 0.0409 161.4 39.4
9.98 5.07% 0.0245 23.8 0.0586 2.9 7.9 163.2 39.8 33.0 29.0
10.98 9.57 0.0467 26.6 0.0655 2.9 7.9 164.5 40.1 30.0 27.0
2 11,28 11.0 0.0537 26.7 0.0658 4.1 1.00
45 25.8 0.1259 28.2 0.0895 2.4 13.0 5.5 1.34 11.0 19.0
3 18.00 41.0 0.2000 29.2 0.07149 2.2 6.0 6.5 1.59 7.0 6.2
18.42 420 ), 2054 29.2 0.0719 1.61
6.0

19.45 49.1 0.2395 29.8 0.0734 3.5 9.6 6.9 1.68 6.8

791
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helium line were replaced. Although we realized that the iodime source
might have been contaminated by air and moisture, experiment A-12 was
undertaken while awaiting a new supply of iodine. The saturator.was
purged before beginning the adsorption tests. At the end of the purging,
the iodine pressure in the saturator, based on the rate of adsorption on
the purge trap, was 4 x 10~ Pa (4 x 10~ atm). This compares with

1073 Pa for iodine at the temperature in the saturator.

The conditions during the adsorption tests are given in Table E.l4.
The change with time of the amount of iodine on the specimens is shown
in Figs, E.19 and E.20. Some of the data and calculations are summarized
in Table E.15.

Phase 1 was begun with the intent of obtaining a steady concentra-
tion of jodine on specimen 1 at 400°C in helium having an iodine burden
of 3 x 107% Pa (3 x 10710 atm). This was a region where data were lack-
ing, but, based on data from earlier experiments, we expected the steady

concentration to be <1.0 pg/cm? and to be reached in 8 to 10 days.

The adsorption proceeded about as it had in experiment A-11. At
the beginning only half the iodine in the gas adsorbed on specimen 1.
Then, over a period of about 4-1/2 days, the fraction adsorbed on

specimen 1 increased until it exceeded 0,95.

During phase 1, the iodine burden inferred from the rate of adsorp-
tion on the specimens ranged from 2.4 x 10-3 to 2.7 x 10~° Pa (2.4 x 10-190
to 2.7 » 10719 atm). The burden indicated by adsorption om the charcoal
trap in the monitor line was lower by a factor of 5.5 at the beginning,
The flow through the monitor was increased from 12 to 24 cm?/min during
phase 1. Thereafter, the agreement was better although the monitor con-
tinued to provide lower values. We found no reason for the difference
but believe that the burdens based on adsorption on the specimens are

more accurate.

After almost 7 days of steady operation in phase 1, the average con-
centration of iodine on specimen 1 had reached 0.62 pg/em?, and 97% of
the iodine was still adsorbing on that gpecimen. So, in phase 2, we

reduced the iodine burden by one-half or more to see whether the
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Fig. E.19. 1Iodine on specimens during phases 1 through 7 of
experiment A-12.
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Fig. E.20. TIodine on the specimens during phases 8 through 14 of
experiment A-12.
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N 55.3 0.150 5.0 2.k 1.0 Lob 3.0 0,50 0,148 a,Ho 0.06
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concentration was near steady state for the lower burden. It was not;

about 957 of the iodine adsorbed on specimen 1 at the lower burden.

Then followed several phases in which the iodine burden was raised
to add iodine to specimen 1 more rapidly, and lowered to see whether the
concentration on the surface equaled or exceeded the steady state concen-
tration (Fig. E.19). 1In phase 3, the burden was increased to about
6 x 10=° pPa (6 x 10-10 atm). When the average concentration reached
1.4 ug/cmz, the iodine burden was reduced to 3 x 10~ Pa (3 x 10710 atm)
in phase 4 and to 0.6 x 10~° to 1.2 x 10=5 Pa (0.6 x 10-10 to 1.2 x 10-10
atm) in phase 5. Phase 4 was run just long enough to see that almost
all the iedine was adsorbing on specimen 1. 1In phase 5, about 70% of

the iodine adsorbed on specimen 1.

In phases 6 and 7 the flow of gas to the saturator was stopped to
make sure that iodine would desorb from specimen 1 if the iocdine burden
was reduced sufficiently, since desorption was to be used as evidence
that the steady state concentration had been exceeded. Iodine did

desorb.

In phase 6 the helium flow was 400 std cm3/min; in phase 7 the flow
was reduced to 100 std cm3/min. Although the result was not definitive,
we interpreted the data as showing that the rate of desorption decreased
in proportion to the decrease in flow. The calculations reported in
Table E.15 show that the iodine burden in the gas reaching specimen 2
was about the same during phases 6 and 7 (2.6 x 10-% and 2.0 x 106 Pa
respectively) as it was during phase 5 [1.9 x 107% Pa (1.9 x 1071l atm)].
This seems to indicate that the iodine burden in the gas was in equilib-
rium with the concentration of iodine on the surface at the exit of
specimen 1, and the rate of desorption was limited by the helium flow

rate.

In phase 8 the iodine burden was increased to 1.5 x 107* to
1.7 x 107" pa (1.5 x 10-% to 1.7 x 10-° atm) to load the surface again
(Fig. E.20). When the concentration reached 3.2 ug/cmz, the burden was
reduced to 0.7 x 1073 to 1.2 x 107> Pa (0.7 x 10710 to 1.2 x 10710 atm)

in phase 9. TIodine neither adsorbed on nor desorbed from specimen 1.
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In phase 10 the iodine burden was increased to 3 x 10-5 Pa (3 x 10°10 atm).

Then, only 65% of the iodine adsorbed on specimen 1.

In phase 11 the iodine burden was reduced to zero again. Iodine
desorbed, and the burden in the gas leaving specimen 1 was 1.1 x 10~5 Pa
(1.1 x 10°'0 atm). This was about the same as in phase 10. We interpret
the data as indicating that the desorption rate was limited by the helium
flow and that the lowest concentration on the surface, the concentration
at the outlet, was in equilibrium with an iodine burden at least as high

as 10=° Pa (10~1!0 atm).

In phase 12 the test was continued for several days until the average
concentration on the surface reached 3.5 pg/em?. The fraction of the
iodine adsorbing on specimen 1 was 0.55, but had changed little, if any,
during phase 12. At this point, the experiment was ended by raising the
temperature of the specimens to 450°C and then to 600°C for short times.
Iodine desorbed from specimen 1 at both temperatures. The desorption
was not carried tec steady state, but the steady concentration on specimen 1

at $00°C would have been <0.4 ug/em? (probably 0.1 to 0.2 ug/cm?).

The specimens were examined visually after they were removed from
the furnace tube. Only the ends of the plates and the outer surface of
the holders could be seen well. The front half (1 mm or less) of
specimen 1 was coated with a black scale, presumably mostly iron oxide.
The scale was not tightly adherent because a substantial fraction flaked
off during handling of the specimen. The remainder of specimen 1 was
light gray. Specimen 2 was gray in color, light gray at the front and

somewhat darker alomg its length.

The metal strips from the T-22 hot trap in the main helium stream
were lightly oxidized over the front 1 to 2 cm of length. The remaining

8 cm appeared to be in the original condition.

At the end of the test, activity profiles were measured for specimens
1 and 2 and for the furnace tube up to the charcoal trap. A final mea-
surement was made of the activity of the monitor trap. After removing
the specimens and the charcoal trap, an activity profile was measured for

the empty furnace tube. Finally, the amounts of iodine on the separate
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components were determined from activity measurements made with a multi-

channel analyzer.

The profile measurements in the vicinity of specimen 1 confirmed
the measurements made from the normal position of detector 1 during the
experiment. The activity with the specimen removed was at background
level, so there was no significant amount of iodine on that region of
the furnace tube. The posttest multichannel analyzer measurement, reported

in Table E.16, was in good agreement with the in situ measurement.

The activity profiles for the region of specimen 2 and the charcoal
trap are shown in Fig. E.21. During phases 1 through 13, iodine that
passed specimen 1 adsorbed on specimen 2 near the entrance where ail the
activity could be measured by the detector in its nermal monitoring posi-
tion. The amount of iodine on the specimen could be determined directly

from the measured activity without the use of profiles.

During phase 14, the lodine spread along s?ecimen 2, and some desorbed.
The amount of iodine on the specimen at the end of the experiment was

determined from the activity profile,

The activity in the region of specimen 2 with the specimen removed
was at background level. The amount of iodine on the specimen as deter-
mined from the profile was in reasonable agreement with that obtained by

use of the multichannel analyzer.

The profile obtained with the specimens and the charcoal trap removed

showed that some iodine had depcsited on the wall of the furnace tube near
the charcoal trap, presumably as Fel,. The in situ measurements indicated
the presence of 2,9 ug of iodine on the charcoal trap and at least 1.7 ug
on the wall of the furnace tube. The multichannel analyzer measurements

indicated 4.35 ug on the charcoal trap and 3.27 ug on the furnace tube.

The adsorptive capacity of specimen 1 proved to be so great that a
steady state concentration of iodine could not be obtained at 400°C in
a reasonable time. Based on observation of whether iodine adsorbed or
desorbed at various iodine burdens at 400°C, we concluded that the steady
state concentration was not greater than 3.2 ug/cm®? at a burden of
0.7 x 107 to 1.2 x 107% Pa (0.7 x 1071% to 1.2 x 10710 atm) in helium

containing 50 Pa (5 x 10=* atm) of hydrogen. But, it was greater than
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Table E.16. Posttest measurements on components from experiment A-12

Multichannel analyzer Detectors on
measurements apparatus
pei 1317 ug I Counts/sb ug I
Specimen 1 26.64 2.95 52 2.8
Specimen 2 164.7 18.3 ) 20°
Charcoal trap 39.25 4.35 136ad 2.9
(216) (4.6)
Monitor trap A-12-B 15.23 1.69 616 1.7
Furnace tube 29.48 3.27 80 1.7
Purge trap A-12-A 0.813 0.0%0 18.2 0.094
Purge line wash 6.26 0.69
Todine used in experiment 282 28.4
Icdine remaining in
saturator 3130 347

Zodine activity measurements were normalized to 9:04 on 2-13-80.
The corresponding specific activity is 9.02 ucCi Plrjug 1.

5 . .o . , o
Iodine activity measurements were normalized to time 0 for this
experiment.

“Amount of iodine was determined from activity profile.

“The walue 216 counts/s was the corrected total count rate that
included any activity on the wall of the furnace tube. The value
136 counts/s was obtained by subtracting the 80 counts/s measured on
the furnace tube after the charcoal trap and the specimens were removed.
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Fig. E.21. Activity profiles in region of specimen 2 and charcoal
trap at end of experiment A-12.

3.5 ug/em? at a burdenm of 2.2 ¥ 107° to 3 x 103 Pa (2.2 x 10-10 to

3 x 10710 atm). At 600°C the steady concentration obtained by desorption
would have been <0.4 ug/cm? and possibly 0.1 to 0.2 ug/cm2 at a burden of
2.2 x 107° to 3 x 10-3 Pa (2.2 x 10710 to 3 x 10710 atm).

E.10 Experiment A-13

In experiment A-13, we undertook to measure the steady state concen-—
tration of iodine on type T-22 steel at temperatures from 400 to 800°C
when exposed to an iodine burden of 3 x 1075 Pa (3 x 10~10 atm) in helium
containing 50 Pa (5 x 10~% atm) of hydrogen. 1In experiments A-11 and
A-12, only about half the iodine in the gas adsorbed on specimen 1 at the
beginning. Over a few days, the fraction increased to 0.95 or more,
indicating that the surface had become more active. This behavior was
observed in experiments after the T-22 metal hot trap was removed from
the helium line to the saturator. No other changes had been made in the
specimens, equipment, or procedures. The hot trap was restored before

this experiment to see whether the adsorption behavior would be affected.



134

The conditions during the experiment are recorded in Table E.17.
The way in which the amount of iodine on the specimens changed with time
and with changes in conditions is shown in Figs. E.22 through E.25. The
curves for specimen 2 give an indication of the progress of the adsorp-
tion or desorption on the specimen but not of the tctal amount of iodine
that was present. The detector could net see the entire specimen from
its normal monitoring position at the entrance, and the measurements
were not fully corrected for changes in calibration. The data from the
several phases of the experiment and some of the calculations are sum-

marized in Tables E.18 through E.23.

Phase 1 was carried out with the specimens at 400°C and an iodine
burden of 3 x 1072 Pa (3 x 10-!0 atm) in the gas. These were also the
conditions of phase 1 of experiment A-12. This time the adsorptiom
behavior was model. At the beginning, almost all the iodine adsorbed on
specimen 1. The fraction passing to specimen 2 increased with time as
the loading on specimen 1 increased. Although the difference in adsorp-
tion behavior appears to have been related to use of the T-22 metal hot
trap in the helium line to the saturator, we cannot be certain of the

cause,

Phase 1 was ended after the adsorption behavior was established and
while the specific activity of the iodine was still high enough to be
able to measure the low iodine loadings expected at higher temperatures.
The average concentration on the surface of specimen 1 at the end of
phase 1 was 0.83 ug/cmz, and 31% of the iodine was in the gas leaving

the specimen.

The concentration of iodine on specimen 1 was far from being at
steady state, but a steady state value of "4 ug/cm2 was estimated by use
of a method described in the paper by Hougen and Marshall?® that was the
basis for Appendix F. By means of charts included in the paper, ome can
use measurements of the rate of change in the fraction of the adsorbate
remaining in the gas leaving the specimen to obtain estimates of the mass
transfer coefficient and the equilibrium concentration of adsorbate on
the surface. Based on the results of experiment A-12, the 4 ug/cm?

appears to be of the correct magnitude, but the uncertainty is large.
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Fig. E.22. Todine on specimens during phases 1 through 5 of
experiment A-13.
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Fig. E.24. Todine on specimen 2 during phases 5 through 10 of
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Table ¥ 18, Summary of Jdata and caleulations from phase 1 of experiment A-13

fodine burdend

Tediue adsorption rates : Yo
B T T (107" Pa_or 107'% atm)

i oo Beesimen L Sreefen 2 o . Monttor Entering  Entering  Monltor  §-2 adsorbed
(10° 5} (counts/s) (ng 1) (10°* wg H/s) (comnts/s) {ug [)" (108 g I/s)  (counts/s) (ug 1) (10-7 g Tfs) 5~1 5-2 Total adsorbed
4,30 0.83 0.0072 0.06 0.00038 1.3 0.0034
4.50 2.12 0.0183 0.5 0.20 0,00127 0.045 27.2 0.0126 4.6 0.16 0.012 4.1 0.07
59.00 18.6 0.160 .8 1.51 0.00962 0.17 59.2 0.0274 3.0 0.82 0.046 2.6 0.056
5.50 55.0 0,474 6.1 3.0 0.0236 0.28 84.0 0.0388 2.1 1.8 0.076 2.0 0.043
6. G} 59.9 .861 7.7 7.90 0.0501 (1. 5% 108 0,0497 2,2 2.3 0.15 1.9 0.065
b 90 151 1.0 8.0 14.8 0.09471 0.88 132 0.0611 2.3 2.6 0.24 2.0 0.091
7.00 149 1.71 8.2 24,3 0.159% 1.2 152 0.0702 1.8 2.6 3.1} 1.6 0.13
7.450 R 2,18 9.4 315.5 0.226 1.4 174 0.0805 2.1 3.0 0.39 1.8 0.13
.00 7 2.64 9.1} 48.8 0.311 1.7 196 0.0907 2.0 3.0 3.46 1.8 0,15
.50 159 309 8.9 614 0.404 1.9 216 0.09%6 1.8 2.9 0.51 1.6 0.17
9. 00) 409 1.53 8.7 8.2 U.511 2.1 237 0.109 1.9 3.0 0.58 1.7 0.20
9.0 456 3.9 8.1 989 9.630 2.4 259 G.120 2.0 2.9 0.65 1.8 (.27
18 (1) 502 4,33 8.0 119 D.757 ) 280 0.130 2.0 2.9 0.69 1.8 0.24
10. 50 40 4.73% 8.0 140 0.890 2.7 300 0.11%9 1.9 2.9 0.73 1.6 0.25
11.00 992 5.10 7.4 160 1.020 2.6 14 0.145 1.3 2.7 0.71 1.1 .26
1150 RS 5.48 7.4 184 1.173 3.1 344 0.159 2.7 2.9 0.83 2.4 0.29
11.498 LYF} 5.44 7.5 1.1 2.1 3.0 0.491 1.9 0.31

209 1.334

367 0,169

“I'he Lodine burden enterdng 5 1 was caleulated from the totul rate of adsorption of fodine on -1 and 5-2. The burden entering $-2 way calculated
trom the rate of adsorptlon on 3-2.  The burden at the monitor was caleulated from the rate of adsorption on the monitor trap. The amount of iodine that

passud through specimen 2 te the charcoal trap was too little £o measure.
5
“Values were corrected for change in detector callbration.

8¢t



Table B9, Summary of daca and caleulations Trom phases 2 through 5 of experiment A~}

Fhane and

__lodsne burden (10°* Pa or 107" arm)

S-145-2 e - SR e ———— -—
Cemperators o Spectwen 1 o Seegimen 2 Chaccoal frap _  __ _ ___Montiar — Leaving® Eutering Leaving” Envertngd HonLtor
{°¢) wts/ud (Gug TKIO™ wy 1/8)  (counts/s) (ug T)(107% ug I/w) (g a0 % ug 1/s) (countu/u) (ug n(10-" ug 1/s) 5-2 §-2 charcoal trap
2 12.40 bY6 B0 349 2.4 4y 0,183
s00/400 12.80 61 5.3 1) 522 1.48 100 420 0.194 2.75 7.2 8.2 2.4
13.20 574 499 -1.00 632 4.30 .03 439 0,203 2.25 5.7 5.4 2.0
13.60 536 4.62 -0.93 2 5.08 1.95 459 0,212 2.25 5.5 5.3 2.0
17.40 696 b.00 3y 2.8 395 0,183 —
1380 518 4.47 -1.0% 6.8° 3.21 U.063 471 0.218 2.50 6.0 8.8 2.2
3 i3.80 08" 0.003
COUPAN) 0. 90 442 ¥ a1y 0.221
14.00 290} 2.%0 -3 413
[ T] 209 1.1 -7.50 24
0.2 161 1.9 -3.80 14
040 118 1.02 -1.85 519 0.240 3.80 5.2 1.3
0,60 93 0.854 -0.83 5.4
.80 88 0.762 - 046 3 4.1
¢. b4 12.3¢ 5.1 - 15
15,20 78 U.077 I} . 294 .24 4.25 Jb 1.9
0.52 [EN 1.77 5.0
.60 15 (U N RLUNTEY 1.7
16.00 2 0.619  -0.020 ) 3.1
.30 14 0,619 0 4.3 1.03 693 0.320 W18 10 2.9 LB
4 16,3t i 0.6y 14, 3¢ (0.u1y 693 ¢.120
Thd H U. 36 60.% 0.52] -2 4 9.6
0.42 28.9 0.249 -4.53 16.C
0.48 .6 0,026 -2.05 8.8
0.54 5 0.081 -0.2% 5.1
0.60 1.7 0.066  -0.25 3.1
.70 6.4 0.055  -0.11 1.3
0.90 5.7 0.049  -0.0% 31
17,16 W9 0042 -u.u2b 296 0.368 5.5 31 1.5
0.1y Los®  -15.1 11.8° 15.7 8 44
3 7.1y 1.00% 13.8° 5.7
8OO/ 800 0.22 4“7 0.041 B80S 0.372
0.23 18 0.0 -0.90 5.6
0.24 21 0,018 -1.40 6.9
0.26 1.9 0016 -0.10 3.3
0. 30 1.6 honyg -0.050 3.2
0% L4 0.012  ~0.040 3.1
.40 1.2 0.010 -0.040 3.1
0.5% 1.2 o.010 0 3.0
0.85 1.1 0.0095  -0.002 1.0
18,10 1.0 0.0086  -0.004 6.10% 0,99 16.6% 3 950 0.439 V.ol 1.0 5.9 8.7 3.4

65T

Uealvulated from the rate tha fodine reactied 5-3 in the helioy (W.1 x 107% g I/8) piun the rate of degorption from 5-1.

2
Catculated (rom the rate of adworption on S-2.

‘Calculated from the sua of The Catew thar Jodine reached S-1, desorbed from S-1, and desorbed from §-2.

)

aluulated tros rate of adsorption on the charcosl trap and the furnace tube shead of (he trap.

YGalculuted from acufvicy prafiles,



Table K200 Summary of date and calculattions from phases 6 through 10 of experiment A-1}

097

I‘{“"l"/;“f" o lodine sdsocptlon aod desowvptdon  Hodtne bueduns (107° Pa or 107' acmy
et atures T Lme S - Speslmen 2 thareoad trap Monitor lesving?  leaviog  Entering Mank tar
(BB (10% 5)  Ceounta/s) (g 1) (107 g B4s) (o0 DY (107% g 178) (g 1) Q07% pg I/s) (eounts/a) {pe 1) (0077 pg T/s) $-1 §-2 charcoal trap
b 8. 10 1.0 a.0086 0. 1o 16.6 950 0.4734 -
800 /800 0. 30 0,99 0.0085
0,50 1.16  0.0100
[Pt 1.22 0.0165
0. 86 1.17 0.0l 1681 0.717 44.5 (9.6
.91 - 0.0101 0.002 0.14 0. 044 2.5 7.28 30,0 29.8 20.5
7 JERH 0.0101 0.14 2.5
o/ ian 0.9 1.3 0.011 1757 0.812
0.99 1.8 0H.0%3 1t 7.0
0.97 5.6 0.049 .80 27.8
14.80 5.9 0.051 0007 29.8
0.10 [ U.05% 0,030 29.9
0.20 7.1 0.061 3070 29.8
- 4d) 1.3 0065 U 022 0.9 6.2 29.9 3.0
(U R} 8.1 0.070 0.02% 29.9
0,74 [ Y] 1,67 9.4 .55 2252 1.047 pLUA 0.0 5.3 23.3 26.5
.80 8.1 0.0 U0 30.0
k<) bPyowe 13,4 a.lls 2314 1.009
GO/ Bk) 0.us 23.9 (. 206 500 21.8
[IC T .8 (257 1.4 2352 1.087 25.7 26.5 22.7
20 1.8 0.274 .28 29.2
.15 4.8 . 294 (24 2457 1,535 .0 29.3 26.5
0,11 3.6 (. 316 .31 9.7
(1) 3.0 4. 136 G0 2686 1.24] 25.4 29,7 26.0
064 7.15 2.3
2i.ol i8.3 0. 330 -Ho012 2972 1,373 26.4 30.0 23.3
.41 ir.s 0.323 0.014 3246 1500 25,4 0.0 22.4
0.58 Y.28 2.27 8.8 6. 70 25.8 18.13
2 ir.s 0,323 b 3659 1.691 24.2 0.0 21.3
(LN ] 9.94 0.91 42,0 5.07 27.5 13.8
9 22033 v.496 42,46
B/ i 0.3 P 0,252 354 i08y
0.8 .2 0217 1ois 7.8
040 2B 0,197 -L.06G 5.7
044 19.49 G.t72 -0.ed 4.7
.50 1b. Y 0.146 -0.4 ) 3698 1.709 14.3 4.2 12.6
aoin 1.0 G113 -u, 1) 3.5
u.un 11,0 0,113 il 146 1.731 5.9 3.0 4,9
S PR 12.% $.1086 -0.03 37719 1.746 5.8 3.1 9.1
o2l 6. 12 -8 4y.1 7.39 13.7 20.1 5.7
Lo RNt 12,04 0. L b 1L 491 1780 1747
CITETH 21,41 120 a, Lok 0 0,23 3.5 53.8 235 Wl 1761 F.o 3.0 91.4 b4, ¢ 6.2
yaloes were determined from activity profiles

i .
Calenlared drom the rate ac whileh dodine wredved ae 5 1 tn the helfm minns the rate of adsorpticn ot plus the rate ot desorptionon § 1.
CCateutuated from the tate at which foddoe arvived ot %02 minus the tste of alsotpiton oy plus the tate of desorption of fodine on 8 7.

i
Calvubated fram the tate ot adscrptlon on the charvoal Crap and Che tunace tube downsticam of 5 2,



Tine e Speclwen 1 Specimen 2 - Monttor Enteringb Enteringc Monitor $-2 adsorbed
(10% ) (counts/s) (ng I) (107 pg/s)  (ug 19)(1075 yg/s) (countsfa) (ug 1){10~7 ug/s) 5-1 5-2 Total adsorbed
24.05 0.59
24.200 37 .32 3879 1.79
25.800 211 .82 0.94 4152 1.92 7.9 4.7 3.5
25.81 1.89 0.73 2.1 0.44
27.597 178 .26 0.80 4381 2.02 5.8 3.2 2.6
27.63 2.47 0.32 0.9 0.29
29.380 592 .10 1.03 4599 2.13 5.7 3.1 2.5
29.41 2.60 0.073 0.2 0.07
30.902 770 .64 1.01 4809 2,22 6.4 3.1 2.8
30.92 2.7 0.073 0.2 0.07
34.200 1107 .54 0.88 5225 2.42 5.9 3.1 2.6

.37 3.43 0.21 0.6 0.19

Table E.21.

Summary of data and calculations from phase 11 of experiment A-13

Todline adsorprion rates

Iodine burdens {(10™° Pa or 10710 atm)

HValues were determined from activity profiles.

bCalculated from the rate of adsorption oa S-1 and §-2.

L"Calculated from the rate of adsorption on $~2.

9T



Table E.22, Summary of data and calculations for phases 12 and 13 of experiment A-173

Phiase awd Todine adsorption and desorption _ ... Todine burden _L!Q_‘_S__P_a_g__ﬁ‘__l_o_ atm)
ERRVELN Specimen 1 Speciwen 2 Chavrcoal trap Monitor Leaviug Leaving  Entering  Monltur
Lemperdl ure T e T Tt T T T TR T o oo o s s m e o 5-1 5-2 charcoal
(] (10% 5 (couuts/sy g 11072 ng/s) (uy N ot ngls) (ny 107 ugds) {counes/s) (ug 1107 pg/fs) trap
12 35,57 143 4.4
4007400 14,501 11132 Y. /b 95250 2.426 1
36, 050 1108 §.55 -0.1 44 5254 2,428 0.11 0.4 5 .06
36,09 371 0.181 53.1 -0, 84 0.51°
13 36,09 3,71 53.1
600/ 600 Jo. 302 1los 9.53 5250 2,426 q
36,400 625 95.39 =422 |
16,500 405 3.49 -19.0 57
6. 600 292 2.52 -9.77 31
16,800 190 1.64 ~4.137 15
37000 141 1.21 -2.15 5321 2.46 4,71 9.1 2.1
37,305 $5.6 0.82 -1.27 6.6
Y0755 69.6 0,60 -0.50 5408 250 5.30 4.4 I 2.3
37.83 (-5.14)" 7.03 1.91 63.0 S.69 e 12 16

“Valoes were caleulated from activity profflus.
5
TUalvnbated Feom rate ot desorption trom S-1.

Calvulated trom rate of adsorption on 5-2.

A . . _
Values tor phase 13 were caleotyred from rate of arclval of lodiue at $-1 (1.07 ~ 107°% pg/s for burden of 3 = 10 ® pa) plus rate of desorption
from 5-1.

Average values for phase 13,

! . i N
“Cabvabdated trom rate of fodine at $-2 winus rate of adsorption on $-2.

29T
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Table E.23. Iodine on specimen 2 and region of charcoal trap
from activiry profileas of experiment A-13

Specimen 2 Charcoal trap and futnace tube
Time Profile c Corrected Profile c Corrected
Test area max calibration Iodine area max calibration Iodine
phase  (10° s) (um} {counts/s) (counts/s.ug 1) {ug) (um) (counts/s) {(counts/s.ug I} (ug)
2 13.80 36.8 811 141 6.8
3 14.84 39.6 1330 137 12.3
15.52 41.2 1370 134 13.5
16.30 41.0 1440 132 14.3
4 17.19 62.7 72 145 1.00 61.5 1330 150 13.8
5 18.10 68.0 6.8 149 0.10 38.7 2610 195 16.6
6 18.91 60.0 11 152 0.14 40.3 3460 199 22.5
7 19.74 46,7 150 147 1.53 43.6 4070 192 29.6
8 20.64 62.3 519 145 7.15 45.4 4210 190 32.3
21.38 56.8 734 144 9,28 47.0 4840 188 38.8
22.33 54.8 811 143 9.96 48.4 5130 187 42.6
9 23.21 54.6 545 142 6.72 49.1 5800 186 49,1
10 23,41 59.0 17 142 0.23 40.6 7690 186 53.8
11 24.05 51.9 50 142 0.59 39.0 7960 186 53.5
25.83 44,6 188 142 1.39 38.3 8160 186 53.4
27.63 42.4 258 142 2.47 7.7 8180 186 53.1
29,41 41.3 279 142 2.60 38.2 8230 186 54.2
30.92 40.5 297 142 2.7 38.2 8260 186 54.4
34.37 41.2 369 142 3.43 37.8 8350 186 54.4
12 35.40 b 383 142 b 8170 186
36.09 40.3 417 142 3.79 37.6 3200 186 53.1
13 37,83 55.3 563 142 7.03 39.3 9260 186 63.0
Post-  137.99 36.0 39307 186 24.4
test 38.04 39.83 9130; 186 62.6
38.04 33.0 7090 186 40.3
a Profile area in mm < C in counts/s
aAa X
ug I

" 31.Z m « corrected calibration im counts/s.ug I °

U’I‘oo few points to estimare area.

“Furnace tube alone.
Furnace tube and charccal trap.

2
Furnace tube subtracted from furnace tube and charcoal trap.
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The method depends on the equilibrium concentration of iodine om the sur-
face being proportional to the concentration in the gas over the range
involved in the calculation. We have not established that the relation-

ship is linear.

The value for mass transfer coefficilent obtained as part of the cal-
culation was 7.4 cm/s. In Appendix G, Table G.2, we calculated values
of 45 cm/s for tramsport of HI and I at 400°C. The large difference
implies that the rate of adsorption in phase 1 of this experiment was
limited by reactions at the surface rather than diffusion through the
gas. This difference would invalidate the estimate of the equilibrium
concentration, unless the controlling reactions were found to be first

order.

In phases 2 and 3, the temperature of specimen 1 was raised to 500
and 600°C respectively. Both specimens were raised to 700°C in phase 4
and to 800°C in phase 5. We thought that the steady state concentrations
at 700 and 800°C might be low enough for the entire surface of specimen 2
to reach steady state.

Some of the data and calculations for phases 2 through 5 are sum-
marized in Table E.19, The calculations were made to obtain values of
desorption rates and iodine burdens at various locations in the furnace
tube. We assumed that the iodine burden in the gas entering specimen 1
was 3 x 1075 Pa (3 x 10~10 atm). That the burden was of that magnitude

was generally verified by the monitor.

Calculation of the iodine burden in the gas leaving specimen 1 took
into account the iodine that desorbed from specimen 1. The iodine burden
in the gas entering specimen 2 was calculated from the amount of iodine
adsorbed cn specimen 2 and only for conditions when practically all the
iodine in the gas entering specimen 2 adsorbed on the specimen. The
iodine burdens were averages for the intervals over which they wers cal-
culated. Where the intervals were the same for specimens 1 and 2, the
burden in the gas leaving specimen 1 should have been the same as that
in the gas entering specimen 2. Differences between the two reflect
uncertainties in the value assumed for the iodine burden in the gas enter-
ing specimen 1 and in the measurements of the amounts of iocdine on the

specimens.
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The iodine burden in the gas leaving specimen 2 was calculated for
those cases in which iodine desorbed from the specimen. The burden was
obtained between measurements on specimen 2, to gas having an initial
burden of 3 x 10™- Pa (3 x 1010 atm). The iodine burden in the gas
entering the charcoal trap was calculated from the amount of iodine
deposited on the charcoal and the furnace tube between specimen 2 and
the charcoal trap. Again, differences between the iodine burden in the
gas leaving specimen 2 and that entering the charcoal trap reflect uncer—

tainties in the data and assumptions.

Since we concluded that the concentration on the surface of specimen 1
at the end of phase 1 was far from the steady state concentration at 400°c,
our primary interest in phase 2 was to see whether there would be much
desorption on raising the temperature only 100°C; there was. However,
the steady state concentration was approached slowly, so we began phase 3
well before reaching steady state. At the end of phase 2, the average
concentration of iodine on specimen 1 was §.64 ug/cm?. We judged from
the shape of the desorption curve that the steady state concentration

would have been 0.3 to 0.5 pg/cm2,

At 600°C in phase 3, the iodine desorbed rapidly, as shown in
Fig. E.22. A steady concentration of 0.091 ug/cm? was reached on

specimen 1 in about 2 x 10° s.

In phase 4, at 700°C, the amounts of iodine on both specimens
appeared to be steady in less than 1 x 10° s. The average concentration

on specimen 1 was 0.0060 ug/cm2.

Activity profiles for specimen 2 and the furnace tube through the
charcoal trap, measured at the end of phase 3 (£ = 16.30 x 10° s8) and
the end of phase 4 (£ = 17.19 x 105 s) are shown in Fig. E.26.%
Specimen 2 extended from about 280 to 330 mm, The front of the charcoal
trap, where practically all the activity is found when it is adsorbed

by the charcoal, was at about 445 mm.

*Only a few points were taken for the profile at ¢ = 16.30 x 105 g
because it was expected to be like that taken at ¢ = 15.52 x 105 s. The
points from both profiles are shown in Fig. E.26. The profiles end at
detector position 450 mm because the detector could not be moved beyond
that point.
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At the end of phase 3, the bulk of the activity on specimen 2 was
near the entrance. The profile at the end of the desorption at 700°C in
phase 3 indicates that the iodine on the specimen was distributed nearly
uniformly along the length. If the concentration had been uniform, the
profile should have peaked at 300 mm and fallen off to about 0.7 at
280 mm and 0.4 at 330 mm.'

The profile indicates that the iodine concentration increased
toward the outlet of the specimen. Possibly the increase was real and
was produced by a slightly lower temperature near the outlet. Or, the
appearance of an increase might have resulted from distortion of the
profile by contributions from the much greater activity on the wall of
the furnace tube between the specimen and the charcoal trap. If, while
recognizing the uncertainties, we assume that the concentration of iodine
on the surfaces of specimen 2 was uniform, that concentration was

0.0065 ug/em?, about the same as on specimen 1.

Before phase &, practically all the iodine in the gas adsorbed on
the specimens. There was no detectable iodine on the furnace tube and
not more thanm 0.01 ug on the charcoal trap downstream of specimen 2.
During phase 4, approximately 14 ug of iodine passed from specimen 2
into the furnace tube. According to the profile, one—third to one-half
of that iodine was on the wall of the furnace tube, and the remainder

was on the charccal trap at the end of phase 4.

Presumably, the iodine on the furnace tube was in the form of Crl;
and Fel,. According to Table E.19, the average iodine burden in the
gas leaving specimen 2 was 4.8 X 10”4 pPa (4.8 x 10™° atm) during phase 4.
However, 85% of the iodine desorbed during the first 17% of phase 4, so
the iodine burden during that interval was 2 X 10=3 to 3 x 107 Pa
(2 x 10-8 to 3 x 10-8 atm). Thermodynamic equilibrium calculations in
Appendix A show that CrI;(s) and FeI,(s) are not stable at 400°C in an

jodine burden of 3 x 10~% Pa (3 x 10~!%atm) nor at 700°C in an iodine

L

"The detector position is referenced to the front of the collimator
siit, so the profile is offset from the position of the center of the
slit.
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burden of 3 x 10”3 Pa (3 x 10~8 atm) in helium containing 50 Pa
(5 x 10°% atm) of hydrogén. Solid CrI, and FeIl, should not have been
present on the surface of specimen 2 before or during the desorption at

700°C in phase 4.

However, the deposit on the wall of the furnace tube is substantial
evidence that much of the iodine was released from specimen 2 as Crl, and
FeI;, probably mostly as Fel,. The amount on the wall indicates that the
pressure of metal iodides in the gas must have been 5 x 10~Y Pa or greater
during the early part of phase 4. At that pressure, Fel; would have begun
to condense at about 275°C and would have been mostly removed from the
gas at 225°C. The temperature at the exit of specimen 2, 330 mm, would
have been near 700°C, and that at the entrance of the charcoal trap,

445 mm, would have been below 150°C. The iodine deposit on the wall of
the furnace tube was centered near 410 mm, where the temperature would

have been in the range 200 to 300°C.

On raising the temperature of the specimens to $00°C in phase 5,
most of the remaining iodine desorbed very rapidly. At the end of the
desorption, the measured activity on specimen 1 was only about 0.1 count/s
above a background of 0.6 count/s. The inferred concentration of iodine

on specimen 1 was 0.0012 ug/cm?.

The maximum activity on specimen 2 was about 1 count/s above a back-
ground of 0.7 count/s. The profile for specimen 2 is shown in Fig. E.26.
We interpret the profile as indicating that the iodine was distributed
nearly uniformly over the specimen. The abnormally high relative activi-
ties beyond detector position 320 mm are attributed to contributions from
iodine on the furnace tube beyond the specimen. Assuming that the iodine
distribution on specimen 2 was uniform, the steady state concentration

was 0.007 ug/cm?.

The activity profile for the region downstream of specimen 2 shows
that most of the jodine on the wall of the furnace tube at the end of
phase 4 moved near to or onto the charcoal trap during phase 5. With
the iodine burden reduced to 3 x 10-° pa (3 x 1010 atm) and the pressure
of metal iodides at a low level in the gas, the metal iodides should have
migrated to a region of lower temperature or dissociated and released the

iodine to the charcoal trap.
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Fig. E.26. Activity profiles for region of specimen 2 and the

charcoal trap during phases 3, 4, and 5 of experiment A-13.

The amounts of radioiodine on the specimens at 800°C and 3 x 1075 ra
(3 x 10~19 atm) were so small that the measurements were not very accurate.
So, we decided to hold the temperature and determine the steady state con-
centration on the surface for an iodine burden of 3 x 10~% Pa (3 x 1077 atm).
This was done in phase 6 with the results shown in Figs. E.23 and E.24 and

Table E.Z20.

As well as we could measure, the amount of icdine on specimen 1
increased from 0.0086 to 0.0101 pg, raising the surface concentration to
0.0014 ug/em?.
(Fig. E.27) was distorted as at the end of phase 5.

The activity profile for specimen 2 at the end of phase %

Assuming that the
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Fig. E.27. Activity profiles for specimen 2 at ends of phases 6,
7, and 8 of experiment A-13,

activity was distributed uniformly over the surface, the concentration
increased from 0.0007 ug/cm-’- at the end of phase 5 to 0.0009 ug/cm2 at
the end of phase 6.

Since the increase of a factor of 10 in the iodine burden produced
only a slight increase in the concentration of iodine on the surfaces
of the specimens at 800°C, we lowered the temperature to 700°C in phase 7
and then to 600°C in phase 8, while holding the icdine burden at
3 x 107% Pa (3 x 1079 atm).

At the end of phase 7 at 700°C, the steady state concentration on

specimen 1 was 0.010 ug/cm?. This compares with 0.0060 ug/cn? at the
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end of phase 4 when the iodine burden was only one-tenth as great. The
average concentration on specimen 2 at the end of phase 7 was 0.010 ug/cm?,
but the activity profile shows that the concentration of iodine near the
outlet of the specimen was substantially greater than that near the inlet.
Also, Fig. E.24 shows that the activity near the entrance of the specimen
had not reached a steady value at the end of phase 7, so the 0.010 ug/cm2

was not a steady state concentration for specimen 2.

At the end of phase 8 at 600°C, the steady state concentration on
specimen 1 was 0.046 ug/cmz. This is only half the concentration that
was measured at the end of phase 3 when the iodine burden was one-tenth
as great. The amount of iodine on the region of specimen 2 being
monitered was nearly steady. The profile was nearly identical to that
calculated for a uniform concentration over the entire surface of the
specimen. The average concentration of 0.065 ug/cm2 on specimen 2 was

equal to, or very close to steady state concentration.

Since the steady state concentrations of iodine on the specimens at
600°C and 3 %X 10~% Pa (3 x 10~? atm) were lower than those that had been
measured earlier at 3 x 1075 Pa (3 x 10710 atm), the question arose as
to the cause. In phase 9 we reduced the iodine burden to 3 X 10~> Pa
(3 x 1071% atm) while maintaining the temperature at 600°C. Iodine
desorbed from both specimens, as shown in Figs. E.23 and E.24. The con-
centration on specimen 1 reached a steady value of 0.015 ug/cm?. That
on specimen 2 had reached 0.044 ug/cm” and was still falling at the end

of phase 9.

It appeared that the surfaces of the specimens had been changed by
the prolonged heating at up to 800°C. We decided to return to 400°C at
an iodine burden of 3 x 10=3 Pa (3 x 10~'Y atm) to determine the adsorp-
tive capacity of the changed surface under the conditions of phase Il.
Before doing this, we heated specimen 2 to 800°C, in phase 10, to descrbd
most of the iodine so that the normal monitoring of the specimen would
provide a more sensitive measure of the amount of iodine that passed

specimen 1.

Phase 11 of the experiment was begun at 23.424 x 10° s when the

temperature of both specimens was reduced toc 400°C. TIodine began to
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adsorb on both specimens immediately. The manner in which the amount of
iodine on the specimens changed with time is shown in Fig. E.25, Some

of the data and calculations are summarized in Table E.21.

Shortly after phase 11 began, the supply of liquid nitrogen to the
cold traps in the helium supply lines was interrupted. The traps warmed
and permitted the small amount of moisture that had accumulated to be
passed through the system. The effect on the accumulation of iodine on
the specimens and on the monitor is shown in Fig. E.28. From 23.43 x 105 g
until 23.51 x 10% s, a total of 0.33 ug of iodine adsorbed on the two speci-
mens. The average rate of adsorption was 4.1 x 10-5 Hg/s, which corresponds

to the removal of all the iodine from helium having an iodine burden of
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about 11 x 10-5 Pa (11 x 10-10 atm). Then iodine began tc desorb from
specimen 1 but continued to adsorb on specimen 2. By 23.71 X 105 s, when
the desorption on specimen 1 and the adsorption on specimen 2 had ceased
for a time, a total of 0.45 ug had adsorbed on the two specimens. The
average adsorption rate from 23.51 x 105 to 23.71 x 10° s was 2.2 x 1073
ug/s, corresponding to an average iodine burden of 6.3 x 10-5 Pa

(6.3 x 10-!0 atm)., Thereafter, the amounts of iodine on the specimens
changed little (there appears to have been a little adsorption on
specimen 1) until the liquid nitrogen cocoling on the moisture traps was

restored at 24.014 x 10° s.

During the entire time, iodine was adsorbing on the monitor at a
rate of 5 x 10~7 ug/s, which corresponds to an iodine burden of
2.2 x 10=3 Pa (2.2 x 10-10 atm). Since the monitor values usually are
low, we assume that the burden was about the intended 3 x 10~° Pa
(3 x 10719 arm). Calculations based on the activity profiles indicated

that no measurable amount of iodine passed specimen Z.

It appears to us that release of a small amount of moisture from
the cold traps into the helium first caused iodine to desorb from the
apparatus ahead of the specimens. Initially, much of this iodine adsorbed
on specimen 1. Later, the moisture effect reached specimen 1 and resulted
in some desorption from that specimen. At most, the effect on specimen 2
was to distribute iodine along the specimen. Practically all the iodine

reaching specimen 2 in the gas adsorbed on the specimen.

Tt appears that all the moisture had been evaporated from the traps
into the helium and passed through the system by about 23.75 x 10° s.
Then, for a while, most of the iodine in the helium adsorbed on walls
ahead of the specimens to replace some of the lodine that had desorbed.
Gradually, the amount reaching and adsorbing on the specimens increased.
During the interval from 24.2 X 105 to 24.4 x 10°% s, the combined adsorp-
tion rate was 1.05 x 10~° ug/s, which corresponds to the intended icdine
burden of 3 x 10~% Pa (3 x 10-10 atm). Whether the increase in the rate
of adsorption on the specimens began when cooling was restored to the

cold traps, or shortly before that time, is unclear.
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During the interval from 24.2 x 10° to 25.8 x 105 s, after the
upset, about 56% of the lodine in the gas adsorbed on specimen 1 and
44% was in the gas leaving the specimen. The fraction in the gas leav-
ing the specimen decreased to 0.07 by 29.4 x 105 s. It then increased
gradually and was above 0.2 at the end of phase 11.

The behavior during phase 11 was similar to that observed at the
beginning of experiments A-11 and A-12. It appears that the surface
was activated and the adsorptive capacity increased during the first
few days of operation at 400°C, At the end of phase 11, the iodine con~
centration on specimen 1 was 1.4 pg/cm?, and less than 30% of the iodine
remained in the gas leaving the specimen. The initial behavior was such
that the method used to estimate the steady state concentration for
phase 1 cannot be applied to phase 11. However, the data indicate that
the steady state concentration probably would have been at least as

great as the 4 ug/cm® estimated for phase 1.

At the beginning of phase 12, the temperature of the saturator was
reduced to -81°C, and the flow through the saturator was stopped. This
condition was maintained for about 1.9 x 105 5. Iodine desorbed from
specimen 1 at a rate of about 0.13 x 10~32 ug/s and adsorbed on specimen 2
at a rate of 0.18 x 10-5 Lg/s (see Table E.22). These rates correspond
to iodine burdens in the gas leaving specimen 1 and entering specimen 2
of 4 x 1075 and 5 x 10~ Pa (0.4 x 10-10 and 0.5 x 10-10 atm) respectively.
As well as we could determine, the amounts of iodine in the gas entering

specimen 1 and leaving specimen 2 were insignificant. The difference

reflects uncertainty in the measurements.

At the end of phase 11, the iodine burden in the gas leaving specimen 1
was about 6 x 107% Pa (0.6 x 10~!0 atm) as shown in Table E.21. This bur-
den is not much different from those obtained above for phase 12. This
fact may simply indicate, as observed before, that the iodine burden in
the gas leaving specimen 1 was close to being in equilibrium with the con-
centration of iodine on the surface of the specimen at the outlet, If
this was the condition, the desorption rate measured in prhase 12 would

reflect the gas flow rate rather than the reaction rates on the surface.
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In phase 13 the iodine burden was returned to the nominal 3 x 1075 Pa
(3 % 10-10 atm), and the temperature of both specimens was raised to 600°C.
Initially, iodine desorbed from specimen 1 and adsorbed on specimen 2 near
the entrance. During this time, the iodine burden at the exit of specimen 1,
as calculated in Table E.22, was greater than 1073 pa (1078 atm). As the
rate of desorption from specimen 1 decreased, the point was reached at
which iodine began to desorb from near the entrance of specimen 2. This
desorption was continuing at the end of phase 13. However, the numbers
in Table E.22 show that the total amount of iodine on specimen 2 increased

considerably during phase 13.

The concentration of iodine on specimen 1 had not quite reached a
steady state when the experiment was ended (Fig. E.25). Comparison of
the data from phase 13 with that from phase 3 suggests that the steady
state concentration would have been 0.06 to 0.07 ug/cmz. This compares
with 0.11 ug/cm2 measured at the end of phase 3 and 0.018 at the end of
shase 9, both at 600°C and 3 x 1075 Pa (3 x 107! atm).

Figure E.25 shows that iodine was desorbing from specimen 2 at the
end of phase 13. The activity profile indicate that the iodine was
distributed along the entire length of the specimen with the lowest
concentration near the inlet. This implies that the average concentra-
tion on the surface was above the steady state value. At the end of

phase 13, the average concentration was 0.046 ug/cmz.

After phase 13 was ended, the apparatus was examined visually, and
measurements were made to determine the distribution of iodine. Specimen 1
was uniformly gray. Plates from specimen 2 were gray-brown over the first
two millimeters. Then they lightened, becoming light tan to silver over
the center of the specimen and light blue near the outlet end. There
was a very thin deposit on the furnace tube in the region of 420 to 435 mm,
between the outlet of specimen 2 at 330 mm and the entrance of the char-

coal trap at 444 wm.

The bundles of T-22 steel strips were removed from the hot traps in
the helium lines and were inspected. The metal that was removed from the

main line was lightly oxidized over the entire length of about 7 cm. The
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metal from the line to the saturator was similarly oxidized, but over

only the front 3 em.

Activity profiles were made for the furnace tube after the specimens
were removed. They are shown in Fig., E.29. One was made with the char-
coal trap in place. Another was made of the furnace tube alone. A third,
for the charcoal trap alome, was calculated from the difference between
measurements at each of the data points. The profiles show the presence
of a substantial iodine activity on the wall of the furmace tube in the

vicinity of 420 to 425 mm, the region of the thin film.
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Measurements, by use of a multichannel analyzer, of the amounts of
jodine on varicus components from the experiment are reported in Table E.Z24.
Measurements on components that were made during and after the experiment
by use of detectors on the apparatus are listed for comparison. The post-
test measurements account for 3064 of the 3093 uCi of iodine measured to
be in the source ampoule prior to the experiment. The ratio gives a

material balance of 0.99.

The steady state concentrations or estimates for experiment A-13

are summarized in Table E.25.

Table E.24. Posttest measurements on compoments from experiment A-13

Multichannel analyzer Detectors on
measurements apparatus
(uci *¥oya (pg 1) (counts/s)? (ug I)

Specimen 1 5.43 0.64 62.6 0.34
Specimen 2 46.5 5.5 7.0¢
Charcoal trap 382 45.1 39.07
Backup charcoal trap 6.77 0.80
Monitor trap D 25.5 3.01 5405 2.30
Inlet tubes to saturator 18.1 2.13
Saturator — source L-1 1986 234
Connector tube to furnace tube 3.54 0.42
Furnace tube — inlet end 0.79 0.094
Furnace tube — outlet end 206 24.3 24,90
Monitor line wash 2.45 0.29
Purge line wash 0.032 0.004
Purge and monitor lines after

wash 0.62 0.074
Purge trap from evacuation at

shutdown 1.03 0.12
Purge trap A — iodine transfer 21.9 2.58 2240 2,3
Purge trap B — purge A 116 13.0 6390 5.7
Ampoule after transfer of

source L-1 243 28.6
Monitor trap C — purges B

and C 3.89 0.46 897 0.41

3064 361

Tvteasurements were corrected to 10:30 on 4/21/80.
b .
Measurements were corrected to time O,

e . - ;
Values were determined from activity profiles.
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Table E.25. Summary of steady-state concentration data from experiment a-13%

Specimen Final
Starting temperature Iodine burden loadin Equilibrium

Test time °C) (10-°Paor 10°!° atm) on S-1 loading
phase (10° s) S-1 S-2 Predicted Observed (ug I/cm®) (ug I/em?)

1 4.27 400 400 3.0 2.9 0.83 VA

2 12.16 500 400 3.0 2,29 0.64 0.3-0.5°%

3 13.86 600 400 3.0 1.87 0.091 0.001

4 16.30 700 700 3.0 2.54 0.0060 0.0067

5 17.21 800 800 3.0 3.49 0.0012  0.0007-0.00127
6 18.11 800 800 30 20 0.0014  0.0009-0.0014°
7 18.93 700 700 30 26 0.010 0.010

8 19.90 600 600 30 24 0.046 0.046-0.0657
9 22,33 600 600 3.0 5, 0d 0.015 0.015

11 23.42 400 400 3.0 A3.1 1.4 >4

12 34.40 400 400 0 0 1.4 1.4

13 36.30 600 600 3.0 2.3 0.086 0.06-0.07°
End 37.86

“Tests were run in He containing 50 Pa of Hy at a total flow of
400 cm®/min.

bo, . . .
Loading is based on geometric area,

e : . . Lo ;
Inferred from rate of increase in fraction of iodine in gas
leaving S-1.
~

“Values were obtained from monitor, Monitor values usually
lower than those obtained from adsorption on specimens,

eInferred from shape of desorption curve,

fValues obtained from specimens 1 and 2.






Appendix F. CALCULATION OF THE CONCENTRATION OF IODINE IN THE GAS
AND ON THE SURFACES OF THE SPECIMENS FOR THE CONDITION
THAT THE EQUILIBRIUM CONCENTRATION ON THE SURFACE
IS PROPORTIONAL TO THE CONCENTRATION IN THE GAS

A section of a specimen can be represented by two parallel plates

as shown below.

Gas flow

u —» dx

[ S - - .

Over the element of length dx and unit width, the material balance is

ac
uBcdT - uBje + 3¢ dx|dt - 2dx(-§-dr - Bdx 3¢ dr = 0 , (L)
Ix T 3T

where
u = average veloeity of gas, m/s;
¢ = concentration of adsorbate in gas, mol/m3;
¢_. = concentration of adsorbate on surface, mol/mz;
B = plate spacing, m;
T = time, s;

x = axial distance from entrance, m.

Equation (1) reduces to

ac N
3C+2 s 1 3¢

Wi Ty -0 (2)
In a flow process 9%¢/3T becomes negligible if the volume between the
plates is small in comparison with the flow volume, and the material

balance becomes

ac
ac 2 s _
§+u3—8’[ =0 . (3

For a gas adsorption process in which the resistance to diffusion of the

adsorbate through the gas is the controlling factor, the rate of adsorption

179
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can be expressed as
N = kGA(c - c¥x) , (4)

where
N = rate of transfer to surface, mol/s;
A = surface area, m?;
c¢* = concentration of adsorbate in gas in equilibrium with the

concentration on the surface, mol/m3.
Then,

Bcs
—_— = - * -
P kG(c cxy (3

and, substituting in Eq. (3):

An analytical solution of Eqs. (5) and (6) has been provided by

Hougen and Marshall?® for the case of isothermal adsorptiom in which

c* = mec ,
5
¢ is constant for all values of 1T at x = 0,

e, = 0 for all values of x at T = 0.

Equations (5) and (6) become

acs o c -

2l ) <o) g
and

_%=§;—G(c-mcs)=a(c-mcs'), (3)

where b equals ka and a equals 2kG/uB. The solution in terms of the
dimensionless groups c/co, cs/cso’ ax, and bt is

ax

2— =1 - T f o 3% Jo[Zi(bTax)%] d(ax) ; (9

° 0
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bT

¢ -a -bt b4
= e J [2i(axpr) 7] d(bD) , (10)
cSO O

where
= (-1,

J0 = Bessel function of the first kind and zerc order,

e, = concentration of adsorbate in entering gas,

Coo T concentration of adsorbate on surface in equilibrium with

the entering gas.

Hougen and Marshall presented solutions to Egqs. (9) and (10) in the
form of charts in their paper. The charts showed c/cO and cS/cSo as
functions of bT for a range of values of ax. Figures F.l and F.2 show
c/co and cs/cSo as functions of ax for various values of bT. These
plots, which show the theoretical distribution along the surfaces at
various times, were derived from Hougen and Marshall's charts35 and

were more suited to our purposes.

Although the equations were solved and the charts were prepared for
the limited case that S 0 at T = 0 and the rate of adsorption is con-
trolled by the resistance to transport of adsorbate through the gas,
they have broader application. By substituting (c - c;)/(co - cé) for
c/co and (cS - c;o)/(cso - c;o) for cs/cso, the solutions-apply to the
case in which C;O is a uniform concentration of adsorbate on the surface
at T = 0 and cé is the concentration of adsorbate in the gas in equilib-
rium with c;o. The equations and solutions apply also to cases in which
reactions at the surface of the metal provide an appreciable resistance
to adsorption if the reactions are of first order. In this case an
overall transfer coefficient, kM’ is substituted for kG in the equations,

and

1

1 1
—._=_+._’
kM kG kS

where ks is a rate coefficient, in consistent units, for the surface

reactions.
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Appendix G. MASS TRANSPORT ANALYSIS FOR ADSORPTION SPECIMENS

The specimens used in the adsorption and desorption experiments con-
sisted of ten type T-22 steel plates in the configuration shown in Fig. G.1l.
Two specimens in series were used in most of the experiments. At first,
both specimens were 51 mm (2 in.) long, but in most of the experiments,
specimen 1 was 2 mm long and specimen 2 was 51 mm long. The surface area
of the 2-mm-long specimen was 7 cm?, including the ends. That of the long
specimens was 3 cm?/mm of length. The specimens were set in 15-mm-square
holes in quartz partitions in the furnace tube. The partitions supported
and positioned the specimens in the tube and caused most of the gas to

flow through the channels in the specimens.
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Fig. G.1. Configuration of specimens in adsorption and desorption
experiments.

The total cross sectional area for flow of gas was (9 X 1.30 mm x
12 mm) + (2 x 1 mm x 14.5 mm) = 170 mm?. For the purposes of this analysis,
it is acceptable to assume that the flow velocity was the same through

all channels inside and outside the specimens. On this basis, 83% of the

1383
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gas passed through and 177 passed around each specimen. The experiments

were run at atmospheric pressure, so the average flow velocity was

3.3 % 107° qT ,

G =
where
u = linear velocity, cm/s;
q = gas flow, std cm®/min (at 1 atm and 298 K);
T = temperature, K .

Typically, q was 200 std em?/min, T was 673 K, and u was 4.5 cm/s.

Flow through the specimens was laminar under the conditions of all
phases of the experiment. For a typical experiment having a flow of

200 std cm®/min at 673 X,

u = gas velocity = 4.5 cm/s = 0.045 m/s;

o = gas density = 0.724 x 10~* g/em? = 0.0724 kg/ms;

U = gas viscosity = 0.083 1b/ft-h = 3.43 x 107> Pa-s;
De = equivalent diameter of chamnel = 2 x plate spacing

= 2.6 mm = 0.0026 m;
and the Reynolds' number

_ 0.0026 m x 0.045 m/s x 0.00724 kg/m?
3.43 x 1075 Pa.s

Re = 0.25
In none of the experiments did the Reynolds' number exceed 1, and it was
not less than 0.1 in the adsorption or desorption phases of experiments

considered in this report.

The distance downstream from the entrance at which the velocity
profile for laminar flow between parallel plates is fully developed is

given by the relationship™?
(Le/2B) = 0.00648 NRe ,

where
Le = entrance length,

B

1]

plate spacing.
For the specimens

Le = 0.00648 N x 2,6 mm = 0.017 N mm .
Re Re
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In our experiments, the velocity profile would have been fully developed
in less than 0.02 mm,

In the entrance region, the heat transfer and mass transfer coef-
ficients are greater than they are downstream where the velocity and
temperature or concentration profiles are fully developed. Although the
entrance lengths for heat and mass transfer may be greater than for the
transfer of momentum, it is safe to assume that neither would exceed
0.1 mm for the specimens and conditions of our experiment. Since this
is a small fraction of the lengths of the specimens, we need consider
only the relationships for fully developed profiles in the analysis of
the transport of iodine from the gas to the metal surfaces of the

specimens.

In laminar flow downstream of the entrance region, the heat transfer
coefficient is constant with a value that is independent of the velocity
but depends on the properties of the fluid, the configuration of the
channel, and whether the heat flux is constant or varies with distance
along the channel. Transfer of mass i1s an analogous process, and mass
transfer coefficients can be obtained by substituting values for the
appropriate properties into relationships that have been obtained for
transfer of heat. The following relationshipsl+O apply to the transfer
of heat downstream from the entrance region when the fluid is in laminar
flow in a rectangular channel having a ratio of thickness to width of

0.1, as in our specimens. For uniform heat flux

NNu =7,

and for constant wall temperature

NNu =6 ,

Nﬁu is the Nusselt number, the heat transfer coefficient multiplied by
the equivalent diameter of the channel and divided by the thermal con-

ductivity of the fluid.

For mass transfer, the Sherwood number replaces the Nusselt

number:
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where
g = mass transfer coefficient, m/s;
e = equivalent diameter of channel, m;
v diffusivity of the species being transferred in the carrier

gas, m?/s.
For uniform mass flux

NSh =7,

and for constant concentration of adsorbate at the wall

N, = ©

Neither of these conditioms quite applies to our specimens during the
experiments, but the difference between the values for NSh is small and

unimportant to the analysis of the data that were obtained.

Thermodynamic equilibrium calculations reported in Appendix A indicated
that the predominant iodine species in the helium in our experiments would
have been HI when 50 Pa of hydrogen was present, and iodine atoms at 673 K
and above if no hydrogen was present. Appreciable Fel; and Iy could
have been present when the iodine burden was abnormally high during

parts of some experiments.

In the absence of measured values, diffusivities can be estimated

by use of the equaticn'll’1

BT3/2 Vh(l/Ml) + (l/Mz)
D =
G Prlz ZID i
where
DG = gas diffusivity, cm?/s;

M;, M, = molecular weights of components 1 and 23

3 = [10.7 - 2.46 J(1/M7) + (1/Mp)] < 107%;

T = temperature, K;
P = absolute pressure, atm;
?
ry; = collision diameter, A
r + (r
(x), + (£,
2 5
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T =1.18Vl/3;
0 o
VO = molal volume of liquid at normal boiling point, cm3/g-mol;
ID = collision integral for diffusion, a function of kT/€y;;
€12 E1y/E2
kK "\k/\k

Values for the parameters in the equation (see ref. 14) and the
diffusivities calculated by use of the equation are shown in Table G.1l.
The calculated diffusivity of 2.2 cm?/s for iodine atoms at 673 K com-
pares with a value of 2.18 cm?/s for xenon obtained by use of an equation

based on experimental data.“?

If we now assume a value of 6 for NSh’ we obtain the wvalues in
Table G.2 for the mass transfer coefficients for the several iodine

species in the channels.

Table G.1. Diffusivities of iodine species and values for parameters
in equation for calculating diffusivities

He I HI I, Fel,

M 4 127 128 254 310
Y(IM) + (1) 0.508 0.508 0.504 0.503
B 9.45E-4 9. 4584 9, 46E~4 9. 46E-4
P 1
v, 37 41 71.5 82
T, 2.70 3.9 4.1 4.98 5.1
Iy 3.3 3.4 3.8 3.9
elk 6.03 300 300 550 1600
€12/k 43 43 58 98
kT/e15 at 673 K 16 16 12 7 17

at 1073 K 25 25 19 11
I at 673 K 0.35 0.35 0.37 0.40

at 1073 K 0.32 0.32 0.34 0.37
Dg at 673 X 2.2 2.1 1.6 1.4

at 1073 K 4.8 4.6 3.4 3.0
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Table G.2. Calculated values for mass transfer coefficient

k. (m/s)
673 K 1073 X
I 0.47 1.0
HI 0.45 0.99
I, 0.34 0.73

Fel, 0.30 0.64
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