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swelling of the oxidized UO2. As anticipated, measured release
fractions were greater when the test rods were ruptured at tem
perature by internal pressure than when the cladding failures
were machined in the rods prior to testing.

1. INTRODUCTION

Fission products that accumulate in the fuel-to-cladding gap region

of light water reactor (LWR) fuel rods during the several years of normal

operation are the principal source of radionuclides that can be released

from defected rods under controlled loss-of-coolant accident (LOCA) and

spent-fuel transportation accident (SFTA) conditons. As part of a pro

gram to characterize the release of fission products from the gap region,

a series of experiments was performed in which the gap inventories of the

volatile fission products—cesium, iodine, and tellurium—were simulated

by coating unirradiated UO pellets with suitably radiotracer-tagged

amounts of CsOH, Csl, and TeO„. This series of experiments, which is

designated as the Implant Test Series, followed the Control Test Series

in which individual species were introduced directly into the test appa

ratus. These two series were preliminary to release studies currently

being conducted with low-burnup fuel capsules [^1000 MWd/metric ton (MT)]

irradiated in the General Electric Test Reactor, and with high-burnup fuel

segments (^30,000 MWd/MT) from the H. B. Robinson reactor, a commercial

pressurized water reactor (PWR).

The primary objectives of the experimental program are to determine

the quantities of radiologically significant fission products released

from defected fuel rods in steam and air at temperatures characteristic

of SFTA (700°C, max) and controlled LOCA (1200°C, max cladding tempera

ture) conditions, and to identify their chemical and physical forms.

(Most previous fission product work was performed at higher temperatures,

many including the melting of UO , with emphasis on mixed steam-air atmo

spheres.) The information derived from this program will provide source-

term data for use in computer models of a variety of accident scenarios

currently being assembled in the Fission Product Transport Analysis Program



by Battelle Columbus Laboratories, also under the sponsorship of the

United States Nuclear Regulatory Commission. The experiments in the pro

gram are not intended to simulate any particular postulated accidents;

rather, the observed physicochemical behavior will be translated into

specific accident behavior by means of the computer models.

The use of fission product simulants has permitted flexibility in the

parameters under study and ease of post-experiment analysis at less cost

and greater safety than with tests involving highly irradiated fuel rods.

The parameters investigated in the Implant Test Series include nuclide con

centration, behavior of isolated compounds, nature of defect opening

(drilled and ruptured), atmosphere (steam or air), and temperature. More

over, if the results obtained in this series are validated by the irradiated

fuel experiments, simulated studies can be readily extended at some future

date, if needed, to include detailed examination of the following additional

parameters: (1) fuel-rod length, (2) defect size (in more detail),

(3) pellet-to-cladding gap clearance, (4) realistic thermal gradients and

their effects (which may be locally large during emergency coolant applica

tion) , and (5) transient (temperature) studies.

2. DEVELOPMENT OF AN IMPLANTATION TECHNIQUE

Because of the costs and experimental difficulties associated with

the use of fully irradiated fuel in studies of fission product behavior,

most researchers seek to develop fuel preparation methods and experimental

techniques which simulate as closely as possible typical conditions.

Although the extent to which the simulant accurately corresponds to the
2

actual situation is open to examination, a recent review of the use of

simulants vis-a-vis irradiated fuel has concluded that, if essential dif

ferences in fission product behavior are indeed present, these are insig

nificant when viewed in terms of the sensitivity to experimental conditions.

It must be kept in mind, however, that this conclusion applies strictly to

conditions of meltdown, wherein the high temperatures involved tend to

minimize the importance of kinetics in determining chemical from.



Similarly, for reasons of experimental convenience and economy, we

have developed a method of simulating fission product behavior in the fuel-

clad gap of unirradiated fuel. The objective was to distribute the fission

product simulants on the surfaces of the UO pellets, since additional

release from the pellet matrix is inconsequential under the present set of

test conditions.

A typical fuel rod used in an Implant Test is sketched in Fig. 1, and

the method of implanting the fission products is outlined. Note that three

pellets at each end of the test fuel rod were not treated so that axial

migration within the fuel rod could be examined.

Only Csl was employed in Implant Tests 1 and 2, whereas the remaining

tests utilized cesium as both Csl and CsOH. Cesium iodide, which contained

VI0% I, was first irradiated to provide the Cs and I radiotracers.

The crystalline Csl was then dissolved in a few drops of water and (for

tests using CsOH also) mixed with dissolved CsOH under an argon atmosphere

to minimize exposure to CO . After placing the UO pellets on a large

petri dish and warming them with a hot plate to ^90°C (the pellets will

not become wetted if cool), the pellets were coated with the simulant

aqueous solution. In the experiments in which water-insoluble TeO„ was

employed, the Te-traced powder was divided into 24 aliquots that were

applied to the concave ends of the pellets while the U0„ was cool. Adhesion

of the TeO„ to the fuel was accomplished by adding a drop of water to the

TeO„ within the concave face of the pellet and heating the resultant slurry

to dryness on a hot plate.

The pellets were then assembled in the Zircaloy rod and, after being

subjected to a 1-hr heat treatment of 200°C under vacuum conditions, the

rod was filled with argon. Afterwards, the assembly was maintained at

400°C for 16 hr to permit an approach to chemical equilibrium within the

assembly prior to actual experimentation. The amounts of fission product

simulants used generally correspond to a 3% release to the gap space within

a spent-fuel-rod segment of the size employed in the test.



ORNL DWG 76-71

IMPLANT TEST FUEL ROD

12"(30 cm)

j^Si sSi

r*t§§3"
m

24 PELLETS COATED WITH SIMULANTS H ZIRCALOY-4
CLADDING

fa.430 in. O.D. \
V1.092 cm O.D./
/0.380 in. I.D. \
V0.965 cm I.D J

CYLINDRICAL SURFACE
COATED WITH Csl
AND CsOH-H20 (,34Cs
AND l30I TRACED)

FUEL PELLET

\ CONCAVE END COATED

WITH Te02 (l23mTe TRACED)

LENGTH = 0.40" (1.016 cm)
DIAMETER

Fig. 1.

0.37 (0.940 cm)

Implant test fuel rod.



3. EXPERIMENTAL APPARATUS

The apparatus arrangement shown in Fig. 2 was used in the Implant

Test Series. It was developed on the basis of the experience acquired

during the conduct of the Control Test Series. The actual components

of the system are shown in Fig. 3.

In a typical Implant Test, the fuel specimen (5) was placed in a

quartz liner (4) which was positioned within the quartz furnace tube (2)

and heated by an induction coil (8) or resistance heater (1) to the desired

temperature. The defect opening was provided by drilling a l/16-in.-diam

hole through the cladding at mid-capsule or by applying internal argon gas

pressure (6) to the capsule (at 700 or 900°C) to cause rupture. A flowing-
3 3

steam—argon mixture [300 cm /min (STP) steam + 75 cm /min (STP) argon] was

generated by bubbling argon through a steam generator (Fig. 2) at 95.6°C.

(Dry air was employed in Implant Tests 7 and 9.) The flowing gas swept

away those species that were vented from the capsule. Released material

that did not condense or react with the quartz liner of the furnace tube

was transported to the gold-lined quartz thermal gradient tube (10), where

released species condensable above 125°C were deposited. Particles capable

of being transported by the carrier gas beyond the thermal gradient tube

were separated into five decreasing particle-size fractions (1.3 to 0.1 ]i

aerodynamic diam) on Teflon membranes on the stages (14) within an all-

aluminum low-pressure cascade impactor (13) . The low pressure was provided

by a vacuum pump (see Fig. 2) and an aluminum orifice plate (12) held in a

stainless steel housing (11). Downstream, a stainless steel filter pack

assembly (15) containing three high-efficiency filter papers (16) (Reeve

Angel 934 AH pure borosilicate glass fiber) completed the collection of

particulates. The assembly also contained fine-mesh silver-plated screens

(17) to collect the reactive forms of iodine such as I„ and HI. The next

component in the apparatus train was an aluminum adsorber housing assembly

(18) which contained three charcoal cartridges (19) (fine grain, -12+16

mesh, 5% TEDA-impregnated charcoal) and one silver-exchanged zeolite

adsorber cartridge, -12+16 mesh, to collect the less-reactive, more-

penetrating chemical forms of iodine. An ice-bath-cooled condenser (20)
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containing a Pyrex graduate (21) was used to condense and collect the

steam. Also, the apparatus was equipped with a dry-ice-cooled freeze

trap (Fig. 2) to remove the last traces of moisture, with two charcoal

traps at dry-ice temperatures (which will be used to trap fission product

noble gases in tests with irradiated fuel), with a thermal conductivity

meter for monitoring hydrogen produced from the steam-Zircaloy reaction,

and lastly, a wet-test meter for measuring effluent argon and monitoring

large amounts of hydrogen. Other components identified in Fig. 3 are a

blank end cap and steam inlet location (3), connectors for thermocouples

on the fuel rod (7), and the thermal gradient tube heater (9).

A mobile Nal (Tl activated) gamma scanner, as shown in Fig. 2, was

employed in Implant Tests 1 through 5 to monitor the iodine released. In

Implant Tests 6 through 12, two stationary Nal(Tl) crystals were used:

one monitored the radiotracers as they were deposited on the thermal gradi

ent tube; the other monitored these species as they accumulated in the

cascade impactor and filter-pack assemblies.

4. IMPLANT TESTS

A detailed description of each of the implant tests is presented in

this section. The experimental operating conditions of each of the tests

are summarized in Table 1.

4.1 Cesium Iodide Behavior at High Concentration at 700°C

(Implant Test 1)

The primary purpose of this test was to determine the behavior and

release of Csl implanted within the gap of the simulated LWR fuel-rod

capsule. As is shown in Table 1, the test was conducted at 700°C for

1 hr under a steam-argon atmosphere. A photograph of the ruptured capsule
2

is shown in Fig. 4. The rupture, about 0.41 mm in size, was located in

the midcapsule region where the wall had been thinned. Approximately

330 psig of argon pressure was applied internally to the 700CC induction-

heated capsule to cause the rupture.



Mass Cs, mg
Mass I, mg
Mass Te, mg
Ay heatup rate, °C/s°c
Heating method

Time-temp, before rupture, mi
Rupture pressure, psig
Rupture size, mm

Temp, after rupture, °C
Time at temp., hr

Steam flow rate, l?^3 STP/min
Argon flow rate, cm3 STF/min
Furnace tube pressure, torr

Impactor pressure, torr
Cladding source, tube No.

1.68
1.60
0.0

0.65
b

(12-700)
330.0 .

0.1+11
700.0

1.0

277.0

52.0

750.0

186.0
0001

Table 1. Summary of experimental operating conditions for Implant Tests 1 to 12

0.031+
0.033
0.0

11.0

b

(17.5-700)
330.0

0.?.?

700.0

1.5
305.0

56.O
735.0
186.0

0001

6.-1+

0.63
1.68*0.1*7

1.1

b

(2.5-900)
250.0

0.81
900.0

2.0

311.0
56.0

71+5-0
191.0

0001

1+.92
0.1+1+

3-97
1.0

b

d

d

d

900-1100
0.20-0.80
330.0J

58. 0J
781.0
211.0

0001

7.05
0.6l
3.1+0
O.33

b

(13-700)
500.08

2.60

700.0

2.0

310.0

59.0

750.0

186.0

1228

Implant test number

—^ 7

10.27
0.90

2.56
0.09

1.981
500.0
20.0

3'-7.o
59.0

750.0

186.0
1222

7.78
0.61+
3.12
0.11+

1.98
700.0

5.0

0

k

755-0
186.0

1223

9.22

0.61

2.75
0.7

b

(2.5-900)
1+25.0

^?h.o
900-1100

0.0U-0.96
11+51+. 0

271+.0
750.0

760.0
1101

The implanted U02 assembles were dried under vacuum for 30 min at 200°C, then maintained under 1 atm argon for 16 hr at 1+00 °C.
Induction heating.

.Resistance heating around the furnace tube.

A leak due to overheating the inlet end cap prevented pressurizing to obtain a normal rupture.
-A hole was drilled through the Zircaloy cladding prior to testing.
Four holes were drilled through the Z-ircaloy cladding prior to testing.
,A 5.1-cm length of wall was thinned on one side by grinding a curved surface to leave a thin "line
.Not measured.

The wall was thinned by grinding a flat spot 5.1 cm (2.0 in.) long; thinnest points, 0.023 cm (0.009 in.).
Twenty minutes after reaching 900°C (8 rain after reaching 1100°C), the orifice to the impactor region began to plug with particulate material. This required a reduction
,of the argon and steam flow rates to 38^ of the rates cited.
VDry air only (27c cm3 2T?/min).
mPry air only (1+12 cm3 OTP/min).
Tor a description of tubing, see the following reference: R. H. Chapman, Characterization of Zircaloy-1' Tubing Procured for Fuel Cladding Research Programs,
ORNL/NUREG/TM-29 (July 1976).

6.76
0.1+9
2.1+8

0.26
c

f '
f

7.92 -» 88
500.0

20.0

0

I

71+0.0
250.0

1101

0.019 cm (0.0076 in.) in wall thickness

7.07
0.66
2.22

0.5

1.98
700.0

5.0

339.0

1+3.0

71+0.0
186.0

1101

8.29
0.58

1.79

1-3
b

3-900
h

900-1300

0.25
1269.0
322.0

750.0

760.0
1101

1.06

0.05

0.26
3.0

b

2.1-900
250.0

-81*.0
900.0

2.0

305.0

108.0

750.0

212.0

01+15
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Fig. 4. Photograph showing the rupture opening in the fuel rod used
in Implant Test 1.
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Post-test distributions of the two tracer nuclides deposited on the

apparatus components are presented in Table 2. These data indicate that

10.8% (181 yg) of the cesium and 22.5% (360 yg) of the iodine were released

from the capsule. The disproportions of cesium and iodine at most locations

shown in Table 2 demonstrate that chemical reactions occurred (decomposition

of Csl) in the U09-Zircaloy-steam-quartz environment. The only locations

with excess cesium are the U0„ pellets and the first particulate filter

paper. This suggests that Csl reacted with the fuel pellets to form a

cesium uranate and elemental iodine. (Cesium uranates have low vapor pres-
3 4

sures compared to Csl at 700°C and would tend to remain within the test

capsule.)

The distributions of cesium and iodine within the fuel rod, as deter

mined before and after the experiment, are presented graphically in Figs. 5

and 6. Release of material from the immediate vicinity of the rupture is

unmistakable.

Most of the cesium and iodine that was released from the fuel rod

deposited on the quartz furnace tube liner. In experiments utilizing

induction heating, the furnace tube was heated only by heat radiation and

convection from the heated fuel rod, except for the furnace tube inlet

cap whicri was heated to ^200°C with an auxiliary electric heater. Con

sequently, the cooler surfaces of the quartz furnace tube liner (^500°C)

probably permitted condensation of gaseous Csl that diffused from the

rupture opening. Excess iodine was found in the furnace tube liner; pre

vious experiments with elemental iodine in this same apparatus indicated

that a fraction of the I„ was deposited on (sorbed or reacted with) the

quartz liner in spite of its high volatility (bp, 183°C).

Data regarding the deposition of iodine species on the thermal gradient

tube and on the impactor and filter assemblies during the test are presented

graphically in Fig. 7. These data indicate that ^30% of the iodine found

in the thermal gradient tube was deposited immediately after the fuel rod

was ruptured.

The concentration profile of cesium in the thermal gradient tube is

shown in Fig. 8 along with those obtained for cesium and iodine in Control
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Table 2. Distributions of cesium and iodine in Implant Test 1

Temp.

(°c)

Amount found in each location

Percent

Cs

of total

I

Mg

Location Cs I

Fuel rod, total 700 (89.2) (77.5)
U02 pellets
Zircaloy cladding

69.8 ^3.7 1173.0 699-0
19. h 33-8 326.0 5U1.0

Quartz furnace tube ^200 to 500 9.k 19-7 158.0 315.0

Thermal gradient tube 720 to 160 1.0U I.25 17-5 20.0

Orifice assembly 1^5 0.02 O.lU O.3U 2.2

Impactor assembly 1^5
19. h

0.1+8
Impactor housing 0.117 1.21 1.97

First-stage paper 0.015 0.030 0.25

Second-stage paper O.OO85 0.013 0.1U 0.21

Third-stage paper O.OO83 0.011 0.1U 0.18

Fourth-stage paper 0.0071 0.005U 0.12 0.09

Fifth-stage paper 0.0308 0.037 0.52 0.59

Filter assembly 1U0

Filter housing 0.0035 0.022 0.06 0.35

First filter paper 0.062 0.026 1.0U 0.1+2"

Second filter paper 0.0007 0.0019 0.01 0.030

Silver screen No. 1 0.0 0.152 2A3

Silver screen No. 2 0.0 0.013 0.21

O.38Silver screen Nos. 3 to 12 0.0 0.02U

Adsorber assembly 135
Adsorber housing 0.0 0.0

Charcoal No. 1 <0.001 0.021 <0.02 0.3^

Charcoal No. 2 0.0 0.0003 0.005

Charcoal No. 3 0.0 0.0

AgX 0.0 0.0

Condenser assembly 0

Condenser housing <0.1 0.008 <2.0 0.13

Condensate 0.0 0.0002 0.003

Freeze trap -78 0.0 0.0

Cold charcoal trap -78 0.0 0.0
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Fig. 6. Iodine distributions in the fuel rod of Implant Test No. 1.
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Test 10 (see ref. 1) and Implant Test 3. (Deposition in the thermal

gradient tube in Control Test 10 was Csl; therefore, the profile is pro

vided in the figure for comparison.) Nearly equal masses of cesium and

iodine were found in the thermal gradient tube (Table 2); this suggests

that the chemical form of the deposited cesium was Csl.

A sample of material that was obtained from the collector of the

fifth impactor stage was examined by x-ray diffraction. No identifiable

pattern was observed. Our sensitivity of detection was hampered by the

hygroscopic nature of Csl and CsOH.

4.2 Cesium Iodide Behavior at Low Concentration at 700°C

(Implant Test 2)

Implant Test 2 was identical to the preceding test, except that a

50-fold lesser concentration of Csl was employed, the rupture opening
2

(0.22 mm ) was about half the size, and the duration of the test was

30 min longer (cf. Table 1).

In this test, 7.3% of the implanted cesium and 16.5% of the implanted

iodine were released from the fuel rod. The post-test distributions of

cesium and iodine are presented in Table 3; and, from the disproportions

of cesium and iodine, we calculate that a minimum of 21% of the Csl reacted

in the UO -Zr-H 0-SiO environment to form separate cesium and iodine com

pounds. The only locations with an excess of cesium relative to iodine

were the U0„ pellets and the quartz furnace tube.

Cesium nuclide distributions in the fuel rod prior to and after experi

mentation are presented in Fig. 9. As in the previous test, these data

indicate loss of material near the rupture point, 14.2 cm (5.6 in.) along

the fuel rod.

The cesium that was deposited on the furnace tube walls was largely

confined to an area near the location of the rupture of the capsule and

was mainly in a form other than Csl. However, since Csl can react with

quartz to form less-volatile cesium silicates and elemental iodine, we

are uncertain of the form in which the cesium was released from the fuel

rod. Cesium hydroxide vapor would also react with the quartz to form the

silicate.



19

Table 3. Distributions of cesium and iodine in Implant Test 2

Temp.

(°c)

Amount found in each location

Percent of

Cs

total

I

++g

Location Cs I

Fuel rod, total 700 (92.7) (83.5)
UOo pellets 51.6 36.7 17.5 12.1

Zircaloy cladding >+l.l 1+6.8 ll+.O 15.1+
Quartz furnace tube ^200 to 500 7.2 1.1 2.1+1+ O.36
Thermal gradient tube 720 to 220 0.106 1.39 O.O36 0.1+6
Orifice assembly 160 0.001+9 1.16 0.0017 0.38
Impactor assembly 160

Impactor housing 0.026 6.37 0.0088 2.10

First-stage paper 0.0020 0.01+7 O.OOO68 0.0155
Second-stage paper 0.0021 0.0027 0.00071 0.0009
Third-stage paper 0.0017 0.0061+ 0.00058 0.0021

Fourth-stage paper 0.0015 0.0062 0.00051 0.0020

Fifth-stage paper 0.00087 0.0022 0.00030 0.0007
Filter assembly 150

Filter housing O.OOO83 0.80I+ 0.00028 0.265
First filter paper 0.00019 0.091 O.OOOO65 0.030

Second filter paper 0.0a O.085 0.028

Third filter paper 0.0 0.028 0.0092

Silver screen No. 1 0.0 3-81+ 1.27
Silver screen No. 2 0.0 0.2I+ 0.079
Silver screen Nos. 3 to 8 0.0 0.6l 0.020

Adsorber assembly 120

Adsorber housing 0.0 0.007 0.002

Charcoal No. 1 0.0 O.83I+ 0.275
Charcoal No. 2 0.0 0.015 0.0005

Charcoal No. 3 0.0 0.0022 0.0007

Charcoal Nos. h to 6 0.0 o.ooi+o 0.0013

AgX (2) 0.0 0.0017 0.0006
Condenser assembly 0

Condenser housing <0.005 0.031 <0.0017 0.010

Condensate 0.0 0.0

Freeze trap -78 <0.005 0.0 <0.0017

Cold charcoal trap -78 <0.005 0.0 <0.0017

Amounts <0.000lf0 are indicated by 0.0.



0.70

0.60

DISTANCE ALONG FUEL ROD (cm)

4 8 12 16 20 24

COATED PELLETS

2 4 6 8 10

DISTANCE ALONG FUEL ROD (in.)

28

A-

ORNL DWG 76-I63RI

IMPLANT TEST NO. 2

Cs IN FUEL ROD PRIOR TO

EXPERIMENT

Cs IN FUEL ROD AFTER

EXPERIMENT

Cs ON PELLETS AFTER

EXPERIMENT

Cs ON CLADDING AFTER

EXPERIMENT

Fig. 9. Cesium distributions in the fuel rod of Implant Test No. 2.

o



21

Less than 0.04% of the original cesium and ^13% of the original

iodine were transported to the impactor, filter, and adsorber assemblies.

The manner in which the iodine was accumulated by these components is

displayed in Fig. 10. The data show some delay in the appearance of

iodine in the filter pack assembly; this may be due to a holdup of iodine

on the aluminum impactor housing. Most of the iodine was found on the

surfaces of the housings and on the first silver screen; this is a strong

indication of adsorbed and reacted (with silver) elemental iodine. We

believe that all of the iodine was delayed temporarily in transit between

the fuel rod and the impactor-filter assembly. According to the analysis

detailed in Sect. 8, most of the released iodine and cesium escaped from

the rod at the time of rupture.

The larger fractional formation and release of elemental iodine

experienced in this test compared with Implant Test 1 can probably be

attributed to the differences in initial concentration in the two tests.

Similarly, a larger proportion of iodine appeared as organic iodides

(i.e., collected on the sorbers beyond the silver screens) in this test

as compared with the previous test, again probably for the same reason.

Such concentration effects on the formation of organic iodide have been

noted previously.

4.3 Behavior of Fission Product Simulant Mixture at 900°C

(Implant Test 3)

Implant Test 3 was the first test conducted in which three fission

product simulants were employed. The experimental conditions are listed

in Table 1, and the pertinent nuclide distributions at the conclusion of
2

the tests are presented in Table 4. The rupture area (M).81 mm ) of the

cladding is depicted in Fig. 11.

Cesium concentration profiles in the fuel rod are displayed in Fig. 12;

these data indicate some migration to the cooler ends and to the rupture

area. (In the clad rupture region, the cladding distortion caused the

induction-heated segment temperature to rise to ^1000°C, whereas the

remainder of the rod was maintained at 900°C—except for the cooler ends.)
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Table h. Distributions of cesium, iodine, and tellurium in Implant Test 3

Temp.

(°c)

Amount found in each locat ion

Percent of total US

Location Cs I Te Cs I Te

Fuel rod, total 900 (92.33) (71+.39) (98.1+0)
UOg pellets 61.58 5i+.59 3-6 3901+.0 31+3.9 60.5
Zircaloy cladding 30.75 19.80 9I+.8 1950.0 121+.7 1593-0

Quartz furnace tube -^200 to 700 6.1+6 23.80 1.6 1+10.0 11+9.9 26.9
Thermal gradient tube 750 to 150 1.08 0.86 0.0003 68.0 5.1+2 0.005

Orifice assembly 150 0.022 0.091 0.0005 1.39 0.57 0.008

Impactor assembly 11+5
Impactor housing 0.051 0.61 0.01 3-23 3.81+
First-stage paper 0.0099 0.026 0.0 0.63 0.16

Second-stage paper 0.0029 0.0011+ 0.0 0.18 0.009

Third-stage paper 0.002I+ 0.0015 0.0 0.15 0.009

Fourth-stage paper 0.0085 0.0101+ 0.0 0.51+ 0.066

Fifth-stage paper 0.0051 0.0I+3 0.0 1.20 0.27

Filter assembly ll+0
Filter housing 0.0018 0.050 0.001 0.11 O.32 0.02

First filter paper 0.0051 0.001+6 0.0005 0.32 0.029 0.008

Second filter paper 0.0 0.0015 0.0 0.009

Third filter paper 0.0 0.0007 0.0003 0.001+ 0.005

Silver screen No. 1 0.0 0.128 0.0 0.81

Silver screen No. 2 0.0 0. 0021 0.0 0.013

Silver screen Nos. 3 to 8 0.0 0.0017 0.0 0.011

Adsorber assembly 130
Adsorber housing <o.oo6 0.003 0.002 <0.38 0.02 0.03

Charcoal No. 1 0.0 0.007 0.0 0.0 0.0)+

Charcoal No. 2 0.0 0.0 0.0 0.0

Other adsorbers 0.001 0.0002 0.0 0.06 0.001

Condenser assembly 0

Condenser housing <0.1 0.0 0.0 <5.o

Condensate 0.002 0.0 0.0 0.13

Freeze trap -78 0.002 0.0 0.0 0.13

Cold charcoal trap -78 0.0 0.0
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Fig. 11. Implant Test No. 3 cladding in the region of rupture.
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Moreover, considerable relocation of cesium from the pellets to the

cladding occurred within the rupture region. Axial migration of cesium

toward the ends of the capsule was significantly less than that of iodine.

Corresponding profiles for iodine are shown in Fig. 13. At temperatures

of <950°C, CsOH is stabilized by uranate formation. For this reason,

migration to the cooler ends of the rod occurred primarily as Csl. At

1000°C, we postulate sufficient decomposition of the uranate to permit

transport of cesium to the cladding, as indicated by the profiles in

Fig. 12. This postulated behavior does not appear to be at variance with
3

Knudsen cell studies of cesium partial pressures over UO .

Iodine activity as monitored at two points along the fuel rod during

the experiment is displayed graphically in Fig. 14; these data indicate

continuous transport of the iodine nuclide throughout the test. (Similar

plots of iodine activity in the thermal gradient tube and the impactor

assembly are presented in Fig. 15.)

Deposition of iodine in the thermal gradient tube probably occurred

as Csl; this behavior is suggested by the correspondence of the cesium

and iodine profiles in the thermal gradient tube as shown in Fig. 8.

Moreover, about half of this material was collected within 5 min of the

time of rupture. Less iodine was collected by the aluminum impactor

housing at the time of rupture; it is believed to be elemental iodine.

During the test, 7.7% of the implanted cesium, 25.6% of the implanted

iodine, and 1.6% of the implanted tellurium were released. From the data

presented in Table 4, it was determined that 92.9% of the released iodine

remained in the quartz furnace tube, probably as Csl. About 84% of the

released cesium was found in the furnace tube, and an estimated 62% of

this cesium was not associated with iodine. Most of the tellurium released

was also deposited in the furnace tube.

About 95% of the implanted tellurium was found associated with the

cladding, as is indicated in Table 4. Scans of tellurium activity that

were made along a segment of the cladding revealed preferential deposition

on the cladding at pellet interface locations. Since neither cesium nor

iodine showed this behavior, it was decided to open the cladding and examine
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the internal surface. As can be readily seen from the photographs in

Fig. 16, the activity scans accurately identified regions of preferential

deposition; the tellurium species obviously did not distribute uniformly

along the fuel rod. Samples of material removed from the regions of

tellurium-clad interaction exhibited x-ray diffraction patterns that were

identified as Te„ZrO . As illustrated in Fig. 17(a), a longitudinal cut

through one such reaction zone indicated that oxidation by steam was

inhibited in this region. [The zone displayed in Fig. 17(a) was near the

rupture opening; thus steam was available to form the thick oxide layer

that is visible on the right side of the photomicrograph.] In Fig. 17(b),

a thin layer of tin is present in the interface region between the oxidized

(dark) and nonoxidized (light) layers of cladding. It was identified by

x-ray analysis using a scanning electron microscope. (Zircaloy-4 cladding

has between 1.2 and 1.7% tin.) Zirconium is readily oxidized by steam at

high temperatures; however, tin, in the presence of the more active zirco

nium, is not. Consequently, the molten tin tends to agglomerate.

4.4 Behavior of Fission Product Simulant Mixture at 1100°C

(Implant Test 4)

In Implant Test 4, the fuel rod was maintained at 900°C for 12 min

and at 1100°C for 48 min in a flowing-steam-argon atmosphere. In an

attempt to minimize an axial temperature gradient along the fuel rod, a

lengthened induction coil was utilized. However, this caused the stain

less steel ferrule fitting at the inlet end of the rod to become over

heated; this resulted in the leakage of the argon pressurizing gas, so

that rupture of the rod could not be effected. Nonetheless, ^25.2% of

the cesium (1240 yg), 32.9% of the iodine (145 yg), and 0.1% of the

tellurium (4 yg) were released. Most of the iodine that was released

deposited on the quartz liner of the furnace tube near the entrance to

the thermal gradient tube (Fig. 18). Approximately 24% of the original

cesium deposited on the quartz liner of the furnace tube and ^1.2% of

the original cesium deposited in the thermal gradient tube. X-ray dif

fraction analysis also revealed the presence of CsOH*H 0 in the material

collected on the fifth collector stage of the cascade impactor (Fig. 19).
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ORNL-PHOTO 3628-75

Fig. 16. View of the cladding inner surface of Implant Test No. 3
showing tellurium deposition rings.
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fuel rod of Implant Test No. 3. (b) Enlarged view showing a tin layer in
the interface region between the oxidized and nonoxidized layers.
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Fig. 19. Fifth collector stage from the cascade impactor showing
material collected during Implant Test No. 4. Some of this material has
been identified as CsOH-H 0.
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Because the size and darkness of the material deposited on the impactor

collection plates usually do not correlate with the amount of associated

radioactivity, the existence of independent aerosol sources is indicated.

Detailed distributions of the implanted species are presented in Table 5.

Concentration profiles of the cesium and iodine in the thermal gradient

tube are presented in Fig. 20. The iodine peak at the 500°C location is

likely Csl. Large particles, probably of cladding material, were found

deposited along the entire length of the thermal gradient tube. These

particulates most likely contained cesium and are probably responsible

for the lack of structure in the cesium profile.

Oxidation of the Zircaloy cladding at 1100°C produced smoke-like

deposits of Zr0„ on the furnace tube liner, which ranged in color from

black to white. After 20 min of experimentation, these Zr02 particulates
began to accumulate at the orifice at the entrance to the cascade impactor;

this necessitated a reduction of the steam-argon flow. As a result, a

hydrogen-rich atmosphere developed in the furnace tube.

A sample of the cladding near the center of the rod was found to

have a hydrogen content of 0.27%. Post-test examination of the cladding

revealed it to be very brittle, and the surface flaky. Because some of

the pellets were fused to the cladding, and because the cladding was too

brittle, not all of the pellets could be removed from the cladding. This

prevented the determination of separate nuclide concentration profiles

for the cladding and pellets. Only the iodine profiles for the fuel rod

before and after the test were determined; most of the iodine migrated

to the cool ends (especially the outlet end) during the test. From a few

segments of fuel rod where the pellets could be cleanly removed, it was

found that the tellurium that had been placed on the pellets had been

transferred almost completely by vaporization to the cladding, where it

reacted to form a less-volatile compound. The reaction rings observed

on the inner cladding surface in Implant 3 were not evident in this test,

although the cladding was just as effective in preventing tellurium from

being released from the rod.
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Table 5. Distributions of cesium, iodine, and tellurium in Implant Test h

Temp.

(°G)

Amount found in each locat ion

Percent of total
MG

Location Cs I Te Cs I Te

Fuel rod, total 900 to 1100 (7)4.78) (67.14) (99.90)
U0? pellets -1+7.13 -35.49 -6 0 2319.0 156.0 228.0
Zircaloy cladding -27.65 -31.65 -93 Cj 1360.0 13 9.0 3 728.0

Quartz furnace tube -200 to 900 23.93 29.10 0 1 1177.0 128.0 4.0
Thermal gradient tube 750 to 190 1.21 lM 0 .0 59-5 6-3
Orifice assembly 190 0.010 0.33 0 .0 0.1+9 1.5
Impactor assembly ll+5

Impactor housing 0.002 1.29 <0 001 0.10 5.0b <0.04
First-stage paper 0.0 0.008 0 0 0.01+
Second-stage paper 0.001 0.001+ 0 0 0.05 0.02
Third-stage paper 0.0 0.0 0 0

Fourth-stage paper 0.0 0.001 0 0 0.001+
Fifth-stage paper 0.001 0.0 0 0 0.05

Filter assembly 145
Filter housing 0.001 0.37 <0 001 0.05 1.63 <0.0't
First filter paper 0.0 0.010 0 0 0.01+
Second filter paper 0.0 0.010 0 0 0. Oil
Third filter paper 0.0 0.003 0 0 0.01
Silver screen No. 1 0.0 0.25 0 0 1.10
Silver screen Mo. 2 0.0 0.006 0 0 0.03
Silver screen Nos. 3 "to 8 0.0 0.016 0 0 0.06

Adsorber assembly 145

Adsorber housing <o.oi+ 0.005 0 0 <2.0 0.02
Charcoal No. 1 0.0 0.015 0 0 0.07
Charcoal No. 2 0.0 0.0 0 0

Charcoal Ho. 3 0.0 0.0 0 0

AgX 0.0 0.0 <0 001 < 0. ok
Condenser assembly 0

Condenser housing 0.0 0.0 0. 0

Condensate 0.0 0.0 0. 0

Freeze trap -78 <0.00l+ 0.0 0. 0 <0.2
Cold charcoal trap -78 0.0 0.0 0. 0
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38

4.5 Behavior of Fission Product Simulant Mixtures at 700°C

(Implant Test 5)

This test, which was conducted over a 2-hr period, utilized a

Zircaloy rod which was thinned in one region to effect tube rupture at a

burst pressure which would not be detrimental to the quartz furnace tube.

The method of thinning the rod, which involved grinding part of the sur

face circumferentially to effect a uniform reduction in cladding thickness,

resulted in a more energetic rupture than had been experienced in previous

tests. Approximately 500-psi argon pressure was required to burst the rod,

compared with a 330-psi burst pressure that was required in Implant Tests 1

and 2 (at 700°C), and 250 psi in Implant Test 3 (at 900°C). The resulting

slit-like rupture in the thinned region of the rod is displayed in Fig. 21.

As in all of the previous implant tests, the fuel rod was induction-heated,

but the standard length induction coil was used to avoid overheating the

stainless steel fittings at the ends of the rod. Detailed distributions

of the implanted species are listed in Table 6.

Cesium concentration profiles in the fuel rod prior to testing and

in the fuel rod components after testing are presented graphically in

Fig. 22; corresponding profiles for iodine activity are given in Fig. 23.

Axial migration of the iodine to the cooler ends of the rod was not evi

dent. However, iodine buildup did occur at the 7-1/2-in. location; most

of this buildup was associated with the cladding. A similar buildup of

cesium on the cladding also occurred at the same location.

The percentages obtained for iodine on the pellets (48.9%) and on

the cladding (33.2%) were very similar to those obtained for iodine on

the pellets (43.7%) and cladding (33.8%) in Implant Test 1. Although

the extent of Csl dissociation cannot be determined, as was done in

Implant Test 1 (about 40%), it is likely that Csl was similarly disso-
134

ciated. [The presence of the CsOH simulant (also Cs traced) compli

cates the situation.] Both this test and Implant Test 1 were conducted

under similar experimental conditions, except in this test the capsule

was kept at 700°C for 2 hr.



ORNL-PHOTO 0658-76

Fig. 21. Photograph of the fuel rods from Implant Test 5 (lower rod)
and Implant Test 7 (upper rod) .
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Table 6. Distributions of cesium, iodine, and tellurium in Implant Test 5

Location

Fuel rod, total
U02 pellets
Zircaloy cladding

Quartz furnace tube

Thermal gradient tube

Orifice assembly
Impactor assembly

Impactor housing
First-stage paper
Second-stage paper
Third-stage paper
Fourth-stage paper
Fifth-stage paper

Filter assembly
Filter housing
First filter paper
Second filter paper
Third filter paper
Silver screen No. 1

Silver screen No. 2

Silver screen Nos. 3 to
Adsorber assembly

Adsorber housing
Charcoal No. 1

Charcoal Ho. 2

Charcoal No. 3

AgX

Condenser assembly
Condenser housing
Condensate

Freeze trap

Cold charcoal trap

Temp.

(°C)

700

-200 to 500

770 to 200

160

ll+0

120

120

-78
-78

Amount found in each location
Percent of total

Cs

(9^.54)
59.29

35-25

4.97
0.32

O.OO78

0.062

0.0112

0.0067
0.0071+
0.0088

0.0020

0.0007
0.0027

0.0001+
0.0

0.0006
0.0

0.0001+

0.009
0.0003
0.0005
0.000m-

0.0023

0.0

0.0

0.0

0.0

(82.17)
1+8.94
33.23
16.20

0.65
0.071+

0.68
0.0625
0.0087
0.012

0.021

0.0053

0.025

0.0050

0.0028
0.0031
0.06I+
0.003
0.010

0.0

0.006
0.0

0.0

0.0

0.0

0.0

0.0

0.0

Te

93.50)
50.1+

^3.1
6.3
0.0

0.01

0.015
0.025

0.016
0.025
0.025

0.0035

0.0

0.001

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Cs

1+178.0
21+85.0
350.0

22.56
0.55

^.37
0.79
0.1+7
0.52

0.62
0.11+

0.05
0.19
0.03

0.01+

0.03

0.63
0.02

0.01+
0.03

0.16

Te

298.5 1714.0
202.7 11+65.0

98.8 211+.0
3-97 0.01
0.1+5 0.3I+

0.38
0.053
0.07
0.13
0.032

0.15

0.030

0.017
0.019
0.39
0.02

0.06

0.01+

0.51
0.85
O.5I+
O.85
O.85
0.10

0.0

0.31+
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As is readily evident from an examination of the data presented in

Table 6, ^5.5% of the cesium (385 yg), 17.8% of the iodine (109 yg),

and 6.5% of the tellurium (221 yg) had been released from the burst rod.

Because of the manner in which the rupture occurred, the tellurium release

was larger than the releases obtained in the other nine implant tests that

contained tellurium.

Continuous scanning of the collection system indicated that most of

the iodine release occurred within 6 min of the time of rupture. This is

readily seen from the results presented in Fig. 24; ^70% of the iodine

that had been deposited in the impactor and filter assembly did so shortly

after rod rupture. Note that only ^0.7% of the original iodine appeared

to be released in elemental form (i.e., collected beyond the thermal

gradient tube).

A dark deposit of smoke-like material was observed on the quartz liner

of the furnace tube opposite the rod rupture. This material was found to

contain Cs0H-H„0, U,0 , and Zr0„. Moreover, considerable iodine activity

(probably Csl and zirconium iodide) was also detected at that location.

As in Implant Test 4, the cesium profile in the thermal gradient tube

does not show much structure (Fig. 20), except to suggest that the iodine

peak around 450°C is probably due to Csl.

4.6 Behavior of Fission Product Simulant Mixture at 500°C

(Implant Test 6)

Implant Test 6 was conducted at 500°C over a 20-hr period. Unlike

the previous tests, the operating temperature was maintained with an

electric resistance heater. Because of difficulties that were encountered

with a tension spring located at the furnace inlet end of the fuel rod, it

was necessary to employ only two uncoated pellets (rather than three) at

the furnace outlet end of the rod. Consequently, 29 rather than 30 pellets

were used in the assembly. Moreover, a 1.6-mm-diam hole was drilled through

the cladding at the center of the rod prior to insertion into the apparatus.

(This size opening provides an area that is approximately equivalent to

that obtained by rupturing the rods by internal pressurization. This method
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of rupture simulation permits a more controlled study of the release of

vapor species from the rod.)

Releases from the rod over the entire test period were quite small

[0.5% tellurium (VL4 yg), <0.42% cesium (%43 yg), and 0.65% iodine (5.8 yg)],

as is apparent from the distributions which are listed in Table 7. Most of

the iodine was deposited in elemental form, and M).09% was sorbed by the

first charcoal cartridge. This component, which penetrated the silver

screens, is probably an organic iodide compound.

Release of the iodine, as deduced from measurements of activity in

the impactor-silver screen filter assembly, appeared to be virtually

linear with time over the 20-hr test period (Fig. 25). Redistribution of

iodine in the axial direction was not observed (Fig. 26); similarly, no

significant axial migration of cesium within the rod was detected (Fig. 27).

This behavior was not unexpected in view of the low operating temperature.

Approximately 44% of the implanted iodine, 33% of the implanted cesium,

and 45% of the implanted tellurium deposited on the cladding.

The small amounts of material which were deposited along the thermal

gradient tube were insufficient for concentration profile determinations.

4.7 Behavior of Fission Product Simulant Mixture in Dry Air at 700°C

(Implant Test 7)

Implant Test 7 was the first experiment in this series to be conducted

in a dry-air stream in simulation of SFTA conditions. As in the case with

Implant Test 6, the cladding was perforated prior to the experiment by

drilling a 1.6-mm-diam hole at about the midpoint location, and the rod

was brought to temperature by a resistance heater. The distributions of

iodine and cesium which were determined at the conclusion of the test are

summarized in Table 8.

A notable difference in this test was the appearance of a copper-to-

pink coloration on the exterior surface of the cladding. Unlike the

finely cracked, black Zr0„ surfaces which were observed in the previous

implant tests, this surface had a smooth, unbroken texture. (The contrast

is demonstrated photographically in Fig. 21.) Furthermore, as can be seen
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Table 7. Distributions of cesium, iodine, and tellurium in Implant Test 6

Location

Fuel rod, total
U02 pellets
Zircaloy cladding

Quartz furnace tube

Thermal gradient tube
Orifice assembly

Impactor assembly

Impactor housing

First-stage paper

Second-stage paper

Third-stage paper

Fourth-stage paper
Fifth-stage paper

Filter assembly

Filter housing

First filter paper

Second filter paper
Third filter paper

Silver screen No. 1

Silver screen No. 2

Silver screen Hos.

Adsorber assembly

Adsorber housing

Charcoal Ho. 1

Charcoal No. 2

Charcoal Wo. 3

AgX
Condenser assembly

Condenser housing

Condensate

Freeze trap
Cold charcoal trap

3 to

Amount found in each location

Temp. Perce;nt of total

(°c) Cs I Te

500 (99-58) (99-35) (99.50)
66.5I+ 55.22 5U 8

33-01+ 1+1+.13 1+1+ 7

500 <o.05 0.0 0 3
750 to 150 <0.1+0 0.15 0 15

150 0.001 0.009 0 03

130
0.012 0.069 0 C66
0.0 0.0 0 011

0.0 0.0 0 0

0.0 0.0 0 0

0.0 0.0 0 0

0.0 0.0 0 0

130

<0.001 0.02 0 0

0.0 0.002 0 0

0.0 0.001 0 0

0.0 0.0 0 0

0.0 0.100 0 0

0.0 0.0U 0 0

8 0.0 0.11+ 0 0

130
0.0 0.003 0 0

0.0 0.091+ 0 0

0.0 0.0 0 0

0.0 0.0 0 0

0.0 0.003 0 0

0

0.0 0.0 0 0

0.0 0.0 0 0

-78 0.0 0.009 0 0

-78 0.0 0.0 0 0

HG

Cs Te

683U.O 1+97.0 11+03.0
3393.0 397.0 llM+.O

<5-ll+ 7.7
<1+1.08 I.35 3.8

0.10 0.08 0.77

1.23

<0.10

0.62

0.18

0.02

0.90

O.36
1.26

0.03

0.85

0.03

0.08

1.69
0.2.8
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Fig. 25. Iodine release from a perforated fuel rod at 500°C in a
flowing steam-argon atmosphere.
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Table 8. Distributions of cesium, iodine, and tellurium in Implant Test 7

Temp.

(°c)

Amount found in each location

Percent of total us
Location Cs I Te Cs I Te

Fuel rod (total) 700 (98.88) (88.1+2) (99-99)
U0? pellets 62 30 1+1.03 1+81+7.0 262.6 3119 38
Zircaloy cladding 36 58 1+7.-"- 231+6.0 3 03.3

Quartz furnace tube 700 0 66 0.017 0.0 51-U 0.11

Thermal gradient tube 750 to 165 0 1+1+ O.322 <o. 013 3I+.2 2.06 <0 1+1
Orifice assembly 165 0 0 0.008 <o.ooo3 0.05 <0 01

Impactor assembly 130
Impactor housing 0 0057 O.183 <o.ooo6 0.1+1+ 1.17 <0 02

First-stage paper 0 0 0.008 0.0 0.05
Second-stage paper 0 0 0.0 0.0

Third-stage paper 0 0006 0.0 0.0 0.05
Fourth-stage paper 0 0006 0.0 0.0 0.05
Fifth-stage paper 0 0 0.00U 0.0 0.03

Filter assembly 130
Filter housing 0 0020 0.238 0.0 0.16 1.52
First filter paper 0 0020 0.066 0.0 0.16 0.1+2
Second filter paper 0 0012 0.031 0.0 0.09 0.20

Third filter paper 0 0011+ 0.051 0.0 0.11 0.33
Silver screen No. 1 0 0009 10.1+7 0.0 0.07 67.0
Silver screen No. 2 0 0011+ 0.053 0.0 0.11 0.31+
Silver screen Nos. 3 to 8 0 0005 0.015 0.0 0.01+ 0.10

Adsorber assembly 125
Adsorber housing 0 010 0.001 0.78 0.006
Charcoal No. 1 0 0006 0.097 <o. 0003 0.05 0.62 0 01

Charcoal No. 2 0 0 0.007 0.0 0.01+
Charcoal No. 3 0 0 0.0 0.0

AgX 0 0013 0.0 0.0 0.10
Condenser assembly 0

Condenser housing 0 0 0.0 0.0

Condensate 0 0 0.0 0.0

Freeze trap -78 0 0 0.0 0.0

Cold charcoal trap -78 0 0 0.0 0.0
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in Fig. 28, the surface features extended to part of the interior surface

near the perforation. An x-ray diffraction pattern indicated the material

to be identical to the black Zr0„ identified from the previous tests but

probably was comprised of smaller-sized crystallites.

A slight swelling of the cladding in the vicinity of the hole is

readily seen in Fig. 21; this corresponds to a maximum circumferential

change of ^3 mm. The ends of the two pellets nearest the perforation

and in the expanded region of the cladding were observed to be pulverized,

whereas the opposite ends of these pellets were wedged tightly against

the cladding. This behavior is unquestionably due to oxidation of the

U0„, which is quite rapid in air at temperatures >400°C.

The distribution of cesium in the rod prior to and after testing are

presented graphically in Fig. 29; those for iodine are given in Fig. 30.

The initial distributions of both species were somewhat less uniform than

desirable. A larger percentage of iodine was found on the cladding in

this test (44%) than in Implant Test 1 (34%) and 5 (33%), which were also

conducted at 700°C (with steam-argon mixtures rather than air). The high

oxygen atmosphere in conjunction with hyperstoichiometric fuel, which had

an oxygen-to-metal ratio (0/M) of 2.0004, provided improved conditions

for increased reactivity between the Csl and the fuel; this liberated

additional elemental iodine which was subsequently available for reaction

with the cladding or release from the capsule. [Csl has been shown to

be thermally and chemically stable in hypostoichiometric fuel (0/M <2.0)

and transports as Csl without interacting with the fuel or blanket

material. ] About 37% of the cesium was found on the cladding and ^62%

on the pellets. In contrast, 0/96% of the implanted tellurium appeared

on the cladding (the vapor pressure of Te02 at 700°C is 4 x 10 torr);
once again, the tellurium deposited on the cladding in the immediate

vicinity of the pellet interfaces on which it had been implanted.

Less than 0.015% (0.4 yg) of the tellurium inventory was released in

this test, whereas 1.1% of the cesium (87 yg) and 11.6% of the iodine

(74 yg) were released. The iodine deposition characteristics indicate

that virtually all of the iodine found was of the elemental form; as



Fig. 28,

Test No. 7.
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View of the interior of the cladding used in Implant
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seen in Table 8, VLO.0% of the initial inventory was collected on the

silver screen. The elemental iodine probably resulted as a product of

Csl reaction with the fuel and/or the quartz furnace tube. The effect

of the dry-air atmosphere as related to the deposition of cesium and

iodine compounds in the thermal gradient tube (Fig. 31) is not fully

understood. More than half of the cesium species which was deposited in

the thermal gradient tube appeared in the high-temperature region (MJ50°C) .

This suggests a less-volatile species of cesium. (Deposits of more-

volatile CsOH and Csl are normally found in the region of 300 to 600°C.)

The rate of release of iodine from the rod, as determined by monitor

ing iodine activity in the impactor-filter assembly, is presented graphi

cally in Fig. 32.

4.8 Behavior of Fission Product Simulant Mixture at 1100°C

(Implant Test 8)

Implant Test 8 was performed at 1100°C over a 1-hr period. The ori

fice plate in the collection system was not used, and the steam flow rate

was increased by a factor of 4 over normal in order to ensure a steam-rich

atmosphere. (The reaction of steam with Zircaloy to form ZrO„ and H is

very rapid at 1100°C.) The induction-heated fuel rod was ruptured at 900°C

upon application of 425 psig internal argon pressure; this caused a rupture
2

opening of about 24 mm . The rod temperature was subsequently raised to

1100°C. A photograph showing the post-test appearance of the fuel rod is

presented in Fig. 33. The maximum circumferential change about the rupture

area was ^7.5 mm.

The distributions of cesium in the rod prior to and after testing

are presented graphically in Fig. 34; those for iodine are given in Fig. 35.

It can be seen that there was considerable axial migration of both cesium

and iodine to the cool ends of the fuel rod. Figure 36 shows that most of

the iodine migrated to the cool ends of the fuel rod in the first 8 min

following the rupture. (It took 4 min to raise the temperature of the fuel

rod from 900 to 1100°C after rupture.) The increase in cesium concentra

tion at the rupture location of the fuel rod, as can be seen from the data
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Fig. 33. Photograph of the fuel rod used in Implant Test No.



DISTANCE ALONG FUEL ROD (cm)
4 6 8 10 12 14 16 18 20 22 24 26 28 30

2 3 4 5 6 7 8 9 10 II 12
DISTANCE ALONG FUEL ROD (in)

ORNL DWG 76-1382

Fig. 34. Cesium distributions in the fuel rod of Implant Test No. 8.



DISTANCE

8 10
J L

ALONG FUEL ROD ( cm)
12 14 16 18 20 22
J 1 I I i i

3456789 10 11
DISTANCE ALONG FUEL ROD (in.)

ORNL DWG 76-1246

IMPLANT TEST 8

A I IN FUEL ROD PRIOR TO
EXPERIMENT

D I IN FUEL ROD AFTER
EXPERIMENT

• I ON PELLETS AFTER
EXPERIMENT

O I ON CLADDING AFTER
EXPERIMENT

12

Fig. 35. Iodine distributions in the fuel rod of Implant Test No.

ON
o



700

600

500

>-

>

h-
O
<

400

o
to

LU
>

300'

LU

or

of

200

100

61

IMPLANT TEST 8

—•—INITIAL ACTIVITY

8 MIN AFTER RUPTURE

•A—60 MIN AFTER RUPTURE

ORNL DWG 77-593

6 7 8 9 10 11 12

DISTANCE FROM INLET END OF FUEL ROD (in.)

Fig. 36. Rate of axial migration of iodine to the cooler outlet end
the fuel rod in Implant Test No. 8.



62

displayed in Fig. 34, was probably caused by that area being at a lower

temperature than the rest of the rod (excluding the cool ends). After

the fuel rod ruptured, the rupture location darkened (in contrast with

the rest of the glowing-red rod), and the darkened area slowly expanded

during the test. Obviously, the darkened area was at a lower temperature

than the adjacent regions. (An axial split, or oxidation of the Zircaloy,

would result in reduced electromagnetic coupling with the induction heating

coil.)

The data presented in Table 9 indicated that 35.9% of the cesium

(3312 yg), 65.8% of the iodine (401 yg), and 3.3% of the tellurium (91 yg)

inventories were released from the fuel rod. In addition to the high fuel-

rod temperature (1100°C), the large rupture opening undoubtedly contributed

to the considerable release of iodine and cesium. In the experiments that

were conducted at lower temperatures, release of cesium was apparently

restricted by reaction of the CsOH simulant with the fuel and cladding.

Such was not the case in this experiment, however. On the other hand,

reaction of the tellurium with the cladding again limited the release of

this species. About 91% of the original tellurium was deposited on the

cladding in the immediate vicinity of the pellet interfaces on which it

had been implanted. Approximately 24% of the original cesium was deposited

on the quartz liner of the furnace tube. Post-test scans of the furnace

tube (Fig. 37) revealed that the iodine was located in the cooler section

of the furnace tube, between the end of the induction coil and the entrance

to the thermal gradient tube; most of the cesium was located adjacent to

the rupture opening. A tellurium peak was also found opposite the rupture.

As shown by the data presented in Fig. 38, ^70% of the iodine in

the thermal gradient tube and 77% of the iodine in the impactor and filter

assembly deposited within 10 min following rupture. Concentration pro

files of cesium and iodine in the thermal gradient tube are shown in

Fig. 39. The peaks of iodine and cesium at the 380CC location probably

represent condensed Csl and CsOH. (The presence of CsOH-H 0 was determined

by x-ray diffraction.) Only ^20% of the cesium in the thermal gradient

tube was cesium iodide, based on the amount of iodine present.
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Table 9- Distributions of cesium, iodine, and tellurium in Implant Test 8

Temp.

(°c)

Amount found in each location

Percent of total
US

Location Cs 1 Te Cs I Te

Fuel rod, total 1100 (6U.08) (3^.25) (95.68)
U02 pellets 1+1+.57 22.1+6 6.07 1+109.0 137.0 166.9

Zircaloy cladding 19-51 11.79 90.61 1799-0 71.9 21+92.0
Quartz furnace tube -^200 to 800 2U.19 15.86 0.87 2230.0 96.7 23-9
Thermal gradient tube 750 to 180 6.80 22.32 0.0 627.0 136.2 0.0

Orifice assembly 155 0.050 0.26 O.OU 1+.61 1.59 1.10

Impactor assembly 155
Impactor housing 2.01+ 8. U3 1.31 188.0 51.U 36.O
First-stage paper 0.1+9 2.1+9 0.51 1+5.0 15.19 ll+.O

Second-stage paper 0.20 0.1+9 0.06 18.0 2.99 1.65
Third-stage paper 0.18 0.68 0.01+ 17.0 1+.15 1.10

Fourth-stage paper 0.29 0.91 0.07 27.0 5-55 1.03

Fifth-stage paper 0.21 2.66 0.19 19.0 16.23 5-23

Filter assembly 155
Filter housing 0.12 1.15 0.03 11.0 7.02 0.32

First filter paper 1.07 3.1U 0.01+ 99.0 19.15 1.10

Second filter paper 0.031 0.17 0.02 ? .° 1.01+ 0.55

Third filter paper 0.031+ 0.17 0.02 3.1 1.0U 0.55
Silver screen No. 1 0.0068 5-52 0.10 0.63 33-7 2.75

Silver screen No. 2 0.0081+ 0.23 0.003 0.77 1.1+0 0.08

Silver screen Nos. 3 to 8 0.060 0.1+1 0.006 5.5 2.50 0.17

Adsorber assembly 115
Adsorber housing 0.062 0.33 0.01 5.7 2.01 0.28

Charcoal No. la o.ooom- 0.105 0.0015 0.59 0.6I+ 0.01+

Charcoal No. lb 0.0027 0.025 0.0006 0.25 0.15 0.02

Charcoal No. lc 0.0032 0.019 0.0008 0.30 0.12 0.02

Charcoal No. Id O.OOq-3 0.022 0.0006 o.i+o 0.13 0.02

Charcoal No. 2 0.0157 0.081 0.003 1.^5 0.U9 0.08

Charcoal No. 3 0.0092 0.051 0.001 0.85 O.'l 0.03

AgX 0.0066 0.038 0.001 0.61 0.23 0.03

Condenser assembly 0

Cbndenser housing 0.003 0.002 0.0 0.3 0.01 0.0

Condensate 0.018 0.18 0.0 1.66 1.10 0.0

Freeze trap -78 0.0 0.0 0.0 0.0 0.0 0.0

Cold charcoal trap -78 <o.oi+ 0.0 0.0 <3-7 0.0 0.0
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An unusually heavy particulate deposition was observed on the impactor

filter papers; this is readily visible in Fig. 40. The presence of Cs0H-H„0

on the first-stage paper and of Csl on the fifth-stage paper was confirmed

by x-ray diffraction. Notice the lack of correlation between the amount of

dark material collected on each stage and the amounts of radioactive mate

rial (cf. Table 9). This lack of correlation between visible and radio

active deposits occurred with many implant tests.

Approximately 12% of the original iodine inventory deposited as

reactive iodine (I„ and/or HI) on the silver screens in the filter assembly

and on the metal surfaces of the impactor and filter assembly. Corona arc

ing in the furnace tube around the fuel rod for a few seconds after rupture

(when the atmosphere was richer in argon) may have caused some dissociation

of Csl, thus contributing to some of the elemental iodine. Also, Csl in

contact with hot quartz at temperatures >620°C likewise tends to disso-
1 8

ciate. ' Thus it is difficult to ascertain accurately the fraction of

iodine that exited the fuel rod in elemental form.

In an effort to better define the penetrability of iodine forms such

as CH„I through the charcoal collection beds, the first charcoal cartridge

was sectioned into four equal units using stainless steel screens (Table 9).

Note also that some of the iodine penetrated the adsorbers and dissolved

in the condensate; this behavior is not understood.

4.9 Behavior of Fission Product Simulant Mixture in Dry Air at 500°C

(Implant Test 9)

Implant Test 9 was the second experiment in this series to be con

ducted in dry air, in simulation of possible SFTA conditions. The cladding

was perforated prior to the experiment by drilling four 1.6-mm-diam holes

at the midpoint of the rod. The rod was heated by means of a resistance

heater that surrounded the furnace tube. In order to obtain meaningful

release data from this experiment, the test was performed over a 20-hr

period. The distributions of the nuclides that were determined at the

conclusion of the test are summarized in Table 10.
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Fig. 40. Photograph of the collection stages from the cascade
impactor of Implant Test No. 8 showing the particulate material collected.
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Table 10. Distributions of cesium, iodine, and tellurium in Implant Test 9

Temp.
(°c)

Amount found in each location

Percent of total US
Location Cs I Te Cs I Te

Fuel rod, total 500 99-70 91.1+3 99-997 671+0.0 1+1+8.0 21+80 0

U02 pellets
Zircaloy cladding

Quartz furnace tube 500 0.02 0.11 0.0 1.35 0.51+
Thermal gradient tube 700 to 200 0.27 0.31 0.0 I8.3 1.52
Orifice assembly 120 0.0 0.01 0.0001+ 0.0 0.05 0 01

Impactor assembly 120

Impactor housing 0.0006 0.05 0.0001+ 0.01+ 0.25 0 01

First-stage paper 0.0001+ 0.0008 0.0 0.03 0.001+
Second-stage paper 0.0 0.0 0.0 0.0

Third-stage paper 0.0005 0.0001+ 0.0 0.03 0.002

Fourth-stage paper 0.0 0.0 0.0 0.0

Fifth-stage paper 0.0001+ 0.0002 0.0 0.03 0.001

Filter assembly 120

Filter housing 0.0 0.70 0.001 3.V3 0. 03
First filter paper 0.0 0.106 0.0 0,52
Second filter paper 0.0 0.095 0.0 0.1+7
Third filter paper 0.0 0.033 0.16
Silver screen No. 1 0.0 6.75 33-1
Silver screen No. 2 0.0 0.30 1.1+7
Silver screen Nos. 3 to 8 0.0 0.07 0.0 0.3I+

Adsorber assembly 125
Adsorber housing <0.00l+ 0.0 0.0 £0.27 0.0

Charcoal No. la 0.0 0.031+ 0.0 0.17
Charcoal No. lb 0.0 0.001 0.0 0.005
Charcoal No. 1c 0.0 0.0 0.0

Charcoal No. Id 0.0 0.002 0.0 0.01

Charcoal No. 2 0.0 0.0 0.001 0. 03
Charcoal No. 3 0.0 0.0001+ 0.0 0.002

AgX 0.0007 0.0008 0.0 0.05 0.001+
Condenser assembly 0

Condenser housing 0.0 0.0 0.0

Condensate 0.0 0.0 0.0

Freeze trap -78 0.0 0.006 0.0 0.03
Cold charcoal trap -78 0.0 0.0 0.0
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As can be seen in Fig. 41, extensive swelling occurred in the per

foration area due to oxidation of the U0„. The cladding between the four
2

perforations was torn apart, creating an opening of about 77 mm . The

constrictions in the swollen area are located at the pellet interfaces.

(The rate of oxidation of sintered U0„ pellets in air has been found to
9

be maximal near 500°C.)

In Fig. 42, the metallographic transverse (a) and longitudinal (b)

sections from the swollen region at midcapsule reveal extensive oxidation.

The transverse cross section was taken at the defect opening, and the

1-in. longitudinal section was taken on the downstream side of the trans

verse cut. The longitudinal section shows the axial pattern of oxidation.

The cracks and channels in the fuel which are formed during the oxidation

provide avenues for air to reach unoxidized fuel. Only Zr0„ was identified

by x-ray diffraction to be present in the pitted areas along the inner

cladding surface seen in the transverse cross section in Fig. 42a and

also in the photomicrographic view in Fig. 43.

Pre- and post-test concentration profiles of cesium and iodine in

the fuel rod are presented in Figs. 44 and 45 respectively. Little move

ment of these nuclides within the rod was noted. The iodine that was

released appears to have come from the swollen area in the central section

of the rod.

Approximately 8.6% (42 yg) of the original iodine was released in the

course of the experiment; only 0.3% (20 ug) of the cesium and 0.003% of

the tellurium were released. This suggests that at least half of the iodine

was released in elemental form. However, virtually all of the iodine found

in the collection system (^8% of the original) was collected as elemental

iodine. Since the quartz furnace tube was maintained at 500°C, and since

Csl has little tendency to react with Quartz below its melting point

(621°C), it is likely that most of the iodine had actually been released

in the elemental form. The majority of the cesium released was found to

deposit in the thermal gradient tube.

Concentration profiles of cesium and iodine along the thermal gradient

tube are presented in Fig. 46. Ten times more cesium was found deposited
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Fig. 41. Photograph showing two views of the swollen portions of the
fuel rod of Implant Test No. 9.
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Fig. 42. Metallographic transverse (a) and longitudinal (b) sections
from the swollen region of the Implant Test No. 9 fuel rod.
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Fig. 43. A high-magnification view of the pitted areas along the
inner cladding surface seen in the transverse cross section in Fig. 42(a)
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along the thermal gradient tube than iodine. As with Implant 7, the

other dry-air experiment, much of the cesium was deposited in the higher-

temperature region. Continuous monitoring of the thermal gradient tube,

as is graphically displayed in Fig. 47, indicated that most of the iodine

was deposited there in the first hour of the experiment; little change

in concentration was noted at later time intervals.

Deposition of elemental iodine, as deduced from measurements of

activity in the impactor-silver screen filter assembly, appeared to be

sensibly linear with time over the 20-hr test period (Fig. 48). Since

^93% of the iodine that was released from the fuel rod was deposited in

the impactor-silver screen filter assembly, the data presented in Fig. 48

also provides a good representation of the rate of release of this species

from the fuel rod.

4.10 Behavior of Fission Product Simulant Mixture at 700°C

(Implant Test 10)

The operating conditions of this test were similar to those used in

Implant Test 7 which was conducted over a 5-hr period at 700°C; unlike

Implant Test 7, however, this test was made in a steam-argon atmosphere

rather than dry air. A summary of the operating conditions is provided

in Table 1; the distributions of the pertinent nuclides are listed in

Table 11.

The exterior coloration of the cladding was copper-to-pink; moreover,

the surface texture was smooth and unbroken. This appearance was similar

to that seen in Implant Test 7. In previous tests, the cladding surfaces

were black and finely cracked.

Concentration profiles of cesium and iodine in the fuel rod prior to

and after testing, and in the fuel rod components after testing, are pre

sented graphically in Figs. 49 and 50. The concentration of cesium and

iodine at the 3-3/4-in. location may not have been caused by axial tempera

ture gradients. Implant Tests 6 and 9 (500°C) and 7 and 10 (700°C) were

conducted with the same resistance-heated furnace, so that axial tempera

ture gradients should have been small and essentially identical. Depletion
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Table 11. Distributions of cesium, iodine, and tellurium in Implant Test 10

Temp.

(°c)

Amount found in each location

Percent of tot il Mg

Location Cs I Te Cs I Te

Fuel rod, total 700 (99-93) (98.16) (99.8U)
UOg pellets
Zircaloy cladding

1+2 02 1+0 22 18 05 2971.0 265.0 1+01.0

57 91 57 91+ 81 79 1+091+. 0 382.0 1816.0

Quartz furnace tube 700 0 0 0 0 0 0 0.0

Thermal gradient tube 750 to 120 0 063 0 25 0 085 1+.1+5 1.65 1.89
Orifice assembly 120 0 001 0 09 0 002 0.07 0.59 0.01+

Impactor assembly 120

Impactor housing 0 001+ 0 66 0 018 O.28 U.36 0.1+0

First-stage paper 0 0006 0 009 0 001 0.Q1+ 0.06 0.02

Second-stage paper 0 0 0 001 0 0 0.01 0.0

Third-stage paper 0 0 0 0 0 0 0.0 0.0

Fourth-stage paper 0 0 0 0 0 0 0.0 0.0

Fifth-stage paper 0 0 0 001 0 0 0.01 0.0

Filter assembly 120

Filter housing 0 0 0 19 0 002 1.25 0.01+

First filter paper 0 0 0 005 0 0 0.03 0.0

Second filter paper 0 0 0 01 0 0 0.07 0.0

Third filter paper 0 0 0 005 0 0 0.03 0.0

Silver screen No. 1 0 0 0 59 0 0 3.89 0.0

Silver screen No. 2 0 0 0 007 0 0 0.05 0.0

Silver screens Nos. 3 to 8 0 0 0 01 0 016 0.07 0.36
Adsorber assembly 120

Adsorber housing 0 0 0 0 0 0 0.0 0.0

Charcoal No. la 0 0 0 015 0 023 0.10 0.51

Charcoal No. lb 0 0 0 0005 0 0009 0.003 0.02

Charcoal No. lc 0 0 0 0 0 0 0.0 0.0

Charcoal No. Id 0 0 0 0 0 0 0.0 0.0

Charcoal No. 2 0 0 0 0 0 0 0.0 0.0

Charcoal No. 3 0 0 0 0 0 0 0.0 0.0

AgX 0 0 0 0 0 0 0.0 0.0

Condenser assembly 0

Condenser housing 0 0 <0 002 <0 00U <P.0f! <.o. 08

Condensate 0 0 <0 000U <o 0006 <0.002 <o.oiU

Freeze trap -78 0 0 0 0 0 0 0.0 0.0

Cold charcoal trap -78 0 0 0 0 0 0 0.0 0.0
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of cesium and iodine in the vicinity of the drilled hole was caused more

by migration to and deposition at the 3-3/4-in. location than by release

from the hole.

As is apparent from the data in Table 11, releases of the simulants

were small over the testing period; 0.07% of the cesium (5 jig), 1.84% of

the iodine (12 yg), and 0.16% of the tellurium (3.5 yg) inventories were

released.

About 1.5% of the iodine inventory was deposited on the impactor

metal surfaces and silver screens as elemental iodine, and ^0.25% of the

original iodine was deposited in the thermal gradient tube as Csl. The

rate of iodine deposition in the impactor and filter assembly is presented

in Fig. 51. Unlike previous tests, in which some of the released nuclides

were found in the quartz furnace tube, none were found in the furnace tube

in this experiment.

The concentration profiles of the cesium and iodine which deposited

along the thermal gradient tube are presented in Fig. 52. Continuous

monitoring of the thermal gradient tube during the experiment revealed

that most of the iodine deposition occurred in the first 10 min; little

change in the concentration was noted at later time intervals.

Again, as in many of the previous implant tests, tellurium rings

were clearly visible on the inner cladding surface at the pellet inter

faces. Approximately 82% of the original tellurium was found on the

cladding.

4.11 Behavior of Fission Product Simulant Mixture at 1300°C

(Implant Test 11)

Implant Test 11 was conducted at 1300°C for 11 min; the fuel rod was

actually at temperatures above 900°C for a 15-min period. Because of a

leak at the fuel-rod inlet fitting, difficulty was encountered in obtain

ing rupture by application of internal argon pressure. (The fuel rod was

unintentionally positioned within the induction heater in a manner that

allowed the stainless steel inlet fitting to become overheated, thus
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2
causing the leak.) The rupture opening was 4 mm , but the ballooning

effect normally experienced did not occur, therefore, the rupture pressure

could not be measured. The experimental conditions are listed in Table 1,

and the resulting nuclide distributions in the collection system are given

in Table 12.

Post-test examination of the fuel rod indicated that the cladding was

brittle. In addition, several pellets in the central portion of the rod

appeared fused to the cladding. A photomicrograph of an affected region

is shown in Fig. 53. Three horizontal layers can be seen: (1) the dark

oxidized cladding at the top, (2) the unoxidized cladding (the light layer)

in the middle, and (3) the dark fuel at the bottom. Such fuel-cladding

interaction behavior has been observed previously but at somewhat higher

temperatures. This is not necessarily inconsistent behavior, however,

because with induction heating, undesirable temperature irregularities

frequently develop along the test capsule. Thus it is quite possible that

portions of the cladding were significantly above 1300°C for at least short

periods of time. The vertical streaks in the oxidized cladding layer in

Fig. 53 were identified by x-ray analysis as tin. The tellurium-cladding

reaction rings that have been seen at the pellet interfaces in previous

tests were not visible; however, a gamma scan of a section of cladding

indicated that the tellurium was primarily located at the interfaces.

Cesium and iodine distributions in the fuel rod are displayed in

Figs. 54 and 55. As can be seen from the data presented, both species

migrated to the cooler outlet end of the fuel rod.

The data listed in Table 12 indicate that 28% of the cesium (2320 yg),

4.5% of the iodine (26 yg), and 1% of the tellurium (18.6 yg) were released

from the fuel rod. The values for iodine and cesium might have been signi

ficantly larger had the fuel rod been more centrally located within the

induction heater. The relatively small rupture opening probably also

restricted release. About 93% of the implanted tellurium was found on the

cladding. Since there was neither axial migration nor significant release

(1%) of the tellurium, it appears that the compound formed from the

tellurium-cladding reaction is refractory at the upper temperature of this

test.
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Table 12. Distributions of cesium, iodine, and telluium in Implant Test 11

Temp.

(°c)

Amount found in each locat ion
Fercent of total

US
Location Cs I Te Cs I Te

Fuel rod, total 1300 (71.88) (95-1+7) (98.96) 553-7
U02 pellets 1+9.88 5.63 1+136.0 100.80,
Zircaloy cladding 22.13 93-33 I835.O 1671.0

Quartz furnace tube •^200 to 900a 27-21 0.0 0.38 2256.0 0.0 6.8
Thermal gradient tube 750 to I85 0.1+1+ 3 -2h 0.1+7 36.5 18.8 8.1+
Orifice assembly ll+0 0.006 0.00I+ 0.005 6.50 0.02 0.09
Impactor assembly 1U0

Impactor housing ll+0 0.19 0.86 O.132 15.8 14.99 2.36
First-stage paper 0.01+3 0.18 0.01+6 3-6 0.82

Second-stage paper 0.01 0.027 0.003 0.8 0.16 0.05
Third-stage paper 0.007 0.001+ 0.001 0.6 0.02 0.02

Fourth-stage paper 0.007 0.002 0.0005 0.6 0.01 0.01

Fifth-stage paper 0.005 0.001 0.001 0.1+ 0.001 0.02

Filter assembly ll+0

Filter housing 0.025 0.08 0.0 2.1 0.1+6 0.0

First filter paper O.O38 0.01+ 0.006 3-2 0.23 0.11

Second filter paper 0.0006 0.01 0.001 0.05 0.06 0.02

Third filter paper 0.0 0.001 0.0002 0.01 0.001+
Silver screen No. 1 0.0 0.06 0.0 0.35
Silver screen No. 2 0.0 0.001+ 0.0 0.02

Silver screen Nos. 3 to 8 0.0 0.01 0.0 0.06
Adsorber assembly 115

Adsorber housing 0.003 0.002 0.0 0.25 0.01

Charcoal No. la 0.0 0.002 0.0 0.01

Charcoal No. lb 0.0 0.0006 0.0 0.003
Charcoal No. lc 0.0 0.0001+ 0.0 0.002

Charcoal No. Id 0.0 0.0001+ 0.0 0.002

Charcoal No. 2 0.0 0.0009 0.0 0.005
Charcoal No. 3 0.0 0.0007 0.0 0.001+
AgX 0.0 0.0002 0.0 0.001

Condenser assembly 0

Condenser housing 0.0 0.0 0.0

Condensate 0.0 0.0 0.0

Freeze trap -78 0.0 0.0 0.0

Cold charcoal trap -78 0.0 0.0 0.0

Outlet end heated to minimize condensation of Csl.
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Figure 56 indicates that most of the cesium released (27% of that

which was implanted) was deposited in the quartz furnace tube, primarily

on the surface adjacent to the rupture opening. No iodine deposition

occurred in the furnace tube. The section of furnace tube between the

end of the induction coil and the entrance to the thermal gradient tube

was heated to a temperature of 600°C with an insulated heating tape; this

minimized the condensation of Csl in that region. In addition, about half

of the tellurium that was released was deposited in the same general area

of the furnace tube as the cesium. As indicated by the data in Table 12,

about 72% of the released iodine (or 3.24% of the implanted iodine) was

condensed in the thermal gradient tube, probably as cesium iodide. How

ever, twice as much cesium as iodine (on a mass basis) was deposited there.

This additional cesium was probably cesium hydroxide.

The concentration profiles of cesium, iodine, and tellurium along

the thermal gradient tube are presented in Fig. 57. The iodine and cesium

peaks at 490°C are probably Csl and CsOH.

130
Releases of iodine, as deduced from separate measurements of I

activity in the thermal gradient tube and in the impactor-filter assembly,

are presented graphically in Fig. 58. Little radioactivity was noted

during the first 2 min after rupture, but as the temperature was raised

from 900 to 1300°C during the following 3 min, a rapid increase in the

activity was noted in the thermal gradient tube. Subsequently, a slight

decline in activity was recorded for the remainder of the test. The

increased activity in the impactor-filter assembly corresponds with a

decrease in activity in the thermal gradient tube; this type of migration

tends to wash out the profile structure in the thermal gradient tube.

Most of the released iodine escaped from the rod within 2 min after reach

ing 1300°C. The iodine species was both highly volatile and mobile; no

evidence exists to suggest that chemical reactions contributed to the

stability. Cesium, on the other hand, was much more stable, as is shown

by the final distribution within the rod (Fig. 54).
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4.12 Behavior of Fission Product Simulant Mixture

of Low Concentration at 900°C

(Implant Test 12)

This test concluded the Implant Test Series. The operating condi

tions were different from those of Implant Test 3 only in the amounts of

simulants used. About ten-fold decreases in the concentrations were to

be present in both the pellet-cladding gaps of the low-burnup fuel capsules

to be used in the Low-Burnup Test Series and in the gaps of the H. B.

Robinson 12-in. fuel-rod sections to be used in the High-Burnup Test Series.

To minimize the likelihood of an argon pressurization leak like the

one that developed in the previous test, a stainless steel "pellet" with

a 1/16-in. hole through its center was substituted for the uncoated UO

pellet that normally would have been at the inlet end. The inlet portion

of cladding was thereby sandwiched between the stainless steel ferrule

fitting and the close-fitting stainless steel pellet, thus negating a

potential leak that might have been caused by thermal expansion. The

backup "pellet" also prevented creepdown of the Zircaloy tubing that

loses strength rapidly at high temperatures.

Considerable swelling of the cladding occurred when the rod ruptured

upon application of 250 psig of internal argon pressure (Fig. 59). The

maximum circumferential change was 14.5 mm, and the rupture opening was

^84 mm . A thick layer of flaky white zirconium oxide (probably caused

by breakaway oxidation) is very evident along the inlet half of the fuel

rod.

Distributions of cesium and iodine in the fuel rod before and after

testing are presented in Figs. 60 and 61. Cesium migration toward the

rupture opening can be noted, whereas iodine peaks appear at the cool

ends of the rod as well as in the rupture region. Optical pyrometer

measurements in the rupture location indicated that the temperature ranged

from a low of 760°C at the rupture opening to a high of 1200°C at hot

spots on both sides of the rupture opening. Although most of the rod was

at 900°C during the test, the temperature variance at the rupture opening

complicates an interpretation of the data. As mentioned previously,
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coupling of the induction heater coil to the fuel rod is affected locally

by axial splits in the tubing and by composition changes, such as conver

sion of Zr to ZrO„.

The post-test distributions of cesium, iodine, and tellurium in the

experimental apparatus are summarized in Table 13. About 25% of the

cesium, 60% of the iodine, and 1.6% of the tellurium inventories were

released. Most of the cesium released (21% of the implanted cesium) was

deposited on the quartz liner opposite the rupture opening, as is displayed

graphically in Fig. 62. If it is assumed that all of the released iodine

was Csl, about 88% of the cesium released would have been collected as CsOH.

However, since some of the iodine probably exited the rod as elemental

iodine, this percentage of cesium as CsC* is a minimum value. Tracer analy

sis indicates that VL5% of the implanted iodine was deposited in the collec

tion system as elemental iodine.

Approximately half of the released iodine condensed in the thermal

gradient tube as cesium iodide; this can be inferred from the nearly iden

tical concentration profiles of cesium and iodine in the thermal gradient

tube displayed graphically in Fig. 63. Moreover, an examination of the

amount of iodine deposited in the thermal gradient tube with time (Fig. 64)

indicates that most of the iodine was transported there in the first 4 min

after rupture. The data presented in Fig. 64 also indicate that %64% of

the iodine found in the impactor-filter assembly arrived in the first

10 min of the test.

Approximately 94% of the original tellurium deposited on the cladding

at the pellet interfaces. Although the tellurium concentration was low,

it was sufficiently high that the reaction rings were again visible.

5. BEHAVIOR OF IMPLANTED CESIUM IODIDE

5.1 General Behavior of Csl

Although Csl is the most stable iodide known, it was not found to be

completely stable in the simulated LWR fuel-rod environments employed in

our tests. In Implant Tests 1 and 2 (Sects. 4.1 and 4.2), 26 and 14% of
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Table 13. Distributions of cesium, iodine, and tellurium in Implant Test 1?

Temp.

(°c)

Amount found in each location

Percent of total us
Location

Cs I Te Cs I Te

Fuel rod, total 900 (75.1^) (39.67) (98.1+5)
UOo pellets U0.60 I6.83 '4.59 1+30.0 8.1+ 1?.0

Zircaloy cladding 3^-5? ?,?,. 8h 93-86 366.0 11.1+ ?l+l+.0
Quartz furnace tube -?00 to 700a 20.7? 5.61 0.0 ??0.0 ?.8 0.0

Thermal gradient tube 760 to ?00 3-3*4 ?7.7? 1.36 35.0 1? . ° 3-5
Orifice assembly 130 0.09 3.12 0.02 1.0 1.6 0.05
Impactor assembly 130

Impactor housing 0.1+9 11. ?5 0.11 5.2 5.63 0.?9
First-stage paper 0.08 3.87 0.007 0.9 1.Q1+ 0.0?

Second-stage paper 0.0? 0.08 0. 000? 0.2 0.01+ 0.001

Third-stage paper 0.01 0.13 0.001+ 0.1 0.07 0.01

Fourth-stage paper 0.01 o.?i+ 0.001+ 0.1 0.1? 0.01

Fifth-stage paper 0.05 0.50 0.01 0.5 0.?5 0.03
Filter assembly 130

Filter housing 0.005 r.3,0 0.01 0.05 1.15 0.03
First filter paper 0.04 0.33 0.003 0.1+ 0.17 0.008
Second filter paper 0.001 o.?i+ 0.0005 0.01 0.1? 0.001

Third filter paper 0.001 0.1? 0.00? 0.01 0.06' 0.305
Silver screen No. 1 0.01 ? .8? 0.00? 0.1 l.'O. 0.005
Silver screen No. ? 0.0 0.1+8 0.0 0.0 o.?i+ 0.0

Silver screen Nos. ? to 8 0.0 0.?5 0.0 0.0 0.13 0.0

Adsorber assembly 115
Adsorber housing 0.00? o.ou 0.007 0.0? 0.0? 0.0?

Charcoal No. la 0.0009 0.1I49 0.0001+ 0.01 0.07 0.001

Charcoal No. lb 0.0008 0.011 0.0 0.008 0.006 0.0

Charcoal No. lc 0.0006 0.008 0.003? 0.006 0.001+ 0.01

Charcoal No. Id 0.000? 0.003 0.0017 0.00? 0.00? 0.001+
Charcoal No. ? 0.0001 0.007 0.0 0.001 0.0* 0.0

Charcoal No. 3 0.0003 0.005 0.0017 0.003 0.003 O.OO'l

AgX 0.0 O.OO'i 0.002 0.0 0.00?: 0.01

Condenser assembly 0

Condenser housing 0.0 0.005 0.0 0.0 0.003 0.0

Condensate 0.0 0.003 0.0 0.0 0.00? 0.0

Freeze trap -78 0.0 0.001 jSO.01 0.0 0.001 0.0?

Cold charcoal trap -78 0.0 0.0 0.0 0.0 0.0 0.0

Outlet end heated to minimize condensation of Csl.
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the implanted Csl disproportionated respectively. These disproportion

values were inferred from the presence of excess cesium on the pellets.

The most plausible explanation is that some of the implanted Csl reacted

with the hyperstoichiometric fuel (0/U ratio of 2.0004) to form a less-

volatile cesium uranate and elemental iodine. (It is possible that the

implantation procedure, Sect. 2, resulted in an even higher 0/U ratio at

the fuel surface.)

Approximately 55% of the liberated iodine in each of these tests was

found associated with the Zircaloy cladding. Post-test scans of the 700°C

experiments revealed that iodine did not migrate axially to the cooler

ends of the capsules in these two experiments. Since elemental iodine has

a high vapor pressure (bp = 183°C) at 700°C, it is likely that the excess

iodine on the cladding probably reacted with the cladding to produce

zirconium iodides and/or oxyiodide compounds. Otherwise, the liberated

elemental iodine would have been released. However, considering the low

concentrations employed, some retention by sorption can be expected. A

sample of material scraped from the inner surface (in a region 2 to 3 in.

from the inlet end) of the Zircaloy cladding used in Implant Test 2 was

found (by x-ray diffraction) to contain cesium zirconium iodate,

Cs (Zr(lO,,)ft) . In a recent review by Epstein, it was reported that Csl

does not interact chemically with the fuel or other fission product com

pounds in hypostoichiometric fast-reactor fuel pins. Certainly our tests

demonstrate the importance of the oxygen potential of the fuel in deter

mining the stability of Csl when present at low concentration levels.

5.2 Axial Migration of Csl Within the Fuel Rod

Axial migration of iodine species to the cooler ends of the simu

lated fuel rod capsules was slow at 900°C but was rapid at temperatures

of >J.100°C. The axial temperature gradient was caused by induction heat

ing of only the center 25 cm (10 in.) of the test specimen. For example,

the ends of the capsule in Implant Test 8 (Sect. 4.8) were %800°C, while

the 20-cm (8-in.) center was at 1100°C. By making use of a mobile (Nal)

gamma scanner in Implant Test 8, it was determined that the iodine migra

tion was essentially complete within 8 min after the temperature of the
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capsule reached 900°C (4 min after it reached 1100CC). Because of the

migration of iodine to the cooler outlet end of the capsule in Implant

Test 11 (Sect. 4.11), a 1300°C test, the iodine release was significantly

less. Little iodine was found on the cladding and pellets in the hot

zones of the capsules in tests conducted at 1100°C and higher.

Our method of pressurization probably contributed to the movement

of Csl toward the outlet end. Internal argon pressure was applied from

the inlet end after the rod was heated to the desired temperature for

rupture, thus pushing vaporized material toward the cool outlet end.

Gamma scanning of the rod was not rapid enough to determine the amount

of radioactive iodine movement coincident with pressurization. In all

of the experiments in which the rod ruptured at 900°C (except in Implant

Test 12), larger iodine peaks occurred at the outlet end. Implant Test 12,

which used lower concentrations of implanted species, experienced relatively

little iodine migration.

We can estimate the movement of vaporized implanted material as fol

lows: the void space adjacent to the 24-cm length of coated pellets was
3

^1.2 cm (including dished ends and allowance for chipped pellets). At

900°C the vapor pressure of Csl is 0.025 atm, so the void spaces would

contain ^40 yg of iodine vapor as Csl (assuming no Csl decomposition) or

6.5% of a typical 620-yg iodine coating. This amount (and more if replen

ishment by vaporization occurred rapidly) could be pushed to the outlet

end during the high-temperature pressurization where condensation would

occur. Both the compression of the gas and the lower temperatures at the

outlet end would promote condensation. Although this does not account

for all of the iodine migration, it is true that the outlet-end peaks

were consistently larger than the inlet-end peaks.

In the case of Implant Test 11, migration apparently occurred before

rupture. This test rod was pressurized three times within 1.8 min while

in the 900 to 950°C temperature range because a leak at the inlet Swagelok

fitting prevented normal pressurization and rupture. (A length of restric

tive capillary tubing between the pressure gauge and test rod was used to

simulate pressure drop in the pellet-clad gap space of a full-length fuel
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rod; this made it impossible to determine true pressure within the fuel

rod if a sizable leak existed at the fuel rod end.) This multiple pres

surization could have contributed to "compression migration."

In addition to migration caused by pressurization after heatup,

migration can result from diffusion along the axial temperature gradient.

The rate of diffusion to the cool ends can be calculated from the follow

ing equation:

Tt - D I sc • <»

where

-j— = vapor flow rate (moles/sec) ,

2
D = diffusion coefficient (cm /sec) ,

2
A = cross-sectional area normal to the diffusion direction (cm ),

L = length of diffusion path (cm), and
3

AC = change in concentration along the diffusion path (moles/cm ).

The concentration gradient can be calculated from the Csl vapor pres

sure and the temperature gradient. Measured temperature distributions at

the inlet end of implant test rods are shown in Fig. 65. At a rod tem

perature of 900°C, the inlet-end temperature drops to 675°C within 2 in.

(L = 5.08 cm). Using the ideal gas law, the concentration of Csl at 900°C
-7 3 -7

(0.025 atm vapor pressure) is 2.58 x 10 moles Csl/cm , and is 0.16 x 10
3 2

moles Csl/cm at 675°C. The area is 0.034 cm (for unexpanded cladding)
2

and D is MD.89 cm /sec for Csl in argon at 900°C. If these values are

inserted into Eq. (1), the rate of transport is calculated to be equiva

lent to 12.1 yg/min. For a typical coating of 620 yg of iodine, this

amounts to 2.0%/min to each end (4.0%/min total). The possibility of

natural convection enhancing migration along the gap space was not investi

gated.

These calculations suggest that pressurization while heated combined

with axial diffusion may have caused significant migration of Csl at 900°C

center temperature.
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5.3 Characteristics of Released Iodine

Measurable quantities of iodine were released in each of the 12 experi

ments. Identification of the vapor species released from the capsules in

some of the experiments was complicated by the tendency of the released

Csl to react, in the presence of steam, with the hot surface of the quartz

furnace tube liner to form cesium silicate and elemental iodine. The

problem of Csl reacting with hot quartz and stainless steel was also en-
Q

countered by Collins et al., in their temperature gradient tube studies.

Compared with inert atmospheres, they found that Csl was more readily decom

posed by hot quartz and stainless steel in the presence of steam. They

speculated that hydrolysis played a part in the reaction of Csl with both

quartz and stainless steel.

The percentage of released iodine which was found deposited beyond

the quartz furnace tube, and was indentified as elemental iodine is noted

in Table 14. Because of the high vapor pressure of elemetal iodine,

little would have deposited in the >_200°C furnace tube. The values were

obtained by assuming (1) that cesium found on a collection component was

Csl, and (2) that any excess iodine was elemental iodine. Since CsOH

could be present also, only minimum values are provided by this method.

Generally, the data reveal that larger percentages of elemental iodine were

obtained in the experiments conducted in air and under conditions where

low mass releases resulted.

As mentioned previously, evidence exists for formation of I from

Csl both within the fuel rod and on the quartz surfaces. For experiments

7 and 9 conducted in air, the enhanced release of iodine (6 to 12 times

greater) over comparable experiments conducted in steam suggest that the

presence of air within the fuel rods contributed to the decomposition of

Csl, resulting in the formation of cesium uranate and elemental iodine.

For experiments conducted in steam, it is likely that much of the

formation of I occurred after the release of Csl from the fuel rod. If

I formation occurred principally within the rod, we would expect some cor

relation with the mass of Csl implanted; such a correlation is not evident

in the data presented in Table 14. Also, no temperature correlation is



Table 3J+. Amount of iodine collected as Ir

Implant Test Atmosphere Mass of iodine Mass of iodine Mass found as Percent of released

Test temperature of implanted released elemental icsdine iodine found as

No. (°c) test system (yg) (ng) (yg) elemental iodine

9 500a air i+90 1+2.0 39-9 95-0

7 700a air 61+0 7U.0 70.3 95-0

2 700 steam 33 5-5 5-0 90.3

6 500a steam 900 5-8 3-2 57A

10 700a steam 66 0 12.0 6.k 53-1

12 900 steam 50 30.0 8.6 28.8

8 1100 steam 6io 1+01.0 33-3 8.3

1 700 steam 1600 36O.O 27.0b 7.5b
h 1100 steam i+Uo 11+5.0 9.0 6.2

n 1300 steam 580 26.0 0.5 1.8

3 900 steam 630 l6l.O 1-9 1.2

5 700 steam 610 109.0 0.5 0.5

Defect made by drilling 0.0159-cm (0.0625-in.)-diam hole(s).

A large surplus of iodine over cesium was found deposited in the furnace tube. (See Sect. U.l for details.)

o
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obvious. (It should be remembered that at 1100°C and higher, the Csl

remaining in the test rod rapidly migrated to the cooler ends, where tem

peratures were probably below 900°C.)

The mass-release data from Table 14 are plotted in Fig. 66; these

data indicate that 7 of the 10 steam experiments exhibit a good correla

tion with release mass. The three off-line points may be in error because,

as discussed above, our method of calculation determines a minimum amount

of I formed. Conversion of the mass-release data to average gas-phase

concentrations provides a similar correlation.

The high percentage conversion to I„ at low concentration could be

the result of reaction with gas-phase impurities or reactive surface sites

either available in limited number or consumed by competing reactions dur

ing the experiment. An example of the latter could be the reaction of

CsOH with Si0„ to form a cesium silicate. In such a case, more reactive

sites would be available early in the run to allow reactions permitting

formation of I from Csl. We do observe more rapid appearance of I

early in the test, even when no burst release occurs. We also expect,

and usually observe, greater release of Csl (appearing in the thermal

gradient tube) early in the run.

The loss of several micrograms of iodine from the thermal gradient

tube during the course of the experiment was often noticed. This was

probably due to a loss of adsorbed I (e.g., Implant Test 10).

The amount of organic iodide formed (collected in the absorber car

tridges) did not correlate with any of the experiment parameters, such as

the mass of iodine released, fuel-rod temperature, experiment duration, or

4. , /,_ • \ ™ -,- i s- .mass I on adsorbers x 100.
atmosphere (steam or air) . The median value for ( • )

mass I released

is 0.5%, with variations of more than a factor of 10. This is in agreement

with the amount of organic iodide found in other experiments, as described

by Postma and Zavadoski.

The distribution of iodine collected in the filter pack of several

tests is shown in Fig. 67. The distribution is similar to that obtained

during the Control Test Series. As discussed in that report, all filter

papers adsorb some I ; in addition, the first filter paper collects the
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particulate-associated iodine. As shown in Fig. 67, the amount of particu

late iodine is not much greater than the adsorbed iodine and is much smaller

than the amount of iodine that passed through the papers and was collected

on the silver-plated screens. For the conditions of the Implant Test Series,

the fraction of iodine adsorbed on the filter media appears to be signifi

cant only when the total mass of incident iodine is of the order of <1 yg.

The first four silver-plated screens accomplished nearly complete

collection of the reactive forms of iodine (I and probably HI). The

source of iodine on the remaining screens is believed to be an unknown

(and less reactive toward silver) iodine species. No reason is apparent

for the larger amounts of iodine on these screens in Implant Test 8.

Control Tests 5 and 10 (see ref. 1) leveled out at 0.2 yg of iodine per
19

screen, a value similar to that of Implant Test 8. Kabat reported that

silver "adsorbs" a significant fraction of HOI.

The distribution of iodine adsorbed in the Implant Test Series is

similar to that of the Control Test Series, although the amounts are

somewhat lower. The adsorber bed used in both test series was designed

to have high efficiency of adsorption of methyl iodide; the small grain

size (0.160-cm diam) and low relative humidity (<45%) ensured efficient

operation. The large cartridges (Nos. 2, 3, and 4) were 1.59 cm in diam

and 1.9 cm long and were filled with 1.9 g as-received charcoal or 3.4 g

as-received type 13X zeolite, 95% silver exchanged. The superficial

velocity was ^20 cm/sec for operation both at low pressure (most experi

ments) and at atmospheric pressure (Tests 8 and 11). Beginning with

Implant Test 8, cartridge No. 1 was subdivided into four parts, each

0.41 cm long (average depth), to provide greater detail of iodine distri

bution and to permit each separate subdivision to be irradiated in one
1?7 129

exposure for I and I activation analysis.

Under the above conditions, the adsorption efficiency for methyl

iodide provided a one-tenth thickness (the depth of the bed resulting in

a decrease in iodine nuclide concentration of a fraction of 10) of approxi

mately 0.80 cm. This is equivalent to a staytime of 0.04 sec removing 90%

of the methyl iodide (decontamination factor of 10). As seen in Fig. 68,

the silver-exchanged zeolite and charcoal adsorption efficiencies for the

poorly sorbed iodine species were equivalent.
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6. BEHAVIOR OF IMPLANTED CESIUM HYDROXIDE

The chemistry of CsOH,as related to our test environment, has been

discussed in a previous report. In our Knudsen cell-mass spectrometry
3

work, it was found that CsOH reacted with hyperstoichiometric fuel to

form a less-volatile fuel compound(s), probably a uranate. Notable decom

position of the uranate occurred only at temperatures _>925°C, and the pri

mary decomposition product observed with the mass spectrometer was Cs .

Cesium from the decomposed uranate would rapidly react with steam in our

Implant Test Series experiments to form CsOH in the steam-argon atmosphere

flowing through the furnace tube liner. In the Implant and Control Tests,

cesium hydroxide has been shown to be extremely reactive with the quartz

furnace tube liner at temperatures over a broad range (between 125 and

1000°C) forming less-volatile silicates.

Values for CsOH vapor pressure are given by the following equation
12

(derived from JANAF data ):

Cs0H,nN = CsOH, . (2)
W (g)

In P =- 15l15 + 12.23 (588 <T < 1263 K). (3)
atm T

In comparison with the vapor pressure of Csl, the vapor pressure of CsOH

is between 10 to 30 times greater over the temperature range 700 to 1000°C.

In Table 15, the percent of total cesium (implanted as CsOH) that was

collected as CsOH, and the percent of total cesium (implanted as Csl) that

was collected as Csl for each of the tests are provided for comparison.

An assumption was made that all of the iodine released in each experiment

was collected as Csl, which is not completely true. However, it does allow

the minimum collection of cesium as CsOH to be determined. In each of the

tests where the capsule was pressure ruptured, measurable CsOH was collected.

However, very little CsOH was collected in tests where the simulated defect

was a predrilled hole. The fraction of cesium collected as CsOH in Test 5

was considerably larger than that collected in Test 10; both were conducted

at 700°C. This variance in collection was probably due to the high burst

pressure experienced in Test 5. Table 15 also shows that the implanted

CsOH was more stabilized by the fuel-rod environment than was Csl.



Table 15. Amounts of cesium and iodine collected as CsOH and Csl

Time at Portion of total Cs Portion of total Cs

Implant Test test Burst (implanted as CsOH) (implanted as Csl)
Test temperature

(°c)
temperature

'(hr)
pressure

Atmosphere (psig)
collected as CsOH collected as Csl

Wo. (%) (yg) do) (MS)

8 1100 1 steam 1+25 33-7 289O 65.8 1+20

11 1300 i/u steam not measured ?Q. Q 2291+ h.h 27

h10 1100 1 steam - T.k.k 1088 ^.0 152

12c 900 ( steam 250 2^.0 232 63.0 33

3 900 0 steam 250 8.6 U88 25-5 168

5 700 ?. steam 500 h.3 275 17-7 113

6d 500 20 steam 0.3
0 0 0.6 r

0

10d'e 700 5 steam - - — 0.7 5

7r 700 5 air 0.1h 8h 11.6 78
9f;S 500 20 air - - -

"j. 0 20

Tests 8, 11, k, 12, and 3 were each ruptured at 900°C by applying internal argon pressure

Release was via a leal^ at inlet capsule fitting.
c

A factor of about 7 times less cesium was employed in this test.

Predrilled (l/l6-in. hole) to simulate a defect.

About 7 yg of iodine was released from the capsule as elemental iodine.
-p

Predrilled (three-l/l6 in. holes).
g
About 12 yg of iodine was released from the capsule as elemental iodine.

h
Because of the dry air atmosphere, this cesium was probably collected as Cs.,0.
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Table 16 indicates that at test temperatures of <.900°C, the ratio

of cesium on the pellets to cesium on the cladding is about 2:1. Con

sidering the volatility of CsOH, it appears that CsOH is stabilized by

both the fuel and cladding in this temperature range. (It should be

remembered that 92% of the cesium inventory was originally CsOH.) In

tests where the temperature is >900°C, such as in Tests 8 (1100°C) and

11 (1300°C), the ratio of cesium on the pellets to cesium on the cladding

was about 2.3:1.

Table 16. Distribution of cesium between pellets and cladding

Time at Ratio of

Implant test Percent of total Cs Cs on pellets
Test Temperature temperature excluding Cs as Csl to Cs on
No. (°C) (hr) on pellets on cladding cladding

6 500

5 700

7 700

3 900

8 1100

11 1300

20 61.55 29.02 2.12

5 54.89 32.20 1.70

5 58.84 32.52 1.80

2 55.84 28.71 1.95

1 43.01 18.66 2.30

0.25 46.68 19.66 2.30

12a 900 2 39.62 33.02 1.20

Low-concentration test.

7. BEHAVIOR OF IMPLANTED TELLURIUM DIOXIDE

Tellurium dioxide is a stable compound with a melting point of 733°C

and a boiling point of 1245°C. Values of Te0„ vapor pressure are given
6

by the following equations:
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Te0o/ . = Te0o. .; AH , = 54.9 kcal/mole;
2(s) 2(g) sub

log P = 8.067 - 12°0Q (846 <T < 1006 K) . (4)
atm T

Te0„/nx = TeO,,, N; AH =51.7 kcal/mole;
2(1) 2(g) vap

log P = 7.367 - 1:L^00 (1006 <T<1211 K) . (5)

At temperatures above 1100°C, the dioxide dissociates in the gaseous state
13

to form tellurium monoxide.

In each of the experiments in this series, at least half of the im

planted tellurium dioxide was transported to the Zircaloy cladding and

was deposited. Furthermore, scans of tellurium activity along the clad

ding in each of the experiments revealed apparent rapid reaction with the

cladding at pellet interface locations. In most of the experiments con

ducted at 700°C and above, reaction rings were evident at pellet interfaces

as shown in Fig. 16. The reaction rings are an artifact of the implanta

tion technique. If the TeO had been initially distributed uniformly on

the cylindrical surfaces of the pellets, we believe that the reaction with

the Zircaloy would also have been uniform. The compound Te ZrO was

identified by x-ray diffraction in a sample of ring material. The product

of reaction between the Zircaloy-4 and TeO proved to be stable over the

temperature range covered in these experiments (500 to 1300CC). A longitu

dinal cut through one such reaction zone, shown in Fig. 17 (Sect. 4.3),

revealed a decidedly thinner oxide layer in this region.

The rate of transport of TeO from the pellet dished ends to the

cladding was found to increase with temperature. A first-order rate con

stant was calculated for the fraction transported to the cladding in each

experiment. The results are shown in Fig. 69.

It can be seen from the data listed in Table 17 that <0.1% per hour

of the total tellurium inventories were released in Tests 6, 10, 4, 9,

and 7, where the capsules were predrilled to provide the simulated defect.

In a steam atmosphere, tellurium dioxide can form an oxyhydroxide that
14

is more volatile than the dioxide, according to the following equation:

Te°2(s) +H2°(g) "Te°(0H)2(g) ' (6>
The dimer Te„ is considerably more volatile than the oxyhydroxide.
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Table 17. Operating conditions affecting release of tellurium

Test conditions Percent of

Implant

Test

No.

Temperature (°C)
At During
burst test

Atmosphere

Steam Dry
argon air

Time at test Burst total Te

temperature pressure released
(hr) (psig) (%)

5 700 700 X 5 500 f r-
0. p

8 900 1100 X 1 1+25 3-3

12 900 900 X 2 250 1.6

3 900 900 X 2 250 1.6

11 900 1300 X 0.28 not measured 1.0

o - 500 X 20 Predrilled

(l/l6-in. hole)
0.5

10 — 700 X 5 Predrilled

(l/l6-in. hole)
0.2

h 1100 X 1 Leak at inlet

fitting
0.1

9 - 500 X 20 Predrilled 0.2

(3) l/l6-in. holes

7 700 X 5 Predrilled

(l/l6-in. hole)
0.02
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The mode of release in the predrilled tests was vapor diffusion.

Table 17 indicates that the releases were larger in the tests (Nos. 5,

8, 12, 3, and 11) where the cladding was ruptured by internal application

of argon pressure. The fuel-rod temperature appears to have had little

influence on these releases; rather, the releases were more dependent

upon burst pressure. The larger the burst pressure, the larger the release.

In both Implant Test 8 (1100°C) and 11 (1300°C), the distribution

profile of tellurium in the quartz furnace tube liner was similar to that

obtained for cesium, as shown in Figs. 37 and 56. Like cesium, tellurium

was deposited primarily in the region near the rupture opening. At tem-
13 15

peratures of 800°C and higher, tellurium reacts with quartz; ' the

maximum temperature of the quartz liner in these tests was probably higher

than 800°C in the hot region, although the liner temperature was lower at

the time of fuel-rod rupture.

Three side experiments were conducted in the laboratory to help explain

the chemical behavior of the tellurium-Zircaloy system. These tests were

conducted at 900°C for 1 hr with a flowing-argon carrier gas provided. In

the first experiment, it was found that Te02 mixed with Zr02 reacted to

form Te ZrO :

6 TeO + 2ZrO = 2Te3Zr05 + 302 . (7)
1 6Agarwala et al., prepared Te ZrO by heating a mixture of Zr02 and

tellurium (taken in a ratio corresponding to one atom of zirconium to

three atoms of tellurium) in air at 750°C for 48 hr.

In the second experiment, Te0„ was mixed with metallic zirconium in

an argon atmosphere at 900°C; the following reaction products, Zr02 and

elemental tellurium, were obtained:

TeO + Zr = Zr02 + Te . (8)

A large fraction of the liberated elemental tellurium was transported and

condensed in a cool quartz tube that was downstream from the furnace tube.

(The vapor pressure of tellurium is ^200 torr at 900°C. )
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Zirconium telluride (ZrTe) was obtained when elemental tellurium

and zirconium were mixed and heated to 900°C in argon:

Zr + Te = ZrTe . (9)

When excess zirconium is present, the tellurium formed in accordance with

Eq. (8) could also react to form the less-volatile ZrTe. In all three

experiments, the reaction products were determined by x-ray diffraction.

Based upon the results of the Implant Tests and the three laboratory

experiments, it is apparent that the "gettering" ability of Zircaloy for

tellurium is the result of Eq. (7) when the oxide film is substantial and

Eq. (9) when the oxide film is insignificant.

8. SUMMARY OF RELEASE DATA

8.1 Comparison of Amounts of Cesium and Iodine Released

Since the experiments were operated for different lengths of time,

comparisons of the amounts of cesium and iodine released in the various

experiments cannot be made directly. The release of the high specific
130

activity I (half-life, 12.4 hr) enabled essentially continuous monitor

ing of iodine released during most experiments, thus permitting a determi

nation of release with time.

The amount of iodine released in the first hour of each experiment

is displayed graphically in Fig. 70. Lines are drawn to show roughly the

difference between release of iodine from test rods with predrilled hole

defects and those ruptured by internal argon pressure. It is clear that

the pressure-rupturing caused much greater release of iodine than occurred

by undisturbed diffusion from the predrilled rods. The correlation for

release from pressure-ruptured rods is presented in Sect. 8.2. Release

of iodine from the predrilled rods was significantly less in the steam

atmosphere than in dry air. As discussed in Sect. 5, 95% of the iodine

released in dry air was in the elemental form (I ) when collected. A sum

mary of release by diffusion from the test rods is presented in Sect. 8.3.

134
The low specific activity Cs (half-life, 2.06 years) employed in

130
these tests could not be detected until the I had decayed to a low level,
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usually several days after the experiment. Therefore, interim release

rates for cesium can only be inferred from the iodine release rates.

Using iodine release as a guide, the amounts of cesium released during

the first hour of each experiment have been estimated and are shown in

Fig. 71.

The effects of experiment parameters on cesium release are similar

to those of iodine. In all cases, however, the percentage of cesium

released was less than for iodine. (The only exception was Implant Test 11,

conducted in the 900 to 1300°C range, in which iodine apparently migrated

to the cool ends of the test rod before rupture. See Sect. 5.2 for a

discussion of migration behavior.) Athough the fractional release from

cesium was consistently less than for iodine, the mass of cesium released

in the higher temperature tests was greater than the mass of iodine. This

is possible because of the higher mass loading of cesium in all tests

except Nos. 1 and 2. The mass ratios of cesium-to-iodine release are

plotted in Fig. 72. Although the data are scattered, a definite trend

with temperature exists. The lower percentage releases of cesium are a

clear demonstration that CsOH, more volatile than Csl, reacted with the

fuel-rod components to form cesium compound(s) with significantly lower

volatility. (See Sect. 6 for a discussion of the CsOH behavior.)

8.2 Release at Rupture — "Burst Release"

It is clear from Figs. 70 and 71 that a large amount of implanted

material is released upon rupture. A logical mechanism for this "burst

release" is the evaporation of implanted material as the pressurizing gas

(plenum gas in a reactor fuel rod) flows along the pellet-cladding gap

space and out of the rupture opening. By this mechanism the burst release

is proportional to the partial pressure of the species and the volume of

gas flowing out of the rupture opening. The partial pressure of each

chemical species is determined by its ordinary vapor pressure (or possibly

a chemical equilibrium as with Cs, . over Cs„U0. , N modified by adsorp-
(g) 2 4(s)

tion (at low concentration) and mass transfer from the solid to the gas

phase during the blowdown. The volume of gas is a function of the amount

of gas in the pelnum (and pellet-clad and pellet-pellet voids) and the
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pressure at the location where the evaporation occurs. It must also be

recognized that the plenum gas usually sweeps through only approximately

half of the rod length.

The calculated amounts of gas vented at rupture, iodine and cesium

mass released at rupture, and resulting concentrations of these elements

in the vented gas are listed in Table 18. The gas "plenum" used in these

tests consisted of small-diameter tubing, a pressure transducer, and a

flow restrictor with a combined volume of 10.6 cm which remained at ^30°C
3

during the test. The fuel rod contained 1.8 cm volume, approximately

half of which was heated to the rupture temperature while the remainder

reached some intermediate temperature. The amount of gas vented at rupture

was calculated from the pressure at rupture and the above volumes and tem

peratures. At rupture the plenum gas blowdown lasted several seconds

because of the installed flow restrictor tubing.

The gas volumes and amounts of iodine and cesium released at rupture

are only approximate. Continuous gamma monitoring of the radioiodine that

was transported to the thermal gradient tube and filter pack was intended

to differentiate between the amounts of iodine released at rupture and

that released subsequently by diffusion. However, holdup of iodine species

in the furnace tube interferred with this analysis, especially for tests

conducted at 700°C. Therefore, the amount of iodine released at rupture

at 700°C (and the amounts of cesium likewise released at 700 and 900°C)

were calculated by subtracting diffusional release (Sect. 8.4) from the

total release. For the iodine burst-release at 900°C, gamma monitoring

of the released iodine was used.

The resultant concentrations of iodine and cesium in the vented gas

are plotted in Fig. 73 as a function of the total element implanted. Four

conclusions can be drawn from the data as plotted in this figure.

1. There is a strong dependence upon mass of implanted materials.

2. There is not much difference between cesium and iodine released in

the burst. Agreement is roughly within a factor of 2.

3. Concentrations at 900°C are only 2 to 6 times greater than at 700°C.



T able 18. Iodine and cesium burst release

Implant
Test

Tempera
ture at

rupture

(°C)

Gas released

at rupture

(cm' He, STP)

Total

iodine

implanted

(yg)

Total

iodine

release

(yg)

Estimated iodine

released at

i rupture

Total

cesium

implanted

(yg)

Total

cesiuir

release

(yg)

Estimated cesium

released at

d rupture
No.

(yg) (ug/cm-5 He, STP) (Mg) (yg/cm3, He, STP)

2

5

1

700

700

700

221

340

221

35

610

1600

5.3

109

362

4.9a
103.0a
356.0a

0.022

0.30

1.61

34

7050

1680

2.49

381

180

2.45a
378.0a

179.5a

0.011

1.11

0.81

12

8C
3

900

900

900

164

285

164

50

610

630

30

401

162

23b
240}3
65b

0.14

0.84

0.40

1060

9220

6340

264

3311

486

217a
1918a

290a

1.32

6.73

1.77

'Obtained by subtracting diffusional release from total release.

Obtained from gamma monitoring of released iodine 5 min after rupture.
Raised to 1100°C after rupture at 900°C.

N5

OO
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4. The calculated concentrations are significantly lower than would

occur with Csl vapor in equilibrium with Csl liquid, which are

6.2 yg I (or 6.5 yg Cs)/cm3 (STP) at 700°C and 145 yg I (or 151 yg
Cs)/cm3 (STP) at 900°C.

It must be emphasized again that the calculated experimental concen

trations of iodine and cesium in the vented gas are only approximate.

Errors of a factor of 2 could easily occur since there was no accurate

method for differentiating between amounts released at burst and later

by diffusion. Even with this possible error, the calculated concentra

tions are well below those expected for Csl vapor at equilibrium with

Csl liquid. Several mechanisms could explain why iodine implanted only

as Csl would not behave as "ideal" Csl during the rupture blowdown:

(1) at these low concentrations, sorptive forces can be quite strong, and

the highest concentration of Csl implanted is equivalent to only several

monolayers if one assumes equal distribution on pellet and cladding sur

faces (with a roughness factor of 10 for these surfaces); (2) mass transfer

inefficiency could inhibit the vaporization of the species present; and

(3) chemical changes could have resulted in the formation of less-volatile

species.

8.3 Release from Gap by Diffusion in Steam

Diffusion of fission products from the defect opening occurs follow

ing blowdown of the plenum gas. At this time, gas external to the fuel

rod (usually steam) will diffuse into the gap space and may react chemi

cally with fission products in the gap space. When steam is employed,

significant amounts of hydrogen (0.01 to 20%) will be present in the steam

outside of the fuel rod as a result of steam-zirconium reaction. Higher

concentrations will be formed inside the gap space from steam diffusing

into the rupture or drilled opening. Table 19 lists data from six tests

for which diffusional release values were obtained. Tests 6 and 10 pro

vided diffusion rates from cladding with a drilled 0.159-cm (0.0625-in.)-

diam hole. Tests 3, 8, and 12 provided diffusion rates from fuel rods

which experienced clad expansion and rupture at 900°C. A similar rupture

was attempted in Test 4, but a leak that developed at the inlet-side



Table 19. Diffusional release of iodine and cesium in steam

Temperature

(°C)
Time

(hr)

2.0

Iodine Cesium

Test

No.

Amount

implanted

(yg)

565a

Amount

released by
diffusion

(yg)

97a

Diffusional

release

rate

(yg/hr)

Amount

implanted

(yg)

6050

Amount

released by
diffusion

(yg)

196

Diffusional

release

rate

(yg/hr)

3 900 49 98

4 1100 0.8 440 145 181 4920 1237 1547

6 500 20.0 900 5.76 0.29 10,270 <42 -

8 1100 0.96 370a 16ia 168 7300 1393 1451

10 700 5.0 660 12.2 2.44 7070 4.84 0.97

12 900 2.0 27a 7.0a 3.5 843 47 23.5

1Amount obtained by subtracting estimated burst release from total release.
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ferrule fitting prevented significant pressurization. Since it was

observed that radioactive iodine was being released slowly, the test was

continued and the results were treated as diffusional release.

The calculated diffusional release rates were plotted as a function

of implanted mass in Fig. 74. The tests covered a wide temperature range
with relatively little variation in implanted mass, yet the dependence is

apparent. From this limited data set, it appears that the cesium release

may vary with temperature more than iodine release.

Table 18 includes columns listing total release and estimated burst

release. As noted in the table, the estimated burst release for most

experiments was obtained by subtracting the estimated diffusional release

(usually a small amount) from the total release (usually a much larger
amount). The estimated diffusional release could only be obtained as very
rough approximations from the data given in Fig. 68.

In spite of the limited amount of data, it is quite clear that the

burst release, especially at 700°C, was much larger than release by
diffusion at the same temperature.

8.4 Modeling Iodine and Cesium Release

Unfortunately, 12 experiments cannot supply sufficient data to formu

late a comprehensive model for fission product release. However, we believe

that the data presented in Figs. 73 and 74, which summarize the separate
components for burst release and diffusional release, provide a basis for

establishing such a model. The data shown in these figures were obtained

only from simulated fission product compounds implanted in the gap space

on U02 pellets. It is therefore recommended that these data be used in con

junction with fission product release measurements from highly irradiated

LWR fuel in order to obtain the desired release model. The data shown in

Figs. 73 and 74 are plotted as a function of inventory in the gap space,
so that when comparing these data with release from irradiated fuel rods,
an estimate of the irradiated-rod gap inventory (amount of cesium or iodine

in the pellet-to-clad gap space) is required. For rupture into pressurized
vessels, the volume of vented gas must be calculated at the system pressure
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and reduced to 0°C in order to compare with data shown in Fig. 73. The

diffusional release rates given in Fig. 74 are given for 0.1 MPa (atmo

spheric pressure); these release rates should be inversely proportional

to absolute pressure.

8.5 Characteristics of Released Aerosol

The cascade impactor and high-efficiency filter media were used to

collect and characterize the aerosol released during the implant tests.

Although all of the flowing gas passes through the impactor, the amount

of particulate material collected by the impactor stages and filter media

is <100%. The larger particles tend to settle out in the furnace and

thermal gradient tubes, and the smaller particles tend to deposit on

equipment surfaces before entering the impactor.

The particulate material on the impactor collection papers and the

first filter paper were analyzed for size distribution following the method
1 8

of Parker and Buchholz. The results are presented in Tables 20 and 21.

The size particle collected by each stage depends upon particle density.
3

The aerodynamic size assumed p = 1.0 g/cm ; mass median sizes were calcu-
3

lated for p = 3.6 g/cm (the density of CsOH) as well. The mass median

diameter (MMD) for iodine-containing particles appeared larger and more

scattered than for cesium-containing particles. The cesium MMD for the

Implant Tests was very close to that found in the Control Test Series, as

shown in Table 21.

Caution should be taken in making use of these size data. In addition

to the large scatter, these sizes are unique to our apparatus and are not

necessarily the same as might be found in a LOCA where the hot gas and the

vapor which vented from a ruptured fuel rod would mix rapidly with a larger

volume of relatively cool steam. This would tend to cause condensation of

most cesium-containing species in the steam phase to form suspended parti

culates. In our test apparatus, by contrast, most of the vapors were

forced to condense on the cool walls of the thermal gradient tube. As a

typical value, only one-tenth of the cesium in our experiments passed

through the thermal gradient tube and into the impactor assembly. No



Implant Test g (700°C)

Location

Aerodynamic

cutoff

diam, D
P

(lam)

Stage 1

Stage 2

Stage 3

Stage U

Stage 5

First filter

1.29

0.67

O.39

0.24

0.10

Amount at location

Cs I

(i) ii)

28.9

17.3

19.1

22.7

5-2

6.7

5U.6

7.6

10.5

18.3

h.6

4.4

Table 20. Characteristics of particulate material

Implant Test 3 (900"c) Implant Test 8 (900 to 1100°C)
Aerodynamic

cutoff

diam, D

Implant Test 11 (900 to 1300°C)
Aerodynamic

cutoff
,. _ Amount at location

dlam' Dp "CS 1
(um) (*) (*)

Aerodynamic
cutoff

diam, D
P

(nm)

1.31

0.68

0.1+0

0.24

0.10

Amount at location

Cs I

(« a)

Amount at location

29.2

8.6

7-1

25.I

15.0

15.0

(urn)
P Cs

29.9 1.46 20.1

1.6 0.87 8.2

1.7 0.57 7.4

12.0 O.38 11.9

49-5 0.20 8.6

5-3 - U3.9

I)

24.0 1.52 39.1

4.7 0.91 9-1

6.6 0.60 6.4

8.8 o.4o 6.4

25.6 0.21 4.6

30.3 - 34.6

70.9

10.6

1.6

0.8

0.8

15-7

LO

U1



Aerodynamic mass

median diam

(assumed density
1.0 r;/cm3 )

Mass median diam

(assumed density
?.6 g/cm3)

Table ?1. Mass median diameter of particulate material

Tmplant Test 5 Tmplant Test

500 °c 900 °C
Cs

0.60 1.8 0.~.1 0.7.?

Median of four Median of four

Implant Test 8 Implant Test 11 implant control
OQO to 1100°C 900 to 1300°C experiments experiments

I CsCs I Cs Cs

0.' 0.; 0.87 1.8 o.Mi 0.77

o.^U 0.76 0.11 0.067 0.13 0.13 o.k: 0.85 0.18 0.31 0.16

OJ
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obvious size difference was observed between pressure-rupture and predrilled-

defect experiments. The higher steam flow used in Tests 8 and 11 did appear

to carry more aerosol and vapor through the thermal gradient tube.

As mentioned previously, the distribution of visible material col

lected on the impactor collection papers did not usually correspond to the

distributions of cesium and iodine. Cesium iodide was identified by x-ray

diffraction only on the fifth stage of Implant Test 8 and Control Test 10

(see ref. 1); CsOH-HO was found in a variety of stages in many different

experiments.

9. MATERIAL BALANCE

Material balances were calculated for I (t.. ,„ = 12.4 hr) and Cs

(t ,„ = 2.06 years) following each experiment. The -l^i balance was
' 130

determined by comparing the activity of I in the assembled fuel rod
130

before the experiment with the sum of I found on the system components

after the experiment. The results are shown in Table 22. The mean value

was 99.8% with a standard deviation (S.D.) of 5.6%.

Table 22. Material balances

Implant Test Percent of implanted

No. iodine found

1 105

2 104

3 110

4 102

5 91

6 100

7 102

8 100

9 98

10 99

11 91

12 95

Mean = 99.75

S.D. = 5.56

Estimated percent of
implanted cesium found

87

79

74

73

87

100

101

94

93

98

96

87

Mean =89.1

S.D. = 9.7
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134
Determination of the initial amount of Cs was made indirectly. As

described previously, the tracer isotopes were prepared by direct neutron

activation of Csl before each experiment, resulting in an initial specific

activity of I approximately 70 times greater than Cs. We therefore
134

could not measure the amount of Cs before the experiment with the Nal

scintillation crystal but obtained a calculated initial amount by determin-

„ 134„ 130T . , . £ n. • •, • -, •
mg the ratio of Cs to I in an aliquot of the implantation solution.

134
The amount of Cs initially in the fuel rod was then determined by mul-

130
tiplying the initial I by the above ratio. The results shown in

Table 22 gave a mean value for the cesium material balance of 89.1%, with

a S.D. of 9.7%. We believe that this slightly low number is the result
134

of the method for calculating the initial amount of Cs and a systematic

error in counting geometries.

Similar balances were performed for the Te tracer, but the scatter

was large because of the low energy and low specific activity of the Te

employed. The total mass of each implanted chemical species was determined

by weight. Neutron activation provided an independent verification of the

mass in each experiment.

The accuracy of the release values was affected by the counting

statistics and geometry. For data shown in Figs. 70 and 71, we estimate

the following accuracy: for 10% release, ±1%; for 1% release, ±0.2%;

for 0.1% release, +0.05%, -0.03%; and for 0.01% release, +0.02%, -0.01%.

Additional scatter occurred because of lack of reproducibility in experi

ment parameters such as rupture hole size, amount of clad expansion, and

axial thermal gradients. Application of these data to full-length fuel

rod behavior would increase the possible amount of error.

10. CONCLUSIONS

10.1 The Effect of the Fuel Rod Gap Environment on the

Volatility of Implanted CsOH and Csl

The partial pressure of cesium-containing species calculated to

exist in the gas vented at rupture (Table 18) was more than a factor of
22

100 lower than the vapor pressure of CsOH, the chemical form in which
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90% of the cesium was implanted in Tests 3, 5, 8, and 12. This difference,

shown graphically in Fig. 75, must be attributed principally to a chemical

reaction between the CsOH and U09 to form a less-volatile cesium species

such as Cs„U0,.
2 4

A similar decrease in cesium volatility was observed in the Knudsen
3

cell tests when Cs„C0„ was mixed with UO powder. Furthermore, a mixture

of CsOH and UO powder displayed the same low cesium volatility as for the

Cs CO -UO mixture.

When cesium was implanted only as Csl (Test 1 and 2, Table 18), the

calculated cesium partial pressures were a factor of 8 or more less than
23

would occur with Csl (see Fig. 75). Since iodine was implanted in all

tests only as Csl, the calculated iodine partial pressure was a factor of

4 or more lower than that for Csl vapor in equilibrium with condensed Csl.

These moderately lower experimental partial pressures for cesium and

iodine implanted as Csl should not be interpreted as resulting from chemi

cal changes. As discussed in Sects. 8.2 and 8.3, the volatility of cesium

and iodine in these tests was found to depend upon the amount of material

implanted, an observation which suggests that sorption forces were important

at the low concentrations employed. Mass transfer inefficiency and diffi

culty in distinguishing the amounts released at rupture might also have

contributed to the low partial pressures.

Sorption and mass transfer limitations would also contribute to the

low cesium partial pressure observed when CsOH was implanted, but most

of the large reduction must be attributed to compound formation. Although

we did not positively identify any specific Cs-U-0 compound, a recent

thermodynamic analysis provides grounds for the existence of Cs UO, in the

gap space of LWR fuels.

10.2 Modeling Cesium and Iodine Gap Escape

The 12 implant tests were insufficient in number to develop a compre

hensive release (gap escape) model. The data as presented in Figs. 73 and

74 do provide the basis for such a model. Separate, additive, releases

can be calculated for burst release (that amount carried out with plenum
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gas vented at rupture), and for diffusional release (the amount released

following the blowdown of plenum gas while the fuel rod remains heated),

as discussed in Sect. 8.4.

10.3 Iodine Behavior in Steam-Atmosphere Tests

At 900°C and higher, significant axial migration of the implanted

Csl was observed (Sect. 8.2). When only Csl was implanted (Tests 1 and

2, Sects. 4.1 and 4.2), chemical changes occurred at 700°C so that the

UO pellets became rich in cesium and the cladding rich in iodine. It

is believed that the hyperstoichiometric fuel reacted with the implanted

Csl. Although I„ was collected in every experiment, the percentage of

the released iodine in the elemental form was usually greatest when the

released mass was low, as shown in Fig. 66. The compound Cs„(Zr(I0 ),)

was identified on the cladding of Test 2 by x-ray diffraction.

10.4 Cesium Behavior in Steam-Atmosphere Tests

Cesium in the flowing steam, after release from the fuel rod, existed

mainly in two chemical forms: CsOH and Csl (any elemental cesium or

cesium oxide exposed to steam would form CsOH). The CsOH reacted rapidly

with the quartz furnace tube liner (see Fig. 56 for a typical distribution),

but some was carried into the thermal gradient tube. Some of the Csl sorbed

or condensed on cooler parts of the quartz furnace tube liner where a por

tion may have reacted with the quartz. Beginning with Test 8, the out

let end of the furnace tube was heated so that a higher percentage of the

Csl was transported into the thermal gradient tube where condensation

occurred in the 300 to 500°C temperature range.

10.5 Tellurium Behavior in Steam-Atmosphere Tests

As described in Sect. 7, tellurium, implanted as TeO , migrated to

the cladding where reactions occurred that minimized release from the

defected fuel rod. The reaction product(s) proved to be stable in the

testing temperature range of 500 to 1300°C. It was determined by x-ray

diffraction that the major constituent in a sample of the reaction



142

material was Te ZrO . Although not identified, zirconium telluride could

also have been formed. The rate of transport of TeO from the coated

pellet interfaces to the cladding increased with temperature. Tellurium

release from the fuel rod appeared to be more a function of rupture pres

sure than test temperature.

10.6 Iodine, Cesium, and Tellurium Behavior in

Dry-Air-Atmosphere Tests

Iodine release was approximately a factor of 10 greater in dry-air

tests than in steam. The iodine was collected almost exclusively as I„.

Cesium release was also significantly greater in dry air atmosphere, but

the tellurium release was less.
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