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ABSTRACT

The TRIO experiment is a cest of in-situ tritium recovery and

heat transfer performance of a miniaturized solid breeder blanket

assembly. The assembly (capsule) was monitored for temperature

and neutron flux profiles during irradiation and a sweep gas

flowed through the capsule to an analytical train wherein the

amounts of tritium in its various chemical forms were determined.

The capsule was designed to operate at different temperatures and

sweep gas conditions. At the end of the experiment the amount of

tritium retained in the solid was at a concentration of less than

0.1 wppm. More than 99.9% of tritium generated during the experi-

ment was successfully recovered. The results of the experiment

showed that the tritium inventories at the beginning and at the

end of the experiment follow a relationship which appears to be

characteristic of intragranular diffusion. The derived diffu-

sivity for tritium in lithium aluminate is expressed by D = 1.1

x 10 - 6 e^ - 3 5 , 8 K c a l / R T ) , where D in cm2/s is the absolute tempera-

ture in K, and R is the gas constant, 0.001987 Kcal/mol-K. It was

found that the addition of hydrogen to the sweep gas appeared to

enhance the release of tritium - this enhancement is attributed to

a surface effect. The predominant form of tritium observed was

the noncondensible, or HT, form. Thermodynamic calculations are

consistent with this observation. The conditions of irradiation,

equivalent to about two months in a fusion reactor, did not appre-

ciably change the morphology of the breeder material and there was

no significant change in thermal conductivity of the lithium

aluminate.
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I. INTRODUCTION

Lithium aluminate, LiA102> is representative of a group of ceramics,

called the "Solid Breeders/, that are candidate materials for use as the

tritium breeding medium in fusion reactors. In the past several years, a

number of conceptual blanket designs for fusion reactors have used solid

breeders, and the data base has been reviewed. Although the data

base is limited, experimental programs are in progress and more results are

becoming available.25-39 Tne soi±& breeders include Li2O, LiA102, LL2Zr03,

Li^SiOjj, and Li2Si03. The ternary oxides, in general, have much better chemi-

cal and thermophysical stability than Li2O, but owing to its high lithium atom

density, Li2O has better tritium breeding potential.

The TRIO experiment involved the irradiation of IAAIO2 in the Oak Ridge

Research Reactor (ORR) under well-defined conditions of temperature, neutron

flux, sweep gas flow, and sample configuration. Lithium aluminate was

selected for the experiment because of its attractive properties (discussed

later). Tritium, in its various chemical forms (and other gases evolved from

the LiA102 during irradiation), was moved by a sweep gas to an analytical

train in which measurements on the composition of the effluent were performed.

1-1
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II. PURPOSE

The primary purpose of the TRIO experiment was to test in-situ tritium

recovery from a candidate solid breeder material under conditions representing

those expected in a fusion reactor blanket. The tritium recovery results

tested the feasibility of in-situ tritium recovery from solid breeders. The

results also provided tritium transport data from which models can be

developed to predict tritium inventories in fusion reactor blankets. Heat

transfer performance of the LiA102 was a key part of the experiment. The heat

transfer data (heat transfer coefficients, thermal conductivity, etc.) derived

from the experimental results will be of considerable value for the design of

fusion reactor blankets.

Seven objectives were proposed for this experiment:

(1) Demonstrate tritium release and recovery for a miniaturized solid

breeder blanket assembly. This objective is the most important one

of the experiment. The capsule is a small-scale but operational

solid breeder blanket which will be tested under limited

conditions. The experiment will demonstrate for these limited

conditions whether in-situ tritium recovery is feasible.

(2) Determine the effects of key operational factors upon tritium

release. These factors include temperature, time, tritium partial

pressure, sweep gas flow rate, H2 partial pressure, neutron fluence

(to a limited extent), and impurities. It is necessary to know how

tritium release is affected by operational factors so that an under-

standing of tritium transport can be acquired. This should enable

predictions to be made of blanket performance under conditions that

have not been or cannot be determined experimentally.

(3) Demonstrate heat transfer performance in a miniaturized solid breeder

blanket assembly. The control of temperatures and temperature pro-

files to maintain solid breeder blankets within operating Units is

regarded as a significant design issue. Thus, experimental demon-

stration of the ability to control temperature profiles is impor-

tant. In addition, data from the experiment will be used to

II-l



determine values of heat transfer coefficients and thermal conduc-

tivity of the LiA102 and to access the effects of radiation damage

upon these values*

(4) Measure tritium permeation through primary cladding. A measurable

quantity of tritium may permeate through the primary cladding into

the gas gap of the breeder capsule. This tritium which permeates

will be collected and assayed.

(5) Investigate the form of the tritium species (e.g., 'lyJrT, ratio) in

the sweep gas stream. The amount of tritium released in each

chemical form is to be quantitatively determined.

(6) Establish the methodology for in-pile testing. This experiment is

the first truly comprehensive test of in-situ tritium recovery from

solid breeders. Thus, a methodology for this kind of test will be

developed.

(7) Measure radioactive species in the sweep gas stream. Certain impuri-

ties in the LiA102 (e.g., uranium, potassium, sodium, chlorine, etc.)

produce volatile radionuclides during irradiation. These will be

quantified to ensure that tritium monitoring is not affected. In

addition, transport data on other species (mostly nobel gases), which

may provide some insight into transport of helium, will be obtained.

Helium transport is potentially important for solid breeders because

it can cause bubbles, which may act as traps for tritium and may also

cause swelling.
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III. APPROACH

The experimental approach included provision for safe operation of the

experiment and acceptable uncertainty in tritium re!ease behavior. Conditions

were chosen to be favorable for tritium release, and the monitoring and con-

trol systems were provided with appropriate redundancy and flexibility. The

experimental plan included a test matrix in which certain parameters were sys-

tematically varied; these parameters were time, temperature, and sweep gas

conditions. Other factors, notably sample configuration and microstructure,

were fixed. The grain size and the raicrostructure were kept essentially un-

changed so that they would be well defined throughout the course of the exper-

iment. Quality assurance was judiciously applied in the planning, design,

installation, and operation of the experiment. The quality control thus

ensured the validity of results from the experiment.

A. Breeder .Material Selection

The first consideration was selection of the appropriate breeder material

for the experiment. The selection criteria were:

(1) It must be a candidate solid breeder. The choice was limited to Li2-0

and certain ternary oxides, viz., LiA102, Li^SiO^, and Li2ZrC>3.

Other materials for testing can be considered as data on them is

developed; an example of such a material is LigZrOg.

(2) It must maintain structural and microstructural integrity during the

experiment, so that temperature profiles and microstructural proper-

ties are well defined throughout.

(3) It must be readily fabricated in appropriate form, and there must be

a sufficient data base such that extensive property measurements are

not required to be able to design the experiment.

(4) Chemical inertness is desirable.

Based upon these criteria, LiA102 was selected as the breeder material

for TRIO-
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B. Egperiaental Design

A test capsule was designed to function as a small-scale blanket assembly

with temperature control and with continuous, in-situ tritium recovery.

Parameters such as tritium production rates, temperatures, temperature pro-

files, damage rates, and sample configuration were, in general, selected to

correspond to STARFIRE.1 Selected features for the STARFIRE and TRIO blankets

are compared in Table III-l.

TABLE III-l

Design and Operating Conditions of
STARFIRE and TRIO Breeder Blankets

Breeder Material

LiA102 allotrope

Pore size distribution

Grain radius, ]im

Agglomerate diameter, yra

Temperatures/Heat Transfer

Minimum temperature, °C

Maximum temperature, °C

Temperature range, °C

Tritium Generation

Production rate, T/cm^.s

Lithium burnup, %/mo

Atomic displacements

in LiA102, dpa/mo

Dose, rads/mo

6Li isotopy, %

Configuration

Sweep gas composition

Tritium partial pressure, Pa

Purge channel spacing, cm

Purge channel location

TRIO

y

Bimodal

0.1-0.2

50-100

400

900

150

8 x 1012

0.08

0.2

3 x 1012

0.5

He/H2 or 0 2

0.1-10

1

High-temp.
zone

STARFIRE

a

Bimodal

0.1-0.2

100

500

900

400

8 x 1012

0.08

0.2

3 x 1012

30

He

1

1

High-temp.
zone

III-2



The TRIO and STARFIRE features are similar with respect to configuration,

microstructure, tritium production, damage rates, and temperature range. How-

ever, some features of TRIO are different. The gamma phase of LiA102 was cho-

sen for TRIO because it is the stable form at high temperature and does not

revert to the alpha form. The 6Li content was reduced to compensate for

differences in the neutron spectrum; ORR has a mixed spectrum, with roughly

equal fluxes of thermal, epithermal, and fast neutrons — each about 1.4

10 n/cm2.s. Because the 6 Li cross section is very much larger at low

neutron energies, the isotope is diluted to have the same tritium production

rate as that in a fusion reactor, which has a much "harder" neutron spectrum

(more high-energy neutrons). The "softer" spectrum of the TRIO experiment

(more low-energy neutrons) has another effect; namely, the &Li burns up in a

rather short time, and the tritium production rate decreases by about 12%

every month. The temperature and sweep gas conditions are fixed in STARFIRE

but the TRIO-01 experimental design allows for variation of both temperature

and sweep-gas flow rate. In addition, the temperature range at a given point

in time is minimized so that the effects of temperature upon tritium transport

can be determined.. As later discussed, the experiment includes a matrix of 33

tests involving different combinations of temperature and flow conditions.
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IV. EXPERIMENTAL APPARATUS

The TRIO experimental configuration is schematically illustrated in Fig.

IV-1. The sweep gas flows through the capsule and then passes to the gas

analysis system. The essential components of the experimental apparatus are

the capsule containing the breeder material, the gas analysis system, the core

raockup test, and the instrumentation system. Each of these components is dis-

cussed below, as is the core raockup test.

A. Capsule

The design for the capsule is illustrated schematically in Fig. IV-2.

The LiA102 breeder pellets are in the form of hollow cylinders, designed to

limit the radial temperature gradients to about 100°C. The pellets are en-

closed in the inner capsule, which is separated from the outer capsule by a

gas gap. The heat generated in the inner capsule flows radially outward to

the reactor coolant, which is water at 60°C. The gap acts as a resistance to

heat flow, and temperature control is achieved by varying the helium/argon

ratio in the flowing gap gas. The sweep gas flows down through the center of

the capsule, back up through the annulus between the inner tube and the inside

surface of the breeder pellets, and out to the gas analysis system. Tempera-

ture is monitored by ten thermocouples located on the inside and outside sur-

faces of the breeder pellets. Neutron flux is monitored by three self-powered

neutron detectors wrapped around the outside of the capsule. In addition,

dosimetry wires are placed in the center of the capsule and on the outside of

the capsule assembly.

Table IV-1 presents various characteristics of the yLiA102 pellets used

in the TRIO capsule, and Table IV-2 gives various characteristics of the cap-

sule itself and capsule instrumentation. A detailed capsule design is illus-

trated in Fig. IV-3. In general, the TRIO design conforms with the criteria

selected for the design concept (see Table III-l). The major exception is the

maximum temperature, which was limited by stress considerations. The essen-

tial elements of the experimental design are discussed below.

The pellet dimensions were selected so that the radial temperature gradi-

ents were limited to 100(>C, i.e., the inside surface of the pellets was 100°C

hotter than the outside surface. The sweep gas flows past the inside surface
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TABLE IV-1

Characteristics of y-LiAlOg Breeder Material
for TRIO Capsule

Characteristics

Number of pellets

Mass,a g

Pellet dimensions, mm (in.)

Inside diameter

Outside diameter

Height

Smear density, % of theoretical

Elemental impurities, wppm

Carbonate impurity, %

Moisture content, %

6Li isotopy, %

Grain radius , \x

Nominal diameter agglomerates,

Maximum temperature, °C

Minimum temperature, °C

Radial temperature gradient, °C

Total temperature range, °C

Values

7

42.9

15.87 (5/8)

25.4 (0.999)

-13 (1/2)

65

<100

<0.5

<0.5

0.55

0.1

~50

800

400

100

150

aTotal of the seven pellets.

Limited by capsule stresses.
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TABLE IV-2

Characteristics of TRIO Capsule
and Capsule Instrumentation

Capsule Characteristics Values

Breeder material

Structural material

Maximum temperature,a °C ("F)

Inner capsule dimensons, mm (in.)

Minimum wall thickness

Inside diameter

Outside diameter

Outer capsule dimensions, mm (in.)

Minimum wall thickness

Inside diameter

Outside diameter

Pressure, kPa (psig)

Sweep gas

Gap gas

Coolant water

Coolant water temperature, °C

Average (nominal) breeder temperature, °C

Sweep gas flow, cm3/min

Sweep gas composition

Capsule instrumentation

Temperature

Thermal flux

Dose

Sweep gas press: e and flow

Tritium release, sweep gas

Sweep gas chemistry

Radionuclides in sweep gas

Tritium permeation

Y-LiA102

304 SS

815 (1500)

2.59 (0.0625)

25.40 (1.000)

31.75 (1.250)

1.59 (0.0625)

32.77 (1.290)

39.12 (1.540)

340 (3*))

450 (50)

340 (35)

60

400-700

30-300

He + 0-1% H2 or 0-0.2% 0 2

10 thermocouples

3 self-powered neutron detectors

Dosimetry wire (inside and
outside capsule)

Gas instrumentation

SGASb

SGAS

SGAS

Gap gas monitor

aLimited by stress, ASME code.

SGAS * sweep gas analysis system.
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Fig. IV-3. Detailed design of TRIO capsule.

of the breeder pellets, which is the hot zone. In STARFIRE, the purge chan-

nels are also located in the hot zone. The breeder thickness for TRIO is

about 5 mm, compared to a nominal purge channel spacing of 1 cm in STARFIRE.

The capsule assembly (Fig. IV-3) includes an inner capsule, which is

separated from an outer capsule by the gas gap. The gas gap has a nominal
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thickness of 0.50 mm (0.020 in.) at room temperature. This gap decreases by

up to 50% during operation of the experiment owing to the greater thermal

expansion of the inner capsule, which is at significantly higher temperatures

than the outer capsule. Attached to the bottom end of the inner capsule is a

guide plate that contacts the bevelled inside surface of the outer cladding.

The purpose of this cladding is to center the inner capsule and maintain the

gap. The inner cladding has two grooves machined into the inside surface to

hold the thermocouples in position. The outer cladding has spiral grooves on

the outside surface for holding the three self-powered neutron detectors in

place.

There are a number of monitors for the capsule. Thermocouples (Type K

Chromel-Alumel) measure temperature at 10 locations. Two of them are single-

element thermocouples located on the east side of the capsule. Two are four-

element thermocouple assemblies, located on the west side of the capsule. The

thermocouple locations are given in Table IV-3. The thermocouples were sub-

jected to extensive inspection by X-radiography to ensure that failures would

TABLE IV-3

Location of Capsule Thermocouples

Thermocouple Type

Single element

Single element

Multi-element

Multi-element

Multi-element

Multi-element

Multi-element

Multi-element

Multi-element

Multi-element

Element
No.

TE-1

TE-2

TE-3

TE-4

TE-5

TE-6

TE-7

TE-8

TE-9

TE-10

Geographic
Direction

East

East

West

West

West

West

West

West

West

West

Distance
from Bottom

(cm)

4.32

4.32

6.22

4.32

2.54

0.73

6.22

4.32

2.54

0.73

Location
with Respect
to Breeder

Inside

Outside

Inside

Inside

Inside

Jr.side

Outside

Outside

Outside

Outside
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not occur. The accuracy (tolerance) of the thermocouples as per specifica-

tions is ±3/8% for the single-element ones and ±3/4% for the four-element

ones. Further, these thermocouples normally read, at 400°C, high by about

half of the tolerance. Radiation effects, which are primarily important

with respect to transmutation, are negligible for the experimental conditions.

At 500°C, the absolute error is thus estimated to be 2°C for the single-

element units and 4°C for the multi-element units.

Neutron flux is measured by active and passive methods. The active meas-

urement consists of three self-powered neutron detectors wound around the out-

side of the capsule. The passive dosimetry consists of sets of dosimetry

wires encapsulated in Type 316 stainless steel tubing with an o.d. of 1.6 mm

(1/16 in.), having a length of 8.9 cm (3 1/2 in). There are three such dosim-

etry packets, one located near the center of the capsule, and two located out-

side, the capsule on the east and west sides. As discussed later in this sec-

tion, a core mockup test was performed to characterize the neutronic environ-

ment of the A2 core position, wherein the TRIO experiment was subsequently

performed. The precision of the self-powered neutron detectors appears to be

better than 5%, on the basis of the observed agreement of the three detectors.

The accuracy of the self-powered neutron detectors is approximately 10%. The

accuracy in total fluence as measured by the dosimetry wires is 10-15%.

B. LLAlOo

The IJ.AIO2 powder (alpha form) was prepared by mixing stoichiometric

quantities of AI2O3 and Iyi^COg, which were then ball-milled in a water slurry,

spray dried, and calcined in air at 800°C for 8 h. Chemical analyses (Table

IV-4) showed that the powder was reasonably pure (impurities <100 wppm) except

for chloride, which was 2000 wppm.

The chloride level was a matter of considerable concern because of the

corrosiveness of that ion. After exploration of several methods, it was found

that vacuum heat treatment of the lithium aluminate powder for 20 h at 830°C

reduced the chloride levels to less than 500 wppm. This heat treatment appar-

ently reduced the sinterability of the final product, because the final pellet

firing required more stringent conditions in comparison to procedures devel-

oped earlier to fabricate "bimodal" lithium aluminate from powder that had not
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TABLE IV-4

Chemical Analysis of LiA102 Powder

Impurity

Ag
As
Au
B
Ba
Be
Bi
Br
Ca
Cd
C1C

Co
Cr
Cu
Fe
Ga
In
K
La
Mg
Mn
Mo
Na
Ni
P
Pb
Rb
Sb
Sc
Si
Sn
Sr
Ti
U
Zn
Zr

Amount of

Emission
Spectroscopy

<10, <10, <1
<500, <500, <300
b
<10, <10, (5)
<100, <100, <20
<10, <10, <5
<IO, <10, <10
b
30, 50?, <50
<1000, <1000, <100
b
<30, <30, <5
<30, <30, 50
FT, FT, 2
30, 70, 100
b, 20, 15
b
<500, (<1000), <100
b
(10), 20, 40
<10, FT, 2
<30, <30, <30
50, 100, 200
20?, 30, 40
<500, <500, <500
<10, <10, <2
b, <1000, <50
<100, <1000, <10
b
(50), (70), (150)
<30, <30, <5
<1000, <1000, <100
<30, <100, <30
b
<500, <300, <100
<100, <300, <300

Impuritya (wppm)

Neutron
Activation

0.05, 0.04
0.00051

0.10, 0.065

1960
0.22
25.5, 27.

99.0
17.1, 15.0
0.03
<18, 7.8
0.14, 0.086

1.55

83.5
(400.0)

1.2
0.08, 0.015

4.90

0.19
48.6, 52.0

Other

2300 ± 100

18.0 ± 6.

aEntrles with question marks indicate presence of impurity
uncertain; those values in parentheses have uncertain
accuracies; FT = faint trace, 1-10 wppm.

Not reported.

cThe CI level of the final product was 15 ± 5 wppm.
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been heat treated. In particular, somewhat higher temperatures (1050°C in-

stead of 1000°C) and longer firing times (17 h instead of 1 h) were necessary

to achieve the target density of 65%. The final firing procedures reduced the

chloride level to 15 wppm.

The pellets were fabricated by preparing agglomerates of appropriate size

and -hen cold pressing and firing them. The agglomerates were prepared by

first mixing 12 g of polyvinyl alcohol (PVA) in 300 cm3 of water at 60°C, mix-

ing in 120 g of LiA102 powder, and then heating the mixture until a thick

paste was obtained. The paste was then vacuum dried at 80°C for 8 h with

periodic stirring. The resultant agglomerates were weakly bound; ball-milling

produced an excessively high fraction of fine particles. The lithium alumi-

nate was then mixed with water (200 cm 3), dried into a cake, and manually

ground with a mortar and pestle; and once again there were too many fines.

The material was then added to 300 cm3 of warm water with an additional 3.6 g

PVA, dried as before, manually ground with a mortar and pestle, and sieved to

retain the fraction passing a 200-mesh screen but not a 325-mesh one. The

fines were again added to water and reworked to produce 200- to 325- mesh

agglomerates. These agglomerates from the second batch were added to those of

the first batch to use for pellet fabrication.

The prepared material was then cold-pressed at 62 x 103 N (14,000 lb),

producing a green pellet having dimensions of 3.00-cm o.d. x 1.76-cm i.d. x

1.30-cm high (1.18-in. o.d. x 0.695-in. i.d. x 0.512-in. high). The pellet

firing data for the first test pellet are shown in Table IV-5. After the fir-

ing conditions were verified, the subsequent pellets, i.e., those used in the

TRIO experiment, were fired for 17 h at 1050°C. Scanning electron microscopy

showed that the microstructure had the desired bimodal pore-size distribution,

with a grain diameter of about 0.2 ym (see Fig. IV-4).

The preparation procedures involved exposure of the pellets to humid

ambient air. Chemical analysis of a pellet showed that the water content was

0.4 wt%. Nearly all (>99%) of this moisture was removed by heating the pellet

to 300°C for 20 min. Before final assembly of the capsule, the finished pel-

lets (which had been ground to the desired dimension) were dried by heating to

400°C for 1 h and kept in a desiccator until they were loaded into the capsule

in an inert atmosphere box. These procedures involved a very brief exposure
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Fig. IV-4. Scanning electron micrographs of y-LiA102 pellet.
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TABLE IV-5

Density Data for the Firing of the First Test Pellet

Green

First

Second

Third

TRIO

firing21

firingb

firing0

Weight
(g)

9.1413

7.2318

7.2050

7.2074

42.9

o.d.
(in.)

1.180

1.137

1.095

1.078

1.000

i.d.
(in.)

0.695

0.670

0.645

0.635

0.625

Height
(in.)

0.512

0.495

0.476

0.467

3.20

Density
(g/cm3)

1.524

1.345

1.502

1.580

1.709

%

59

52

58

61

65

TD

.5

.5

.7

.7

.4

aFiring schedule:

bFiring schedule:
cFiring schedule:

15 h to 500°C, 8 h at 1000°C, 1 h to 1000°C,
4 h of cooling.

10 h to 1050cC, 6.5 h at 1050°C, 4 h of cooling.

10 h to 1050°C, 10 h at 1050°C, 4 h of cooling.

to the ambient air. The moisture content of the pellets in the experiment was

estimated to be less than 0.1 wt.%.

A sample of a pellet exposed to air for one week had a C02 content of 0.4

wt.%. Another sample, exposed to air for four weeks, had a carbonate (C02)

content of 1 wt.%. The heat-treatment procedure was estimated to reduce the

carbonate content of the TRIO pellets to about 0.1 wt.%.

C. Gas Analysis System

The gas analysis system was designed to quantitatively measure both the

amounts of tritium released in its various chemical forms and the real-time

tritium release rates. The components of the system were designed as modular

units that could be easily replaced and could be grouped as needed to meet the

needs of the experiment. The performance of each component was verified in a

mockup rig prior to assembly of the gas analysis system.

1. Design Basis

The TRIO experiment required a gas analysis system with capabilities for

quantitatively determining amounts of tritium released in its various chemical
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forms and for continuously measuring tritium release rates. Also, measurement

of chemical impurities, radionuclides, and tritium permeation through the

inner cladding into the gas gap were required. In view of considerable uncer-

tainties regarding tritium release, the experimental system had to handle many

contingencies. Proper and safe operation was necessary for the duration of

the experiment, including provision for unattended operation over weekends.

The flow paths for the sweep gas and the control gas (gap gas) are shown

schematically in Fig. IV-5. The sweep gas is routed sequentially to (1) a

cleanup system which purifies the gas; (2) the capsule, where tritium released

from the lithium aluminate is removed by the flowing sweep gas; (3) the sweep

gas analysis train, where the tritium is collected and analyzed; and (4) the

exhaust. The sweep gas analysis train is enclosed in a glove box, which has

an atmosphere of dry ("instrument") air. The atmosphere of the glove box is

routed to the ORR cell vent and exhaust. The sweep gas line leading from the

capsule to the glove box is enclosed within a purged jacket to provide secon-

dary containment of tritium. The control gas flows sequentially from its sup-

ply station through (1) a cleanup system, (2) the gas gap between the inner

Sweep Gas
Clean-up

Control Ga«
Clean-up

Sweep Gat
Analysis
System ORR

Vent

Control Gas
Analysis
System

ORR
OffQas
System

Exhaust {

nl
Reactor

Fig. IV-5. Flow diagram for the gas analysis system.
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and outer cladding of the capsule, (3) the control gas analysis system, a

small scrubber which collects permeated tritium, (4) the ORR off-gas system,

which consists of a charcoal bed, and (5) the exhaust. The cleanup systems

consist of 4A molecular sieve beds operating at room temperature and, for all

gases except oxygen and hydrogen, titanium getter beds operated at 400°C.

2. Components

The components for the gas analysis system were designed to be replace-

able units that could be grouped as needed for the experiment. The perfor-

mance of selected units was tested in a mockup of the gas analysis train prior

to final design of the gas analysis system. The purpose of each component is

described below.

Unit Purpose

Oxidation bed Converting HT to HTO

Ethylene glycol trap Collecting HTO

Mole seive bed Collecting HTO

Reduction bed Converting HTO to HT

Getter bed Collecting HT

Kanne chamber ./Measuring HT concentration in gas stream

Gas sampler Analyzing of composition and radionuclides

Stainless steel tubing Proving gas lines

Furnace/controller Controlling bed temperature

Glove box Providing secondary containment of tritium

Data logger Collecting data collection

a. Oxidation Bed

The oxidation beds, as well as the mole sieve beds, reduction beds, get-

ter beds and the gas sampler, were constructed from Whitey sample cylinders,

Part No. 304-HDF4-300. These cylinders have an internal volume of 300 cm3 and

are constructed of Type 304 stainless steel. The cylinders were loaded with

appropriate material, and pipe thread adapter fittings were attached to each

end. For the beds which operated at high temperature (oxidation beds, reduc-

tion beds, and getter beds), the pipe thread seals were welded to ensure that

leakage did not occur. The ends of the cylinder were then connected to stain-
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less steel tubing (1/4 in. o.d.) with Swagelock fittings. The stainless steel

tubing was then fitted with quick-connects to the rest of the system so that

components could be readily replaced.

The oxidation beds were used in the experiment for converting tritium in

the noncondensable form (HT) to the condensable form (HTO). Reagent-grade

copper oxide wire was used as the oxidant. In the sweep gas system, 0.1%

oxygen in helium was added upstream of the oxidation bed to ensure that the

oxidant was not consumed. In the control gas system, oxygen was not added;

however, the bed was designed to have a lifetime of one year for that system.

Tests of a prototype bed showed that the conversion efficiency (HT to HTO) was

99.5% at a temperature of 500°C, for a sweep gas with nominal conditions

(heliura-0.1% H2 flowing at 100 cm
3/min). The mean residence time of tritium

in the bed was approximately 30 min.

b. Ethylene Glycol Trap

Ethylene glycol is used as a liquid sorbent for HTO at room temperature.

The use of ethylene glycol for this purpose has been demonstrated. " For the

TRIO experiment, the traps are so arranged that the sweep gas flows through a

coarse glass frit and bubbles up through 20 mL of ethylene glycol in the

traps. The traps are operated as two in series so that the HTO which is not

collected by the first trap is collected in the second one. Each set of such

traps is backed by a bed of 4A molecular sieves to ensure removal of HTO. The

traps are constructed of Pyrex glass and attached to the metal system with

glass-to-metal seals having flexible metal tubing to reduce strain and shock.

The outer portion of each trap is removable, having an 0-ring seal joint.

This outer portion serves as a container for the ethylene glycol. Samples

were changed by bypassing flow, opening the seal, and removing and replacing

the container. The removed container was then sealed, placed in a special

carrying container, bagged and taken to the analytical laboratory for perform-

ing dilutions and preparing solutions for scintillation counting. Extreme care

was taken not to drop or spill the solutions of ethlylene glycol, which, in

some instances, contained upwards of one curie of HTO.

Estimates based on existing data*** indicated that the traps removed more

than 98% of the HTO when operated at nominal sweep gas conditions for three
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days. It is estimated that increasing the flow rate to 1 liter/min would

reduce the efficiency to about 92%. The vapor pressure of ethylene glycol at

25°C is 0.9 MPa (0.12 torr). With nominal sweep gas flow, about 60 rag is

transported from the bubblers each day. The ethylene glycol vapor is expected

to be removed by the molecular sieve bed. The carryover of ethylene glycol

from one sample to the next was measured to be 0.30% for the first bubbler

(which was minimized by blowing out the grit with a momentary pulse of sweep

gas) and 0.6% for the second bubbler. The effect of ethylene glycol upon

quenching the scintillation signal was a decrease of about 4% for an addition

of 1% ethylene glycol to the liquid scintillator solution. Since the lowest

dilution used has a factor of 100 less ethylene glycol and the quenching curve

is almost linear, the error introduced from this factor is less than 0.05%.

The following analytical procedure was used to determine the tritium con-

tent of a trap sample. Using an Eppindorf pippete, a 0.5-mL sample of the

ethylene glycol solution was diluted to 25 mL. If necessary, a second dilu-

tion was made by diluting 0.5 mL of the first solution to 25 mL. In some

cases, a third dilution was prepared from 0.5 mL of the second dilution.

After appropriate dilution, a 0.10-mL sample of the diluted solution was added

to 15.0 mL of Beckman GP scintillator solution, and the mixture was counted

for tritium. After background corrections, the counts were ratioed to NBS

standards so that the tritium activity in the sample could be determined. The

accuracy of all pipettes was ensured by weighing the amounts of liquid

delivered in not less than ten tests. It was found that the test pipettes

delivered to within 1% of the nominal value. The absolute accuracy of a

single determination is estimated to be 5%, including random errors from the

NBS standard (<2%), the dilution (3%), and the counting statistics (<1%).

A technique was developed to remove some samples from a trap without

removing the trap. For this procedure, the trap had a side arm with a rubber

septum, and 2.0-uL samples were taken with a syringe. The 2.0-pL sample was

then added directly to the scintillator solution and counted. This procedure

is not as accurate as the above one, owing to sampling errors of approximately

5%. (overall absolute error, <10%), but it did permit frequent samples to be

taken. Such a procedure was used for many HTO determinations.
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c. Molecular Sieve Bed

Beds containing Type 4A molecular sieves were used to back up the scin-

tillation traps and to collect permeated tritium from the gap gas. The

molecular sieve beds were operated at ambient temperature. Tritium was

removed from the molecular sieves by refluxing in water for a period of not

less than four hours. The water was then analyzed for tritium by liquid

scintillation counting.

d. Reduction Bed

Although not used in the experiment, the gas analysis system was pro-

vided with reduction beds designed to convert HTO to HT. The beds contained

reagent grade magnesium turnings and were to be operated at 400°C. Mockup

tests of a prototype bed showed that the conversion efficiency was 99.5%, with

negligible holdup of tritium. The residence time was approximately one hour.

e. Getter Bed

A getter bed, consisting of titanium sponge, was provided for the purpose

of removing HT from the sweep gas stream. The bed was to be operated at 230°C

and regenerated at 600°C. The bed was not used for the experiment.

f. Kanne Chamber

Kanne chambers were used to monitor tritium concentration of the sweep

gas and to measure tritium levels in the glove box and in the room. These

instruments are particularly useful because a continuous measure of tritium

level is provided. When calibrated, the instruments have an absolute accuracy

of about 10%. The instruments operate properly over a range of about two

decades. However, exposure of a meter to very high levels of tritium causes a

significant increase in background levels for an extended period of time —

this is called a "memory" effect. Tritium monitors used for the room and for

the glove box were calibrated with a commercially available unit that supplies

known amounts of tritiated methane. The sweep-gas line monitors were tested

and calibrated at levels of up to 1000 yC/m* with this unit. However, the

tritium levels in the sweep gas during the experiment were three orders of

magnitude higher, and the calibration unit could not operate at this level.
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Therefore, the Kanne chambers used as sweep gas monitors were calibrated using

the integral data obtained from scintillation counting during operation of the

experiment.

g. Gas Sampler

The purpose of the gas sampler was to provide samples of the sweep gas

for chemical analysis. The unit consisted of a 300-cm3 cylinder in a flow-

through configuration fitted with quick-disconnects. As later discussed, the

unit was modified for measuring radionuclides.

h. Stainless Steel Tubing

The sweep gas, upon leaving the capsule, must traverse a 15-m (5O-ft)

length of stainless steel tubing (1/8 in. o.d.) leading to the analytical

train. To determine the tritium holdup of such a line, a 15-m long coil of

stainless steel tubing was tested in the raockup rig. It was found that the

holdup time was less than 30 min for the reference gas flow conditions.

i. Furnace/Controller

Replaceable furnace units, constructed of semi-cylindrical heating ele-

ments, were provided for the purpose of operating beds at elevated tempera-

ture. The heating elements were coated with Sauerisen paste, dried, provided

with insulation, and installed. Temperature was controlled with a Variac rhe-

ostat and a Leeds on-off type controller.

j. Glove Box

The above units were located in a glove box. The purpose of the glove

box was to provide secondary containment of the tritium for protection of per-

sonnel. The atmosphere of the glove box was dry instrument air which is

available at the ORR site as a utility. The glove box is maintained at a

negative pressure of one inch of water, and the air is flushed through the box

at a rate of 100-200 liters/mln. Pressure control is provided to ensure

against pressurization of the box.
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k. Data Logger

Data from tritium monitors, flow rates, pressures, bed temperatures,

etc., from the above units were collected at timed intervals on a Fluke data

logger and recorded both on paper and magnetic tape. Alarm levels were speci-

fied where appropriate* Alarms that could affect safety were wired directly

to the control room. Alarms that could affect only the operation of the

experiment were combined into a single alarm for the reactor control room. In

the event the latter alarm was tripped, the cause was investigated and proper

actions were taken to clear the alarm ^r the experimenter was contacted for

advice.

3. Modes of Operation

The sweep gas analysis system was designed to operate in four different

modes, as illustrated in Fig. IV-6. The different modes were selected by

appropriate manipulation of valves in the glovebox. Mode 1 was found to be

most appropriate for the experiment, and it was the only mode used. In this

mode, the sweep gas flows in the following sequence: (1) the tritium-

containing gas is sent through the gas sampler, (2) HTO is removed by the

Mode 1 Ethylene
Glycol Trap*

Kanne
Chamber 1

Sampler Sieve

Ethylene
Glycol Trap*

Kanne
Chamber 2

Oxidation
Bed

Mode 2 Reduction
Bed

Kanne
Chamber 1

Kanne
Chamber 2

Sampler
Mole
Sieve

Getter
Bed

Mode 3
Reduction

Bed
Kanne

Chamber 1 Ethylene
Glycol Trap*

Kanne
Chamber 2

Mode 4
Oxidation

Bed
Mo,e

Bed

Kanne
Chamber 1

gsx

Sampler Ethylene
Glycol Trapa

Fig. IV-6. Modes of operation for the sv/eep gas analysis system.

IV-18



ethylene glycol traps and the mole sieve bed, (3) the HT level is monitored

with Kanne Chamber 1, (4) the HT is oxidized to HTO, (5) the converted HTO is

trapped, and (6) the exhaust stream is monitored by Kanne chamber 2. Owing to

instrumental problems, the exhaust monitor did not function for most of the

experiment.

4. Control Gas

The analysis system was provided with an arrangement designed to collect

the tritium that permeated into the control gas. Such tritium was oxidized,

then collected on molecular sieves. Owing to radioactivity, the system was

accessible only when the reactor was down (every two weeks). The molecular

sieve bed was then removed and replaced every two weeks. The tritium content

was determined as previously discussed.

D. Instrumentation

The experimental system includes a number of on-line monitors which

record data from the components described above. The data from the gas anal-

ysis system include tritium production, temperatures, and flow conditions in

the train. These data were recorded on a Fluke data logger and magnetic tape.

Monitors record the ORR power parameters, which were manually recorded in ORR

logbooks. Capsule monitors and some gas supply system data were recorded on

the ORRDACS (ORR data acquisition system) and on ORRDACS magnetic tapes. From

these monitors, data were transferred to computer Jisc storage at ANL. The

parameters so recorded are defined in Table IV-6.

E- Core Mockup Test and Nuclear Measurements

Before irradiation of the capsule, the core mockup test was performed to

characterize the nuclear environment and to calibrate the flux monitors. A

mockup of the TRIO capsule assembly (Fig. IV-7) was fabricated and installed

in the A2 core position of ORR. The configuration of the ORR core, with the

grams of fuel in each position during the mockup test, is schematically shown

in Fig. IV-8. The mockup included three of the self-powered neutron detectors

and provision for inserting tubes in eight different locations, as illustrated

in Fig. IV-9. The test included a comprehensive dosimetry experiment used to

measure the neutron spectrum in a number of appropriate geometric locations.
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TABLE IV-6

Parameter List for TRIO

Parameter
Name Description Units

KC1

KC1C

KC1R

PI-3

PI-3R

FI-3

KC2

KC2R

PI-2

PI-2R

FI-2

KC3

KC3R

PI-4

PI-4R

FI-4

TC2

TC4

TC6

TC8

TC10

TC12

PI-1

PI-1R

TE-1

TE-2

TE-3

TE-4

TE-5

Gas Analysis System

Line monitor Kanne chamber KC1

Corrected line monitor KC1

Line monitor Kanne chamber KC1

PI-3 line monitor pressure for KC1

PI-3 pressure for KC1 (raw)

FI-3 line monitor flow for KC1

Exhaust monitor Kanne chamber KC2

Exhaust monitor Kanne chamber KC2

PI-2 exhaust monitor pressure for KC2

PI-2 pressure for KC2 (raw)

FI-2 exhaust monitor flow for KC2

Box monitor Kanne chamber KC3

Box monitor Kanne chamber KC3

PI-4 box monitor pressure for KC3

PI-4 box pressure for KC3 (raw)

FI-4 box monitor flow for KC3

TC2 temperature from Box OB-1

TC4 temperature from Box RB-1

TC6 temperature from Box RB-2

TC8 temperature from Box OB-2

TC10 temperature from Box GB-1

TCI2 temperature from Box GB-2

PI-1 inlet sweep gas pressure

PI-1 inlet sweep gas pressure (raw)

TE-1 capsule temperature

TE-2 capsule temperature

TE-3 capsule temperature

TE-4 capsule temperature

TE-5 capsule temperature

pCi/min

Ci/m3

psi

psi

cm3/min

Ci/m3

psi

psi

cm3/min

yCi/min

psi

psi

cm3/rain

°C

°C

°C

°C

°C

°C

psi

psi

°C

°C

°C

°C

°C
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TABLE IV-6 (Contd.)

Parameter
Name

TE-6

TE-7

TE-8

Description

Gas Analysis System (Contd.)

TE-6 capsule temperature

TE-7 capsule temperature

TE-8 capsule temperature

Units

°C

°C

POWER

CPOWER

FPD

CFPD

T

CT

DFLUX

SHIELD

6LIBU

6LIBUT

BUDAY

BUTOT

LILEFT

TDAY

TNET

Power Hi story

Daily power (energy)

Cumulative power (energy)

Daily FPD (full-power days)

Cumulative FPD

Daily tritium

Cumulative tritium

Daily average flux

Self-shielding

5Li burnup

&Li total burnup

% burnup/day

Total burnup

% lithium left

Tritium production

Total tritium production

MWh

MWh

Ci

Ci

nv

Ci/day

Ci

T901

T902

T903

T904

T905

T906

ORRDACS

TE-1 capsule temperature

TE-2 capsule temperature

TE-3 capsule temperature

TE-4 capsule temperature

TE-5 capsule temperature

TE-6 capsule temperature

°C

°C

°C

°C

°C

°C
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TABLE IV-6 (Contd.)

Parameter
Name Description Units

T907

T908

TR801

TR901

F12

F18

F25

F26

F52

F53

F64

REAPWR

TREF6

R100

R100R

R200

R200R

R300

R300R

R4OO

ORRDACS (Contd.)

TE-7 capsule temperature

TE-8 capsule temperature

TE-9 capsule temperature

TE-10 capsule temperature

Helium inlet flow-gap gas

Argon inlet flow-gap gas

Flow-gap gas exhaust

Flow-gap gas exhaust

Helium flow-sweep gas

Helium/4% H2 flow-sweep gas

Sweep gas exhaust

ORR reactor power

Reference thermocouple

R100 neutron flux

R100 neutron flux (raw)

R200 neutron flux

R200 neutron flux (raw)

R300 neutron flux

R300 neutron flux (raw)

Average neutron flux

°C

°C

°C

°C

cm^/min

cm3/min

cm3/min

cm3/min

cm3/min

cm3/min

cm3/min

W

1014 nv

1014 nv

1014 nv

1014 nv

1014 nv

1014 nv

1014 nv
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Fig. IV-7. Core mockup t e s t assembly.
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Α-I*
*
* Be
*

A-2

TRIO

A-3

T-295
214

* A - 4 *
* *
* T-3OO *

216

A-5

T-345
285

A-8

Be

*
*
*

* 216 * 285 * 219 * 212 *
• * * * * * * * * * * * f t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* B-! * B_2 * B-3 * B-4 * B-5 * B-6 * B-7 * B-8

* A-6 *
* *
* T-326 *

219

A-7

T-264
212

Be
*
*
*

XE
*
*
*

T-297
213

*
*
*

U-Oll
73

T-290
213

*
*
*

U-O12
79

T-246
21O

Be

***********************************************************************
C-l*

*
* Be

*
*
*
*

C-2

T-222
212

*
*
*
*

C-3

HFED

*
*
*
*

C-4

T-229
177

*
*
*
*

C-5

T-O91
167

*
*

C-8* C-6 * C-7
* *
* T-158 * T-292X* Al
* 167 * 83 *

***********************************************************************
D-l * D-2 * D-3 * D-4 * D-5 * D-6 * D-7 * D-8 * D-9 *

A-9

Be

Be

*
*
*
*

********
B-9 *

*
*
*

C-9

Be

Be

*****

* E-l

*

* Be

*
******
* p-i
*

* Be *

E-2

T-346

* * * CLE- * * * * *
T-265 * T-294X* U-013 * 452 * U-014 * T-269 * T-252 * Be *
2O6 * 193 * 120 * 133 * 128 * 21O * 212 * *

****************************************************************
*

 E
_3 *

 E
-4 * E-5 * E-6 * E-7 * E-8 * E-9 *

* * * * * * * *

* MFE- * T-221 * Al * T-213 * MFE- * T-347 * Be *
285 * 4A * 207 * * 207 * 4B * 285 * *

****************************************************************
F-2 * F-3 * F-4 * F-5 * F-6 * F-"? * F-8 * F-9 *

* * * * * * NLE- * *
T-282 * T-207 * U-009 * T-235 * U-010 * T-262 * 452 * TRIGA *

* * 210 * 209 * 42 * 209 * 46 * 210 * 209 * LEU *
***********************************************************************
* G-l * G-2 * G-3 * G-4 * G-5 * G-6 * G-7 * G-8 * G-9 *
* * * * * * * * * *

* Be * Be * Be * Be * Be * Be * Be * Be * Be *
***********************************************************************

EAST

N
O
R
T
H

Note: T - i s fuel element.
V - is control element.
Grams of fuel shown, other designations are other experiments-

Fig. IV-8. ORR fuel loading diagram (Cycle 160-E, core mockup t e s t ,
from April 5, 1983, to April 16, 1983).

IV-24



2 I

S 1.00" 1.50"

4 3

Fig. IV-9. Cross section of TRIO core mockup.

Tritium production in samples of the isotopically tailored breeder material

used for the TRIO experiment was also measured. In related but separate

tests, neutron flux profiles and gamma heating rates were measured in the A2

core position of ORR. Described herein are the calibration of the self-

powered neutron detectors, and measurements of essential nuclear parameters,

including gamma heating rates, neutron spectrum, and tritium production.

1. Self-Powered Neutron Detectors

The three self-powerea neutron detectors were found to consistently give

thermal flux readings that agreed within one percent. Typical values for the

three detectors were 1.33, 1.32, and 1.34 1014 x n»cm~2»s~l (n»cm-2»s~l = nv),

or an average of 1.33 x 10"14 nv. The precision of these detectors is thus

very good. Since the three detectors used in the TRIO experiment are from the

same batch, their precision is expected to also be very good.

2. Tritium Production Tests

Before the tritium production was measured in the core mockup test,

experiments were conducted to verify the tritium assay techniques. Specimens
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of lithium carbonate (natural abundance, ^Li = 7.5%) and the LLAIO2 powder

used to fabricate the TRIO pellets (isotopically tailored, 6Li = 0.55%) were

sealed in quartz capillaries and irradiated in the pneumatic tube of the Oak

Ridge High Flux Isotope Reactor (HFIR) at a nominal thermal neutron flux of

4.6 x 10""I1* nv. The neutron fluence was monitored using wires of aluminum

alloys containing known amounts of manganese and gold. After irradiation,

each quart2 capillary containing a sample of lithium aluminate or lithium car-

bonate was dissolved in concentrated HF in a sealed polyethylene vial. The

solutions were diluted with water, made basic with NaOH, diluted to a known

volume, and distilled to recover the HTO. The tritium was then measured by

beta counting in a Packard liquid scintillation counter. The counter was

calibrated using known aliquots of an NBS standard.

Comparisons of predicted and measured amounts of tritium ai presented in

Table IV-7. Predicted activities of tritium (A) were based on the relation:

A = N * PthfSo + (V'th^K 1 ~ «*{-!*}) '

where

N = number of ^Li atoms irradiated

Pj. = thermal neutron flux

S = 2200 m/s* neutron cross section of 6Li (940 b)

P = resonance neutron flux

I = resonance integral for the reaction of 6Li (425 b)

1 = decay constant for tritium (half life = 12.33 y)

t = the irradiation time

As can be seen from Table IV-7, the agreement between predicted and meas-

ured tritium activities is quite good. Uncertainties in predicted activities

are thought to be mainly due to uncertainties in the measured neutron flux,

estimated to be 5%. The error in the NBS standard is about 2%. The results

This value is the nominal velocity of a thermal neutron.
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TABLE IV-7

Comparison of Predicted and Measured Activities
of Tritium in Irradiated Samples of

Lithium Carbonate and Lithium Aluminate

Sample
No.

Tritium Activity, Bq/mg

Predicted Measured

Lithium Carbonatea

1

2

3

5.98 x 10t

5.98 x

5.98 x

5.84 x 10t

6.10 x 10t

6.05 x

Lithium Aluminate (TRIO)'

aThermal flux* = 4.68 x 1 0 ^ nv;
irradiation time = 61.6 s.

bThermal flux* = 4.61 x 10't nv;
irradiation time = 1800 s.

% Diff,

-2.3

+2.0

+1.2

+0.3

1

2

3

4

5

6

7

7

7

7

7

7

.07 x

.07 x

.07 x

.07 x

.07 x

.07 x

iot

iot

iot

iot

iot

iot

6.

6.

7.

6.

7 =

6.

87 x

93 x

24 x

97 x

44 x

94 x

iot

iot

iot

iot

iot

iot

-2.8

-2.0

+2.4

-1.4

+5.2

-1.8

-0.1

The thermal-tc-resonance flux ratio was measured
to be 36.

demonstrate that the analytical techniques developed for the core mockup test

yield quantitative recovery of tritium.
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Tritium production in the core raockup test was determined by inserting

quartz ampoules containing the isotopically tailored LiA102 into various loca-

tions in the mockup assembly (Fig. IV-9) and assaying for tritium. The meas-

ured tritium activities for the core mockup test are given in Table IV-8.

Table IV-8

Tritium Production in the Core Mockup Test
(April 27, 1982)

Sample
No.

1

2

3

4

5

6

7

8

Irradiation
Location

2 top

2 bottom

4 top

4 bottom

6 top

6 bottom

8 top

8 bottom

Sample
Weighta

(rag LiA102)

2.415

1.173

1.396

1.509

1.358

1.569

1.858

1.920

Measured
Tritium
Activity
(pCi/mg)

6.58

7.04

6.72

6.23

6.24

6.41

6.55

6.53

aThe lithium aluminate used is isotopically tailored,
having a 6Li content of 0.55%.

3. Dosimetry Measurements

A comprehensive dosimetry experiment was conducted as a part of the core

mockup test to characterize the nuclear environment. Flux monitor wires

were irradiated in the A2 core position of ORR (see Fig. IV-8) for 8.93 h,

which amounted to a total exposure of 253.35 MWh. Eight aluminum tubes were

positioned in the core mockup assembly (Fig. VI-9) to measure flux and spec-

tral gradients. Seven tubes contained titanium, iron, nickel, and cobalt-

aluminum gradient wires, 15 cm (6 in.) in length. These wires were positioned

to span the flux peak, which is located about 15 cm (6 in.) below the reactor

midplane. The eighth tube measured 89 cm (35 in.) in length and contained 17

different materials, including gadolinium covers and fission monitors for a
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spectral analysis. Gradient wires were also included to span the entire

length of the core mockup assembly.

The activities of the samples were counted with Ge(Li) spectrometers, and

the resultant saturated activities are listed in Table IV-9. These results

were then used to adjust a calculated neutron spectrum using the STAYSL compu-
54ter code." The resultant neutron flux values are listed in Table IV-10.

TABLE IV-9

Activation Rates for TRIOa

Reaction

58 F e ( n , Y 59 F e

59Co(n,Y)60Co
176Lu(n,Y)177mLu

*5sc(n,Y)1*6sc

197Au(n,Y)198Au

237Np (n jY)238Np

238u(n)Y)239Np

2 3 8U(n,f iss ion)

» • * ( » . p> 5 * .

58Ni(n,p)58Co

*^Ti(n p)*^Sc

*7Ti(n p)*7sc

*8Ti(n p^'+Ssc

27Al(n,c2*'^a
55Mn(n,2n)5*Mn
93Nb(n,2n)92mNb

Activation
Rate

(atom/atom* s)

1.08 x 10-10

2.70 x 10~9

3.92 x 10-9

2.53 x 10-1°

2.15 x 10-8

7.22 x lO"9

1.02 x 10"10

2.26 x 10-11

5.38 x 10-12

6.86 x 10-12

7.30 x 10-13

1.26 x 10"12

1.99 x 10 -1*

4.59 x 10_1*

1.69 x 10"l*

3.05 x 10-1*

Gd
Cover

No

No

No

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

No

No

No

aDetermined on April 26, 1982, at ORR, A2 posi-
tion. Values renormalized to 30-MW reactor
power. Maximum flux height is in position 8.
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Table IV-10

Neutron Flux Values for TRIO
(April 26, 1982)

Energy Range

Total

Thermal (<0.5 eV)

Thermal (2200 m/s)a

Epithermal (0.5 eV-0.11 MeV)

Fast 00.11 MeV)

Fast (>1 Mev)

Flux
(1014 -v)

3.79

1.31

1.16

1.20

1.27

0.58

Uncertainty
(%)

5.0

6.0

6.0

9.0

7.0

6.0

aNominal velocity of a thermal neutron.

The flux spectrum is shown in fig. IV-10 for the A2 position. The dotted

and dashed lines represent errors for each flux group; however, the groups are

highly correlated. A covariance error matrix must then be used to calculate

errors in integral quantities. Integral flux errors are typically 5-10%, as

listed in Table IV-10.

The measured spectrum was also used to calculate the tritium production

rate from *>Li. xhe result agrees quite well with the measured tritium pro-

duction rate (Table IV-7) and related helium dosimetry results, as shown in

Table IV-ll. The measured thermal neutron flux also agrees well with the

self-powered neutron detector readings (1.31 vs. 1.33 x 1014).

TABLE IV-ll

Tritium Production Rates in the
TRIO Core Mockup Test

Method Used

Dosimetry (calculated)

Measured (Table IV-8)

Helium dosimetry (Ref. 44)

Production Rate
(10-8 T/6Li.s)

9.22

8.91

8.45
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Fig. IV-10. Flux spectrum measured in the A2 core position of ORR
for the TRIO experiment- (Dotted and dashed lines
represent one standard deviation; however, the flux
groups are highly correlated.)

Vertical flux gradients are shown in Figure IV-11. The maximum flux

occurs about 13 cm (5 in.) below the reactor midplane, as expected at the

start of a fuel cycle in ORR. Over the course of a fuel cycle, the flux peak

moves upward about 10 cm (4 in.). Thus, the TRIO capsule, centered at 8 cm (3

in.) below reactor midplane, is near or on the flux peak throughout the fuel

cycle.

Horizontal flux gradients are summarized as follows: (1) the thermal

flux decreases about 21% across the assembly (4.5 cm) from east to west [away

from the center of the core (Fig. IV-7)]; (2) the thermal flux is about 23%

lower inside the mockup assembly, owing to absorption by the stainless steel

cladding; (3) the fast flux decreases sharply (about 60%) from northeast to

southwest on a line roughly pointing away from the center of the core; (4) the

thermal flux varies less than 10% inside the mockup assembly, representing the

region where the lithium aluminate breeder material will be located during

operation of the TRIO experiment.
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Vertical flux gradients measured in position A2 of
ORR. The maximum flux is 5 in. below midplane at
the start of the fuel cycle, but will rise to 3 in.
below midplane where TRIO is centered.

4. Gamma Heating Rates

Gamma flux profiles in the A2 core position ware measured with an ioniza-

tion chamber. The fuel loading diagram for the measurement is given in Figure

IV-12. The values of ionization current were correlated to a prior experiment

with known gamma heating rates, and the heating rates derived as a function of

axial position. It was found that the gamma heating rate in stainless steel

in the region of the TRIO capsule is 4.8 W/g. The estimated accuracy of this

value is 5-10% (42) for a given core loading in ORR. However, changes in core

loading in ORR cause significant variations in the local nuclear environment.

The uncertainty in gamma flux owing to fuel changes is estimated to be 20%,

The overall accuracy of the values is thus estimated to be about 25%. The

value of 4.8 W/g was used for the capsule. Because gamma heating in units of

watts per gram is roughly the same for most materials, the measured value was

used for both the stainless steel and the LiAlO2 in the capsule.
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POOL
WEST

**************************************** *******************************
* A-l * A-2 * A-3 * A-4 * A-5 * A-6 * A-7 * A-8 * A-9 *
* * * * * * * * * *
* Be * TEST * T-289 * T-264 * T-307 * T-238 * T-281 * Be * Be *
* * * 245 * 240 * 285 * 239 * 243 * * *
***********************************************************************
* B-l * B-2 * B-3 * B-4 * B-5 * B-6 * B-7 * B-8 * B-9 *
* * * * * * * * * *
* Be * T-216 * T-308 * U-005 * T-229 * U-006 * T-309 * Be * Be *
* * 181 * 285 * 55 * 238 * 60 * 285 * * *
***********************************************************************
* C-l * C-2 * C-3 * C-4 * C-5 * C-6 - * C-7 * C-8 * C-9 *
* * * * * * * * * *
* Be * T-95 * T-125 * T-179 * M49H * T-133 * Al * T-222 * Be *
•• * 234 * 132 * 162 * 163 * 149 * * 229 * *
***********************************************************************
* D-! * D_2 * D-3 * D-4 * D-5 * D-6 * D-7 * D-8 * D-9 *

* * * * * * ** *
S * Be * T-218
O * * 174
U
T * E-l * E-2

* * * * * * * * * * * * * *

T-197 * U-007 * T-202 * U-008 * T-292X* Al * Be * N
176 * 101 * 160 * 111 * 190 * * * 0

******************************************************** p̂
E-3 * E-4 * E-5 * E-6 * E-7 * E-8 * E-9 * T£ £ # * * * * * * * * *

* Be * T-310 * MFE- * T-224 * Al * T-209 * MFE- * T-311 * Be *
* * 285 * 4A * 227 * * 227 * 4B * 285 * *
***********************************************************************
* F-l * F-2 * F-3 * F-4 * F-5 * F-6 * F-7 * F-8 * F-9 *
* * * * * * * * * *
* Be * Be * T-223 * U-003 * T-92 * U-004 * T-291X* T-191 * TRIGA *
* * * 181 * 32 * 175 * 35 * 210 * 176 * LEU *
***********************************************************************
* G-l * G-2 * G-3 * G-4 * G-5 * G-6 * G-7 * G-8 * G-9 *
* * * * * * * * * *
* Be * Be * Be * Be * Be * Be * Be * Be * Be *
***********************************************************************

EAST

Fig. IV-12. Fuel loading diagram for the gamma heating measurements
(July 12, 1981).
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V. EXPERIMENTAL PLAN

Tritium release is a function of operational parameters such as tempera-

ture, purge gas conditions, radiation damage, etc. In the TRIO experiment,

three parameters were independently controlled: temperature, sweep gas flow

rate, and sweep gas composition. Average (nominal) temperature was varied

from 400 to 700°C by changing <-he composition of the gap gas; the flow rate

was operated at 30 to 300 cc/min; and up to 1% H2 or 0 2 was added to the

helium sweep gas. The TRIO test matrix (Table V-1) is composed of combina-

tions of the three parameters. The malrix was designed to systematically

investigate the parameter space. Temperature is "he most important variable,

and for most runs the sweep gas was maintained at standard conditions, namely,

a flow rate of 100 cm3/rain and 0.1% H2 added to the helium swee^ gas.

The basic strategy was to operate under preset conditions and to monitor

the tritium release rate until steady state was achieved. Steady state was

observable when the release rate was invariant in time, and also v.Then the

release rate was equal to the generation rate. Upon completion of such a test

run, the conditions were changed and another run was performed. It was

expected that, when the second run was at steady state, the release rate would

be the same as that of the first run.

The conditions selected for the first run were predicted to achieve

steady state within about one day. Thus, the tamperature was chosen to ^e

moderately high so that there would be a good chance of achieving steady

state. The second run was set at maximum temperature so that it could be

checked that the first test had actually reached steady-state conditions.

The next several runs (up to Run 8) tested the effects of the temperature

range, with the exception of Run 3, which tested the effect of increased

hydrogen in the sweep gas. Runs 9 through 14 tested the effect of temperature

when no hydrogen was added to the sweep gas. Runs 10 and 1' were used to

measure low-temperature release rates of radionuclides. The next series, Runs

16-20, tested the effects of sweep gas composition and flow rate. The later

series of runs tested low temperatures in an effort to obtain steady state at

as low a temperature as possible. Finally, the temperature was increased to

standard conditions so that the amount of tritium retained in the solid

breeder could be minimized.
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TABLE VI-1

TRIO Test Matrix

Run
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Time
<d)

2
2
1
5
2
1
3
2
6
1
1
4
5
2
i

1
3
1
1
4
2
1
3
1
2
3
7
7

4
2
2
3

1 i i ii

Temp.
<°C)

600
700
700
550
500
550
600
650
650
400
500
550
600
700
700
700
700
700
650
650
650
oOO
550
600
560
550
525
500
480
480
500
550
650

Sweep Gas

Composition

He/0.1% H2

He/0.1% H2

He/1% H2

He/0.1% H2

He/0.1% H2

He/0.1% H2

He/0.1% H 2

He/0.1% H2

100% He
100% He
100% He
100% He
100% He
100% He
He/0.1% H2

He/0.1% H2

He/0.1% H2

He/0,1% H2

He/0.1% H2

He/0.2% 0 2

He/0.1% H2

He/0.1% H2

He/0.1% H2

He/0.1% H2

He/0.1% H2

He/0.1% H2

He/0.1% H2

He/0.1% H2

fle/0.1% H2

He/0.1% H2

He/0,1 % H2

He/0.1% H2

He/0.1% H2

Flow Rate
(cm3/min)

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
30
100
100
100
100
100
100
100
100
100
100
100
300
100
100
100
100

Test Purpose

Temperature
H2 level
Temperature
Temperature
Repeat Run 4
Repeat Run 1
Standard run
H2 level
Radionuclides
Radionuclides
H2 level
H2 level
H2 level
H2 level, temperature
H2 level, temperature
Flow rate
Flow rate
Standard run

°2Standard run
Repeat Runs 1,7
Repeat Runs 4,6
Repeat Runs 1,7,22
New temperature
Repeat Runs 4,6,23
Low temperature
Low temperature
Flow rate
Low temperature
Repeat Run 28
Repeat Run 26
standard run
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VI. EXPERIMENTAL RESULTS - ON-LINE DATA

The measurement of in-situ tritium release and the correlation of rela-

tionships between tritium release and operational parameters constitute the

essential part of the TRIO experiment. The most important operational param-

eters in the experiment are time, neutron flux, temperature and temperature

profiles, and sweep gas chemistry. Presented herein are the data on opera-

tional parameters and the observed release behavior of tritium in its various

chemical forms.

A. Time and Recorded Experimental History

The TRIO experiment was installed in CRR on January 14, 1983. Installa-

tion of the experiment occurred during a time when the reactor was down for a

three-month period for coolant system repairs. The full-power irradiation

began on March 12, 1983, and the 33 tests performed in subsequent months. The

operating history is given in Table VI-1. In addition to the 33 runs, there

are a large number of (about 50) transient runs. The transients provide

useful dynamic data.

B. Neutron Flux and Dosimetry

Thermal neutron flux incident on the capsule was continuously monitored

with the three self-powered neutron detectors wound around the outside of the

capsule. Calibration of the self-powered neutron detectors was done in the

core mockup test, as previously discussed. The recorded fluxes for the entire

experiment are shown in Fig. VI-1. The variation in local neutron flux was

considerably more than that of the reactor power (Fig. VI-2). The reason for

the rather large variations in local flux was that the entire fuel for the

reactor is changed every two weeks. The core loading diagrams, showing the

grams of fuel in each core position for the six different fuel loadings used

in the experiment, are given in Figs. VI-3a through -3g. In addition to these

effects, the flux levels are approximately 30% lower than those in the core

mockup test so that tritium production is corrospondingly reduced. The flux

data, in conjunction with dosimetry results, are used to calculate instan-

taneous tritium production rates.
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TABLE VI-1

TRIO Operating History

Run
No.

0

1

2

3

4

5

6

7

8

9

10
11

12

13

1983
Date

1/14
1/27
2/28
3/2
3/9
3/10
3/10
3/11

3/12

3/14

3/14
3/15

3/16

3/17
3/19
3/21

3/22

3/24

3/25

3/28

3/30
4/4
4/5
4/6

4/6
4/7

4 /8
4/11

4/12
4/13

Time*

1S00
1200
0900
0930
1400
1000
1900
0357
1013
1051
1625
1701
1720
1746
1826
1846
2025
2125

0754
0838
0841
0848
0849
0850
0851
0852
0853
0900
0924
0937
1050
1100
1200
1016
1226

1300
0930

1124
1525
1405
1206
0856
0956

1127

1052

1050

1300

1015
1424
0400
0800
0915

1230
0922

0915
0900
1011

0920
1345
1350
140*

Temp.
CC)

30
30
30
30
30
30
35

200
35
35
35
35

100
35
35

100
200

35

35
50
87

150
180
214
242
269
300
350
380
450
450
450
600
600
600

700
700

700
700
550
550

30
550

500

550

600

650

650
650
30
30

150

400
500

550
30

550

600
35

600
30

Sweep Gas

Composition

100X He
I00Z He
100X He
100Z He
He/0.IX H2
He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0.IX H2

He/0. IX H2

Ke/O.lX H?

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0.IX H2

He/0. IX H2

He/0.IX H2

He/0.IX H2

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0.IX H2

Ks/O.lX Kz
He/0. IX H2

Ha/0.1X H2

He/0.IX H2

He/0. IX H2
He/0.IX H2

He/0.IX H2

He/0.IX H2

He/0. IX H2

He/0.1X H2

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0. IX H2

He/0. IX H2,

He/O.lX H2

He/0.IX H2

He/O.lX H2

He/O.lX H2

100Z He
100X He
O.IX H2

O.IX H2

100X He

100X He
100X He

100X He
100% He
100X He

10OX He
1001 He
100X Ht
1OOX Ht

Flow Rate
(cm3/mln)

0
20
0

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
100

100

too
100
100
100
100

100

100

100

100

100
100
100
100
100

100
100

100
100
100

100
100
100
100

Consentsb

TRIO experinent I n s t a l l e d in A2 core p o s i t i o n

Pressure check

ORR rod c a l i b r a t i o n s , R - 3-30 kW

nL run, 2 h 9 0 .30 MW
ORR 9 12 MU for 1 h
nL run ( 0 . 3 0 MU ORR power)
nL run ( 0 . 3 0 MW ORR power)
nL run ( 0 . 3 0 MU ORR power)
nL run ( 0 . 3 0 MW ORR power)
ORR 9 3 MU
ORR 9 nL
ORR 9 nl
ORR 9 3 MU
ORR @ 12 MU
ORR 9 nL for 25 min

ORR 9 nL
ORR 9 3 MU
ORR @ 6 MH
ORR 9 9 MH
ORR II 12 MW
ORR 9 1 5 MW
ORR 9 18 MW
ORR @ 21 MU
ORR 9 24 MU for 30 min
ORR 9 24 MU for 30 min
ORR increased 1.5 MW
ORR 9 30 MU
ORR adjusted +0.5 MW t o 30 MU
Begin changing gap gas to go t o 600°C
Run 1 condit ions e s tab l i shed
ORR power setback
ORR setback

Begin Run 2
ORR setback

Begin Run 3
Power reduced 0 .12 MU to 30 MU
Begin Run 4
Temperature of breeder reduced 8 deg
ORR shut down for 1 h
Resume Run 4

Begin Run 5

Begin Run 6

Begin Run 7

Begin Run 8; f lux up 3X

Begin Run 9
Temperature of breeder increased 8 deg
ORR shutdown
Duration 45 min during shutdown
Orr up t o 9 MU and down

Begin Run 10
Begin Run 11

Begin Run 12
ORR shutdown
Resume Run 12

Regln Run 13
Set back to nL
Raiumt Run 13
OH shutdown
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TABLE VI-1 (Contd.)

Run
No.

14

15

16

17

Iβ

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

1983
Date

4/14

4/15

4/18

4/20

4/21

4/22

4/25

4/26
4/27

4/28
4/29

5/2

5/2
5/J

5/4

5/5
5/6
5/6
5/7

5/8

5/9

5/10
5/11

5/12
5/16

5/16
5/17

5/23
5/31
6/1

6/1

6/3

6/6

6/10

6/10
6/13

Tine"

1420
1440
1614
0840

0951

1400

0946

1230

1300

1000
0400

1130
0810
1110
0915

1425
0837

0900

0900
0001
1400
1710
1720
1730
1743
2051
2106
0305
0351

1100

1351
10:45
1129

0815
0400

1600
1400

1050
0400
0125

1357

1500

0900

0830

0830
0400

Nominal
Tenp.
(°C)

35
30

600
600

700

700

700

700

700

650
30

400
400
650
650

650
650

600

550
30

550
300
550
300
550
550
550
30

550

600

560
35

560

550
30

525
525

500
30

500

480

480

500

650

650
30

Sweep Gas

Composition

100Z He
100Z He
100Z He
100Z He

100Z He

0. U H2

0.1Z 112

0.1Z H2

0.1Z H2

0.1Z H2

O.U H2

100Z He
He/0.2Z 0 2

He/0.2!: O2

100Z He

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H,
He/O.U H2

He/O.U 112

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

He/O.U H2

Ke/0.U H2

He/0.1Z H2

He/O.U H2

Flow Rate
(cn3/nin)

100
100
100
100

100

100

300

30

100

100
100

100
100
100

100-200

100
100

100

100
100
100
100
100
100
100
100
100
100
100

100

100
100
100

100
100

100
100

100
100
100

300

100

100

100

100
100

Comments

ORR @ nL
ORR shutdown
ReBurne Run 13, ORR 9 29 MW
ORIS t o 30 HW, readjust tenp.

Begin Run 14

Begin Run 15

Begin Run 16

Begin Run 17

Begin Run 18

Begin Run 19
ORR ehutdoun

Begin Run 20

Begin Run 21
Temperature adjusted - increased 9 deg

Begin Run 22

Begin Run 23
ORR shutdown
Resume Run 23 @ 28.5 MW
ORR s e t back t o 15 MW
Resume Run 23 @ 28.5 MW
ORR s e t back t o 15 MW
Resume Run 23 @ 28.5 MW
ORR @ 29 MW
ORR @ 29.5 MW
ORR shutdown
Resume Run 23 @ 29.5 MW

Begin Run 24 @ 29.5 MW

Begin Run 25 @ 29.5 MW
ORR s e t back t o nL (0.30 MW)
ORR @ 30 MW; resuma Run 25

Begin Run 26 @ 30 MW
ORR shutdown

Begin Run 27 <? 28 MW
ORR 8 28.5 MW

Begin Run 28 @ 28.5 MW
ORR shutdown
ORR up 2 h , then down

Begin Run 29 @ 29 MW

Begin Run 30 @ 29 MW

Begin Run 31 I? 30 MW

Begin Run 32

Begin Run 33
ORR shut down; end of experiment

'Local time at Oak Ridge, EST or EDT.

''Note: nL I t the lowest power at which the autonatlc reactor control syatea will function - i t
corresponds to a reactor power of -0.30 MW. R refers to reactor power.
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POOL
WEST

A * * * * * * * * * * * * * * * * * * * * * * * * * . * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* A-l * A-2 * A-3 * A-4 * A-5 * A-6 * A-7 * A-8 * A-9 *
* * * * * * * * * CLE- *
* Bβ * TRIO * T-353 * T-336 * T-366 * T-334

* * * 220 * 233 * 236 * 235
* * * * * * * * * * * * * * * * • * * * * * * * * * * !

* B-l • B-2 * B-3 * B-4 * B-5 * B-6

* * * * * *

* Bβ * T-305 * T-339 * U-019 * T-197 * U-O2O

* * 175 * 195 * 100 * 157 * 103

T-355 * Bβ
218 *

2O2
321

B-7

T-332
145

B-8

Be

* C-l * C-2 * C-3
* * *

* Be * T-344 * HFED
* * 243 *

* C-4 * C-5
* *
* T-214 * Al
* 157 *

* C-6 * C-7 * C-β
* CLE- * *
* 453 * T-345 * ISO
* 139 * 249 *

* B-9
*
* Be

* C-9
*
* Be

*
*

r *

*

*

*

*

*

*

*

* D-l • D-2 * D-3 * D-4 * D-5 * B-6 * D-7 * D-8 * D-9 *
* * * * * * * * * *

S * Be * T-349 * T-383 * U-O21 * T-333 * U-022 * T-378 * T-338 * Be * N
O * * 202 * 285 * 167 * 217 * 167 * 256 * 202 * * O
U *********************************************************************** p
T * E-l * E-2 * E-3 * E-4 * E-S * E-6 * E-7 * E-8 * E-9 * T
JJ * * * * * * * * * * H
* Be • T-376 * MFE- • T-384 * Al * T-385 * Al * T-377 * Be *
* • 256 * 4A * 284 * * 284 * * 256 * *
* F-l * F-2 * F-3 * F-4 * F-5 * F-6 * F-7 * F-8 * F-9 *
*
it

*

*

*

*

Be

t * * * '

G-l

Be

**
*

r *

4

*

*

Be

k * * * * i

G-2

Be

**
*

r * *

*

*

*

T-296
175

* * * * * * 1

•G-3

Be

**
*

t *

*

w

*

U-O17
78

\ *****1

G-4

Be

**
*

*
*
*

T-3S0
194

ft***** i

G-5

Be

**
*

r *

*

*

*

i

U-O18
 (

83 *
t * * * * * * !
G-6 *

Be *

* T-300
k
 175

r * * * * * * i

> G-7

' Be

**
*

*
*
*

Be

t * * * * 1

G-8

Be

**
*

r * *

*

*

*

Be *

t * * * * * * *

G-9 *

Be *

EAST

Note: - T-xxx refers to a fuel element

- U-xxx is a control rod.

- Other alphanumeric designations refer to experiments.

Fig. VI-3a. ORR fuel loading diagram: Cycle 164-A.
(March 10, 1983 to April 6, 1983).
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POOL
WEST

A*********************************** a * * * * * * * * * * * * * * ) * * * * * * * * * * * * * * * * * * *

* A-l * A-2

* *

* Be * TRIO

A-3

T-354
221

A-4 * A-5 * A-6 * A-7 * A-8

* * * *

T-341 * T-357 * T-331 * T-376 * Be

233 * 237 * 238 * 222 *

* A-9 *
* NLE- *
* 201 *
* 323 *

***********************************************************************
* B-l * B-2 * B-3 * B-4 * B-~ * B-6 * B-7 * B-8 * B-9 *
* * * * * * * * * *
* Be * T-255 * T-342 * U-019 * T-248 •• U-020 * T-323 * Be * Be *
* * 178 * 193 * 85 * 151 * 89 * 188 * * *
a*********************************************************************** C-l * C-2 * C-3
* * *
* Be * T-340 * HFED
* * 242 *
* D-! *

 D
-2 * D-3

* * *
S * Be * T-315 • T-367
O * * 183 * 240

C-4 * C-5
*

T-152 * Al
156 *

* C-6 * C-7 * C-8

* * *

* T-220 * T-330 • ISO

* 144 * 251 *

* C-9
*

* Be

D-4 * D-5 * D-6 * D-7 * D-8 * D-9
* * * * *

U-021 * T-337 * U-022 * T-314 * T-335 * Be
143 * 214 * 142 * 252 * 183 *

*
*
*
*

t *

*

*

* N

U ***************************************************************i******* £
T * E-l * E-2 * E-3 * E-4 * E-5 * E-6 * E-7 * E-β * E-9 * T
H * * * * * * * * * * H

* Be * T-364 * MFE- * T-299 * Al * T-375 * Al * T-356 * Be *
* * 239 * 4A * 24O * * 279 * * 253 * *

*
*
*
*
*,
*
*
*

F-1

B e

» * * * *
G-l

Be

*
*
*
*

t*i

*

*

*

F-2

B e

* * * * * <
G-2

Be

*
*
*
*

* * * i

*

*

*

F-3

T-284
177

*******
G-3

Be

*
*
*
*

r*i

*

*

*

F-4

U-017
61

i*****4

G-4

Be

*
*
*
*

t*i

*

*

*

F-5

T-213
188

*******G-5

Be

*
*
*
*

k*i

*

*

*

F-6

U-018
65

1 * * * * * 4

G-6

Be

*
*
*
*

k*i

*

*

*

F-7

T-289
177

k*****4

G-7

Be

*
*
*
*

k*<

*

*

*

F-8

Be

******
G-8

Be

*
*
F-9 *

*
* Be *

*. *
r i * * * * * * * * **

*

*

G-9

Be

*
*
*

******* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * & * * * * * * * * * * * * * * * * *
EAST

Fig. VI-3b. ORR fuel loading diagram: Cycle 164-B.

(April 6, 1983 to April 13, 1983).
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A-l • A-2

*

* TRIO

*

Be

B-l * B-2

*
Be * T-2O1

* 176

S
O

u
T
H

C-l * C-2
* CLE-

Be * 2O3
* 326

k * * l

D-l * D-2

*

Be * T-277

* 180
E-l • E-2

*
Bβ * T-385

* 241
» * * 1

F-l * F-2
*

Bβ • Bβ

*
k * 1

C-l • C-2
*

Bβ * Bβ

A-3

T-377
222

t * * 4

B-3

T-355
196
k**i

C-3

HFED

* D-3

*

* T-384
* 243
n

* E-3
*
* MFE-
* 4A

**i

* F-3
*

* T-280
* 178*
* Bβ

*
 A
-4

*

* T-352

* 229
r**i

* B-4

*

* U-019

* 82

»**!

* C-4

*

* T-229

* 161
k * * '

* D-4

*

* U-021
* 137

**<
* E-4

* T-358

* 238
k * *

* F-4

*

* U-O17

* 58

**

* C-4

*
* Bβ

POOL
WEST
*****

* A-5

*

* T-361

* 272

»**<

* B-5

*

* T-218

* 1S6
* * 4

* C-5

*

* Al

*

* D-5

*

* T-348
* 217

>**<
* E-5

*

* IΓ

*
:*l

* F-5

*

* T-227

* 180
* C-5

*
* Bβ

*****

EAST

* A-6

*

* T-346

* 230

* B-6

*

* U-020

* 86

an
* C-6
* CLE-
* 453
* 117

k**4

* D-6

*

* U-022

* 136

* E-6

*
T-386
284
* * 4

F-6
U-018
61
k*4

C-6

Bβ

* A-7

*

* T-376

* 222
* * i

* B-7

*

* T-222

* 180
* * i

* C-7

*

* Al

*
* i

* D-7

*

* T-381
* 259

**<
* E-7

*

* Al

*

***************

* A-8 * A-9

*
* Be
*

k * * * * * * *

* B-9
* CLE-
* 202 *
* 304 *

*

* Be

*
* i

• B-8

Xe

C-8
CLE-
204
326

* C-9

*

* Be

*

*
*

* D-8 * D-9

* *

* T-262 * Be

* 180 *
* E-8 * E-9

*
T-343 * Be
258 *

* T-290
* 178

**i

* C-7
*
* Bβ

F-8

Bβ

G-β

Bβ

* F-9
*
* TRIGA
* LEU

* * i

* C-9
*
* Bβ

N
O
R
T
H

Fig. VI-3c. ORR fuel loading diagram: Cycle 164-C
(April 14, 1983 to April 27, 1983).
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POOL
WEST

* A-l

*

* Be

* B-l

*

* Be

* C-l

*
* Bβ

* D-l

*
S * Be
O *
U
T *
H *

A-2 * A-3 * A-4 * A-5 * A-6 * A-7

* * * * *
TRIO * T-304 * T-299 * T-372 * T-367 * T-347
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C. Temperature Profiles

The recorded temperatures for the entire experiment are given in Fig.

VI-4. The location of the thermocouples is shown in a cross-sectional diagram

of the capsule (Fig. VI-5). Besides defining the temperature profiles for the

tritium release, a number of observations were made regarding temperature.

First, the readings from the thermocouples have a distinct pattern; the high-

est temperatures are. always on the west side and the inside surface. These

are from thermocouples T9O3, T904, T905, and T906. Of these four, T906, the

one on the capsule bottom, consistently shows the lowest temperature by about

10°C. The next highest temperature is from T902, located on the east side and

the inside surface of the breeder. The four thermocouples on the west outside

(T907, T908, TR801, and TR901) read within 20°C of one another. The lowest

temperature is always from T902, located on the east outside surface of the

breeder. The fact that this pattern remained the same throughout the course

of the experiment provides evidence that the heat transfer pathways did not

change as a result of effects of temperature and radiation. Therefore, the

integrity of the capsule was maintained throughout the experiment. The lower

temperature on the east side of the capsule is attributed to asymmetry in the

gap, i.e., the gap is smaller on the east side. The temperature profiles for

each run are presented later.

D. Sweep Gas Analyses

The total level of contaminants in the supply cylinders was less than 30

vppm. Significant impurities were neon (<20 vppm) and N2 + CO (<6 ppm). Oxy-

gen was less than 2 vppm, and the gas purifier ensured that levels <1 ppm were

maintained. Samples of the effluent sweep gas were taken during the time when

no hydrogen was added to the system. The results (shown in Table VI-2) show

that no measurable amounts of impurities were added to the sweep gas stream by

the capsule. The concentrations of the tritium species noted in the effluent

were not high enough to provide truly quantitative data.

E. Trltiit Collected

The tritium released to the sweep gas was collected and quantitatively

analyzed by liquid scintillation counting. The tritium collected is in three
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TABLE VI-2

Sweep Gas Analysis

Species

H2

He

CH^

H20

N2 + CO

o2

Ar

CO 2

Ne

T2

HT

Supply

0.0003

99.997

<0.0002

<0.0002

0.0005

<0.0002

0.0001

<0.0001

0.0020

-

-

Concentration (%)

Exhaust (I)

0.0003

99.998

<0.0002

<0.0002

<0.0005

<0.0001

<0.0001

<0.0001

0.0018

<0.0001

-

Exhaust (2)

0.0003

99.997

<0.0002

<0.0002

<0.0005

0-0001

<0.0001

<0.0001

0.0020

<0.0001

<0.0002

forms: (1) tritium as HT or noncondensable form, (2) tritium as HTO or con-

densable form, and (3) tritium that permeated from the sweep gas through the

inner capsule to the gap gas stream. Data for tritium collected in these

three forms for the 33 experimental runs are presented below.

1. HT Collected

Tritium in the sweep gas which passed the first set of traps was moni-

tored by the line monitor (KC1), oxidized, and then trapped and analyzed as

described in Sec. IV-C. The samples represent noncondensable tritium col-

lected a specified time interval. The data for HT thus collected are given in

Table VI-3.

The predominant form of tritium collected was HT, representing more than

95% of all the tritium. The data in Table VI-3 show the amount of HT col-

lected during the amount of 33 experimental runs. In those instances when a

sample overlapped two runs, the amount collected was apportioned between the

two runs.
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TABLE VI-3

Tritium Collected, Noncondensable or HT Form
(November 25, 1983)

Sample
I.D.

5-1
6-1
5-2
6-2
5-3
6-3

Run 0

5-4
6-4

5-5
6-5

5-6
6-6

5-7
6-7

5-8
6-8

5-9
6-9

5-10(1)*

Run 1

5-10
6-10

5-11
6-11

5-12
6-12

5-13(2)

Time

Data

3/10
3/10
3/11
3/11
3/11
3/11

3/10

3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/13
3/13
3/13
3/14
3/14

3/12

3/14
3/14
3/14
3/14
3/14
3/15
3/15
3/15
3/16
3/16

On

Hour

1530
1530
0338
0338
1443
1443

1530

0814
0814
1201
1209
1209
1420
1423
1423
1601
1608
1608
2219
2227
2227
1415
1422
1422
1240
1245

0814

1300
1245
1448
1453
1453
1731
1736
1736
1047
1050

Time

Date

3/11
3/11
3/11
3/11
3/11
3/11

3/11

3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/13
3/12
3/13
3/14
3/14
3/14
3/14

3/14

3/14
3/14
3/14
3/15
3/15
3/15
3/16
3/16
3/16
3/16

> Off

Hour

0328
0328
1440
1440
2243
2243

2400

1201
1201
1209
1420
1420
1423
1601
1601
1608
2219
2219
2227
1415
1415
1422
1240
1240
1245
1300

1300

1448
1448
1453
1731
1731
1736
1047
1047
1050
1124

HT uCi

0.02 x 106

9.0 x 109
9.29 x 10t
9.4 x 107

9.25 x 10,*
2.1 x 108

0.0019 Ci HT
Start full
power test

4.95 x 103

2.0 x 107
2.24 x 103

0.0366
1.8 x 106

7.8 x 10,*
0.0285
0.6 x 106
2.1 x 103

0.12
1.08 x 106

2.4 x 103

0.307
3.5 x 106
2.1 x 103

0.455
0.0134
3.6 x 103

0.006

0.985 Ci HT

0.041
4.5 x 105

3.8 x 103

0.593
7.4 x 103

0.0
0.336
7.4 x lO,*
1.0 x 103

0.009
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TABLE VI-3 (Contd.)

Sample
I.D.

Run 2

5-13
6-13

5-14
6-14

5-14
5-15
6-15

5-16(3)

Run 3

5-16

5-17

5-18

5-19
6-16

5-20

Run 4

5-20(5)

5-21

5-22

Run 5

5-23
6-17

5-24

5-25(6)

Time

Date

3/14

3/16
3/16
3/16
3/16
3/16
3/17
3/16
3/17
3/17
3/17
3/17

3/16

j/18
3/18
3/18
3/19
3/19
3/20
3/20
3/20
3/21
3/21

3/18

3/22
3/22
3/22
3/23
3/23

3/22

3/24
3/24
3/21
3/24
3/24
3/25
3/25

On

Hour

1300

1124
1050
1437
1441
1441
1125
1441
1129
1129
1344
1347

1124

1405
1600
1603
2132
2135
1747
1753
1753
0815
0820

1405

1127
1606
1611
0834
0841

1127

1053
1058
0820
1538
1543
1018
1022

Time

Date

3/16

3/16
3/16
3/16
3/17
3/17
3/17
3/17
3/17
3/20
3/17
3/17

3/17

3/18
3/18
3/19
3/19
3/20
3/20
3/21
3/21
3/21
3/22

3/22

3/22
3/22
3/23
3/23
3/24

3/24

3/24
3/24
3/28
3/24
3/25
3/25
3/25

Off

Hour

1124

1437
1437
1441
1125
1125
1129
1125
1344
1747
1347
1405

1405

1600
1603
2132
2135
1747
1753
0815
0815
0820
1127

1127

1606
1611
0834
0841
1053

1052

1058
1538
0855
1543
1018
1022
1050

t

HT uCi

0.985 Ci HT

0.0504
1.74 x 103

1.2 x 103

0.07245
8.5 x 103

1.2 x 103

0.336a

0.0444
6.0 x lO1*
9.0 x 103

0.005

0.513 Ci HT

0.0428
0.0009
0.541
0.0009
0.36
0.0018
0.291
0.00381
0.0015
0.47

2.099 Ci HT

0.081
0.001
0.179
0.0014
0.355

0.617 Ci HT

0.001
0.18
0.0098
0.0015
0.505
0.0024
0.025
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TABLE VI-3 (Contd.)

Sample
I.D.

Run 6

5-25

5-26

5-27

5-28(7)

Run 7

5-28

5-29

5-30(8)

Run 8

5-30

5-31
6-18

Run 9

5-32

5-33(10)

Run 10

5-33

Run 11

5-33(12)

5-34
6-19
6-20

5-35(12)

Time

Date

3/24

3/25
3/25
3/25
3/27
3/27
3/28
3/28

3/25

3/28
3/29
3/29
3/30
3/30

3/28

3/30
4/04
4/04
3/28

3/30

4/06
4/07
4/07

4/06

4/07

4/07

4/08
4/11
4/11
4/04
4/11
4/12
4/12

i On

Hour

1053

1050
1423
1428
1751
1756
0855
0858

1050

1300
0906
0907
0920
0925

1300

1015
1355
1402
0858

1015

0855
0811
0825

0855

0922

0922

0915
1430
1432
1402
1432
0847
0903

Time

Date

3/25

3/25
3/25
3/27
3/27
3/28
3/28
3/28

3/28

3/29
3/29
3/30
3/30
3/30

3/30

4/04
4/04
4/05
4/04

4/0

4/07
4/07
4/07

4/07

4/08

4/08

4/11
4/11
4/12
4/11
4/13
4/12
4/12

Off

Hour

1050

1423
1428
1751
1756
0855
0858
1300

1300

0906
0907
0920
0925
1015

1015

1355
1402
0754
1355

0400

0811
0825
0922

0922

0915

0915

1430
1432
0847
1430
0913
0903
0920

HT yCi

0.72 5 Ci HT

0.194
0.004
1.21
0.002
0.321
0.0012
0.079

1.811 Ci HT

0.539
0.0004
0.452
0.0015
0.015

1.008

1.525
0.0014
0.285
0.012

1.823 Ci HT

0.033
0.0014
0.006

0.0404 Ci HT

0.3

0.3 Ci HT

0.828 Ci HT
0.0004
0.246
0.0805
0.0807
0.0048
0.005
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TABLE VI-3 (Contd.)

Sample
1.0.

Run 12

5-35

5-36

5-37
5-38(13)

Run 13

6-21
5-38

5-39

5-40

5-41(13)

Run 14

5-41

5-42(14)

Run 15

5-42
6-22

5-43(16)

Run 16

5-43

5-44

Run 17

5-44(18)

5-45

Run 18

5-45(19)

5-46

Time

Date

4/08

4/12
4/13
4/13
4/15
4/15
4/18

4/12

4/18
4/18
4/19
4/19
4/19
4/19
4/20
4/20

4/18

4/20
4/21
4/21

4/20

4/21
4/21
kill
hill

4/21

hill
hill
hill

hill

4/25b

4/25
4/25

4/25

4/26
4/26
4/26
kin

i On

Hour

0915

0920
1109
1113
0908
0910
0913

0920

0913
0951
0853
0857
1604
1607
1245
1248

0951

1400
0917
0921

1400

0946
0921
0852
0856

0946

1230
1543
1546

1230

1300
1319
1322

1300

1000
1047
1052
0920

Time

Date

4/12

4/13
4/13
4/15
4/15
4/18
4/18

4/18

4/21
4/19
4/19
4/19
4/19
4/20
4/20
4/20

4/20

4/21
4/21
4/21

4/21

hill
5/02
hill
hill

hill

hill
hill
hf!5

hll%

h/15
4/25
4/26

4/26

4/26
4/26
4/27
hill

! Off

Hour

0920

1109
1113
0908
0910
0913
0951

0951

0917
0853
0857
1604
1607
1245
1248
1400

1400

0917
0921
0946

0946

0852
0856
0856
1230

1230

1543
1546
1300

1300

1319
1322
1000

1000

1047
1052
0920
0923

HT yCi

1.245 Ci HT

0.77
0.0012
0.0858
0.0
1.324
0.016

2.197 Ci HT

0.00687
0.976
0.002
0.177
0.0009
0.366
0.0012
0.03

1.560 Ci HT

0.705
0.002
0.008

0.715 Ci HT

0.434
0.0203
0.001
0.048

0.503 Ci HT

0.0434
0.0006
1.065

1.109 Ci HT

0.005
0.0005
0.374

0.380 Ci HT

0.015
0.0012
0.277
0.0006
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TABLE VI-3 (Contd.)

Sample
I.D.

Run 19

5-47

Run 20

5-48
6-23

5-49

5-50(21)

Run 21

5-50

-51(22)

Run 22

5-51

5-52
6-24

5-53(23)

Run 23

5-53
6-25

5-54(24)

Run 24

5-54

5-55

Run 25

5-55(26)

5-56

5-57

Time

Date

4/26

kill
5/02

4/29

5/02
5/02
5/03
5/03
5/04
5/04

5/02

5/04
5/05
5/05

5/04

5/05
5/06
5/06
5/06
5/09
5/09

5/05

5/09
5/09
5/10
5/10

5/09

5/10
5/11
5/11

5/10

5/12
5/12
5/12
5/13
5/13
5/16

On

Hour

1000

0923
0856

1110

0902
0902
0915
0920
0835
0840

1425

0900
0830
0837

0900

0900
0840
1440
0850
0858
0903

0900

1100
0903
0920
0926

1100

1351
0835
0840

1351

0815
0829
0833
0815
0819
0944

Time

Date

4/27

5/02
5/02

5/02

5/03
5/06
5/03
5/04
5/04
5/04

5/04

5/05
5/05
5/05

5/05

5/06
5/06
5/09
5/09
5/09
5/09

5/09

5/10
5/19
5/10
5/10

5/10

5/11
5/11
5/12

5/12

5/12
5/12
5/13
5/13
5/16
5/16

Off

Hour

0923

0856
0902

0915

0915
0810
0920
0835
0840
0900

0900

0830
0837
0900

0900

0840
0850
0858
0858
0903
1100

1100

0920
0816
0926
1351

1351

0835
0840
0815

0815

0829
0833
0815
0819
0944
0948

HT uCi

0.294 Ci HT

0.0278
0.0

0.0278 Ci HT

0.671
0.00311
0.002
0.385
0.0063
0.025

1.092 Ci HT

0.347
0.0014
0.003

0.351 Ci HT

0.191
0.0
0.855
0.00712
0.001
0.023

1.077 Ci HT

0.476
0.0308
0.0018
0.067

0.576 Ci HT

0.218
0.001
0.319

0.537 Ci HT

0.003
0.0008
0.294
0.0008
0.914
0.0008
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TABLE VI-3 (Contd.)

Sample
I.D.

Run 26

5-58

5-59

5-60

5-61

5-62
5-62
5-63(27)

Run 27

5-63

5-64

6-26
5-65

5-66

5-67

Run 28

5-68

5-69

6-27
5-70

Run 29

5-71

5-72

6-28
5-73

3
-74(30)

Time

Date

5/12

5/16
5/17
5/17
5/18
5/18
5/19
5/19
5/20
5/20
5/20
5/23

5/16

5/23
5/24
5/24
5/25
5/19
5/25
5/26
5/26
5/27
5/27

5/23

5/31
6/02
6/02
6/03
5/31
6/03

6/01

6/03
6/03
6/04
6/04
6/05
6/03
6/05
6/06
6/06

i On

Hour

0815

0948
1102
1109
0903
0909
0816
0822
0911
0915
0915
1008

0948

1050
0844
0848
1259
0822
1303
0954
0958
0812
0816

1050

0859
1004
1008
0802
0859
0806

1357

1508
1512
1229
1232
1621
0806
1624
0832
0835

Time Off

Date

5/16

5/17
5/17
5/18
5/18
5/19
5/19
5/20
5/20
5/23
5/23
5/23

5/23

5/24
5/24
5/25
5/25
5/31
5/26
5/26
5/27
5/27
5/31

5/31

6/02
6/02
6/03
6/03
6/03
6/03

6/03

6/03
6/04
6/04
6/05
6/05
6/13
6/06
6/06
6/06

Hour

0948

1102
1109
0903
0909
0816
0822
0911
0915
1008
1008
1050

1050

0844
0848
1259
1303
0846
0954
0958
0812
0816
0846

0400

1004
1008
0802
0806
0802
1508

1500

1512
1229
1232
1621
1624
0845
0831
0835
0900

HT pCi

1.213 Ci HT

0.416
0.0014
0.243
0.0012
0.263
0.0012
0.338
0.0017
0.687
0.16c

0.01

2.128 Ci HT

0.206
0.0007
0.298
0.0005
0.0257
0.245
0.0008
0.247
0.0008
1.08

2.1045 Ci HT

0.242
0.0008
0.209
0.0008
0.0191
0.0714

0.543 Ci HT

0.0008
0.213
0.0005
0.305
0.0005
0.0157
0.179
0.0006
0.006
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TABLE VI-3 (Contd.)

Sample
I.D.

Run 30

5-74
4

5-75
4

5-76
4

-77(31)

Run 31

5-77
4

5-78

5-79

Run 32

5-79

5-80
5-81

Run 33

Time

Date

6/03

6/06
6/07
6/07
6/08
6/08
6/08
6/08

6/06

6/08
6/09
6/09
6/10
6/10

6/08

6/10
6/11
6/11
6/13

6/10

On

Hour

1500

0900
0836
0840
0846
0850
1228
1232 '*»

0900

1240
0831
0835
0808
0812

1240

U830
0725
0728
0819

0830

Time

Date

6/06

6/07
6/07 •
6/08
6/08
6/08
6/08
6/08

6/08

6/09
6/09
6/10
6/10
6/10

6/10

6/11
6/11
6/13
6/13

6/13

Off

Hour

0900

0836
0840
0846
0850
1228
1232
1240

1240

0831
0835
0808
0812
0830

0830

0725
0728
0819
0845

0845

HT yCi

0.721 Ci HT

0.345
0.0008
0.342
0.0008
0.049
0.0008
0.002

0.74 Ci HT

0.767
0.0008
0.498
0.0008
0.004

1.271 Ci HT

0.987
0.0006
0.675
3.85 x 103

1.666 Ci HT

Note: Parentheses refer to run proapportioned samples which
overlapped two runs.

aCalculated loss, copper oxide bed of fluorine.

Time changed to Eastern daylight Time.
cLeak into glovebox, calculated to g.
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The data show tritium collected in the first and the second HT trap (Nos.

5 and 6). The sample identification numbers indicate which trap was used.

The blanks represent HT which was calculated to pass during the short time in-

tervals when the traps were not on-line. The absolute accuracy of a single

determination is 5%. The tritium collected in the second trap (No. 6) is con-

sistently less than 1% of the tritium collected in the first trap. The

exhaust monitor recorded tritium levels less than one per cent of the levels

of the line monitor. Thus, a single trap removes about 99% of the tritium.

2. Tritium Collected as HTO

The HTO was scrubbed from the sweep gas stream as previously described

(Sec. IV.C). The HTO data are presented ir. Table VI-4. The first trap is

either No. 1 or 3 and the second trap is either No. 2 or 4. Designations A,

B, C, etc., as the last character of the sample identification number refer to

2 yL, samples taken from the ethylene glycol during operation by means of in-

serting a calibrated syringe through a septum. These samples were then added

directly to the scintillator solution without dilution. The designations D as

the first character of the sample identification number refers to HTO col-

lected over intervals between different syringe samples. The absolute accu-

racy for the syringe samples is estimated to be 10%. The absolute accuracy of

the regular samples is again 5%* The amounts of HTO were much less (generally

by a factor of 100 to 1000) than those of HT.

3. Tritium Permeation

The tritium which permeated through the wall of the inner capsule into

the jap gas was collected by passing the gap gas through an oxidizer and than

trapping the tritium on Type 4A molecular sieves. The molecular sieves were

removed at times when the ORR was down and analyzed for tritium by refluxing

in water for not less than four hours and then analyzing an aliquot by liquid

scintillation. Seven such samples were collected and analyzed. Each sample

thus represents several runs. For each sample, the amounts were apportioned

to each run using the temperature, the amount of HT released (Table VI-2) and

the duration of each run by a method described below. Temperatures used were

the average of the recorded thermocouple readings on the two sides (east and

west) of the capsule for the thermocouple elements in contact with the inner

cladding. The permeation data are given in Table Vl-5.
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TABLE VI-4

Tritium Collected, Condensable, or HTO FORM
(January 26, 1983)

Sample
I.D.

1-1
2-1
1-2
2-2

Run 0

1-3
2-3

1-4
2-4

1-5
2-5

1-6
2-6

1-7
2-7

3-1
1-8
2-8
3-2

Run 1

1-9
2-9
3-3
1-10
2-10
3-4
1-11A
2-11A
3-5/6

Run 2

3-7
1-1 IB

Time

Date

3/11
3/11
3/11
3/11

3/li

3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/13

3/12

3/13
3/13
3/14
3/14
3/14
3/14
3/14
3/14
3/14

3/13

3/16
3/17
3/17

On

Hour

0340
0340
1443
1443

0340

0812
0812
1033
1043
1043
1243
1255
1255
1411
1413
1413
1531
1544
1544
1714
1725
2216
2216
0458

0812

1407
1407
1313
1439
1439
1548
1745
1745
2304

1407

1410
0857
1344

Time

Date

3/n
3/11
3
3

3/11

3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/12
3/13
3/13
3/13

3/13

3/14
3/14
3/14
3/14
3/14
3/14
3/14
3/14
3/16

3/16

3/17
3/17
3/17

i Off

Hour

0540
0540
2230
2230

2230

1033
1033
1043
1243
1243
1255
1411
1411
1413
1531
1531
1544
1714
1714
1725
2211
0458
0458
1407

1407

1313
1313
1439
1548
1548
1745
2504
2304
1410

1410

0850
1344
1359

HTO, uCi

56.9
0.28
2.4
0.0

59.6

153.0
0.77

500.0
6218.0

4.7
121.0
849.0
1.7

60.0
3718.0

0.91
. 260.0
1218.0

0.73
110.0

2910.0a

4045.0
0.0

5490.0a

2.566 x 101*

3490.0
0.4

172.0a

133.0
0.043

234.0a

565.0
0.0

4000.0

8.594 x 103

11200.0
259.0
10.0
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TABLE VI-4 (Contd.)

Sample
I.D.

Run 3

1-12A
3-8/11
1-13A

Run 4

2-1 IB
1-12BA
1-12BB
1-12B
D1-12BB
D-112B

Run 5

1-13BA
1-13BB
1-13BC

Run 6

1-13BD
1-13BE
1-13BF
1-13BG
1-13B
D1-13BB
D1-13BC
D1-13BD
D1-13BE
D1-13BF
D1-13BG
D1-13B
2-12

Run 7

1-14A
1-14B
1-14C
1-14D

Time

Date

3/16

3/17
3/18
3/21
3/22

3/17

3/17
3/22
3/22
3/22
3/22
3/23
3/24

3/17

3/24
3/24
3/24

3/24

3/24
3/24
3/24
3/24
3/24
3/24
3/24
3/25
3/25
3/27
3/28
3/28
3/24
3/28

3/25

3/28
3/28
3/28
3/28

: On

Hour

1410

1359
0827
0943
1008

1359

0950
1012
1012
1012
1445
0851
1104

0950

1110
1110
1110

1110

1110
1110
1110
1110
1110
1355
1546
1025
1428
1748
0906
0906
1U0
12)0

1J25

1205
1205
1205
1205

Time

Date

3/17

3/18
3/21
3/22
3/22

3/22

3/24
3/22
3/23
3/24
3/23
3/24
3/24

3/24

3/24
3/24
3/25

3/25

3/25
3/27
3/23
3/25
3/25
3/24
3/25
3/25
3/27
3/28
3/28
3/28
4/05
3/28

3/28

3/28
3/29
3/30
3/30

Off

Hour

1359

0827
0943
1008
1012

1012

1104
1445
0851
1104
0851
1104
1110

1110

1355
1546
1025

1025

1428
1748
0906
1200
1200
1546
1025
1428
1748
0906
1200
1200
0759
1205

1205

1537
0901
0915
1100

HTO, \iCi

1.147 x ifr

747.0
4243.0
768.0
2.0

5.76 x 103

9 , 4 K
(109.0)b

(683.0)
1383.0c

(574.0)
(500.0)

3.0

1.395 x 103

(62.0)
(172.0)
(718.0)

7.18 x 102

(906.0)
(1910.0)
(2320.0)
(2110.0)
2420.0
(110.0)
(546.0)
(188.0)
(1004.0)
(410.0)
(-210.0)
(100.0)

5.2
2.0

1.71 x 103

(169.0)
(604.0)
(1350.0)
(1400.0)

VI-24



TABLE VI-4 (Contd.)

Sample
I.D.

Run 8

1-14E
1-14F
1-14G
1-14H
1-14F
1-14
D1-14B
D1-14C
m-l4D
D1-14E
D1-14F
D1-14G
D1-14H
D1-14I
Dl-14

Run 9

1-15A

Run 10

1-15B
1-15C
1-15D

Run 11

1-15
2-13
D1-15B
D1-15C
D1-15D
Dl-15

1-16A

Run 12

1-16B
1-16C
1-16D
1-16
2-14
D1-16B
D1-16C
D1-16D

Time

Date

3/28

3/28
3/28
3/28
3/28
3/28
3/28
3/28
3/29
3/30
3/30
3/30
3/30
3/30
3/31
4/04

3/30

4/05
4/06

4/05

4/06
4/06
4/06

4/07

4/06
4/06
4/07
4/07
4/08
4/08
4/11
4/11

4/08

4/11
4/11
4/11
4/11
4/11
4/12
4/12
4/12

On

Hour

1205

1205
1205
1205
1205
1205
1205
1537
0901
0915
1100
1300
1500
1624
0918
1353

1100

0754
0842

0754

0842
0842
0842

0825

0842
0842
0829
1558
0824
1530
1415
1420

1530

1420
1420
1420
1420
1420
0829
1315
1700

Time

Date

3/30

3/30
3/30
3/30
3/31
4/04
4/05
3/29
3/30
3/30
3/30
3/30
3/30
3/31
4/04
4/05

4/05

4/06
it/07

4/07

4/07
4/08
4/08

4/08

4/11
4/11
4/07
4/08
4/08
4/11
4/11
4/12

4/12

4/12
4/12
4/13
4/14
4/10
4/12
4/12
4/13

Off

Hour

1100

1300
1500
1624
0918
1353
0754
0901
0915
1100
1300
1500
1624
0918
1353
0754

0754

0842
0825

0825

1558
0824
1530

1530

1415
1415
1558
0824
1530
1415
1420
0829

0829

1315
1700
1514
1445
0859
1315
1700
1514

HTO, uCi

1.40 x 103

(1460.0)
(1500.0)
(1430.0)
(1600.0)
(2466.0)
2950.0
(435.0)
(746.0)
(50.0)
(60.0)
(40.0)
(-70.0)
(170.0)
(866.0)
(481.0)

1.55 x 103

0.0
(90.8)

91.0

(1360.0)
(2445.0)c

(2511.0)

2.51 x 103

2988.0
15.0

(1269.1)
(1085.0)
(66.0)
(477.0)

2.0
(67.2)

494.0

(74.3)
(714.0)
(1168.0)
881.0
8.21
(7.1)

(639.7)
(454.0)

VI-25



TABLE VI-4 (Contd.)

Sample
I.D.

Time

Date

Run 12 (Contd.)

Dl-16

1-17A
1-17

Run 13
1-18A
1-18B
1-18C
1-18D
1-18

Run 14

2-15
D1-18B
D1-18C
D1-18D
Dl-18

Run 15

1-19A
1-19B
1-19C
1-19D
1-19
D1-19B
D1-19C
D1-19D
Dl-19

Run 16

1-20

Run 17

1-21A
1-21B
1-21C
1-21D
1-21

4/13
4/14
4/14
4/14
4/18

4/12
4/18
4/18
4/18
4/18
4/18

4/18

4/18
4/19
4/19
4/19
4/20
4/20

4/20

4/20
4/20
4/20
4/20
4/20
4/20
4/21
4/21
4/22

4/20

4/22
hill
4/25

hill

hll5
4/25
4/25
4/25
4/25

i On

Hour

1514
1445
1444
1444
0859

0829
0903
0903
0903
0903
0903

0930

0903
1513
0850
1602
0907
1239

1239

1242
1242
1242
1242
1242
1559
0914
1551
0905

1242

1527
1532
1249

1527

1233
1233
1233
1233
1233

Time

Date

4/14
4/14
4/15
4/18
4/18

4/18
4/18
4/19
4/19
4/20
4/20

4/20

5/02
4/19
4/19
4/20
4/20
4/20

4/20

4/20
hill
hill
hill
hill
h/10
hill
hill
hill

hill

hill
h/15
4/25

4/25

4/26
4/26
4/27
4/29
4/29

> Off

Hour

1445
1444
0904
0859
0903

0903
1513
0850
1602
0907
1239

1239

0830
0850
1602
0907
1239
1242

1242

1559
0914
1551
0905
1527
0914
1551
0905
1527

1527

1532
1249
1253

1253

0942
1559
0906
0856
1014

HTO, pCi

(-287.0)
0.0

(370.0)
108.0
1.2

496.0
(36.9)

(667.0)
(678.0)
(681.0)
670.0

670.0

84.8
(630.1)
(11.0)
(3.0)

(-11.0)
0.9

86.0

(59.3)
(36.6)

(320.0)
(418.0)
508.0
(-22.7)
(283.4)
(98.0)
(90.0)

508.0

2.0
267.3
1.6

271.0

(18.5)
(16.6)
(15.6)
(32.0)
32.8

VI-26



TABLE VI-4 (Contd.)

Sample
I.D.

Runs 18,19

1-22

1-23
2-16

Runs 20-22

1-24A
1-24B
1-24C
1-24D
1-24E

Run 23

1-24F
1-24G
1-24
2-17A
2-17B
2-17C
2-17D
2-17E
2-17F
2-17G
2-17
D1-24B
D1-24C
D1-24D
D1-24E
D1-24F
D1-24G
Dl-24

Run 24

1-25A
1-25B
1-25C
1-25D

Tim-

Date

4/25

4/29
4/29
5/02
5/02
5/02

4/29

5/06
5/06
5/06
5/06
5/06
5/06

5/06

5/06
5/06
5/06
5/06
5/06
5/06
5/06
5/06
5/06
5/06
5/06
5/06
5/06
5/07
5/09
5/09
5/09
5/10
5/10

5/06

5/10
5/10
5/10
5/10

> On

Hour

1233

1014
1018
0830
0846
0846

1014

0827
1300
1300
1300
1300
1300

0827

1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1318
1620
1152
0855
1156
1555
0919
1251

1300

1257
1257
1257
1257

Time

Date

4/29

4/29
5/02
5/02
5/06
5/06

5/06

5/06
5/06
5/06
5/07
5/09
5/09

5/09

5/09
5/10
5/10
5/06
5/06
5/07
5/09
5/09
5/09
5/10
5/10
5/06
5/07
5/09
5/09
5/09
5/10
5/10
5/10

5/10

5/10
5/11
5/11
5/12

Off

Hour

1014

1018
0830
0846
0827
0827

0827

1300
1318
1620
1152
0855
1156

1156

1555
0919
1251
1322
1618
1149
0853
1153
1553
0916
1251
1620
1152
0855
1156
1555
0919
1251
1257

1257

1553
0830
154*
0827

HTO, gCi

32.8

0.2
33.4
1.6

69.4
27.6

132.0

0.00
(36.6)
(46.1)
(172.0)

(1230.0)
(1370.0)

1.37 x 103

(1540.0)
(2600.0)
3290.0

(7.88)
(7.07)
(16.7)
(17.6)
(25.8)
(22.8)
(22.0)
17,2
(9.5)

(125.9)
(1058.0)
(140.0)
(170.0)

(1060.0)
(690.0)

10.0

1.947 x 103

(263.0)
(2160.0)
(3890.0)
(6950.0)

VI-27



TABLE VI-4 (Contd.)

Sample
I.D.

Run 25

1-25E
1-25
D1-25B
D1-25D
D1-25E
Dl-25

1-26A
1-26B
1-26

Run 26

1-27A
1-27B
1-27C
1-27
D1-27B
D1-27C
Dl-27
D'1-27C
D'l-27
D"l-27

1-28
1-29A
1-29B
1-29C
1-29D
1-29E
1-29F
1-29
D1-29B
D1-29C
D1-29D
D1-29E
D1-29F
Dl-29
D'l-29
1-30

Time

Date

5/10

5/10
5/10
5/10
5/11
5/12
5/12
5/13
5/13
5/13
5/13
5/16

5/12

5/16
5/16
5/16
5/16
5/16
5/16
5/17
5/16
5/16
5/16
5/17

5/17
5/17
5/17
5/17
5/17
5/17
5/17
5/18
5/18
5/19
5/19
5/20
5/20
5/20
5/20
5/23

On

Hour

1257

1257
1257
1553
1546
0827
1555
0809
0814
0814
0814
0937

0827

0942
0942
0942
0942
1320
1607
1051
1320
1607
1320
1546

1553
1553
1553
1553
1553
1553
1553
0858
1518
0830
1738
0907
1315
0907
1525
1002

Time

Date

5/11

5/12
5/13
5/11
5/12
5/12
5/13
5/13
5/13
5/16
5/16
5/16

5/16

5/16
5/16
5/17
5/17
5/16
5/17
5/17
5/17
5/17
5/17
5/17

5/18
5/18
5/19
5/19
5/20
5/20
5/20
5/18
5/19
5/19
5/20
5/20
5/20
5/20
5/23
5/23

i Off

Hour

0827

1555
0809
0830
0827
1555
0809
0814
1603
0934
0937
0942

0942

1320
1607
1051
1546
1607
1051
1516
1051
1546
1546
1553

0853
1518
0830
1738
0907
1315
1525
1518
0830
1738
0907
1315
1525
1525
1002
1007

HTO, yCi

6.95 x 103

(8660.0)
13500.0
(1897.0)
(3060.0)
(1710.0)
(4840-0)

50.0
(2710.0)
(70500.0)
41100.0

50.0

4.775 x 10t

(3310.0)
(9243.0)
(52125.0)

4.00 x Itf*
(5933.0)
(42882.0)

(-1.21 x 10t)
(48815.0)
(30757.0)
(36690.0)

210.0

(2.32 x 10t)
(3.25 x 10t)
(6.40 x lO1*)
(7.71 x lOt)
(1.09 x 105)
(1.29 x 105)
1.14 x 105

(8.70 x 103)
(3.15 x lO,*)
(1.31 x 10t)
(3.19 x lOt)
(2.00 x 10t)
(-0.15 x 105)
(0.50 x 10t)
1.79 x 105

200.0

VI-28



TABLE VI-4 (Contd.)

Sample
I.D.

Run 27

1-31A
1-31B
1-31C
1-31D
1-31
D1-31B
D1-31C
D1-31D
Dl-31

1-32A
1-32B
1-32
D1-32B
Dl-32

1-33A
1-33
Dl-33
2-18

1-34
2-19

Run 28

1-35A
1-35B
1-35C
1-35D
1-35
D1-35B
D1-35C
D1-35D
Dl-35
D'l-35
D"l-35
2-20

1-36

Time On

Date

5/16

5/23
5/23
5/23
5/23
5/23
5/23
5/23
5/23
5/23
5/24
5/24
5/24
5/24
5/25
5/26
5/27
5/27
5/27
5/30
5/10
5/31
5/31
5/31
5/31

5/23

5/31
5/31
5/31
5/31
5/31
6/01
6/01
6/02
6/02
6/02
6/01
5/31
6/03
6/03
6/03

Hour

0942

1007
1007
1007
1007
1007
1210
1455
1616
0943
1339
1344
1344
1344
1256
0951
0807
0811
0811
1616
1257
0826
0840
0840
1639

1007

1645
1645
1645
1645
1645
0843
1603
1006
1629
1006
1603
1645
0751
0757
1501

Time

Date

5/23

5/23
5/23
5/23
5/24
5/24
5/23
5/23
5/24
5/24
5/24
5/25
5/26
5/27
5/26
5/27
5.27
5/30
5/31
5/31
5/31
5/31
5/31
5/31
5/31

5/31

6/01
6/01
6/02
6/02
6/03
6/01
6/02
6/02
6/03
6/03
6/03
6/03
6/03
6/03
6/03

Off

Hour

1007

1210
1455
1616
0943
1339
1455
1616
0943
1339
1344
1256
0951
0807
0951
0807
0811
1616
0826
0826
0826
0840
1639
1639
1645

1645

0843
1605
1006
1629
0751
1603
1006
1629
0751
0751
0751
0751
0757
1501
1505

HTO, pCi

3.334

(5.80 x
(1.15 x
(1.55 x
(6.98 x
9.49 x
(5.70 x
(4.00 x
(5.43 x
(3.51 x

350.0
(1.04 x
(1.85 x
2.64 x
(0.81 x
(0.79 x

300.0
(3.60 x
4.29 x
(0.69 x
64.9
0.00
6.71 x
55.9
840.0

8.57 x

(1.45 x
(1.78 x
(2.07 x
(2.16 x
2.07 x
(0.33 x
(0.29 x
(0.09 x
(-0.09 x
(0.0
(0.09 x
143.0
60.0

3610.0
4.2

x 105

103)
ltf»)
ICO
10,*)
ltf*
103)
103)
10,*)
101*)

105)
105)
105
105)
105)

105)
105
105)

10,*

105

105)
105)
105)
105)
105

105)
105)
105)
105)

105)

VI-29



TABLE VI-4 (Contd.)

Sample
I.D.

Run 29

1-37

1-38

1-39

Run 30

1-40A
1-4 OB
1-40C
1-40D
1-40E
1-40F
1-40G
1-40
D1-40B
D1-40C
D1-40D
D1-40E
D1-40F
D1-40G
Dl-40

1-41

1-42

Run 31

1-43A
1-43B
1-43C
1-43D
1-43E
1-43F
1-43G
1-43H
1-431
1-43J
1-43K
1-43L
1-43M
1-43N
1-430
1-43

Time

Date

5/31

6/03
6/04
6/04
6/05
6/05
6/06

6/03

6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/07
6/07
6/08
6/08
6/08

6/06

6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/09

On

Hour

1645

1505
1223
1227
1617
1620
0826

1505

0830
0830
0830
0830
0830
0830
0830
0830
0849
0915
0945
1015
1045
1215
1600
0830
0834
0840
0844
1055

0830

1059
1059
1059
1059
1059
1059
1059
1059
1059
1059
1059
1059
1059
1059
1059
1059
0829

Time

Date

6/03

6/04
6/04
6/05
6/05
6/06
6/06

6/06

6/06
6/06
6/06
6/06
6/06
6/06
6/06
6/07
6/06
6/06
6/06
6/06
6/06
6/06
6/07
6/07
6/08
6/08
6/08
6/08

6/08

6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/09
6/09

Off

Hour

1505

1223
1227
1617
1620
0826
0830

0830

0849
0915
0945
1015
1045
1215
1600
0830
0915
0945
1015
1045
1215
1600
0830
0834
0840
0844
1055
1059

1059

1242
1305
1315
1325
1335
1345
1355
1405
1415
1430
1445
1500
1530
1600
1630
0829
0830

HTO, MCi

2.108 x 107

1360.0
4.4

1840.0
3.5

1130.0
8.9

4.35 x 103

(42.3)
(39.9)
(43.1)
(88.7)
(179.0)
(322.0)
(561.0)
1610.0
(-2.4)
(3.2)
(45.6)
(90.3)
(143.0)
(239.0)
(1049.0)

4.0
1480.0

8.3
272.0
6.0

3.38 x 103

(154.0)
(188.0)
(193.0)
(207.0)
(213.0)
(234.0)
(247.0)
(259.0)
(273.0)
(285.0)
(294.0)
(315.0)
(337.0)
(369.0)
(394.0)
1620.0

1.6

VI-30



TABLE VI-4 (Contd.)

Sample
I.D.

Run 31 1

2-21-1
D1-43B
D1-43C
D1-43D
D1-43E
D1-43F
D1-43G
D1-43H
D1-43I
D1-43J
D1-43K
D1-43L
D1-43M
D1-43N
Dl-430
Dl-43
1-44

Run 32

1-45A
1-45B
1-45C
1-45D
1-45E
1-45F
1-45G
1-45H
1-451
1-45J
1-45K
1-45L
1-45M
1-45N
1-450
1-45P
1-45Q
1-45R
1-45S
1-45T
1-45U
1-45V
1-4 5W
1-45X
1-45Y

Time On

Date

JContd.)

6/03
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/09
6/10

6/08

6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10

Hour

0257
1242
1305
1315
1325
1335
1345
1355
1405
1415
1430
1445
1500
1530
1600
1630
0830
0804

1059

0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807
0807

Time Off

Date

6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/08
6/09
6/10
6/10

6/10

6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10

Hour

1055
1305
1315
1325
1335
1345
1355
1405
1415
1430
1445
1500
1530
1600
1630
0829
0804
0807

0807

0830
0845
0900
0915
0930
0945
1000
1015
1030
1045
1100
1115
1130
1145
1200
1215
1245
1315
1345
1415
1445
1515
1545
1615
1645

HT0, wCi

210.0
(34.0)
(5.0)
(14.0)
(6.0)
(21.0)
(13.0)
(12.0)
(24.0)
(12.0)
(9.0)

(21.0)
(22.0)
(32.0)
(35.0)

(1226.0)
2270.0

7.5

4.109 x 103

(57.7)
(63.3)
(73.8)
(61.0)
(81.7)

(121.0)
(173.0)
(223.0)
(263.0)
(292.0)
(329.0)
<354.0)
(381.0)
(400.0)
(424.0)
(453.0)
(544.0)
(677.0)
(849.0)
(1032.0)
(1238.0)
(1332.0)
(1502.0)
(1628.0)
(1788.0)
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TABLE VI-4 (Contd.)

Sample
I.D.

Time

Date

Run 32 (Contd.)

1-45

D1-45B
D1-45C
D1-45D
D1-45E
D1-45F

BI-45H
D1-45I
D1-45J
D1-45K
D1-45L
D1-45M
D1-45N
Dl-450
D1-45P
D1-45Q
D1-45R
D1-45S
D1-45T

6/10
6/11
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10

D1-45U j 6/10
D1-45V . 6/10
D1-45W i 6/10
D1-45X
D1-45Y
Dl-45
1-46

1-47
2-22 •

Run 33

6/10
6/10
6/10
6/11
6/13
6/13
6/8

6/10

> On

Hour

0807
0720
0830
0845
0900
0915
0930
0945
1000
1015
1030
1045
1100
1115
1130
1145
1200
1215
1245
1315
1345
1415
1445
1515
1545
1615
1645
0723
0814
0818
1159

0807

Time

Date

6/11
6/11
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/10
6/11
6/10
6/13
6/13
6/13
6/13

6/13

Off

Hour

0720
0723
0845
0900
0915
0930
0945
1000
1015
1030
1045
1100
1115
1130
1145
1200
1215
1245
1315
1345
1415
1445
1515
1545
1615
1645
0720
0814
0818
0840
0840

0840

HTO, pCi

4740.0
4.7
(5.6)
(9.5)

(-12.8)
(20.7)
(39.3)
(52.0)
(50.0)
(40.0)
(29.0)
(37.0)
(25.0)
(17.0)
(19.0)
(24.0)
(29.0)
(91.0)
(123.0)
(172.0)
(183.0)
(206.0)
(99.0)
(165.0)
(126.0)
(160.0)
(2952.0)
4170.0

8.0
72.9
366.0

9.362 x 103

aMolecular sieve bed in front of Trap 3 was left on, thereby removing
the HTO. Numbers are estimated.

^Numbers in parentheses are for syringe samples taken at various time
intervals• These samples are not included in the sum of the total
amount collected per ru:i.

cCounting time less than 1 min for scintillation sample - accuracy
may be reduced about 5%.
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The procedure used to apportion the total amount of tritium collected in

a sample into the amounts for each run was as follows. The contribution from

each run in a sample was assumed to be proportional to three factors: (1) the

permeability of the inner cladding at the temperature measured for the run,

(2) the square root of the average tritium (HT) pressure, and (3) the time for

each run. The tritium permeability for Type 316 stainless steel was used

for Type 304 stainless steel cladding in TRIO. [NoJrJJ *n order to convert

the permeability into units of Curies/(m«day«pa), it is necessary to multiply

the data in reference 46 by a factor of 677.] The average HT pressure is pro-

portional to the total amount of HT released per unit time. The data for

cladding temperature, tritium permeability, calculated amounts of tritium

permeation, reciprocal temperature, and the logarithm of the permeation rates

are given in Table VI-6.

On observing the permeation data (Table VI-6) some permeation rates

appear to be much higher than the rest, particularly those for Samples 2 and

3. These samples include Runs 10-14 which had no hydrogen added to the sweep

gas. It appears that the added hydrogen may have reduced the permeation rates

for the other runs. It is possible that the addition of hydrogen reduced the

permeation rates of tritium by isotopic swamping. This possibility is dis-

cussed further in Sec. IX.5.

4. Total Tritium Collected

The data presented in Tables VI-4 and -5 are summarized in Table VI-7.

The tritium collected in the three forms, the total (TCOLL), and the cumula-

tive total (CTCOLL) are presented for the 33 runs.

F. Tritium (HT) Release Rates

One of the key features of the TRIO experiment is the on-line measurement

of tritium release rate. In the experiment, the level of tritium released in

the HT (noncondensable) form was continuously measured with KC1, the line mon-

itor. The HT form accounted for about 94% of the released tritium. Also, for

the majority of the experimental runs, the HT form was about 99% of the

released tritium. Thus, the dynamic data on HT release rate provide a reason-

ably good measure of the overall rates of tritium release from the solid.
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TABLE VI-5

TRIO Tritium Permeation Data

Pllft

turn
No.

0
1
2
3

4
5
6
7
8
9b

10c

llc

12C

13C

13C .
l4c,d

15d

16
17
18
19

20f

21
22
23

23
24
25
26

Tritium

rrouucea
(T)

0.002
1.081
0.956
0.546

Temperature

Nominal

300
600
700
700

Total - Sample 0

2.365
0.958
0.482
1.470
0.873
2.575

550
500
550
600
650
650

Total - Sample 1

0.406
0.468
1.815
0.100

400
500
550
600

Total - Sample 2

1.937
0.983
9.369
0.496
1.316
0.375
0.303

600
700
700
700/(300 SCCM)
700/(30 SCCM)
700
650

Total - Sample 3

1.570
0.771
0.381
0.290

650
650
600
550

Total - Sample 4

0.956
0.398
0.611
1.441

550
600
560
550

Total - Sample 5

(°C)

Cladding

300
520
610
620

460
410
460
510
560
560

330
420

510

510
610
610
610
610
610
560

565
570
520
475

475
520
480
470

V Pel
r * j\ej..

r*erra.

0.177
0.260
0.27

0.130
0.098
0.130
0.170
0.212
0.212

0.055
0.103

0.170

0.170
0.260
0.260
0.143
0.473
0.260
0.212

0.216
0.220
0.177
0.140

0.140
0.177
0.143
0.138

T x F

0.191
0.248
0.147

0.586

0.307
0.094
0.063
0.250
0.185
0.546

1.445

0.022
0.048

0.017

0.323

0.329
0.256
0.096
0.071
0.622
0.098
0.064

1.536

0.339
0.170
0.067
0.041

0.617

0.123
0.070
0.087
0.199

0.490

4>a(Ci)

5 x 106a

(0.0038)a

(0.0050)a

(0.0029)a

(0.0117)a

0.0038
0.0012
0.0008
0.0031
0.0023
0.0068

0.018

0.0018
0.0040

0.0014

0.027

0.107
0.083
0.031e

0.023
0.202
0.032
0.021

0.499

0.0068
0.0034
0.0013
0.0008

0.0123

0.0027
0.0014
0.0018
0.0041

0.010

VI-34



TABLE VI-5 (Contd.)

No.

27
28

29
30
31
32
33

Tritium

(T)

2.107
2.488

Temperature

Nominal

525
500

Total - Sample 6

0.726 480/(300 SCCM)
0.892
0.718
0.601
0.906

480
500
550
650

Total - Sample 7

<°C)

Cladding

450
430

410
410
425
470
580

17 Oα!
r , tie 1 .

Perm.

0.124
0.100

0.054
0.098
0.107
0.139
0.230

T x F

0.261
0.269

0.530

0.039
0.087
0.077
0.084
0.208

0.495

<(.
a
 (Ci)

0.0103
0.0107

0.021

0.0007
0.0016
0.0014
0.0015
0.0038

0.009

a
(ji = T x F x FF, where FF is assumed to be 0.02 for Sample 0,
0.0125 for Sample 1, 0.0836 for Sample 2, 0.325 for Sample 3, 0.020
for Sample 4, 0.204 for Sample 5, 0.0396 for Sample 6, and 0.018 for
Sample 7.

"Run 9 had no H
2
; tritium produced may be overestimated.

c
Runs had no H

2
.

Some large spikes were noted in Run 14, and especially in Run 15.
e
Large spike.

Run 20 had no 0
2
.
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TABLE VI-6

Tritium Permeation Data

Run
No.

0
1
2
3

4
5
6
7
8
9

10
11
12
13

13B
14
15
16
17
18
19

20
21
22
23A

23B
24
25
26

Temp.
(°C)

170
525
610
610

Total -

460
410
460
510
560
560

Total -

330
420
460
510

Total -

510
610
610
610
610
610
560

Total -

565
570
520
475

Total -

475
520
480
470

Tritium
Permeability
(Ci/m»day»Pa)

Sample 0a

0.0203
0.00947
0.0203
0.0395
0.0709
0.0709

Sample 1

0.00215
0.0111
0.0203
0.0395

Sample 2

0.0395
0.119
0.119
0.0687
0.217
0.119
0.0709

Sample 3

0.0749
0.079
0.0446
0.025

Sample 4

0.025
0.0446
0.0268
0.0233

Total - Sample 5

HT/Day

0.74321
0.55543
0.85147
0.90729
0.72837
0.56063

0.21187
0.54772
0.56501
0.67024

0.67003
0.84984
0.91716
0.67622
10.0531
0.64979
0.6261

0.11371
0.77889
0.59245
0.56907

0.6008
0.72363
0.55395
0.56131

Permeation
(Ci)

(3.3 x 107)a

(0.0035)a

(0.0038)a .
(0.0044)a

(0.012)

0.0021
3.84 x 101*

101*6.32 x
0.0029
0.0036
0.0084

0.018

1.96 x 10*+
0.0029
0.0214
JK0024

0.027

0.00759
0.1332
0.0566
0.0312
0.1394
0.0424
0.0203

0.499

0.00137
0.00829
0.00198
6.65 x IP1*

0.0123

0.0027
0.0023
0.0017
0.0033

0.010

1000/T

1.3643
1,4641
1.3643
1.2771
1.2005
1.2005

1.658
1.443
1.364
1.277

1.2771
1.1325
1.1325
1.1325
1.1325
1.1325
1.2005

1.1.33
1.1062
1.261
1.3369

1.3369
1.261
1.328
1.3459

Log
Perm. Rate
(Ci/day)

-3.2856
-3.7163
-3.1996
-2.8829
-2.7243
-2.8379

-3.6609
-2.5355
-2.2598
-1.8966

.792

.2098
,1767
,5477

-0.8558
-1.3264
-1.5674

-3.1957
-2.3369
-2.704
-2.9729

-30.0063
-2.6741
-30.0113
-30.0664
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TABLE Vl-6 (Contd.)

Run
No.

27
28

29
30
31
32
33

Temp.
(°C)

450
430

Total -

410
410
425
470
580

Total -

aEstimated.

Tritium
Permeability
(Ci/ra»day«Pa)

0.0176
0.013

Sample 6

0.00947
0.00547
0.012
0.0233
0.0879

Sample 7

HT/Day

0.56065
0.52279

0.51466
0.51204
0.58262
0.83339
0.76999

Permeation
(Ci)

0.0118
0.0092

0.021

3.48 x 10t
2.68 x 10"+
5.30 x 106
0.0012
0.0066

0.090

1000/T

1.3831
1.4225

1.4641
1.4641
1.4327
1.3459
1.1723

.•

Log
Perm. Rate
(Ci/day)

-2.7596
-2.9215

-3.7706
-40.0112
-3.6139
-3.1703
-2.628

VI-37



TABLE VI-7

Summary of Tritium Collected

Run

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Conditions8

Tests to 300
600/STD
700/STD
700/l%H2
550/STD
500/STD
550/STD
600/STD
650/STD
650/No H 2

400/No H2

500/No H2
550/No H2

600/No H2

700/No H2
700/STD
700/(300 SCCM)
700/(30 SCCM)
700/STD
650/STD
650/0.2% 0 2

650/STD
600/STD
550/STD
600/STD
560/STD
550/STD
525/STD
500/STD
480/(300 SCCM)
480/STD
500/STD
550/STD
650/STD

Total:

HT

0.00186
0.985
0.985
0.513
2.099
0.617
0.725
1.811
1.008
1.823
0.040
0.300
1.245
2.197
1.560
0.715
0.503
1.109
0.380
0.294
0.028
1.092
0.351
1.077
0.576
0.537
1.213
2.128
2.104
0.543
0.721
0.740
1.271
1.666

32.958

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.
0.
0.
0.
0.
0.

1.

HTO

00006
026
009
011
006
001
001
002
001
002
000
003
000
000
001
000
001
000
000
000
000
000
000
001
002
007
048
333
857
211
004
003
004
009

543

3.
(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
0.
0
0.
0
0.

0

3 x 107
.004)
.004)
.004)
.0021
.0004
.0006
.0029
.0036,
.0084°
.0004
.0029
.0214
.0783°
.1332
.0566
.0312
.1394
.0424
.0203°
.0014
.0083
.0020
.0033b

.0023

.0017
,0033b

.0118

.OO93b

0003
.0003
0005
.0012
0066b

608

TCOLL

0.002
1.015
0.998
0.528
2.107
0.618
0.727
1.816
1.013
1.833
0.041
0.306
1.267
2.275
1.694
0.772
0.535
1.248
0.422
0.314
0.029
1.100
0.353
1.082
0.580
0.546
1.264
2.473
2.970
0.754
0.725
0.744
1.276
1.682

35.110

CTCOLL

0.002
1.017
2.015
2.543
4.650
5.268
5.995
7.811
8.824
10.657
10.698
11.004
12.271
14.546
16.240
17.012
17.547
18.795
19.217
19.531
19.560
20.660
21.013
22.095
22.675
23.221
24.485
26.958
29.928
30.682
31.408
32.152
33.428
35.110

aNumbers on left of slash (/) is temperature (°C); number on right is gas
composition; STP means standard conditions, i.e. flow rate of 100 cm3/min
and 0.1% H3 added.

"Permeation samples.
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The output of the Kanne chamber records the HT Fignal in volts, which is

equal to the logarithm of the tritium concentration in microcuries per cubic

meter. From the outputs of the calibrated transducers which monitor pressure

and flow, the HT release rate, in units of microcuries per minute, is then

calculated. The absolute accuracy of this release rate was about 30%, owing

to the many scale changes (three to four orders of magnitude) which occurred

after calibrating the Kanne chamber at low levels. However, the observed data

were recalibrated to the data for the HT, which was collected and analyzed by

scintillation counting. The latter data had an absolute accuracy of 5%. This

calibration procedure involved multiplying the release rates for HT by a fac-

tor of 0.65 and subtracting the baseline correction, which increased Prom zero

at the beginning of the experiment to a value of 75 yCi/min at the end. The

dynamic data for tritium release, after calibration, agreed with the integral

data from the scintillation counting within 10%; thus the absolute accuracy of

the HT release rate was about 10%.

For a given run, the experimental parameters (e.g., temperature) are

fixed and the tritium (HT) release rate was monitored. At steady state, the

release rate is invariant in time and equal to the generation rate. The

tritium generation rate was calculated from the recorded neutron flux levels,

as later discussed in Sec. VII.D. The absolute accuracy of the tritium gener-

ation rate was 10%.

Presented below are the dynamic data for temperature, tritium (HT)

release rate, and tritium generation rate for the 33 experimental runs. The

time given for all graphical data are in Central Standard Time.

Before the full-power operation of the TRIO irradiation experiment, tests

of the ORR were carried out at low power, 3 kW to 12 MW (full power, 30 MW);

they were done subsequent to the period of about three months when the reactor

was down for repairs to the reactor coolant system. A reactor power of 300

kW, or 1% of full power, is given the name "N." because, it is considered to be

the lowest power that can be quantitavely measured. The data for temperature

and tritium release rate data from Run 0 are presented in Figs. VI-6 and -7,

respectively.

The recording of temperature began at 2100 on March 10, 1983. One ther-

mocouple element, TR-901, read ~15 deg high owing to an electronic (reference
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Hours after 10-MAR-1983 2100 RUN 0
t2 1 6 2 4 3 0 3 6 4 2 4 0 5 4 6 0

Hours after 9-MAR-1983 1200 RUN 0

Fig. VI-6. Recorded temperatures for Run 0. Fig. VI-7. Tritium release rate for Run 0
(shaded). (The unshaded line
represents scale expansion by a
factor of 100.)



point) problem. As shown, the greatest responses were at 0400 and at 2030 on

March 11; these peaks correspond to 1-h tests when the reactor was at 12 MW.

With pure helium in the gas gap, the temperature rose to ~200°C when ORR was

at 40% full power. Other tests at 1% full power showed a measurable tempera-

ture rise of ~4°C. As will be discussed later, the data provide a good deal

of information on heat transfer. For example, thermal conductivity of lithium

aluminate from 30 to 200°C can be derived from the radial temperature

gradient.

The recording of tritium release began on March 9, 1983. Generally, the

peak heights are proportional to the tritium generation rate, with approxi-

mately 10% of the tritium released. This release is attributed to a recoil

mechanism, which is discussed is Sec. IX.A. Another feature is that measura-

ble tritium release occurred on the afternoon of March 9, when the reactor

power was at only 3 to 30 kW. These levels are barely detectable by the reac-

tor instruments. It appears that the tritium monitor is the most sensitive

detector for neutrons at the ORR facility.

Run 1 had a nominal temperature (the average of T804 and T808) of 600°C

with a helium + 0.1% H2 sweep gas flowing at 100 cm
3/min. The data tempera-

ture and tritium release data are given in Figs. VI-8 and VI-9, respectively.

The nominal temperature was held at 400°C for 2 h at the start to reduce the

chances for thermal shock. At 1200 on March 12, the nominal conditions were

established. The thermal data show that the total temperature range is about

180°C, that the radial gradients are about 120°C, and that longitudinal gradi-

ents are -20°C. One thermocouple, TR801 (~630°C) showed a large number of

spikes which were caused by the electronic recording system. Also, oscilla-

tions in temperature are shown at hours 21 and 31.

The tritium release rate and the generation rate are shown in Fig. VI-8.

The ORR reached full power at hour 4, when the generation rate thus reached

the level of 350 uCi/min. Because the temperature was low (400°C) from hour 4

until hour 6, tritium accumulated in the solid. When the temperature was in-

creased to nominal conditions, which were chosen such that steady state could

be achieved in a few hours, the release curve briefly rose above the genera-

tion curve; and some of the excess tritium that had built up over the preceed-

ing two hours was released. Within approximately two hours, the release rate
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Hours after 12-MAR-1983 0600 RUN 1

Fig. VI-8. Recorded temperature for Run 1. Fig. VI-9. Tritium release rate and generation
rate for Run 1.



state was achieved very rapidly in the first run. The negative spike xn the

release curve at hour 17 is due to changing samples, which briefly altered

flow. In addition, the temperature excursions at. hours 21 and 31 cause

significant perturbations in the tritium release curve.

Run 2 was at a nominal temperature of 700°C with a sweep gas of helium

+ 0.1% H 2 flowing at a rate of 100 cm3/min. The temperature and tritium

release data are shown in Figs. VI-10 and VI-11, respectively.

The tritium release curve shows a positive spike, followed by a return to

steady-state within approximately three hours. The positive spike indicates

that the tritium inventory in the solid is less at higher temperatures. There

is a.temperature spike at 1600 on March 14, which translateds to a small peak

in the tritium release curve at 1800 on March 14. There was also a reactor

setback at 1000 on March 15, which caused brief temporary fluctuations in tem-

perature and tritium release.

Run 3 was at a nominal temperature of 700°C with a sweep gas flow rate of

100 cm3/min, as in Run 2. The concentration of hydrogen in the sweep gas was

increased from 0.1 to 1.0%. The temperature and tritium release data are

shown in Figs. VT-12 and -13, respectively. The temperatures were nearly con-

stant throughout the run except for two small transients which occurred at

1500 on March 16 and at 0800 on March 17. The 150°C decrease at 1400 on March

17 is the start of Run 4. At the beginning of the run, the tritium release

curve shows a very sharp spike, which returns to steady state in less than one

hour. The positive spike indicates that the increase in hydrogen level in the

sweep gas enhances tritium release.

Run 4 was at a nominal temperature of 550°C with a flow rate of 100

cra3/min for the sweep gas of helium + 0.1% H2. These sweep gas conditions

were used for most of the runs. The temperature and tritium release data are

shown in Figs. VI-14 and -15, respectively. The temperature data are

generally rather smooth except for a reactor shutdown at 0900 on March 21, a

small transient at 1000 on March 19, and a series of oscillations on March 21

and March 22. All these transients are the result of changes in the neutron

flux levels, as can be noted by examination of the tritium production curve in

Fig. VI-15. The tritium release curve shows a negative peak at the beginning

of Run 4, followed by a slow approach to steady state. The transient in

tritium release at hour 20 is from changes in flow caused by changing sam-

ples. The tritium release curve does not reach steady state during Run 4.
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Run 5 wus at a nominal temperature of 500°C with a flow rate of 100

cc/rain and with a sweep gas composition of helium + 0.1% H2« The temperature

and tritium release data are shown in Figs. VI-16 and -17, respectively. The

tritium release curve shows a negative peak, followed by a very slow approach

to steady state. Steady state is not achieved in Run 5. .-,,

Run 6 was at a nominal temperature of 550°C with a flow rate of 100

cm3/rain and for the sweep gas of helium + 0.1% H2. The temperature and

tritium release data are shown in Figs. VI-18 and -19, respectively. Neutron

flux and temperature varied by 1% for the entire run. The tritium release

curve shows a strong positive peak, followed by a smooth return to steady

state at about 20 h.

Run 7 was at a nominal temperature of 600°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2. The temperature and tritium

release data are shown in Figs. VI-20 and -21. The temperatures and the neu-

tron flux are again essentially constant for this run. The apparent tempera-

ture excursions for two thermocouples (TR801 and TR901) are due to problems

with the electronic recording system. The tritium release curve has a drop in

the middle of the peak caused by the scale change. Whenever the signal rises

above 1000 yCi/min, the scale changes automatically and this causes an offset

problem. The tritium release curve shows a large positive spike followed by a

return to steady state within 20 h.

Run 8 was at a nominal temperature of 650°C with a flow rate of 100

cc/min and with a sweep gas composition of helium + 0.1% H2. The temperature

and tritium release data are shown in Figs. VI-22 and -23, respectively. The

temperatures and the neutron flux levels were essentially constant throughout

Run 8, except for a slight drop in flux and temperature at 0300 on March 29.

The tritium release curve shows a positive spike followed by a return to equi-

librium in about 12 h.

Run 9 was at a nominal temperature of 650°C with a sweep gas flow rate of

100 cm3/min. The sweep gas composition was changed, going from 0.1% hydrogen

added to pure helium with no hydrogen added. The temperature and tritium

release data are shown in Figs. VI-24 and -25, respectively. The temperatures

are essentially constant, and all conditions are the same as Run 8 except for

the addition of hydrogen to the sweep gas. Removal of the hydrogen additive
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has a profoundly negative impact upon tritium release rate, as is evidenced by

the large negative peak and the very slow return to equilibrium. Steady state

is not achieved in Run 9.

Runs 10 and 11 were performed to investigate the transport rates of

radionuclides at lower temperatures. Run 10 was at a nominal temperature of

400°C, and Run 11 was at a nominal temperature of 500°C. The sweep gas was

pure helium flowing at 100 cm3/min. The temperature data for the two runs are

shown in Figs. VI-26 and -27. The tritium release data are given in Fig.

VI-28. Tritium release was minimal for these runs and steady state was not

achieved.

Run 12 was at a nominal temperature of 550°C with a flow rate of 100

cm3/min for the sweep gas composition of pure helium. The temperature and

tritium release data are shown in Figs. VI-29 and -30, respectively. Steady-

state tritium was not reached in four days.

Run 13 was at a nominal temperature of 600°C with a flow rate of 100

cm-Vmin and for the sweep gas of pure helium. The temperature and tritium

release data are shown in Figs. VI-31 and -32, respectively.

There was a reactor shutdown on April 13, as indicated by the low

temperatures in Fig. VI-31. The positive spikes in the tritium release curve

indicate a net release of tritium after the run had begun, when the reactor

was restarted on April 14. The spike is followed by a return to steady state

-100 h after the reactor restart. At 2200 on April 16, a slight decrease in

flux caused a drop in temperature of ~5 deg. This temperature drop causes a

noticeable dip in the tritium release curve.

Run 14 was at a nominal temperature of 700°C with a flow rate of 100

cm3/min for the sweep gas of pure helium. The temperature and tritium release

data are shown in Figs. VI-33 and -34, respectively. The neutron flux and the

temperatures are rather constant throughout the run. The tritium release

curve shows a positive spike followed by a return to steady-state conditions.

Run 15 was at a nominal temperature of 700°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2. The temperature and tritium

release data are shown in Figs. VI-35 and -36, respectively. The only change

from the previous run is the addition of 0.1% Hg to the sweep gas. The addi-

tion of H 2 has a dramatic effect: the very large positive spike indicates a
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Fig. VI-36. Tritium release rate for Run 15.

large net release of tritium. The addition of hydrogen appears to signifi-

cantly enhance tritium release. The spike is followed by a return to steady

state.

Run 16 was at a nominal temperature of 700°C with a sweep gas flow rate

of 300 cc/min and with a sweep gas composition of helium + 0.1% H2. The tem-

perature and tritium release data are shown in Figs. Vl-37 and -38. Pressure

and flow conditions in the sweep gas are given in Figs. VI-39 through -42.

The only change in conditions from the prior run is an increase in flow rate

from 100 to 300 cm3/min. The increase in flow results in a positive spike at

the beginning of the run, followed by .a very rapid return to steady state.

The second spike seems to be correlated to a temporary drop in pressure (Fig.

VI-39) and a brief increase in sweep gas inlet flow. For Run 16 overall, the

increase in flow seems to result in an improvement in release.
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Run 17 was at a nominal temperature of 700°C with a flow rate of 30

cm3/min for the sweep gas of helium + 0.1% H2. The run is the same as the

prior run except that the sweep gas flow rate is decreased from 300 Ciu3/min to

30 cm3/min. The temperature and tritium release data are shown in Figs. VI-43

and -44, respectively. A fluctuation in release rate occurs at the beginning

of the run, followed by a rapid return to steady state. It is not clear what

the effect of decreased flow is. This decreased flow does not seem to have a

strong effect upon tritium release.

Run 18 was at a nominal temperature of 700°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2» The temperature and tritium

release data are shown in Figs. VI-45 and -46, respectively. The run has the

same conditions as Run 17 except that the flow rate is increased from 30

cra3/min to 100 cm3/min. An observable peak in the tritium release curve, fol-

lowed by a return to steady state within 8 h.

Run 19 was at a nominal temperature of 650°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2* The temperature and tritium

release data are shown in Figs. VI-47 and -48, respectively. The tritium

release curve shows oscillations followed by a negative peak and a return to

steady state. The oscillations are brought about by temporary pressure and

flow changes resulting from changing samples. The rapid fluctuations in the

temperature plots were caused by electronic problems with thermocouple T3.901.

Run 20 was at a nominal temperature of 650°C with gas flow rate of 100

cm3/min for the sweep gas of helium + 0.2% oxygen. The temperature and trit-

ium release data are shown in Figs. VI-49 and -50. The temperature profiles

show a startup period of about 24 h at low temperature (300-400°C) preceding

operation at full temperature. Again, there were problems with thermocouple

TR901. The tritium release shows no significant release of tritium in the HT

form. As reported previously, no significant release of tritium in the con-

densable form occurred during the TRIO experiment. The addition of oxygen did

not appear to be beneficial to tritium release.

Run 21 was at a nominal temperature of 650°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2. The temperature and tritium

release data are shown in Figs. VI-51 and -52, respectively. The test repre-

sents a return to standard conditions following the run with oxygen• The
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tritium release curve shows a very strong positive peak followed by a return

to steady state. The temperature perturbation at 0500 on May 3 did not have a

noticeable effect upon tritium release.

Run 22 was at a nominal temperature of 600°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2. The temperature and tritium

release data are shown in Figs. VI-53 and -54, respectively- The run repre-

sents a decrease of 50°C from Run 21. The temperatures were essentially

uniforu throughout the course of the run. The tritium release curve has a

negative peak, followed by a return to equilibrium conditions. There is a

fluctuation at 1500 resulting from temporary pressure and flow changes caused

by a sample change.

Run 23 was at a nominal temperature of 550°C with a flow rate of 100

cmVmin for the sweep gas of helium + 0.1% H2« The temperature and tritium

release data are shown in Figs. VI-55 and -56, respectively. The run repre-

sents a decrease in temperature from the prior run. The temperature profiles

show the initial temperature drop, followed by an ORR shutdown at 1700 on May

5, an ORR restart at 1900 on May 6, two reactor setbacks, and a number of

small step changes in temperature. Owing to the many changes in temperature

and neutron flux, the tritium release curve is very complex. It can be said

that the temperature decrease at the start of the run caused a negative peak.

The release curve at the end of the run appears to approach steady-state

conditions.

Run 24 was at a nominal temperature of 600°C with a flow rate of 100

cmVmin for the sweep gas of helium + 0.1% H2. The temperature and tritium

release data are shown in Figs. VI-57 and -58, respectively. The run was the

same as the previous one except that the temperature was higher by 50 °C. The

temperatures and neutron flux were essentially constant for the duration of

the run. The increase in temperature caused a large positive spike in the

tritium release curve followed by a return to steady-state conditions within

20 h. The drop in the release curve at the peak maximum is due to a scale

change in the tritium monitor.

Run 25 was at a nominal temperature of 560°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2. The test conditions represent

a decrease of 40°C from Run 24. The temperature and tritium release data are

shown in Figs. VI-59 and -60, respectively. The temperature data show very
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constant temperatures except for a reactor setback which occurred at 1045 on

May 11. Thermocouple TR901 continued to be erratic. The tritium release

curve shows a negative peak followed by a return to equilibrium. The reactor

setback resulted in a significant perturbation in the release curve, owing to

the drop in temperatures.

Run 26 was at a nominal temperature of 550°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2« The temperature and tritium

release data are shown in Figs. VI-61 and -62, respectively. The test condi-

tions for the run represent a temperature decrease of 10°C from Run 25. In

Fig. VI-62 there is a small negative peak followed by a return to steady state

in ~70 h. A perturbation resulting from a sample change is observable in this

figure at 0700 on May 13.

Run 27 was at a nominal temperature of 525°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H^. The temperature and tritium

release data are shown in Figs. VI-63 and -64, respectively. The test condi-

tions of the run represent a temperature decrease of 25°C from Run 26. There

was a reactor shutdown followed by a restart at 1400 on May 16. The tempera-

ture profiles show that the nominal temperature was dropped from 550 to 525°C

at 1200 on May 17. After that time, the reactor power was at 28.5 MW (95% of

full power) for the rest of the run. The temperature drop of 25°C results in a

negative peak followed by a return to steady state in about 150 h. On the

night of May 20, essentially all the sweep gas leaked into a glovebox; the

amount lost was calculated to be 0.16 Ci. No measurable tritium was detected

in the room. The levels of tritium in the glovebox (Fig. VI-65) rose to about

15,000 yCi/m3.

Run 28 was at a nominal temperature of 500°C with <* flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2. The temperature and tritium

release data are shown in Figs. VI-66 and -67, respectively. The run repre-

sents a decrease in temperature of 25°C from Run 27. The temperature readout

from TR901 was still giving problems; thus the negative spikes on May 26 are

due to recording problems and not temperature variations. There is a five-

degree increase in temperature at 1700 on May 29, owing to a slight increase

in neutron flux. The tritium release curve shows a negative peak followed by

a slow return to equilibrium after about 170 h (7 days). There are a number

of oscillations in the tritium release curve, which were caused by small

changes in temperature and in flow conditions.
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Fig. VI-67. Tritium release rate for Run 28.

Run 29 was at a nominal temperature of 480°C with a flow rate of 300

cm3/min for the sweep gas of helium + 0.1% H2« The temperature and tritium

release data are shown in Figs. VI-68 and -69, respectively. The test condi-

tions of the run represent a decrease in temperature of 20°C and a threefold

increase in flow from Run 28. The temperature profile reflects a reactor

shutdown on June 1 and some temperature oscillations on June 2. The tritium

release curve shows overall a negative peak followed by a slow approach to

equilibrium. The run does not appear to reach steady-state conditions.

Run 30 was at a nominal temperature of 480°C with a flow rate of 100

cm^/min for the sweep gas of helium + 0.1% H2« The temperature and tritium

release data are shown in Figs. VI-70 and -71, respectively. Figure VI-70

shows that the temperatures were essentially constant for the run. The

tritium release curve shows a slow approach to equilibrium; steady-state
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conditions are needed after ~6 days at 480°C, including the time at this

temperature from Run 29.

Run 31 was at a nominal temperature of 500°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2« The temperature and tritium

release data are shown in Figs. VI-72 and -73, respectively. The run repre-

sents a 20 °C temperature increase from Run 30. The tritium release curve

shows a small positive peak followed by a return to steady state in about

40 h.

Run 32 was at a nominal temperature of 550°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2. The cemperature and tritium

release data are shown in Figs. VI-74 and -75, respectively. The run repre-

sents a 50°C temperature increase from Run 31. The tritium release curve

shows a large positive spike followed by a return to equilibrium conditions.

The run was terminated before the system reached steady state. There are again

oscillations in the tritium signal owing to changes in scale.

Run 33 was at a nominal temperature of 650°C with a flow rate of 100

cm3/min for the sweep gas of helium + 0.1% H2. The temperature and tritium

release data are shown in Figs. VI-76 and -77, respectively. The run repre-

sents a return to reference conditions. Since Run 33 was the last one, time

was allowed to permit equilibration. The tritium release curve shows a very

strong peak followed by a return to steady state within 20 h.

G. Release Rates of HTO, Condensable Fora

The release rate of the HTO, or the condensable form, was not continually

monitored in the way that HT was. Rather, samples were taken over various

time intervals. These data wer? presented in tabular form in Sec. VI.E. It

is of some interest to determine the actual release rate of HTO. Therefore,

the data presented in Sec. VI.E were used to calculate HTO release rates.

These data are not instantaneous but average release rates over the time the

sample was collected. Rather than a smooth curve, the release rate appears as

a series of bar graphs.
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1. Runs 0-4

The HTO release rates for the first four runs are given in Fig. VI-78.

One can see a small peak for Run 0, which coresponds to a small but finite

release of HTO at ~200°C. Run 1 has a rather large peak of ~50 yCi/min

followed by rapid decline. This peak is ~15% of the HT release rate (see Fig.

VI-9). For an extended period of time, the HTO release rate declines to below

10 yCi/min, then below 1 yCi/min. The initial peak for HTO released appears

to be associated with an initial experimental condition, such as outgassing

the final traces of moisture from the LiA102 ceramic. The HTO release rate

for Run 1 is shown in more detail in Fig. VI-79.

A small peak is observed at hour 180 in Fig. VI-78. Thi^ peak occurs ~24

h after the sharp spike in the HT release curve, at the beginning of Run 3.

Run 3 was at 700°C with 1% H 2 added to the sweep gas.

2. Runs 4-20

The HTO release rates for Runs 4-20 are given in Figs. VI-80 through -83.

During this period the HTO release rate was small but finite. The release

rate curves may have some structure, but the peaks do not instantaneously

correlate to HT peaks. It appears that delays of about a day may occur be-

tween the onseL of large HT peaks and that of HTO peaks. The HTO release

curves for Runs 4-19 are discussed below.

The HT curves in Runs 4 and 5, for which the temperature was decreased to

500-550°C (Figs. VI-15 and -17) show strong negative peaks. These runs are

represented by the first 100 h in Fig. VI-80. The HTO release curve shows a

continual decrease during this period. Run 6 (temperature increased from 500

to 550°C) begins at hour 108 in Fig. VI-80. There is a strong positive peak

in the HT curve (Fig. VI-19); an observable peak occurs in the HTO curve ~12 h

later. Run 7 begins at hour 130 in Fig. VI-80, but because only one sample

was taken, it is not possible to resolve any HTO peak. Run 8 begins at hour

12 in Fig. VI-81. There may be an HTO peak at the start of the run and one

about 36 h after the beginning of the run.

Runs 9 (650°C), 10 (400°C), and 11 (500°C) are represented in Fig. VI-82.

All three runs had no hydrogen added to the helium sweep gas. Reactor shut-

downs took place at hours 144 and 264; no HTO release is indicated when the
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reactor is down. In each case, a small spike appears in the HTO release curve

~24 h after reactor startup.

Figure VI-83 shows the HTO release rate for Runs 13-20. Run 14 (700°C -

no H2 added) begins at hour 60. The HT release curve (Fig, VI-34) shows a

strong positive peak at 1700 un April 18 (hou 65 in Fig. VI-83). The HTO

release curve shows a peak ~24 h later. There is not sufficient resolution to

tell if there are HTO peaks associated with Runs 15-19.

3. Runs 20-30

Run 20 was at a nominal temperature of 650°C, v»ith 0.1% oxygen added to

the sweep gas for April 29 until May 2. The HTO release rate for Runs 20-30

are shown in Figs. VI-84 through -87. During Run 20, essentially no tritium

was released, either as HT or HTO. However, for the next several weeks after

Run 20, the HTO release curve rose dramatically, to a peak of 150 yCi/min at

the beginning of Run 29 (see Figs. VI-86 and -87). This peak occured 30 days

after Run 20 had ended. This large peak also does not seem to correlate with

the test conditions of Runs 21-30; it is therefore attributed to the effects

of Run 20. As noted above, HTO peaks often occur ~24 h after the HT peaks.

It is inferred that HTO exits the system ~24 h after it has been released from

the breeder in the capsule. The fact that some 30 days elapsed before the HTO

created in Run 20 was released suggests that the HTO from Run 20 was trapped

on the surface of the breeder material. Over a period of 30 days, the HTO on

the breeder surface was gradually released.

In addition to the large HTO peak, there is some evidence of structure in

the HTO release curves for Runs 21-30. Run 21 begins at hour 132 in Fig.

71-84. About 12 h later an HTO peak appears to form. A reactor shutdown

occurred at hour 216, followed by a restart at hour 224. An observable HTO

spike occured ~20 h after startup. Run 24 (600°C) has a large HT spike at

1100 on May 9 (see Fig. VI-58), which corresponds to hour 300 in Fig. VI-84.

Some 30 h later the HTO curve showed a peak; which may be associated with the

phenomena of Run 20. An HTO peak appears ~24 h after reactor startup (Fig.

VI-86), which occurred at hour 108.

Run 31 is depicted in Fig. VI-88. The HT release curve ws given in Fig.

VI-73. There appears to be a flow transient at 0800 on June 6, which gener-

ated a sharp, narrow spike in both the HT and HTO release curves. The HT peak
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occurred at 1000 on June 6 and is small. The HTO peak, at about 1400 on June

6, is also small.

Run 32 is depicted in Fig. VI-89. The peak in the HT curve (Fig. VI-75)

occurred at 1400 on June 8. The peak in the HTO curve at hour 56, at the be-

ginning of the next run, may be associated with Run 32*

Run 33 is shown in Fig. VI-90. The HT curve (Fig. VI-77) showed a very

strong peak at 1000 on June 10. There is a very strong peak in the HTO curve

10 to 20 h later.

H. Radionuclides

During operation of the TRIO experiment, a number of radionuclides were

observed in the sweep gas stream (Table VI-8). These species were detected by
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TABLE VI-8

Radionuclides Observed

Nuclide

23Ne

38C18

^Ax

8 5 ^

«7Kr
89RT

90RT

88Rb8
8^Rb9

! 3 3 X e

135mXe

135 XQ

137 X e

138 X e

1 3 8 C s

139C S

Half-Life

11.0 s

37.5 s
37.? mo

1.8 h

4. 48

76.0 mo

3.15 m

32.3 s

17.7 mo

15.4 mo

5.25 d

15.3 mo

9.09 h

3.85 mo

14.2 mo

40.0 s

32.2 mo

9.4 mo

Source

Ne

Na, Ne

CI

Ar, K

U

U

J

U

U

u
u
u
u
u
u
u
u

gamma spectrometry as previously described (Section IV. C). The levels of

these species were not more than 1% of the observed tritium signal, as meas-

ured by the Kanne chamber used to monitor the HT level. As shown, these

radionuclides arise from the presence ol trace levels of certain contaminants

present in the breeder material. The presence of these radionuclides is sig-

nificant because it provides information on radioactivity levels that have to

be handled in a fusion reactor. In addition the data on the transport of

neon, argon, krypton, and xenon may provide some insight into the transport

behavior of a very important species, helium.
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VII. POST-IRRADIATION EXAMINATIONS (PIE)

The TRIO experiment is comprised of three phases: pre-irradiation, irra-

diation, and post-irradiation. Data from each phase provide an essential con-

tribution to the overall experiment. The pre-inadiation phase (see Sec. IV)

includes: appropriate characterizations of the LiA102 breeder material, raock-

up testing of critical experimental components (e.g., gas analysis system),

and characterization of the nuclear environment with core mockup tests. The

irradiation phase (see Sec. VI) includes the collection of extensive data on

tritium release in its various chemical forms and monitoring of neutron flux

and temperature profiles. The post-irradiation examinations (PIE) include the

following steps: (1) disassembly of the capsule, (2) measurement of tritium

retention in the breeder pellets, (3) determination of lithium burnup by meas-

urement of lithium isotopy, (4) determination of thermal flux with dosimetry

wires, (5) microstructural characterization of the pellets by scanning elec-

tron microscopy, (6) analysis of radioactivity in the pellets, and (7) charac-

terization of the phase stability of the irradiated Y~LiA102 by X-ray

diffraction.

A. Capsule Disassembly

The large capsule assembly, nearly 3 m (12 ft) in length (shown as it was

fabricated in Fig. IV-8), was removed from the reactor after unbolting the

flange at the top and then crimping, disconnecting, and sealing the sweep gas

lines with tubing fittings. A 10-m (3O-ft) length of the sweep gas exit line

was also crimped, then disconnected and sealed at both ends and retained for

tritium assay. This line led from the top of the reactor through the pool to

the gas analysis system. The large assembly was then brought to the 0~R hot

cell under water, and the lower portion (45 cm, 16 in.) was sawed off with a

motorized hacksaw. This portion of the assembly contained the test capsule

and LiA102 breeder specimens. The cut part of the lower assembly was then re-

sealed by immersing it into a pot of epoxy, which is expected to be capable of

maintaining its integrity to a dose of 108 rads. This assembly was loaded

into a 2-R container, and a Garden-2 cask, and delivered to ANL.
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The capsule disassembly was performed In the ANL Alphd-Gsmma Hot Cell

facility (AGHC); the log number for the task is AG266A. In this facility, all

cuts were made using high-speed grinding wheels with brittle blades. No cut-

ting lubricants were used, and the capsule was rotated during cutting to pre-

vent excessive heating. The temperature of the pieces was not measured, but

cutting conditions used were the same as operations that did not melt sodium

in similar capsules It is therefore estimated that the temperatures did not

exceed 60 °C. Photographs were taken after each cut was made and retained in

permanent records of the AGHC. Care was taken to retain orientation of all

parts with respect to "up" and geographic direction. North was the zero-

degree reference angle.

Owing to the large amount of neutron-irradiated steel, the capsule

assembly had an activity in excess of 106 R. All steel components in the

capsule required remote handling. The activity of the lithium aluminate

specimens was in the milliroentgens range, and these samples could be handled

manually, with appropriate care.

The first cut was through the capsule assembly at a location below the

lowest extent of the inner cladding, as shown in Fig. VII-1. The lower por-

tion of the assembly was then discarded. A photograph of the remaining por-

tion of the assembly is shown in Fig. VII-2. The orientation of the photo-

graph is such that the view is looking upward toward the bottom of the inner

capsule. The outer cladding and the four fins on the outside of the assembly

having been cut through; the cogwheel-shaped centering device at the bottom of

the inner capsule is visible. The tube on the outside of the east fin con-

tains dosimetry wires, and the tube on the inside of the east fin is the inlet

line for the control gas. Burrs on the inside of the outer cladding resulting

from the cut were removed, causing the scratches on the west side of the cog-

shaped centering plate. As shown, the centering plate and the inner capsule

had been shifted directly to the east side, causing the gap to be smaller and

the temperatures to be lower on that side. The nominal gap was 0.051 cm

(0.020 in.), and the actual gap dimensions were measured by inserting piano

wires of various diameters between the slots in the centering plate into the

gap. As can be determined from Table VII-1, the largest gap was on the west

side, and the smallest gap was on the east side. The inner capsule (when at

ambient temperature) was displaced from center by 0.023 cm (0.009 in.) to
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AG-266A2 b

Fig. VII-2. Photograph of TRIO capsule after first cut made.
(The view is upward from the bottom.)

TABLE VII-1

Measured Capsule Asymmetry

Angle
(deg)

30

90

150

210

270

330

Capsule Asymmetrya (in.)

0.012

+

-

+

+

+

+

0.014

-

-

-(close)

+

+

+

0.020

-

-

-

+

+

+

0.024

-

-

-

-

+

+

Gap (in.)

Measured

>0.012

<0.012

0-012

>0.020

>0.024

>0.020

Estimated

0.014

0.011

0.014

0.022

0.029b

0.022

a"+" means wire fit in gap; "-" means that the wire did not fit.

b0.029 fits.
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the east. The measured temperatures showed that the east side was consis-

tently colder by about 50°C. This eifect was due to the gap asymmetry. It is

likely that the thermocouples located on the east and west sides directly

measured the maximum and the minimum temperatures. It is fortunate that the

capsule was not off-center to the north or to the south, because no direct way

would have been available to determine the entire temperature range.

The outer cladding was then removed and discarded, and the inner capsule

was sectioned to recover the breeder pellets. The breeder pellets appeared to

be intact, but broke into four to six pieces when picked up. The lithium-

aluminate pellets were numbered 1 to 7 from top to bottom. The orientation of

each fragment was marked, and each pellet was placed in a separate container

(plastic having a push-fit top) under the ambient cell atmosphere of dry

nitrogen. Each plastic container was then placed in a metal "paint-can" type

container. The hot cell is generally used to examine fission fuels, and the

pellets did become contaminated with fission products. Also, the grinding

procedures produced substantial quantities of steel dust, and the pellets

probably became contaminated with bits of cladding.

n. Tritium Retention in the Lithium Aluminate Pellets

Pellets 3 and 4 were selected for tritium analysis. Pellet 3 was removed

from the AGHC, bagged, placed in a container, and delivered to the Analytical

Chemistry Laboratory of ANL. The pellet was in six pieces. The pellet was

removed from its containers and reassembled (Fig. VII-3). The activity was

quite high, probab\y owing to contamination as discussed above. The total

activity was 1.5 R at a distance of 4 in., with a gamma level of 50 mR. A

imear on one of the pellet fragments (the south sector) showed a gamma level

of 1.5 million counts per minute (cpm) gamma and 0.15 million cpm alpha, indi-

cating a substantial amount of loose activity. Owing to the amount of loose

activity present, an attempt was made to clean the pellet with an ethanol

wash. This procedure lowered the total activity to 200 mR, but the gamma

level was unchanged. Each pellet fragment was then given an ethanol wash. It

was observed that the ethanol rapidly soaked into the sample, because of its

porous structure. The tritium content of the ethanol was determined to be

0.22 μCi, less than 0.2% of the amount of tritium in a sample.
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Fig. VII-3. Photograph of irradiated LiA102 pellet.

Each pellet fragment (weight about 1 g) was dissolved in 150 mL of 6 N

HC1 and then neutralized with NaOH. Aliquots of the solution were taken for

measurement of lithium isotopy. To measure tritium content, two 15-mL samples

were distilled, and two aliquots of each distillate were analyzed for tritium

by liquid scintillation counting. Each aliquot was counted twice. The stan-

dard deviation of counts for each distillation aliquot was less than 0.7%, and

the results for each distillation aliquot agreed within 1.5%.

A sample of distillate was dried and counted to determine if any carry-

over of nontritium activity had occurred by distillation. The activity counts

were 3 cpm alpha and 30 cpm beta, neither of which was above background. The

samples all had at least 40,000 accumulated counts so that the error in count-

ing statistics was less than 0.5%. The background counts were less thaa 3% of

the sample counts. Counting efficiencies were typically about 40%, as deter-

mined by using NBS standards. The error of a single tritium determination was

less than 5%, including errors in the NBS standard (<2%), volumetrics (2%),

and distillation (2%).

Fragments, roughly in the shape of 60-deg sectors of the pellet, were

taken from the east (coldest side) and the west side of Pellets 3 and 4 for

tritium assay. Upon dissolution or the samples of Pellet 3, sniffing for
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tritium detected a measurable amount - the order of 10% of the content later

found to be in the samples. The amount of tritium in the gas phase evolved

during dissolution of the samples from Pellet 4 was then determined quantita-

tively by circulating the cover gas in a closed loop through a calibrated

Kanne chamber (tritium monitor). This procedure has an estimated accuracy of

ilO% in the amount of tritium so determined. Once the sealed containers hold-

ing the pellet fragments had been opened, a slight amount of tritium was

detected, <10 pCi/ra3 or less than 0.1 yCi/m3, this amount is less than 0.02

of sample.

The data on measured tritium activities are presented in Table VII-2.

The amounts of tritium in the solid range from about 100 to about 600 pCi/g,

or 0.01 to 0.06 wppm. The east side, which was at the lowest temperature, had

a much higher tritium content than the west side. The amount of tritium

evolved from the samples was about 100 pCi/g, representing a content of 0.01

wppm. The average concentration is 303 yCi/g in Pellet 3 and 391.5 yCi/g in

Pellet 4, a difference of 23%. This difference is attributed to two factors:

the retention is highly temperature dependent, and the temperature distribu-

tions within pellet fragments is different. The overall average amount of

tritium in the solid is 350 ± 50 yCi/g. Since the amount of tritium which

evolved upon dissolution is about 100 yCi/g, the total content is then esti-

mated as 450 ± 50 yCi/g an average concentration of 0.047 ± 0.005 wppm. The

TABLE VII-2

Measured Tritium Activities Retained in
Lithium Aluminate Breedera

Sample
I.D.

3, east

3, west

4, east

4, west

Tritium in
(pCi/g of

459 ±

147 ±

623 ±

160 ±

23.0

7.0

31.0

8.0

Solid
solid)

(0.048)

(0.015)

(0.065)

(0.016)

Tritium Evolved
(uCi/g of solid)

137 ±

77 ±

14.0 (0.014)

8.0 (0.008)

aThe numbers in brackets are tritium concentrations
in wppm.
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amount of tritium retained in the total amount of breeder (42.9 g) is esti-

mated to be 0.019 ± 0.002 Ci. Of the total amount of tritium recovered (35.1

Ci), more than 99.94% was evolved from the breeder and successfully recovered

during operation of the experiment. The value of tritium retention, 0.05

wppm, demonstrates that in-situ tritium recovery can work well for solid

breeders, and that tritium inventories in solid breeder blankets can be low.

The length of stainless steel tubing that led from the top of the reactor

tank to the glovebox had been crimped and sealed at each end. In an effort to

determine if significant quantities of tritium were absorbed on the walls of

the tubing, the tubing was opened and connected to tygon tubing, and 50.0 mL

of water was recirculated through the tubing for 48 h. The amount of tritium

leached into the water was 0.57 mCi. Additional leachings produced a total of

0.11 raCi. The amount of tritium on the tubing is, therefore, estimated as

less than 1 mCi.

C. Lithiun Isotopy

The L̂i burnup was determined by using isotope dilution mass spectrom-

etry. The initial content had been previously measured as 0.55%. The results

for the irradiated pellets are given in Table VII-3. The 6Li conten- is

0.38%, representing a burnup of 0.17%.

D. Dosimetry

The TRIO assembly contained iron, nickel, and titanium dosimetry wires

located in separate tubes on the west and east sides, and in the center of the

capsule. The tubes on the west and east sides were" on the outside of the cap-

sule assembly and located on the outside surface of the fins (see Fig. IV-

10). The 0.25-mm (10-mil) diameter wires were cut into six pieces, each about

1.4 cm long, and counted by gamma spectrometry, using a Ge(Li) detector. The

reaction rates were corrected for decay during irradiation using the flux his-

tories measured by the self-powered neutron detectors (see Sec. VLB). As al-

ready noted, the flux histories showed significant variations not observed in

the power history, owing to fuel changes. The effect upon interpretation of

the dosimetry data is minimal, since the activations used are long lived*

VII-8



TABLE VII-3

6Li Isotope Content of
Irradiated TRIO Pellets

Sample
I.D.

3,

3,

3,

3,

4,

4,

east

east

west

west

east

west

Average

(1)

(2)

(1)

(2)

a t .

0.379

0.379

0.378

0.378

0.383

0.385

0.38%

±

±

±

±

±

b

>U a

0.004

0.004

0.004

0.004

0.004

0.004

aValues after "±" are precision
estimated by the analyst.

bBurnup = 0.55% - 0.38% = 0.17%.

The measured activation rates are listed in Ta*ble VII-4. The results

represent the average of measurements on the six samples. No gradient was

measurable over the length of the wires. As can be seen in Table VII-4, the

thermal flux is about the same on the two outside (east, west) positions, but

drops 32% in the center due to neutron absorption from the stainless steel

cladding (total thickness, 1/4 in.) and from the breeder material. The shield-

ing factor (0.68) was calculated to be 0.74 for the stainless steel and 0.95

for the lithium aluminate breeder. The former number corresponds well to the

results for the core mockup test (0.77 shielding factor for the steel, see

Sec. IV.D). The fast flux gradients are rather steep, decreasing a factor of

two from west to east. This decrease is due to the location of the experiment

in the A2 position, which is at the edge of the core. This gradient in fast

flux has a negligible effect upon tritium production rates and has only a

minor effect upon the damage rates. The activation rates are 30 to 40% lower

than those in the core mockup test, indicating a correspondingly lower flux in

the experiment compared to the core mockup test.
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TABLE VI1-4

Measured Activation Rates for TRIO

Position

West

Center

East

Activation Rate,a atom/atom-s

58Fe(n,Y)59Fe

1.24 x 10-1°

8.31 x 10-U

1.22 x 10-10

5l+Fe(n,p)5'»Mn

5.34 x 10-12

3.42 x 10-12

2.67 x 10-12

«TKn,p)-6sc

7.47 x 10-13

5.26 x 10-13

3.82 x 10-13

aResuits are the average of measurements on
six samples and normalized to 30 MW.

The activities in Table VII-4 were used to adjust the neutron spectrum

measured in the core mockup test (Sec. IV.D). The resultant neutron fluences

are listed in Table VII-5.

Table VII-5

Adjusted Neutron Fluences in TRIO

Energy Range

Total

Thermal (<0.5 eV)

Thermal (2200 m/s)

Epithermal (0.5 eV-0.1 MeV)

Fast O0.1 MeV)

Neutron

Center

19.1

6.93

5.32

6.01

6.15

Fluence

West

28.7

10.3

9.13

8.98

.9.05

(1020 nv)

East

19.7

9.52

8.43

5.13

5.0

E. Mlcrostructural Characterization of Irradiated Lit him
Aluainate Breeder Material

The correlation of microstruetural parameters (grain size, surface area,

porosity, etc.) of the breeder material to tritium release is essential to

understanding the nature of tritium transport. Therefore, the microstructure

of the breeder had to be characterized both before and after irradiation. In
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the TRIO experiment, scanning electron microscopy (SEM) photographs were taken

of the breeder material before irradiation (see Fig. IV-4). In additiion, SEM

was used to examine the irradiated lithium aluminate breeder material. More-

over, a small section of thermocouple cladding was examined to investigate

interactions between the lithium alurainate and stainless steel cladding. The

results of these studies are presented below.

A fragment of Pellet 3 (from the northwest sector) was chosen for this

investigation. The specimen was fractured and SEM photographs (Figs. VII-4

and -5) were taken. The microstructure appears to be the same as before irra-

diation. The grain radius is still 0.1 um, and the agglomerates are still

about 50 v in diameter.

A second sample, Pellet 6, was put back together, mounted in epoxy, then

ground and polished. The results of the investigation showed that no signifi-

cant changes in microstructure had occurred as a result of the irradiation in

the experiment.

Owing to the radioactivity of the steel components, only a very small

metal specimen could be examined with the techniques used, which involved some

hands-on operations, A small section of thermocouple from the west inside, ~1

cm in length, was studied to look for breeder-cladding interactions. There

was some evidence of corrosion, viz., a light-colored material that was

deposited on the surface (probably an oxide) was depleted in iron and enriched

in chromium.

F. Radioactivity

A sample of lithium aluminate (the southwest sector of Pellet 3) was ana-

lyzed by gamma spectrometry and treated as an activation sample. The measured

activities and calculated source concentrations are summarized in Table VII-6.

Comparison of these results with pre-irradiation elemental and activation

analysis (Table IV-3) that the observed impurities as determined before and

after irradiation are generally in agreement. However, the PIE sample has

more fission products (Table VII-7), probably owing to contamination from the

hot cell. In an effort to remove surface contamination, the sample was washed

with ethanol, and both the sample and the wash solution were counted. It was

found that only the gamma peaks from long-lived fission products namely 13l*Cs,
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Fig. VII-4. Scanning electron micrographs of irradiated LiA102 from TRIO.
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Fig. VII-5. Scanning electron micrographs of irradiated LiA102 from TRIO.



TABLE VII-6

Gamma Analysis of Irradiated TRIO Lithium Aluminate Samples

Isotope

22Na

^ S c

SlCr
5l+Mn
5 9 F e

" C o

58Co

6°Co

" z n
9SZr

10 3 R u

llO^Ag

12tSb

137Cs

l ^ C e

181Hf

182Ta

Before Washing

yCi/g

0.093

28.9

489.0

1.65

6.87

0.16

13.1

8.80

42.8

1.09

0.49

0.49

2.31

18.0

0.24

0.23

9.28

8.66

0.846

Error
(± %)

3 . 5

4 . 0

7 .4

1.9

2 . 9

5 .0

10.0

5.1

3 . 0

Element

Na?

Sc

Cr

Fe

Fe

Ni?

Ni

Co

Zn

Z r a

Rua

Ag

Sb

Cs

U

Ce a

U

Hf

Ta

wppm

0.088

40.9

164.0

138.0

40.9

0.38

27.0

9 . 5

0.11

0.036

0.051

0.341

0.075

0.33

0.011

After Washing with Ethanol

pCi/g

11.0

0.11

5.66

Error
(± %)

10.0

Element

Cs

U

u

wppm

0.208

aProducts which can be made either by direct activation or by fission
of uranium.
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TABLE VII-7

Possible Fission Products
(Uraium/Plutonium) of

Irradiation Aluminate Samples

Isotope

103Ru

137Cs

1(tlCe

l^Ce

Before
Washing
(wppm U)

0.59

0.19

10.9

0.84

17.4

After
Washing
(wppm U)

0.59

0.19

4.9

0.84

10.6

1 3 7Cs, and ll*'tCe were decreased by washing. Thus, there had been some con-

tamination from fission products.

G. X-Ray Diffraction

Samples of Pellet 3 were taken, powdered, and analyzed by X-ray diffrac-

tion. The principal phase in all samples was gamma lithium aluminate. No evi-

dence of alpha or beta phases was observed. The sample from the west inside,

which had the highest temperature, showed a minor phase of LiAl^Og. Both west

samples showed a very minor peak of lithium aluminate hydrate, as did the east

outside sample. The sample from the east inside had no extra lines. The

results show that the material was still lithium aluminate in the same phase.

High temperature and lithium burnup may have been starting to produce the

lithium-depleted phase. The trace amounts of hydrolysis product could have

been caused by handling of the sample after irradiation.
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VIII. DATA ANALYSIS

The raw data accumulated in the course of the experiment, presented in

Sec. VII, includes neutron flux, temperatures, and release rates of tritium in

the various forms. The translation of the raw data into parameters used for

design o£ fusion reactor blankets is discussed in this section. For example,

the raw data on neutron flux and dose are used to determine damage, heating

rates, and tritium production rates in the LiA102 breeder material. The tem-

perature data, in conjunction with the calculated heating rates, are used to

determine heat transfer coefficients and thermal conductivity of the breeder

material- The tritium release data, both integral and dynamic, are used to

calculate tritium inventory and to quantify the release in terms of specific

mechanisms, e.g., intragranular diffusion. A tritium mass transport coeffi-

cient, diffusivity, is thus derived.

A. Dosimetry and Damage Analysis

1. Tritium Production Rates

By use of the determined neutron spectrum (Sec. VII.D), the lithium burn-

up rates were computed. The outer rate was found to be 9.7 x 10~8 atom/atom» s

while the inner rate was 6.5 x 10-8 atoms/atom* s. These two values were then

used to determine the total burnup; an iterative procedure to calculate the

time-dependent burnup and resultant decrease in self-shielding. The stainless

steel sleeve was about 0.5-cm thick resulting in a neutron absorption loss

factor of about 0.69 (calculated with an analytical approximation for self-

shielding). This effect was estimated to be about 0.74 from the previous flux

measurements in the mockup experiment (Sec. IV.D). The initial lithium self-

shielding was about 0.952, decreasing to about 0.968 by the end of the irradi-

ation. These two factors yield an average lithium burnup rate of 5.87 x 10~8

atom/atom*s. Over the 97 days of the run, this would result in a net burnup

of 37.7% of the initial *>l± atoms and a net tritium activity of 39.2 Ci. Due

to the uncertainties in fluence measurements and self-shielding approxima-

tions, the tritium values have an estimated accuracy of 10-15%. If the meas-

ured lithium-to-iron activity ratios from the mockup experiment are used, the

calculated tritium production is 37.5 Ci.

VIII-1



2. Damage Analysis

The SPECTER computer code was used to calculate damage parameters for the

TRIO irradiation in ORR. The dose (rads), gas production, and damage rates

are listed in Tables VIII-1 through VIII-3. The dose for the lithium alumi-

nate is calculated to be 5.36 x 1012 rads, resulting in 0.81 dpa. Using the

measured value of 4.8 W/g for gamma heating (Sec. IV.D), the gamma dose was

calculated to be 3.54 x 10 1 2 rads. The displacement damage includes 0.30 dpa

from the ^Li reactions, plus the damage (0.51 dpa) from the lithium, aluminum,

and oxygen recoils. The total damage is approximately equal to 0.6 MW»yr, or

-2-mo operation in STARFIRE.1

3. Nuclear Heating Rates

The data given above on dose rates was translated into nuclear heating

rates. The gamma heating rate and the fast neutron heating rate were assumed

to be directly proportional to the neutron flux, as continuously measured by

the self-powered neutron detectors. The uncertainty of the gamma and fast

neutron heating rates so derived was estimated to be <20%. The heating rates

in the lithium aluminate from tritium production are in direct proportion to

the tritium production rate. The uncertainty in the tritium production rate

is less than 10%. The uncertainty in the total heating rate is estimated to

be less than 15%. The data for nuclear heating rates are given in Table

VIII-4.

B. Analysis of Beat Transfer Data

The TRIO capsule is illustrated schematically in Figure IV-3. As shown,

the thermocouples were located on the inside and the outside surfaces of the

breeder pellets, both on the east and the west side. The locations of the

thermocouple junctions are also illustrated, there are a total of ten, desig-

nated thus: Tl (east, inside), T2 (east, outside), T3-T6 (west, inside, top to

bottom), and T7-T10 (west, outside, top to bottom). The recorded temperatures

for the entire experiment were presented in Sees. VI.C and VI.F. To minimize

uncertainties, temperature readings were averaged over those time intervals

when the readings were nearly constant. Such data were taken for the 33 runs,

and the results are given in Table VIII-5, which lists the run number, the

time interval, the number of data points (N), the ten temperatures (Tl through
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TABLE Viri-1

Spectral Averaged Kerma (MACKLIBJ Factors and Damage
per Component Nuclide in the LiA102.

Hydrogen

Deuterium

Helium

Lithium-6

Lithium-7

Beryllium

Boron-10

Boron-11

Carbon-12

Nitrogen

Oxygen

Fluorine

Scdium

Magnesium

Aluminum

Silicon

Chlorine

Potassium

Calcium

Titanium

Vanadium

Chromium

Manganese

Iron

Cobalt

Nickel

Copper

Zirconium

Damage

(keV-b)

7.0039 x

4.7055 x

3.7827 x

1.3664 x

2.7662 x

1.8587 x

2.7271 x

1.3459 x

1.2014 x

4.9696 x

1.0731 x

1.2503 x

1.6840 x

7.2434 x

1.4903 x

6.5279 x

3.7211 x

1.8804 x

1.4646 x

1.2790 x

1.6889 x

6.2772 x

3.1790 x

3.8452 x

4.0877 x

1.0907 x

6.0413 x

2.7606 x

102

102

102

106

102

102

106

102

102

102

102

102

102

101

102

101

103

102

102

102

102

101

103

101

101

102

102

101

(rads)

1.2911

4.3370

1.7421

3.3340

7.2845

3.8018

2.1950

2.2555

1.8455

6.5403

1.2364

1.2131

1.3503

5.4920

1.0182

4.2845

1.9348

8.8648

6.7361

4.9219

6.1113

2.2254

1.0667

1.2692

1.2786

3.4247

1.7527

5.5787

x 1013

x 1012

x 1012

x 1015

x 1011

x lOH

x 1015

x lOH

x 1011

x lOH

x lOH

x lOH

x 101 1

x 1010

x 1011

x 1010

x 1012

x 1010

x 1010

x 1010

x 1Q11

x 1010

x 1012

x 10!0

x 1010

x 1010

x lOH

x 109

VIII-3



TABLE VIII-1 (Contd.)

Niobium

Molybdenum

Tin

Tantalum

Tungsten-182

Tungsten-183

Tungsten-184

Tungsten-186

Lead

Thorium-232

Protractinium

Uranium-233

Uranium-234

Uranium-235

Uranium-236

Uranium-238

Neptunium

Plutonium-238

Plutonium-239

Plutonium-240

Plutonium-241

Plutonium-242

Americium-241

Americium-243

(keV-b)

2.9384 x

3.3340 x

2.1604 x

2.0110 x

1.9420 x

1.7868 x

1.1409 x

1.1629 x

2.3588 x

4.7882 x

1.4893 x

3.0625 x

4.7042 x

2.9552 x

2.0044 x

1.0036 x

5.6373 x

9.7670 x

5.8538 x

6.7214 x

6.4246 x

4.9176 x

3.5655 x

3.8848 x

Damage

101

102

101

101

101

101

102

ltf*
101

103

104

107

lO1*

10?

lO*

104

101*

105

10?

lot

10?

iot

105

lQt

(rads)

5.8301 x

6.4059 x

3.3554 x

2.0487 x

1.9670 x

1.7998 x

1.1429 x

1.1525 x

2.0986 x

3.8045 x

1.1884 x

2.4229 x

3.7058 x

2.3181 x

1.5656 x

7.7733 x

4.3846 x

7.5648 x

4.5149 x

5.1625 x

4.9141 x

3.7459 x

2.7272 x

2.9470 x

109

1010

109

109

109

109

1010

1012

109

1011

1012

1015

1012

1015

1012

ion
1012

1013

1015

1012

1015

!0l2

1013

1013
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TABLE VIII-2

Spectral Averaged Gas Production File (ENDF 533)

<>Li

6Li

*Li

6 L i

?Li

?Li

?Li

He

^Be

2 Be

2Be

10 B

1 0 B

1 0 B

H Β

H Β

H Β

12C

12C

l « t N

l « t N

19p

19 F

27A1

27A1

28 S i

28 S i

Ti

Ti

(N, Hydrogen)

(N, Deuterium)

(N, T r i t i u m )

(N, Helium)

(N, Deuterium)

(N, T r i t i u m )

(N, Helium)

(N, Hydrogen)

(N, Deuterium)

(N, Tr i t ium)

(N, Helium)

(N, Hydrogen)

(N, Deuterium)

(N, Helium)

(N, Hydrogen)

(N, Tr i t ium)

(N,X, Helium

(N, Hydrogen)

(N, Helium)

(N, Hydrogen)

(N, Helium)

(N, Hydrogen)

(N, Helium)

(N, Hydrogen)

(N, Helium)

(N, Hydrogen)

(N, Helium)

(N, Hydrogen)

(N, Helium).

Gas Production

Sigma
(mb)

9.0819 x

2.1915 x

2.5198 x

2.5200 x

3.9015 x

4.3991

2.3778 x

2.1599 x

3.4889 x

1.1636 x

4.5686 x

1.6484

2.4276 x

1.0321 x

1.2528 x

8.3944 x

6.6045 x

1.9199 x

3.1850 x

4.9821 x

1.4794 x

1.9863 x

4.1959

7.4162 x

1.2538 x

1.0471

4.8243 x

4.8175 x

1.0830 x

lo-i

101

105

105

10-3

101

10-5

lO - 5

10-3

101

lo-i

106

10_ t»

lo-,*

lO-3

10-*

lo-i

102

101

lo-i

lo-i

lo-i

lo-i

lo-i

lo-i

Gas
(appm)

1.3780

3.3250 x

3.8200 x

3.8200 x

7.4528 x

8.4034

4.5422 x

4.1258 x

6.6647 x

2.2228 x

8.7270 x

1.3750

2.0250 x

0.8610 x

2.3931 x

1.6035 x

1.2616 x

3.6674 x

6.0841 x

9.5169 x

2.8260 x

3.7942 x

8.0152

1.4167

2.3950 x

2.0002

9.2155 x

9.2025 x

2.0688 x

101

105

105

10-3

101

10-5

10-5

10-3

101

lo-i

106

io-t

10-3

10-2

10-1*

lo-i

102

101

lo-i

lo-i

lo-i

10-1

10-1
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TABLE VIII-2 (Contd.)

V

V

Cr

Cr

Cr

Cr

Cr

5 5
Mn

55
M N

Fe

Fe

59
C o

59Co

Ni

Ni

Ni

Cu

Cα

(N,

(N,

(N,

(N,

<N,

(N,

(N,

(N,

(N,

(N,

(N,

(N,

(N,

(N,

(N,

(N,

(N,

(N,

•

Hydrogen)

Helium)

Hydrogen)

Deuterium)

Tritium)

Helium-3)

Helium-4)

Hydrogen)

Helium)

Hydrogen)

Helium)

Hydrogen)

Helium)

Hydrogen)

Deuterium)

Helium)

TJydrogen)

Helium)

Gas Production

Sigma

(mb)

8.6311

4.6181

7.1945

2.3418

1.2795

5.6717

3.2794

1.2793

2.6592

9.9205

5.7466

2.6719

2.6745

1.2307

2.2761

8.5119

2,0937

4.8190

x 10-2

x 10-3

x 10"
1

x 10~
5

x 10
-1
*

x 10
- 6

x 10-2

x 10"
1

x 1002

x 10
_ 1

x 10-2

x 10"
1

x 10
- 2

x 10
1

x 10-3

x 10"
1

x 10-2

Gas

(appm)

1.6487 x

8.8216 x

1.3743

4.4734 x

2.4441 x

1.0834 x

6.2644 x

2.4438 x

5.0797 x

1.8950

1.0977 x

5.1040 x

5.1090 x

2.3510 x

4.3479 x

1.6260

3.9994

9.2054 x

10-1

10-3

10~
5

io-f

10-5

10-2

10-2

10-2

lo-i

lo-i

10-2

101

10~3

10-2

TABLE VIII-3

Damage from Various Sources of TRIO

Source

6Li(n,a)t

Fast reactions

Gamma heating

Total

dpa

0.30

0.51

0.81

rads

1.67 x 1012

0.15 x 1012

3.54 x 1012

5.36 x 1012
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TABLE VIII-4

Nuclear Heating Rates

Days
after
3/10/83

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48 |

Daily
Average
Flux

0.0000
0.0000
0.0469
0.6887
1.1146
1.0975
1.1076
1.1080
1.1052
1.0939
1.1157
1.1136
1.0858
1.1225
1.1251
1.1300
1.1276
1.1245
1.1216
1.1173
1.1066
1.0902
1.0976
1.0937
1.0901
1.0870
1.0843
0.1809
0.5851
1.1384
1.1403
1.1457
1.1515
1.1111
1.1502
0.0920
0.4045
1.1710
1.1905
1.1794
1.1800
1.1801
1.1787
1.1762
1.1741
1.1601
1.1596
1.1587

Tritium i
(Ci)

0.0000
0.0000
0.0215
0.3155
0.5087
0.4986
0.5008
0.4986
0.4951
0.4878
0.4951
0.4919
0.4774
0.4912
0.4900
0.4898
0.4865
0.4828
0.4793
0.4752
0.4684
0.4593
0.4603
0.4565
0.4529
0.4495
0.4464
0.0743
0.2399
0.4649
0.4634
0.4634
0.4635
0.4451
0.4585
0.0366
0.1606
0.4635
0.4688
0.4621
0.4600
0.4578
0.4549
0.4517
0.4486
0.4410
0.4387
0.4362

Nuclear Heating (W/g)

&Li(N,a)t

0.0000
0.0000
0.1183
1.7353
2.7977
2.7421
2.7545
2.7425
2.7228
2.6827
2.7232
2.7055
2.6257
2.7017
2.6952
2.6940
2.6755
2.6553
2.6361
2.6135
2.5763
2.5264
2.5317
2.5110
2.4911
2.4724
2.4550
0.4085
1.3192
2.5569
2.5489
2.5485
2.5490
2.4478
2.5216
0.2011
0.8836
2.5491
2.5787
2.5417
2.5302
2.5177
2.5020
2.4843
2.4673
2.4257
2.4128
2.3990

Fast

0.0000
0.0000
0.0086
0.1269
0.2053
0.2022
0.2040
0.2041
0.2036
0.2015
0.2055
0.2051
0.2000
0.2068
0.2072
0.2081
0.2077
0.2071
0.2066
0.2058
0.2038
0.2008
0.2022
0.2015
0.2008
0.2002
0.1997
0.0333
0.1078
0.2097
0.2100
0.2110
0.2121
0.2047
0.2119
0.0169
0.0745
0.2157
0.2193
0.2172
0.2174
0.2174
0.2171
0.2167
0.2163
0.2137
0.2136
0.2134

Gamma

0.0000
0.0000
0.2073
3.0448
4.9276
4.8522
4.8970
4.8985
4.8861
4.8364
4.9324
4.9235
4.8005
4.9626
4.9743
4.9959
4.9853
4.9714
4.9589
4.9397
4.8925
4.8200
4.8527
4.8355
4.8195
4.8055
4.7937
0.7997
2.5870
5.0328
5.0414
5.0652
5.0910
4.9125
5.0850
0.4067
1.7883
5.1769
5.2635
5.2143
5.2170
5.2175
5.2111
5.2003
5.1908
5.1289
5.1269
5.1229-

Total

0.0000
0.0000
0.3342
4.9069
7.9306
7.7965
7.8556
7.8450
7.8125
7.7205
7.8611
7.8341
7.6261
7.8711
7.8768
7.8980
7.8685
7.8338
7.8016
7.7590
7.6727
7.5472
7.5866
7.5479
7.5114
7.4782
7,4484
1.2414
4.0140
7.7994
7.8004
7.8247
7.8521
7.5649
7.8185
0.6248
2.7464
7.9417
8.0615
7.9732
7.9646
7.9526
7.9303
7.9012
7.8743
7.7683
7.7532
7.7354
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TABLE VIII-4 (Contd.)

Days
after
3/10/83

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
30
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

Daily
Average
Flux

1.1549
0.1449
0.6410
1.0811
1.0824
1.0765
1.0736
1.0724
1.0792
1.0367
0.4697
0.9516
0.9845
0.9993
0.9980
0.9824
1.0.016
0.9980
0.9969
0.9937
0.5295
0.9465
0.9681
0.9473
0.9747
0.9790
0.9799
0.9826
0.9855
0.9866
0.9844
0.9865
0.9845
0.9871
0.9932
0.1349
0.6087
1.0176
1.0139
1.0150
1.0165
1.0498
1.0663
1.0601
1.0533
1.0514
1.0559
1.0666
0.1344

Tritium
(Ci)

0.4325
0.0541
0.2390
0.4017
0.4003
0.3962
0.3934
0.3911
0.3918
0.3746
0.1692
0.3418
0.3521
0.3559
0.3539
0.3469
0.3521
0.3493
0.3475
0.3449
0.1832
0.3264
0.3325
0.3240
0.3320
0.3320
0.3309
0.3304
0.3300
0.3290
0.3269
0.3261
0.3241
0.3236
0.3242
0.0439
0.1979
0.3296
0.3270
0.3259
0.3250
0.3341
0.3378
0.3343
0.3307
0.3285
0.3284
0.3302
0.0415

Nuclear Heating

6Ii(N,a)t

2
0
1
2
2
2
2
2
2
2
0
1
1
]
1
1
1
1
1
1
1
1
1
1
1.
1
1.
1.
1.
1.
1.
1.
1,
1.
1.
0.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
0.

.3793

.2977

.3147

.2092

.2014

.1794

.1636

.1512

.1548

.0605

.9305

.8796

.9365

.9572

.9464

.9078

.9367

.9214

.9112

.8969

.0074

.7952

.8286

.7819
8258
.8261
8201
.8175
8151
8094
7977
7938
7826
7797
7830
2416
0883
8130
7985
7925
7873
8376
8580
8387
8186
8070
8064
8164
2283

Fast

0.2127
0.0267
0.1181
0.1991
0.1994
0.1983
0.1978
0.1975
0.1988
0.1910
0.U865
0.1753
0.1813
0.1841
0.1838
0.1810
0.1845
0.1838
0.1836
0.1830
0.0975
0.1744
0.1783
0.1745
0.17S5
0.1803
0.1805
0.1810
0.1815
0.1817
0.1813
0.1817
0.1813
0.1818
0.1829
0.0248
0.1121
0.1874
0.1868
0.1870
0.1872
0.1934
0.1964
0.1953
0.1940
0.1937
0.1945
0.1965
0.0248

(W/g)

Gamma

5
0
2
4
4
4
4
4
4
4
2
4
4
4
4
4
4
4
4
4
2
4
4
4
4
4
4.
4
4.
4
4.
4.
4.
4.
4.
0.
2.
4.
4.
4.
4.
4.
4.
4.
4.
4.
4.
4.
0.

.1061

.6405

.8340

.7798

.7852

.7593

.7466

.7413

.7712

.5832

.0764

.2072

.3525

.4179

.4124

.3433

.4281

.4121

.4074

.3933

.3408

.1847

.2802

.1883
3091
.3281
3322
3443
3571
3620
3522
3614
3526
3641
3909
5964
6910
4987
4825
4873
4940
6411
7144
6868
6569
6483
6682
7156
5942

Total

7
0
4
7
7
7
7
7
7
6
3
6
6
6
6
6
6
6
6
6
3
6
6
6
6
6
6
6
6.
6
6.
6.
6.
6.
6.
0.
3.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
0.

.6981

.9649

.2669

.1881

.1860

.1369

.1079

.0900

.1248

.8347

.0935

.2621

.4703

.5592

.5426

.4321

.5492

.5174

.5022

.4732

.4457

.1543

.2871

.1448

.3144

.3345

.3328

.3428
3537
.3532
3312
.3369
3165
3256
3568
8629
8914
4991
4678
4668
4686
6720
7688
7207
6696
6490
6691
7284
8473
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Run Date

Time

On

TABLE VIII-5

Heat Transfer Data from TRIO: Temperatures

Temperature (°C)

Off N Tl T2 T3 T4 T5 T6 T7 T8 T9 T10 TE TW TAV

0.1
0.2
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
2.1
2.2
3.1
3.2
3.3
4.1
4.2
4.3
4.4
5.1
5.2
6.1
6.2
7.1
7.2
8. 1
8.2
9.1
9.2
9.3
9.4
9.5
9.6
9.7
10.1
10.2
11.1
11.2
12.1
12.2
12.3
12.4
12.5
12.6
13.1
13.2
13.3
13.4
13.5
14.1
14.2
14.3
15.1
15.2
16.1
16.2
17.1
17.2
17.3
17.4
18.1
18.2
19.1
19.2
20.1
20.2
20.3
0.4
20.5

3/11
3/11
3/12
3/12
3/12
3/12
3/12
3/12
3/13
3/13
3/14
3/15
3/16
3/16
3/17
3/17
3/18
3/19
3/20
3/23
3/24
3/24
3/25
3/25
3/26
~3/28
3/30
3/30
3/31
4/01
4/02
4/03
4/04
4/04
4/06
4/07
4/07
4/08
4/08
4/09
4/10
4/10
4/11
4/12
4/12
4/15
4/16
4/17
4/18
4/18
4/19
4/20
4/20
4/21
4/21
4/22
4/22
4/23
4/24
4/25
4/25
4/26
4/26
4/27
4/28
4/26
4/28
4/28
4/28

0346
2020
0856
0936
0950
1040
1054
1200
0000
1800
1600
1700
1100
1600
0900
1800
0000
1200
1200
1200
0000
1200
0000
1500
0900
1500
0000
1200
0000
0000
0000
0000
0000
1800
2000
0000
1000
0000
1100
0000

ocno
1400
1600
0000
1200
1800
1200
0000
0000
1200
0000
0000
1400
0000
0900
0000
1200
0900
0000
0000
1800
0000
1100
0000
1100
1200
1300
1500
1600

0500
212U
0920
0950
1040
1050
1124
2400
1800
3900
3100
3500
1500
3200
1300
2400
2400
2400
2400
2400
0800
2400
1000
2400
2100
2400
1200
2400
2400
2400
2400
2400
1200
2400
2400
0800
2400
0900
2400
1800
0600
2400
2400
0800
2400
2400
2000
2400
0800
2400
2400
0800
2400
1000
2400
1300
2400
2400
2400
0800
2400
1000
2400
0300
1200
1300
1400
1600
1800

16
13
7
7
13
3
7

145
217
253
181
217
49
193
49
73

289
145
145
145
97
145
121
109
145
109
145
145
289
289
289
289
145
73
49
97
169
109
157
217
73
121
97
97
145
73
97
289
97
145
289
97
121
121
181
157
145
181
289
97
73
121
157
37
13
13
13
13
25

208
205
337
354
421
453
518
628
642
636
722
722
723
722
731
577
579
580
577
531
529
575
575
626
625
679
673
672
671
668
667
664
66,2
672
441
442
533
533
578
578
582
582
579
578
628
632
634
627
627
732
732
730
733
731
730
729
729
721
721
722
729
728
677
674
405
406
406
409
409

165
162
248
257
296
322
384
489
499
496
580
579
579
579
587
438
439
439
436
390
388
431
431
481
479
533
529
529
529
526
526
524
522
532
309
309
394
395
436
437
439
439
438
436
484
87
488
483
483
587
586
585
588
586
586
585
585
579
579
580
586
586
536
534
291
291
292
293
293

222
218
361
380
451
483
547
651
666
660
741
741
742
741
750
604
606
608
605
560
560
606
607
655
654
705
700
699
699
698
697
695
693
701
472
475
565
566
610
610
615
615
614
613
660
663
664
657
658
755
754
754
757
754
755
754
755
747
748
750
755
754
708
705
440
440
441
444
444

221
217
36';
382
455
487
553
661
675
669
753
753
754
753
762
607
610
611
608
563
561
609
610
660
658
710
704
703
703
701
700
697
695
704
472
474
566
568
612
612
616
618
615
614
663
668
669
662
663
764
763
761
763
761
760
760
759
752
753
754
760
760
710
707
435
435
436
439
439

223
218
365
384
458
492
560
670
684
668
763
761
761
760
768
612
613
614
610
564
561
611
612
662
660
712
705
704
703
700
699
696
693
702
470
472
565
567
613
612
617
617
614
612
662
668
668
662
662
765
763
760
763
760
759
758
758
750
751
751
757
757
706
702
430
430
431
433
433

216
211
350
368
441
476
548
660
673
667
753
751
750
749
7 56
598
598
600
596
547
546
598
598
648
646
699
689
690
689
686
685
681
676
687
454
455
551
553
601
600
604
604
601
599
649
655
656
649
649
752
750
748
750
747
745
745
746
736
739
739
745
743
691
688
415
416
416
418
419

180
177
278
290
338
368
4 34
540
553
549
634
633
633
633
641
487
488
488
486
439
439
489
489
540
539
553
588
589
588
586
586'
585
583
592
349
350
443
446
490
491
494
494
494
493
543
544
545
540
541
642
641
641
643
642
641
642
642
635
636
637
644
643
593
590
323
323
323
326
326

177
173
274
286
334
365
432
540
552
548
635
634
634
633
642
482
483
482
480
431
431
483
483
535
534
588
583
583
583
581
580
578
576
586
341
342
436
438
485
485
488
489
488
486
537
540
541
536
536
640
638
638
641
639
638
638
638
631
632
632
639
639
587
583
313
314
314
316
316

181
176
277
289
340
369
438
547
557
553
640
639
639
638
648
483
482
485
482
433
433
488
488
539
542
600
594
593
593
592
589
589
586
595
346
348
444
447
495
495
499
500
497
498
547
550
552
548
546
652
651
650
650
651
649
647
647
641
641
641
647
647
593
591
318
318
317
320
319

175
171
279
294
348
380
452
564
574
569
660
657
658
656
665
495
494
497
493
440
441
499
499
551
549
607
602
600
599
597
592
594
592
599
352
354
453
454
508
507
508
510
510
509
560
566
565
561
561
668
666
664
664
664
663
662
661
655
655
655
661
660
605
595
317
316
318
320
320

186
184
292
306
358
388
451
558
570
566
651
650
651
650
659
508
509
510
507
475
474
518
519
554
552
606
601
600
600
597
596
594
592
C32
375
376
464
464
507
508
510
510
508
507
556
560
561
557
557
660
659
658
660
658
658
657
657
650
650
651
658
658
606
604
348
348
349
351
351

200
196
320
335
397
428
496
604
612
608
696
695
696
695
705
546
547
548
545
498
497
548
548
597
596
650
649
648
648
646
644
640
638
647
407
409
505
507
551
551
555
556
554
S52
608
612
613
608
608
705
704
702
704
703
702
700
700
694
694
694
701
701
649
646
374
374
375
377
377

194
190
306
320
378
408
474
581
591
587
674
672
674
672
682
527
528
529
526
486
486
533
534
576
574
628
625
624
624
622
620
617
615
624
391
392
484
486
529
530
532
533
531
530
582
586
587
582
582
682
682
680
682
680
680
678
67r
672
672
672
680
680
628
625
361
361
3622
364
364

VIII-9



1ABM1 V X I 1 - 3

Run

20.6
20.7
20.8
20.9
20.10
20.11
20.12
20.13
20.14
20.15
21.1
21.2
21.3
21.4
22.1
22.2
23.1
23.2
23.3
23.4
23.5
24.1
24.2
25.1
25.2
25.3
25.4
26.1
26.2
26.3
26.4
26.5
27.1
27.2
27.3
27.4
27.5
27.6
27.7
28.1
28.2
28.3
28.4
28.5
28.6
28.7
28.8
28.9
28.10
29.1
29.2
29.3
29.4
29.5
30.1
30.2
30.3
31.1
31.2
31.3
31.4
32.1
32.2
32.3
33.1
33.2
33.3
33.4

Date

4/28
4/28
4/28
4/29
4/29
4/29
4/29
4/30
5/01
5/02
5/02
5/03
5/03
5/04
5/04
5/05
5/05
5/07
5/07
5/08
5/09
5/09
5/10
5/10
5/11
5/11
5/12
5/12
5/13
5/14
5/15
5/16
5/17
5/18
5/19
5/20
5/21
5/22
5/23
5/23
5/24
5/25
5/26
5/27
5/28
5/28
5/29
5/29
5/30
6/02
6/02
6/02
6/02
6/03
6/04
6/05
6/06
6/06
6/07
6/08
6/08
6/08
6/09
6/10
6/10
6/11
6/12
6/13

Tine

On

1800
2000
2200
0000
0400
0900
1200
0000
0000
0000
1200
0000
0800
0000
0900
0000
0900
0000
0600
0600
0400
1100
0000
1500
0000
1500
0000
0800
0000
0000
0000
0000
1500
0000

oooc
0000
0000
0000
0000
1200
0000
0000
0000
0000
0000
1800
0000
1200
1200
0000
0700
1000
1500
0000
0000
0000
0000
1100
0000
0000
0500
1300
0000
0000
1200
0000
0000
0000

Off

2000
2200
2400
0400
0800
1000
2400
2400
2400
1200
2400
0700
2400
0700
2400
0800
2200
0400
1500
2400
0800
2400
1200
2400
0900
2400
0600
2400
2400
2400
2400
0300
2400
2400
2400
2400
2400
2400
0800
2400
2400
2400
2400
2400
1600
2400
1200
2400
2400
0600
0900
1400
2400
2400
2400
2400
0700
2400
2400
0400
1100
2400
2400
0700
2400
2400
0900
0230

H

25
25
25
49
49
13
145
289
289
145
145
85
193
85
181
97
157
49
109
217
49
157
145
109
109
109
73
193
289
289
289
37
109
289
289
289
289
289
97
145
289
289
289
289
195
73
145
145
145
73
25
49
109
289
289
289
85
157
289
49
73
133
289
85
145
289
109
31

Tl

409
410
411
411
412
416
673
672
672
670
669
670
676
679
629
632
582
588
584
572
571
625
623
584
583
587
586
574
572
572
570
569
543
545
547
548
548
550
549
528
528
530
528
527
525
528
527
525
528
520
519
518
511
512
512
513
513
526
526
525
524
571
571
570
679
677
679
685

T2

293
293
294
293
294
295
541
540
539
538
538
539
545
547
499
501
454
472
467
451
451
502
500
464
463
465
465
452
451
451
450
449
429
430
431
437
431
433
432
412
412
413
412
411
410
411
411
409
411
403
399
398
395
395
394
395
395
403
403
402
401
447
447
446
553
552
552
557

T3

446
446
448
447
449
453
701
699
699
696
696
697
703
705
659
662
614
610
607
597
598
648
647
608
609
613
613
601
599
600
598
597
569
571
574
575
576
577
577
557
557
559
558
356
556
557
558
556
559
548
548
547
540
541
542
543
543
557
558
557
556
601
601
600
702
701
703
708

T4

440
441
442
442
443
447
704
703
702
699
699
698
705
707
658
661
609
615
610
602
601
652
653
612
612
617
616
603
600
601
599
597
571
573
575
576
576
578
577
555
554
557
555
553
552
556
555
552
555
548
546
546
538
538
540
540
540
555
555
555
553
600
610
598
705
704
705
711

T5

433
434
435
435
436
440
703
702
700
697
696
696
703
705
654
657
605
617
612
603
602
656
654
611
610
617
616
602
599
599
596
595
570
571
573
574
574
574
574
552
551
553
551
549
547
550
550
547
550
547
543
544
535
536
536
537
536
551
551
550
548
595
596
594
704
702
702
708

Temperature

T6

419
419
420
420
420
423
691
690
689
685
684
685
692
694
643
645
592
608
603
594
593
647
646
601
60i
607
606
593
590
590
587
585
561
563
564
565
564
565
564
542
541
543
541
539
537
540
539
537
539
538
535
534
525
527
526
526
526
540
540
539
536
586
583
584
693
691
691
697

T7

326
328
328
328
328
331
596
594
594
591
592
593
600
602
553
555
504
516
513
498
497
551
550
510
509
514
513
501
499
500
499
498
475
475
478
480
480
482
482
460
460
461
460
459
458
461
461
459
461
449
448
447
441
443
443
443
444
454
454
454
452
501
501
501
608
607
608
613

i (°C)

T8

317
317
317
317
318
321
592
590
590
587
587
589
595
597
545
548
494
513
509
494
493
548
547
504
504
508
507
495
492
493
491
490
468
470
471
472
472
474
474
451
451
452
451
449
448
451
451
446
451
443
439
438
431
433
433
434
434
444
444
443
441
492
491
491
602
601
602
607

TO

320
321
321
322
322
324
599
598
598
596
595
596
604
605
552
552
497
522
519
503
502
556
556
509
510
515
514
502
499
499
496
496
474
475
477
479
479
479
479
454
455
457
455
454
452
453
454
452
453
447
445
443
435
438
438
438
438
447
447
447
446
497
497
495
602
600
600
604

T10

321
321
322
322
323
325
598
589
600
605
604
604
613
613
560
558
502
530
527
511
512
566
565
490

511
502
511
507
506
503
503
480
481
481
483
484
484
484
460
460
460
458
45B
457
456
457
457
456
453
451
449
442
442
441
443
443
452
453
453
452
503
503
502
610
609
609
613

TE

351
352
352
352
353
356
607
606
606
604
604
604
610
613
564
566
518
530
530
512
511
564
562
524
523
526
526
513
512
512
510
509
486
488
489
490
490
492
490
470
470
472
470
469
468
470
469
467
470
462
459
458
453
454
453
454
454
464
464
464
462
509
509
508
616
614
616
621

TW

378
379
380
380
380
383
650
648
648
645
644
644
651
653
604
606
554
570
566
550
550
603
602
559
559
564
563
550
548
548
546
544
520
522
524
526
526
526
526
503
503
505
503
501
500
502
502
500
502
496
494
493
485
486
486
487
487
498
498
498
496
546
546
S44
653
65"
<52
658

TAV

364
366
366
366
366
370
628
627
627
624
624
624
430
633
584
586
536
550
548
53!
530
584
582
542
541
545
544
532
530
530
528
526
503
505
506
508
508
509
508
486
486
488
486
485
484
486
486
484
486
479
476
476
469
470
470
470
470
481
481
481
479
528
528
526
634
633
634
640
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T10), the average temperature In the east and west sides (TE and TW, respec-

tively), and the average overall temperature (TAV). Since thermocouples T3,

T7, T9, and T10 were near the ends of the sample, their readings were not used

for determining the average temperatures. The measured values have an uncer-

tainty of less than 1% (see Sec. IV.A). Since the error Is likely to be a

bias, the averaging of many data points will Increase the precision but not

the accuracy. Examination of the data in Table; VIII-5 revealed that the tem-

peratures followed a very consistent pattern throughout the experiment. This

demonstrates that the heat transfer pathways were not changed during the

experiment and Ls a good indication that the structural integrity of the

breeder and the capsule was maintained.

The data from Table VIII-5 were used to calculate temperature gradients,

which are given in Table VIII-6. Also listed are the thermal neutron flux,

the reactor power, and the tritium production rate. These quantities are

needed to calculate the heating rates in the capsule.

The error in temperature gradient is calculated as follows. Let us

assume the error in a single temperature number is 4°C on the west side and

2°C on the east side. Since four temperatures are used to calculate the gradi-

ent on the west side, the error in the temperature gradient is calculated to

be 2°C. The error for the temperature gradient on the east side (two tempera-

tures) is 1.4°C. The error for the average temperature gradient is less than

2°C.

The data from Table VIII-6 allowed calculation of heating rates in the

steal (QSS) and the breeder (QLI). The total heat, QTOT, divided by the aver-

age temperature gradient, is approximately proportional to K, the thermal con-

ductivity. The calculated values are given in Table VIII-7. The estimated

error in the temperature gradient was less than 2°C, or less than 2%. The

uncertainty in heating rates is 15%. The uncertainty in the thermal

conductivity values is estimated to be 15%. The values are nearly all about

1.2, except for those at temperatures less than 400°C, which are higher. The

results show that the effects of neutron irradiation have not caused large

changes in thermal conductivity.
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TABLE VIII-6

Heat Transfer Data from TRIO: Temperature Gradients

Run

0.1
0.2
1.1

1.2

1.3
1.4
1.5
1.6
1.7
1.8
2.1

2.2
3.1
3.2

3.3
4.1
4.2
4.3
4.4

5.1

5.2

6.1

6.2
7.1

7.2

8.1
8.2

9.1

9.2

9.3
9.4

9.5

9.6

9.7
10.1

10.2

11. 1

11.2

12.1

12.2

12.3
12.4

12.5

12.6

13.1

13.2

13.3

13.4

13.5

14.1

14.2

14.3
15.1

15.2

16.1

16.2

17.1
17.2
17.3

17.4

18.1

18.2

19.1
19.2

20.1

20.2

20.3

20.4

20.5

20.6

Date

3/11

3/U
3/12

3/12
3/12

3/12

3/12

3/12

3/13

3/13
3/14

3/15

3/16

3/16

3/17

3/17

3/18

3/19

3/20

3/23
3/24

3/24

3/25

3/25

3/26

3/28
3/30

3/30

3/31

4/01

4/02

4/03
4/04

4/04

4/06

4/07

4/07

4/08

4/08

4/09

4/10

4/10

4/11

4/12
4/12

4/15
4/16

4/17

4/18

4/18
4/19

4/20

4/20

4/21

4/21

4/22

4/22

4/23
4/24

4/25

4/25

4/26

4/26

4/27

4/28

4/28

4/28

4/28
4/28

4/28

Time

On

0346

2020

0856

0936

0950

1040

1054

1200

0000

1800

1600

1700

MOO
1600
0900

1800

0000

1200

1200

1200
0000

1200

0000

1500

0900

1500
0000

1200

0000

0000

0000

0000

0000

1800

2000

0000
1000

0000

1100

0000

0000

1400

1600

0000

1200

1800

1200

0000

0000

1200

0000

0000
i400

0000

0900

0000

1200

0900
0000

0000

1800

0000

1100

0000

1100

1200
1300

1500
1600

1800

Off

0500

2120

0920

0950
1040

1050

1124

2400

1800

3900

3100

3500

1500

3200

1300

2400

2400

2400

2400

2400

0800

2400

1000

2400

2100

2400

1200

2400

2400

2400

2400

2400

1200

2400

2400

0800

2400

0900

2400

1800

0600

2400

2400

0800

2400

2400
2000

2400

0800

2400

2400

0800
2400

1000

2400

1300

2400

2400
2400

0800

2400

1000

2400

0300

1200

1300

1400

1600
1800

2000

N

16
13
7
7
13

3
7

145
217
253
181
217
49
193
49
73
289
145
145
145
97
145
121

109

145
109

145

145
289
289

289

289

145
73
49
97

169

109

157
217
73
121
97
97
145
73
97
289
97
145
289
97
121
121
181
157
145
181
289

97
73
121
157
37
13
13
13
13
25
25

TAV

(°C)

194
190
306
320
378
408
474

581
591
587
674
672
674
672
682
527
528
529
526
486
486
533
534 .

576
574
628

625
624
624
622
620

617

615

624
391

392
484

486

529
530
532
533
531
530
582
586

587

582
582
682
682
680
682
680
680
678
678
672
672
672
680
680
628
625
361

361
362
364
364
364

D2E

43
43
89
97
125
131

134
139
143
148
142
143
144
143
144
139
140
141
141
141
141

144
144
145
146

146
144

143

142

142

141

140

140

140
132

133

139

138

142
141
143
143
141

142

144

145
146

I'A
is*4

145
146
145
145
145
144
143
143
142
142
142
143
142
141
140
114
115
U4
116
116
116

Temperature Gradients

D37

42
41
83
89
113

115

113
111
113
111
107
108
109
108
109
117

118
120
119

121

121
117

118
115
115
112
112
110
111

112

111

110

110

109
123
125
122

120

120
119
121
121

120

120
117

119

119
117
117
113
113
113
114

112
114
112
113
112
112
113
111
111
115
115
117
117
118
118
118
120

D48

40
44
90
96
121
122
121
121
123
121
118
119
120
120
120
125
127
129
128
132

130

126
127
125
124
122
121
120
120
120

120

119

119

118
131
130

130

130

127
127
128
129
127
128

126

128

128

126

127
124
125
123
122
IT

-.

\u
122
121
121
121
122
l?l
121
123
124
122
121
122
123
123
123

D59

42
42
88
95
119
123

122
123
127
124
123
122
122
122
120
129
131
129
128
131
128
123
124
123
118

112

111

111
110
108

110

107

107

107
124

124

121

120

118
117
118
117
117

114
115

118

116
114

lib

113
112
110
113

109
111
111

HI
109
110
110
110
110
113
111
112
112
114
113
114
113

D60

41
40
71
74
94
96

96
96
99
98
93
94
92
93
91
103
104
103
103

107

105

99

99
97
97

92
87

90
90
89
93
87
84
88
102

101

98

99

93
93
96
97
91

90

89

89

89
88
88
84
84
84
86

83

82
83

85
81
84

94
83
83
86
93

98
100
98
98
99
98

,"C)

DTW

41

43
89
96
120
122

122
122
125
122

120

120

121
121
120
127
129
129
128
132

129
124

126

124

121

117

116

116

115
114

115

114
114

114
128

127

126

125

122
122
123
123
122

121

122

124

124
122
122
118
118

116
118

116

116

116

116

115
116

116

116

116

118

118
117
116
113
118
118
M β

DT

42
43
89
96

123
126

128
130
134
135
131
131
132
132
132
133
134
135
134
136

135
134

135
134
134

132

130

130

128
128

128

127

127

127
130

130

132

132

132
132
133
133
132

132

133
134

135
133
133
132
132

130
132

130

130
130
130
128

129

129

130
129
130
129
116
116
116
117
117
117

NV
3

0.432

0.411

0.828

0.874

1.093

1.105

1.105
1.112
1.144
1.113

1.108

1.104
1.110
1.104

1.103

1.105

1.108

1.121

1.111

1.139

1.134

1.128

1.130

1.125

1.127

1.120
1.105

1.098

1.100

1.096

1.092
1.087

1.083

1.084

1-. 138
1.137

1.140

1.138

1.140

1.140

1.156

1.155
1.157

1.155
1.154

1.190

1.193

1.176
1.179

1.180
1.179

1.179
1.180

1.178

1.176

1.175

1.175
1.154
1.157

1.160

1.155

1.158
1.156

1.153
1.110

1.096

1.088

1.089
1.086

1.083

RPWR
b

10.6

10.5
20.6

21.9

30.1

30.1

30.0

30.1

30.6

30.3

29.8

30.0

JO.O
29.9

30.3
30.4

30.3

30.0

29.9

30.6

30.7

30.1

30.2

30.0

30.1

30.2

29-8

30.0

3C.2

30.3

30.2

30.1
30.2

30.2

30.0

30.1

30.3

30.2

30.2

29.2

29.9

30.1
30.2

30.1

30.3

31.0

30.1

30.0

30.0

30.0

30.3

30.2
30.1
30-2

30.3

30.3

30.3

30.0
30.1
30.0

30.0

30.1
30.5

30.5
30.7

30.5

30.5

30.0
30.0

30.0

TDOC
C

137.2

125.7

262.8

279.7

348.5

350.1
351.4

353.1

355.3

351.6

350.6

348.6

349.1

347.1

345.5

345.5

346.2

347.7

343.1
346.6

344.3

341.6
341.4

338.9
338.4

332.6
326.2
323.4

323.2

320.3

317.8

315.0

312.3

311.5

325.8

325.4
325.4

323.9

323.7

322.9

325.9

324.6

323.5

322.4

321.4

328.7

328.1

322.8

322.0

321.4

320.2

318.5
318.0

316.7

315.5

314.5
313.7

306.6
306.4

305.8

303.1

303.5
302.5

300.9
289.2

284.6

283.4

283.6
282.7
282.0
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Run

20.7
20.6
20.9
20.10
20.12
20.13
20.14
20.15
21.1
21.2
2».3
21.A
22.1
22.2
23.1
23.2
23.3
23.4
23.5
24.1
24.2
25.1
25.2
25.3
25.4
26.1
26.2
26.3
26.4
26.5
27.1
27.2
27.3
27.4
27.5
27.6
27.7
28.1
28.2
28.3
28.4
28.5
28.6
28.7
28.8
28.9
28.10
29.1
29.2
29.3
29.4
29.5
30.1
30.2
30.3
31.1
31.2
31.3
31.4
32.1
32.2
32.3
33.1
33.2
33.3
33.4

Date

4/28
4/28
4/29
4/29
4/29
4/30
5/01
5/02
5/02
5/03
5/03
5/04
5/04
5/05
5/05
5/07
5/07
5/08
5/09
5/09
5/10
5/10
5/11
5/11
5/12
5/12
5/13
5/14
5/15
5/16
5/17
5/18
5/19
5/20
5/21
5/22
5/23
5/23
5/24
5/25
5/26
5/27
5/28
5/28
5/29
5/29
5/30
6/02
6/02
6/02
6/02
6/03
6/04
6/05
6/06
6/06
6/07
6/08
6/08
6/08
6/09
6/10
6/10
6/11
6/12
6/13

Time

On

2000
2200
0000
0400
1200
0000
0000
POOO
1200
0000
0800
0000
0900
0000
0900
0000
0600
0600
0400
1100
0000
1500
0000
1500
0000
0800
0000
0000
0000
0000
1500
0000
0000
0000
0000
0000
0000
1200
0000
0000
0000
0000
0000
1800
0000
1200
1200
0000
0700
1000
1500
0000
0000
0000
0000
1100
0000
0000
0500
1300
0000
0000
1200
0000
0000
0000

Off

2200
2400
0400
0800
2400
2400
2400
1200
2400
0700
2400
0700
2400
0800
2200
0400
1500
2400
0800
2400
1200
2400
0900
2400
0600
2400
2400
2400
2400
0300
2400
2400
2400
2400
2400
2400
0800
2400
2400
2400
2400
2400
1600
2400
1200
2400
2400
0600
0900
1400
2400
2400
2400
2400
0700
2400
2400
0400
1100
2400
2400
0700
2400
2400
0900
0230

N

25
25
49
49
145
289
289
145
145
85
193
85
181
97
157
49
109
217
49
157
145
109
109
109
73
193
289
289
289
37
109
289
289
289
289
289
97
145
289
289
289
289
95
73
145
145
145
73
25
49
109
289
289
289
85
157
289
49
73
133
289
85
145
289
109
31

nt A it

fAV

CC)

366
366
366
366
628
627
627
624
624
624
630
633
584
586
536
550
548
531
530
584
582
542
541
545
544
532
530
530
528
526
503
505
506
508
508
509
508
486
486
488
486
485
484
486
486
484
486
479
476
476
469
470
470
470
470 j
481
481
481
479
528
528 .
526
634
633
634
640

D2E

117
117
118
118
132
132
133
132
131
131
131
132
130
131
128
116
117
121
120
123
123
120
120
122
121
122
121
121
120
120
114
115
116
116
117
117
117
116
116
117
116
116
115
117
116
116
117
117
120
120
116
117
118
118
118
123
123
123
123
124
124
124
126
125
127
128

Tenperature Gradlente

D37

118
120
119
121
105
105
105
105
104
104
103
103
106
107
110
94
96
99
101
98
97
98
100
99
100
100
100
100
99
99
94
96
96
95
96
95
95
97
97
98
98
97
98
96
97
97
98
99
100
100
99
98
94
100
99
103
104
103
104
100
100
99
94
94
95
95

D48

124
125
125
125
112
113
112
112
112
109
110
110
113
113
115
102
101
108
108
104
106
108
108
109
109
108
108
108
108
107
103
103
104
104
104
104
103
104
103
105
104
104
104
105
104
104
104
105
107
108
107
105
107
106
106
111
111
112
112
108
109
109
103
103
103*
104

D59

113
114
113
114
104
104
102
101
101
100
99
100
102
105
108
95
93
100
100
100
98
102
100
102
102
100
100
100
100
99
96
96
96
95
95
95
95
98
96
96
96
95
95
97
96
95
9->
100
98
101
100
98
98
99
98
104
104
103
102
98
99
99
102
102
102
104

D60

98
98
98
97
93
101
89
80
80
81
79
81
83
87
90
78
76
83
81
81
81
101

96
96
82
83
84
84
82
81
82
83
82
80
81
80
82
81
83
83
81
80
84
82
80
83
85
84
85
83
85
85
83
83
88
87
86
86
83
80
82
83
82
82
84

•c)

DTW

118
120
119
120
108
108
107
106
106
104
104
105
108
109
112
98
97
104
104
102
102
105
104
106
106
104
104
104
104
103
100
100
100
100
100
100
99
101
100
100
100
100
100
101
100
100
100
100
102
104
104
102
102
102
102
108
108
108
107
103
104
104
102
102
102
104

DT

118
118
118
119
120
120
120
119
118
118
118
118
119
120
115
107
107
112
112
112
112
112
112
114
114
113
112
112
112
112
107
108
108
108
108
108
108
108
108
108
108
108
108
109
108
108
108
85
111
112
110
110
110
110
110
116
116
116
115
114
114
114
114
114
114
116

MVa

1.081
1.081
1.078
1.078
1.082
1.086
1.081
1.074
1.072
1.075
1.068
1.078
1.079
1.083
1.079
0.960
0.948
0.999
0.998
1.003
1.002
0.993
0.997
1.006
1.005
1.006
1.000
1.002
0.994
0.993
0.959
0.964
0.969
0.976
n.977
0.980
0.981
0.980
0.982
0.990
0.987
0.987
0.984
0.991
0.991
0.986
0.992
1.016
1.018
1.033
1.009
1.013
1.012
1.017
1.015
1.068
1.068
1.067
1.061
1.055
1.054
1.049
1.051
1.051
1.057
1.075

RPWRb

30.1
30.1
30.1
30.1
30.5
30.5
29.8
30.3
30.3
30.0
30.0
30.J
30.2
30.6
30.2
28.5
28.1
30.6
30.1
29.8
29.7
29.7
29.7
30.1
30.1
30.2
30.0
30.2
30.0
30.2
28.6
28.6
28.6
28.7
28.6
28.9
28.8
28.7
28.6
28.8
28.8
28.7
28.7
29.2
29.2
29.1
29.1
28.7
28.7
28.8
28.7
28.8
29.0
28.9
29.2
30.2
30.0
30.1
29.8
30.1
30.1
30.0
30.1
30.0
30.1
30.2

TDOCC

281.3
281.3
280.5
280.1
280.7
281.0
278.5
275.5
274.3
274.4
272.3
274.0
273.8
273.9
272.5
241.3
238.0
249.6
248.6
249.5
248.6
245.6
246.2
247.8
247.3
247.0
245.0
244.4
241.3
240.0
230.6
231.5
231.8
232.6
231.8
231.6
230.8
230.0
229.9
230.9
229.3
227.9
226.5
227.4
227.2
225.5
225.9
230.1
230.3
233.6
227.9
228.5
227.3
227.3
226.0
237.2
236.6
235.3
233.8
232.1
231.3
229.1
229.2
228.7
228.8
231.6

aNV Is the thermal neutron flux, 101"* n/cmz«s.
bRPHR Is the reactor power, MW.
CTOOT Is the tritium production rate, yCl/mln.
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TABLE VIII-7

Heat Transfe

Run Date

0.1 3/11
0.2 3/11
1.1 3/12
1.2 3/12
1.3 3/12
1.4 3/12
1.5 3/12
1.6 3/12
1.7 3/13
1.8 3/13
2.1 3/14
2.2 3/15
3.1 3/16
3.2 3/16
3.3 3/17
4.1 3/17
4.2 3/18
i .3 3/19
4.4 3/20
5.1 3/23
5.2 3/24
6.1 3/24
6.2 3/25
7.1 3/25
7.2 3/26
8.1 3/28
8.2 3/30
9.1 3/30
9.2 3/31
9.3 4/01
9.4 4/02
9.5 4/03
9.6 4/04
9.7 4/04

10.1 4/06
10.2 4/07
11.1 4/07
11.2 4/08
i2.1 4/08
12.2 4/09
12.3 4/10
12.4 ' 4/10
12.5 4/11
12.6 4/12
13.1 4/12
13.2 4/15
13.3 4/16
13.4 4/17
13.5 4/18
14.1 4/18
14.2 4/19
14.3 4/20
15.1 4/20
15.2 4/21
16.1 4/21
16.2 4/22
17.1 4/22
17.2 4/23
17.3 4/24
17.4 4/25
18.1 4/25
18.2 4/26
19.1 4/26
19.2 4/27
20.1 4/28
20.2 4/28
20.3 4/28

TAV

194
190
306
320
378
408
474
581
591
587
674
672
674
672
682
527
528
529
526
486
486
533
534
576
574
628
625
624
624
622
620
617
615
624
391
392
484
486
529
530
532
533
531
530
582
586
587
582
582
682
682
680
682
680
680
678
678
672
672
672
680
680
628
625
361
361
362

DT

42
43
89
96

12?
126
128
130
134
135
131
131
132
132
132
133
134
135
134
136
135
134
135
134
134
132
130
130
128
128
128
127
127
127
130
130
132
132
132
132
133
133
132
132
133
134
135
133
133
132
132
130
132
130
130
130
130
128
129
129
130
129
130
129
116
116
116

r Data

NV

0.432
0.411
0.828
0.874
1.093
1.105
1.105
1.112
1.144
1.113
1.108
1.104
1.110
1.104
1.103
1.105
1.108
1.121
1.111
1.139
1.134
1.128
1.130
1.125
1.127
1.120
1.105
1.098
1.100
1.096
1.092
1.087
1.083
1.084
1.138
1.137
1.140
1.138
1.140
1.140
1.156
1.155
1.157
1.155
1.154
1.190
1.193
1.176
1.179
1.180
1.179
1.179
1.180
1.178
1.176
1.175
1.175
1.154
1.157
1.160
1.155
1.158
1.156
1.153
1.110
1.096
1.088

i from

THTG

1.076
0.986
2.062
2.194
2.734
2.747
2.757
2.770
2.787
2.759
2.751
2.735
2.739
2.723
2.711
2.711
2.716
2.728
2.692
2.719
2.701
2.680
2.678
2.659
2.655
2.609
2.559
2.537
2.535
2.513
2.493
2.471
2.450
2.444
2.556
2.553
2.553
2.541
2.540
2.533
2.557
2.547
2.538
2.529
2.522
2.579
2.574
2.533
2.526
2.522
2.512
2.499
2.495
2.485
2.475
2.467
2.461
2.405
2.404
2.399
2.378
2.381
2.373
2.361
2.269
2.233
2.223

TRIO:

GAMM

1.986
1.890
3.808
4.019
5.026
5.081
5.081
5.114
5.261
5.118
5.095
5.076
5.104
5.076
5.072
5.081
5.095
5.155
5.109
5.238
5.215
5.187
5.196
5.173
5.183
5.150
5.081
5.049
5.058
5.040
5.022
4.999
4.900
4.985
5.233
5.228
5.242
5.233
5.242
5.242
5.316
5.311
5.320
5.311
5.307
5.472
5.486
5.408
5.422
5.426
5.422
5.422
5.426
5.417
5.408
5.403
5.403
5.307
5.320
5.334
5.311
5.325
5.316
5.302
5.104
5.040
5.003

Thermal Conductivity

QSS

3.09
2.94
5.93
6.26
7.79
7.91
7.90
7.96
8.19
7.97
7.93
7.90
7.94
7.90
7.90
7.91
7.93
8.02
7.9:
8.15
8.12
8.07
8.09
8.05
8.07
8.02
7.91
7.86
7.87
7.84
7.82
7.78
7.75
7.76
8.15
8.14
8.16
8.15
8.16
8.16
8.27
8.27
8.28
8.27
8.26
8.52
8.54
8.42
8.44
8.45
8.44
8.44
8.45
8.43
8.42
8.41
8.41
8.26
8.28
8.30
8.27
8.29
8.27
6.25
7.94
7.85
7.79

QLI

5.12
4.80
9.81

10.38
12.96
13.07
13.09
13.17
13.44
13.16
13.10
13.05
13.10
13.03
13.00
13.02
13.05
13.17
13.03
13.29
13.22
13.14
13.15
13.08
13.09
12.96
12.76
12.67
12.68
12.62
12.55
12.48
12.41
12.41
13.01
13.00
13.02
12.99
13.00
12.99
13.15
13.13
13.13
13.10
13.08
13.45
13.47
13.27
13.28
13.28
13.25
13.23
13.23
13.20
13.17
13.15
13.14
12.88
12.90
12.92
12.85
12.87
12.85
12.80
12.32
12.15
12.07

QTOT

8 . 2 1
7 . 7 4

1 5 . 7 4
16.64
20.76
20.99
20.99
21.13
21.63
21.13
21.03
20.95
21.04
20.93
20.90
20.93
20.98

. 21.19
20.98
21.44
21.34
21.21
21.24
21.13
21.16
20.98
20.67
20.53
20.55
20.46
20.37
20.26
20.16
20.17
21.16
21.14
21.18
21.14
21.16
21.15
21.42
21.40
21.41
21.37
21.34
21.97
22.01
21.69
21.72 i
21.73
21.69 i
21.67 I
21.68 i
21.63 1
21.59
21.56
21.55
21.14
21.18
21.22
21.12
21.16
21.12
21.05
20.26
20.00
19.86

Q/DT

0.195
0.180
0.177
0.173
0.169
0.167
0.164
0.157
0.161
0.157
0.161
0.160
0.159
0.159
0.158
0.157
0.157
0.157
0.157
0.158
0.158
0.158
0.157
0.158
0.158
0.159
0.159
0.158
0.161
0.160
0.159
0.160
0.159
0.159
0.163
0.163
0.160
0.160
0.160
0.160
0.161
0.161
0.162
0.162
0.160
0.164
0.163
0.163
0.163
0.165
0.164
0.167
0.164
0.166
0.166
0.166
0.166
0.165
0.164
0.164
0.162
0.164
0.162
0.163
0.175
0.172
0.171

K, eet.

1.43
1.32
1.29
1.27
1.24
1.22
1.20
1.15
1.18
1.15
1.18
1.17
1.'7
1- 16
1.16
i . l 5
1.15
1.15
1.15
1.15
1.16
1.16
1.15
1.15
1.16
1.16
1.16
1.16
1.18
1.17
1.16
1.17
1.16
1.16
1.19
1.19
1.1?
1.17
1.17
1.17
1.18
1.18
1.19
1.19
1.17
1.20
1.19
1.19
1.19
1.21
1.20
1.22
1.20
1.22
1.22
1.21
1.21
1.21
1.20
1.20
1.19
1.20
1.19
1.19
1.28
1.26
1.25
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TABLE VIII-7 (Contd,)

Run

20.4
20.5
20.6
20.7
20.8
20.9
20.10
20.11
20.12
20.13
20.14
20.15
21.1
21.2
21.3
21.4
22.1
22.2
23.1
23.2
23.3
23.4
23.5
24.1
24.2
25.1
25.2
25.3
25.4
26.1
26.2
26.3
26.4
26.5
27.1
27.2
27.3
27.4
27.5
27.6
27.7
28.1
28.2
28.3
28.4
28.5
28.6
28.7
28.8
28.9
28.10
29.1
29.2
29.3
29.4
29.5
30.1
30.2
30.3
31.1
31.2
31.3
31.4
32.1
32.2
32.3
33.1
33.2
33.3
33.4

Dace

4/28
4/28
4/28
4/28
4/28
4/29
4/29
4/29
4/29
4/30
5/01
5/02
5/02
5/03
5/03
5/04
5/04
5/05
5/05
5/07
5/07
5/08
5/09
5/09
5/10
5/10
5/11
5/11
5/12
5/12
5/13
5/14
5/15
5/"S
5/i'
5/11.
5/IS
5/20
5/21
5/22
5/23
5/23
5/24
5/25
5/26
5/27
5/28
5/28
5/29
5/29
5/30
6/02
6/02
6/02
6/02
6/03
6/04
6/05
6/06
6/06
6/07
6/08
6/08
6/08
6/09
6/10
6/10
6/11
6/12
6/13

TAV

364
364
364
366
366
366
366
370
628
627
627
624
624
624
630
633
584
586
536
550
548
531
530
584
582
542
541
545
544
532
530
530
528
526
503
505
506
508
508
509
508
486
486
488
486
485
484
486
486
484
486
479
476
476
469
470
470
470
470
481
481
481
479
528
528
526
634
633
634
640

DT

117
117
117
118
118
118
119
121
120
120
120
119
118
118
118
118
119
120
115
107
107
112
112
112
112
112
112
114
114
113
112
112
112
112
107
108
108
108
108
108
108
108
108
108
108
ion
108
109
108
108
108
85?
Ill
112
110
110
110
119
110
116
116
116
115
114
114
114
114
114
114
116

NV

1.089
1.086
1.083
1.081
1.081
1.078
1.078
1.088
1.082
1.086
1.081
1.074
1.072
1.075
1.068
1.078
1.079
1.083
1.079
0.960
0.948
0.999
0.998
1.003

.1.002
^0.993
0.997
1.006
1.005
1.006
1.000
1.002
0.994
0.993
0.959
0.964
0.969
0.976
0.977
0.980
0.981
0.980
0.982
0.990
0.987
0.987
0.984
0.991
0.991
0.986
0.992
1.016
1.018
1.033
1.009
1.013
1.012
1.017
1.015
1.068
1.068
1.067
1.061
1.055
1.054
1.049
1.051
1.051
1.057
1.075

THTG

2.225
2.218
2.212
2.207
2.207
2.201
2.198
2.217
2.202
2.205
2.185
2.161
2.152
2.153
2.136
2.150
2.148
2.149
2.138
1.893
1.867
1.958
1.950
1.957
1.950
1.927
1.932
1.944
1.940
1.938
1.922
1.917
1.893
1.883
1.809
1.816
1.819
1.825
1.819
1.817
1.811
1.804
1.804
1.812
1.799
1.788
1.777
1.784
1.783
1.769
1.772
1.805
1.807
1.833
1.788
1.793
1.783
1.783
1.773
1.861
1.856
1.846
.834
1.821
.815
1.798
.798
.794
.795
.817

GAMM

5.008
4.994
4.980
4.971
4.971
4.957
4.957
5.003
4.976
4.994
4.971
4.939
4.930
4.943
4.911
4.957
4.962
4.980
4.962
4.415
4.359
4.594
4.589
4.612
4.608
4.566
4.585
4.626
4.621
4.626
4.598
4.608
4.571
4.566
4.410
4.433
4.456
4.488
4.493
4.507
4.511
4.507
4.516
4.553
4.539
4.539
4.525
4.557
4.557
4.534
4.562
4.672
4.681
4.750
4.640
4.658
4.654
4.677
4.667
4.911
4.911
4.907
4.879
4.851
4.847
4.824
4.833
4.833
4.861
4.943

QSS

7.80
7.77
7.75
7.74
7.74
7.72
7.72
7.79
7.75
7.77
7.74
7.69
7.67
7.69
7.64
7.72
7.72
7.75
7.72
6.87
6.78
7.15
7.14
7.18
7.18
7.11
7.14
7.20
7.19
7.20
7.16
7.18
7.12
7.11
6.86
6.90
6.94
6.99
6.99
7.02
7.02
7.02
7.03
7.09
7.07
7.07
7.05
7.09
7.09
7.06
7.10
7.27
7.29
7.39
7.22
7.25
7.24
7.28
7.26
7.64
7.64
7.64
7.59
7.55
7.54
7.51
7.52
7.52
7.57
7.69

QLI

12.08
12.05
12.01
11.99
11.99
11.96
11.95
12.06
11.99
12.03
11.95
11.86
11.83
11.85
11.77
11.87
11.88
11.91
11.86
10.54
10.40
10.95
10.92
10.97
10.95
10.85
10.89
10.98
10.97
10.98
10.89
10.90
10.80
10.77
10.39
10.44
10.48
10.55
10.55
10.56
10.56
10.55
10.56
10.63
10.59
10.58
10.55
10.60
10.60
10.53
10.58
10.82
10.84
11.00
10.74
10.78
10.75
10.79
10.75
11.31
11.30
11.28
11.21
11.15
11.13
11.06
11.07
11.07
11.12
11.29

QTOT

19.88
19.82
19.76
19.73
19.73
19.66
19.65
19.85
19.74
19.80
19.69
19.55
19.50
19.54
19.42
19.59
19.60
19.66
19.58
17.41
17.18
18.10
18.06
18.15
18.13
17.96
18.03
18.18
18.16
18.18
18.05
18.08
17.92
17.88
17.25
17.34
17.42
17.54
17.54
17.58
17.58
17.57
17.59
17.72
17.66
17.65
17.60
17.69
17.69
17.59
17.68
18.09
18.13
18.39
17.96
18.03
17.99
18.07
18.01
18.95
18.94
18.92
18.80
18.70
18.67
18.57
18.59
18.59
18.69
18.98

Q/DT

0.170
0.169
0.169
0.167
0.167
0.167
0.165
0.164
0.164
0.165
0.164
0.164
0.165
0.166
0.165
0.166
0.165
0.164
0.170
0.163
0.161
0.162
0.161
0.162
0.162
0.160
0.161
0.159
0.159
0.161
0.161
0.161
0.160
0.160
0.161
0.161
0.161
0.162
0.162
0.163
0.163
0.163
0.163
0.164
0.164
0.163
0.163
0.162
0.164
0.163
0.164
0.212
0.163
0.164
0.163
0.164
0.164
0.164
0.164
0.163
0.163
0.163
0.163
0.164
0.164
0.163
0.163
0.163
0.164
0.164

K, est.

• 1.24

1.24
. 1.24

1.22
; 1.22

1.22
'• 1 . 2 1
- 1.20

1.20
1.21
1.20
1.20
1.21
1.21
1.20
1.22
1.21
1.20
1.25?
1.19
1.18
1.18
1.18
1.19
1.18
1.17
1.18
1.17
1.17
1.18
1.18
1.18
1.17
1.17
1.18
1.18
1.18
1.19
1.19
1.19
1.19
1.19
1.19
1.20
1.20
1.20
1.19
1.19
1.20
1.19
1.20
1.56?
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.20
1.19
1.20
1.20
1.20
1.19
1.19
1.19
1.20
1.20
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C. Integral Tritiu» Release and Tritium Inventory

The amounts of tritium accounted for and 6Li and lithium quantities for

lithium burnup are given in Table V1II-8. The different methods for determin-

ing the various integral quantities are in excellent agreement; all the meas-

urements agree within the estimated error. There is thus confidence that all

the tritium is accounted for: 35 Ci was produced and 35 Ci collected. The un-

certainty in the total amount produced, the average of the four determina-

tions, is estimated as 3%, or about 1 Ci. In addition, as previously discussed

(Sec. VII.B), the stainless steel tubing leading from the reactor to the sweep

gas analysis system was leached with recirculating water for 18 h, and an in-

significant quantity of tritium was recovered.

TABLE VIII-8

Integral Tritium Data

Method Used

Tritium collected
6Li assay

Thermal gradient

Dosimetry

Average

Tritium
(Ci)

35

32

35

39

35

Burnup
(%)

33

31

33

38

33

Lithium
Burnup
(%)

0.18

0.17

0.18

0.21

0.18

Estimated
Error
(%)

5

10

10

10

3.7

The amounts of tritium generated during each run were then calculated,

normalized to a total production of 35.1 Ci- The tritium residue for each run

was calculated, and the tritium inventory at the end of each run from the dif-

ference between the total amount generated (CTGEN) and the total amount

recovered (CTCOL), as given in Table VIII-9. The tritium retention is known

to be zero before irradiation and was measured as 0.019 ± 0.002 Ci at the end

of the irradiation. The uncertainty is thus small at the beginning and at the

end of the experiment. The uncertainty for the first 15 runs is estimated as

3% of the amount produced at the end of each run. For the last 18 runs, the

uncertainty is estimated as 3% of the difference between the total amount of
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TABLE VII1-9

Total Tritium

Run

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Total

TCOLL

0.002
1.015
0.999
0.527
2.109
0.619
0.727
1.816
1.011
1.832
0.042
0.307
1.265
2.305
1.644
0.746

0.527
1.311
0.412
0.315
0.035
1.095
0.352
1.082
0.579
0.546
1.265
2.471
2.972
0.755
0.727
0.744
1.277
1.679

35.110

CTCOL

0.002
1.017
2.016
2.543
4.652
5.273
5.998
7.814
8.825
10.657
10.699
11.006
12.271
14.576
16.220
16.966

17.493
18.804
19.216
19.531
19.566
20.661
21.013
22.095
22.674
23.220
24.485
26.956
29.928
30.683
31.410
32.154
33.431
35.110

Amount

TGEN

0.022
1.094
0.966
0.552
2.391
1.050
0.406
1.486
0.882
2.603
0.421
0.462
1.835
2.061
0.994
0.373

0.502
1.331
0.380
0.306
1.585
0.783
0.385
1.260
0.397
0.618
1.414
2.169
2.509
0.732
0.899
0.723
0.605
0.912

35.111

: of Tritium (Ci)

CTGEN

0.022
1.116
2.082
2.634
5.025
6.076
6.482
7.968
8.850
11.453
11.875
12.337
14.172
16.232
17.227
17.600

18.102
19.433
19.813
20.119
21.705
22.488
22.873
24.134
24.530
25.148
26.562
28.731
31.2*0
31.972
32.871
33.594
34.199
35.111

DEL T

0.020
0.079
-0.033
0.025
0.282
0.431

-0.321
-0.330
-0.129
0.771
0.379
0.155
0.570

-0.244
-0.650
-0.373

-0.025
0.020

-0.032
-0.009
1.550

-0.312
0.033
0.178

-0.182
0.072
0.149

-0.302
-0.463
-0.023
0.172

-0.021
-0.672
-0.767

TINV

0.020
0.099
0.066
0.091
0.373
0.804
0.484
0.154
0.025
0.796
1.175
1.351
1.901
1.657
1.007
0.634

0.609
0.629
0.597
0.588
2.139
1.827
1.860
2.038
1.856
1.928
2.077
1.775
1.312
1.289
1.461
1.440
0.768
0.019

±

0.001
0.03
0.06
0.08
0.15
0.18
0.19
0.24
0.27
0.34
0.36
0.37
0.42
0.50
0.52
0.53

0.51
0.47
0.46
0.45
0.40
0.38
0.37
0.33
0.32
0.30
0.26
0.19
0.12
0.09
0.067
0.045
0.027
0.002a

Measured.
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tritium produced (35.1 Ci) and the cumulative total produced at the end of

each run.

The experimental conditions, the amounts of the different forms of

tritium collected, and the calculated tritium inventories for the 33 runs are

summarized in Table VIII-10. Those runs which did not reach equilibrium are

indicated by "<" or ">" as appropriate. There were no experimental tritium

permeation data for the first three runs, and the estimated tritium inventory

values (in pararenthesis) could be in error by the order of 0.01 Ci. This

possible error is small in comparison to the estimated uncertainty, however.

D. Analysis of Integral Tritium Inventory Using Steady-State Diffusion

A calculational method was devised to explore the degree to which intra-

granular diffusion is the rate limiting step in determining the tritium reten-

tion and release characteristics. For the ideal case of a spherical grain

under isothermal conditions with a constant tritium generation rate and the

assumption that intragranular diffusion is the dominant mechanism, the tritium

inventory (tritium retention) in the grain is given by the relationship:

Ig = (r|/15 D)g , (1)

where I = the tritium inventory, g; r = the grain radius, cm; D = the diffu-

sivity, cm2/s; and g = the generation rate, g/s. The diffusivity has a tem-

perature dependence as:

D = Do exp(-Q/RT) , (2)

where DQ is a pre-exponential factor, Q is the activation energy, R is the <,as

constant, and T is the absolute temperature. In the ideal case (for isother-

mal conditions), if the logarithm of the tritium retention is plotted versus

1/T, a linear relationship is expected.

However, the TRIO experiment had a significant temperature variation;

therefore, Eq. (1) has to be integrated over the volumetric temperature dis-

tribution in the sample. In this case, if a uniform tritium generation rate

IS assumed, the expression for tritium diffusive inventory, I^, is:

Id = (r|/15)fG/[D(f)] , (3)
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TABLE VIII-10

Calculated Tritium Inventory for each TRIO Run.

Run
No.

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Conditions
(°C)

Tests to 300°C
600/STD
700/STD
700/12! H2

550/STD
500/STD
550/STD
600/STD
650/STD
650/No H2

4 00/No H2

500/No H2

550/No H2

600/No H2

700/N H2

700/STD
700/300 SCCM
700/30 SCCM
700/STD
650/STD
650/0.2% 0 2

650/STD
600/STD
550/STD
600/STD
560/STD
550/STD
525/STD
500/STD
480/300 SCCM
480/STD
500/STD
550/STD
650/STD

Total

HT

0.00186
0.985
0.985
0.513
2.099
0.617
0.725
1.811
1.008
1.823
0.040
0.300
1.245
2.197
1.560
0.715
0.503
1.109
0.380
0.294
0.028
1.092
0.351
1.077
0.576
0.537
1.213
2.128
2.104
0.543
0.721
0.740
1.271
1.666

32.958

HT0

0.00006
0.026
0.009
0.011
0.006
0.004
0.001
0.002
0.001
0.002
0.000
0.003
0.000
0.000
0.001
0.000
0.001
0.000
0.000
0.000
0.000
0,000
0.000
0.001
0.002
0.007

0-048
0.333
0.857
0.211
0.004
0.003
0.004
0.009

1.543

PERM

5 x 10~7

(0.004)
(0.005)
(0.003)
0.0038
0.0012
0.0008
0.0031
0.0023
0.0068a

0.0018
0.0040
0.0197
0.108a

0.083
0.031
0.023
0.202
0.032
0.021a

0.0068
0.0034
0.0013
0.0035a

O.0014
0.0018
0.0041a

0.0103
0.0107
0.0007
0.0016
0.0014
0.0015
0.0038

0.608

TCOLL

0.002
1.015
0.999
0.527
2.109
0.619
0.727
1.816
1.011
1.832
0.042
0.307
1.265
2.305
1.644
0.746
0.527
1.311
0.412
0.315
0.035
1.095
0.352
1.082
0.579
0.546
1.265
2.471
2.972
0.755
0.727
0.744
1.277
1.679

35.110

TGEN

0.022
1.094
0.966
0.552
2.391
1.050
0.406
1.486
0.882
2.603
0.421
0.462
1.835
2.061
0.994
0.373
0.502
1.331
0.380
0.306
1.585
0.783
0.385
1.260
0.397
0.618
1.414
2.169
2.509
0.732
0.899
0.723
0.605
0.912

35.111

TINV

0.020
0.099
0.066
0.091
>0.373
>0.804
0.484
0.154
0.025
>0.796
>1.175
>1.331
>1.901
1.657
1.007
0.634
0.609
0.629
0.597
0.588
>2.139
1.827
1.860
2.038
1.856
1.928 '
2.077
1.775
1.312

>1.289
1.461
1.440

<0.768
0.019

0.001
0.03
0.06
0.08
0.15
0.18
0.19
0.24
0.27
0.34
0.36
0.37
0.42
0.50
0.52
0.53
0.51
0.47
0.46
0.45
0.40
0.38
0.37
0.33
0.32
0.30
0.26
0.19
0.12
0.09
0.067
0.045
0.027
0.002

a"STD" = 100 SCCM, 0.1% H2.

^Permeation sample taken.
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where T is the volume-averaged temperature, and f is a factor to account for

the temperature distribution. The factor f is the ratio between the tritium

inventory for the actual distribution and the idealized isothermal inventory

at a temperature of T. For the TRIO experiment, the generation rate is rea-

sonably uniform, having a range of less than 10% throughout the sample. In

addition, although the generation rate does vary considerably throughout the

course of the experiment (see Sec. VI), it is reasonably constant during a

single run. The grain size did not measurably change over the course of the

experiment, as noted in Sec. VII.

For purposes of calculational simplicity, a radial temperature profile is

assumed. This temperature profile is characterized by two integrated param-

eters: f and AT (average radial temperature drop across the pellet thick-

ness). For the capsule geometry (hollow cylinder of outer radius rQ and inner

radius r.) and an unknown activation energy Q, the f factor is given by

f = f(T,AT,Q) = (g - l)" 1 J exp[(Q/RT)(T/T - l)] dn , (4)

where 8 = rjj/r? = 2.56; r\ = r2/r^; and T = local temperature.

Equation (3) can be inverted to solve for the diffusivity as a function

of measured and calculated data:

D(T) - (r|/15)f(G/Id) . (5)

The generation rate (G), the inventory values (l,)> the volume-averaged tem-

peratures (f), and temperature gradients (AT) are obtained from data previ-

ously presented. The grain radius r is taken to be 0.1 yra. If intragranular

diffusion is the dominant mechanism, then the calculated diffusivity values

should vary linearly with 1/T on a semilog plot. Because f and D depend on

the unknown activation energy, Q, iteration is required.

The TRIO runs at conditions optimal for tritium release (i.e., hydrogen

added to the sweep gas) were postulated to be diffusion controlled. Since the

uncertainties in the calculated tritium inventories were smallest at the be-

ginning and at the end of the experiment, the first eight runs and the last

six runs were used for the analysis. The data are summarized in Table VIII-11.
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TABLE VIII-11

Calculated Tlffusivities from TRIO Data

Run
No.

1

2

3

4

5

6

7

8

28

29

30

31

32

33

Volume-
Averaged
Temp.
(°C)

592

677

685

627

481

530

578

627

489

474

474

484

531

642

Temp.
Gradient

<°C)

126

122

122

125

125

20

130

130

107

107

107

112

111

113

Id/G

(lO4 s)

1.70

1.13

1.56

>6.49

>14.O

8.54

2.73

0.462

34.5

>34.5

37.3

37.4

<20.0

0.498

f

2.62

2.38

2.36

2.99

3.30

2.97

2.73

2.50

2.74

2.84

2.84

2.88

2.64

2.33

Diffusivity
(10"16 cm2/s)

10.3

14.la

10. la

<3.08

<1.58

2.32

6.65

36.1

0.532

<0.551

0.507

0.513

0.883

31.2

Uncertainty in inventory is large relative to its magnitude.

The data were then plotted in Figure VIII-1. The solid circles in the figure

represent runs that achieved equilibrium and the open circles represent those

that did not. The calculated diffusivity (diffusion coefficient) shows excel-

lent agreement with the equation

D = 1.1 x 10"6 exp(-35.8/RT) (6)

where R = the gas constant in Kcal/mol. The activation energy is 35.8

Kcal/mol (150 kJ/mol). The excellent agreement with the linear relationship

provides strong evidence that the tritium release for these selected runs is

diffusion-controlled.
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EQUILIBRIUM DATA

N0N-EQUILIBRIUM DATA

t I DIRECTION TOWARD
EQUILIBRIUM

(N) RUN NUMBER
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•(30r

1.05 1.10 1.15 1.20 1.25 1.30 1.35

1000 K/T

Fig. VIII-1. Diffusion coefficient for tritium in LiA102 determined from
selected TRIO runs in which intragranular diffusion appeared
to be the rate-limiting phenomenon in tritium transport.
The one-sigmi bands are based on uncertainties in the
experimental generation rate (6) and inventory (I).

Based on an error generation analysis which includes the uncertainties in

generation rate and derived inventory, the diffusion coefficient for LiA102

deduced from the TRIO data can be written as;

= (-13.7 ± 2.3) - (35.8 ± 3.9) Kcal/mol/RT . (7)

If the variability in grain size (±30%) is also included in the uncer-

tainty analysis, then the following equation should be used when comparing to

single crystal data:

£n(D/cni2*e*-l) - (-13.7 ± 1.8) - (35.8 ± 3.9) Kcal/mol/RT . (8)
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No attempts were made to include uncertainties in temperature distribu-

tion In the error analysis. While the accuracy of the thermocouples was quite

good, the asymmetry of the temperature profile introduces uncertainty into the

calculation which could not be easily estimated because of the limited number

of data points.

The above relationship was then used to calculate inventories for Runs

9-26. These calculated inventories, given in Table VIII-12, are called the

"diffusive inventories". For these runs in general, the diffusion model does

not account for all the tritium retained.

E. Analysis of Dynamic Tritlua Release Data

The dynamic tritium release curves (see Sec. VI.F) provide additional

information on the transport behavior of tritium. Steady-state diffusion

analysis was utilized above to investigate runs that appear to be diffusion

controlled. An independent way to study these runs is to use transient diffu-

sion kinetics. Described herein is analysis of the dynamic tritium release

data using a transient diffusion method.

The dominant mechanism for tritium release is postulated to be intra-

granular diffusion for selected runs. The grains are assumed to be uniform

spheres, 0.1 ym in radius. The generation rate is assumed to be uniform and

constant for a given run. The steady-state release rate is equal to the

generation rate. The time to reach any fraction of the steady-state release

rate is sensitive to the diffusivity, and the diffusivity is in turn sensitive

to temperature.

First, let us consider an idealized case for a step change in temperature

at a constant generation rate. For an isothermal grain with an initial tem-

perature Tj and a final temperature T2, the time-dependent solutions for the

release rate, & , and the inventory, IR, are:

Rg/g = 1 + (D2/D! - 1 ) ( 6 / T T 2 ) 2 Z (1/n2) exP(-n2ir2t/T2) (9)
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TABLE VIII-12

Diffusive Inventories for Runs 9-27

Run
No.

9a

10a

lla

12a
13
14
15
16
17
18
19
20a

21
22
23
24
25
26
27

Volume
Averaged
Temp.
(°C)

630
396
488
605
582
684
684
682
677
683
628
639
639
588
533
585
546
530
513

Temp.
Gradient

(°C)

128
127
128
128
128
126
126
126
125
125
126
116
116
117
109
109
113
109
106

f

2.51
4.10
3.18
2.60
2.08
2.35
2.35
2.36
2.36
2.34
2. SO
2.36
2.36
2.52
2.60
2.43
2.61
2.62
2.64

Diffusive
Tritium
Inventory

(Ci)

0.02
<67.8
>2.02
0.07
0.12
0.01
0.01
0.01
0.01
0.01
0.04
0.03
0.03
0.09
0.34
0.08
0.23
0.76
0.56

aThese runs did not achieve steady state.

where

Ug) = (T2/15) G

t = time from change in temperature

x2 = r2/D2

D2 = D(T2) .

Figure VIII-2 is a plot of Eq. (9) for the case of Dg/D, = 19.4, which

corresponds to a step change of 100°C from 500 to 600°C. An observation can

be made with regard to Eq. (9). Since the size of the spike in the release

rate is giver, by (R ) / ( R ) = D2/DJ, an increase in temperature results in a
S 2 S i

positive spike and a decrease results in a negative spike with reference to
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Fig. VIII-2. Fractional release rate for step increase
in temperature (T}/T 2

 = 19.4).

the generation rate line. As previously discussed (Sec. VI.F), this pattern

was consistently observed throughout the course of the experiment for nearly

all 33 runs.

The effect of spatial temperature distribution is more complicated than

it was for the steady-state case. Let Tj = Tjdi) be the temperature before

the temperature jump and T2 = T2(n) be the temperature distribution after the

. Integration of Eqs. (9) and (10) yieldsjump

R/G = 1 + (6/*2)
n=1

x exp(-n2TT2t/T2)

1 / (VDl "

(11)

I / I
s s

n=1

- T 2 ) exp(n2TT2t/T2)
(12)
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Figures VIII-3 through -5 show the experimentally determined tritium

release rate (R ] versus the analytically determined [(Eq. (11)] release rate

(R , , R , R ) for Runs 8, 28, and 31. In all three cases, the size of
^ rain' nom, raax; ' '

the calculated spike is greater than the experimentally determined value.

This finding is to be expected because the model assumes an instantaneous

temperature change and the monitoring instrumentation lag time is not included

in the analysis. The general shapes of the analytical and experimental curves

have some similarity, but the quantitative results are somewhat different.

Owing to the sensitivity of response to temperature, the differences may be

due to the modeling of the temperature profiles.

Equation (9) can be manipulated to show that the time response of the

system depends only on T 2 for step changes in isothermal temperatures, Let

Fe -= 1 - (Rg/g - l)(RgQ/g - I)"
1 , (13)

where Fe is related to the approach to equilibrium and R /g = D2/D1. Substi-

tuting Eq. (9) into Eq. (13) gives

Fp = 1 - (6/TT2) y ^ (l/n2) exp(-n2t/T2) . ' * (14)
n=1

The variable F is a measure of the extent of approach to equilibrium, being

equal to zero at the beginning of the transient and reaching unity at steady

state; Fe is a function only of T?> which is equal to r2/D,. Equation (13)
e £• "g

can then be used to compare calculated and experimental values of F for the

non-isothermal TRIO runs. This procedure was employed to calculate the time

required to reach 67% of the way to equilibrium. The calculations are

compared to the experimental data in Table VTII-13. Once again, the results

are encouraging but not conclusive.

While the transient analysis strongly suggests that bulk diffusion is the

dominant release mechanism during temperature changes, a more accurate analy-

sis, which models the actual temperature history, is required before this is

demonstrated quantitatively. Such efforts, however, would be hampered by the

uncertainties In the generation and release rates.
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F.g. VIII-5. Comparison between analytical prediction (Rnom)
Run 31 and TRIO tritium release rate (Re) for a mean
temperature increase from 474CC to 484°C. The genera-
tion rate (6) is also shown.

TABLE VIII-13

Comparison Between Predictions and TRIO Results
(in Parentheses) for Time to Reach 67% of Steady-
State Release Rate After a Temperature Change

Run
No.

8

28

31

Ti
(°C)

530

513

474

Ti+1
(°C)

578

489

484

*Ti
(°C)

130

106

107

*Ti+l
(°C)

126

107

112

i- a
t0.67
(h)

1.8
(2.5)

33.0
(21.0)

81.0
(38.0)

0.67
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IX. DISCUSSION

The most important results from the TRIO experiment are those which con-

tribute to the fundamental understanding of transport of tritium and the

transport of heat in a fusion reactor blanket. Since a limited parameter

space is tested in an experiment of this kind, models have to be developed so

that the results can be extrapolated to anticipated conditions in a fusion

reactor blanket. Experimental results were obtained on the amount of tritium

retained, or the tritium inventory, as a function of test conditions for the

33 runs. The results also provided quantitative data for intragranuJar

diffusion and information on surface effects and on the chemical species of

tritium evolved from the capsule. In addition, the permeation rate of tritium

through the inner capsule wall was measured, and an analysis of temperature

profiles and heating rates provided data on heat transfer. It was concluded

that the irradiation produced measurable amounts of volatile radionuclides and

activation products in the lithium aluminate breeder material. These results

and their implication for blanket design are discussed.

A. Tritium Inventory in the Solid Breeder

1. Tritium Inventory Model

A tritium transport model was developed in support of the STARFIRE

study. This model is used to predict the steady-state tritium inventory in a

solid breeder blanket. Five transport mechanisms were identified: (1) bulk

diffusion, (2) surface desorption, (3) gas-phase transport through intercon-

nected pores in the solid, (4) dissolution — sometimes called "solubility",

and (5) trapping. Each mechanism can contribute to the tritium inventory in

the blanket. The total inventory is estimated as the sum of the individual

contributions.

For bulk diffusion, probably the best understood of the five transport

mechanisms, there is at least some semi-quantitative data for a number of can-

didate solid breeders. Bulk diffusion is considered to contribute signifi-

cantly to the tritium inventory in the blanket. Based on diffusion, the trit-

ium inventory is a strong function of grain size and temperature. Activation
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energies for diffusion are typically a few tens of kilocalaries per mole.

Thus, the tritium inventory rapidly increases as temperature decreases. It is

primarily this temperature dependence which establishes the lower temperature

limits for solid breeders. Under steady-state conditions, where the tritium

generation rate equals the tritium release rate which equals a constant, the

following expression has been developed for spherical particles (slngle-
OQ

crystal grains):

Id = gr2 /15 D , (1)

where I^ = the diffusive inventory, i.e., the inventory one would calculate

with the assumption that bulk diffusion is the only process contributing sig-

nificantly to tritium inventory. The other terms are: g = the generation

rate of tritium; r = the radius of the spheres; and D = diffusivity. For
O

STARFIRE, at 500°C, if r = 0.1 vm, D = 10
16 cm2/s, and T = 6 x 103 g/s, the

diffusive inventory would be 400 g, assuming uniform temperature throughout

the blanket. For the TRIO experiment, assuming the same conditions except

that g = 5 yCi/s, the steady-state inventory is estimated to be 0.33 Ci. In

practice, the temperatures have a significant range in both the TRIO experi-

ment and in a fusion reactor blanket. Under this circumstance, the volumetric

temperature distribution must be integrated to calculate the diffusive

inventory.

Surface desorption processes could affect tritium transport, particularly

for microstructures having high porosity and small grain size, as is the case

for the LiAlOj material used in TRIO. The tritium inventory associated with

surface effects is directly dependent on surface area. Presence of hydrogen

gas or water may help tritium release by isotopically swamping available sur-

face sites. The activation energies for adsorption/desorption are rather low,

on the order of a few kilocalories per mole, and the temperature dependence is

thus rather weak.

Because of the small grain size of the TRIO pellets, the surface area is

large, estimated to be the order of 10 m2/g. If one assumes a surface site

has an area of 10 A2» for the 42 g of UA102, there are 4.2 x 10
21 sites,

which if completely filled would hold 200 Ci of tritium atoms. In the experi-

ment, only a small fraction of the sites is likely to be occupied by a hydro-

gen or a tritium atom* In addition, protium is present at a concentration
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three orders of magnitude higher than tritium for most of the experiment.

Under these circumstances, the surface inventory is expected to be orders of

magnitude less than 200 Ci.

Gas phase transport through the interconnected porosity establishes the

tritium partial pressure in contact with the solid breeder. The tritium in-

ventory is estimated by considering the solid to be in equilibrium with the

gas phase; the tritium dissolution is then estimated. During the STARFIRE

study, considerations of gas phase transport indicated that a reasonable

amount of interconnected porosity (20-30%) was desirable for minimizing
1 1 Q

tritium inventories. ' In addition, larger pore sizes, >1 ym, are bene-

ficial. In order to have large pore sizes and, at the same time, small grain

sizes, a microstructure having a bimodal pore size distribution was proposed

for the breeder material in STARFIRE. This type of mlcrostructure was

selected and fabricated for the TRIO experiment (see Sec. IV.B.)

Tritium dissolution was considered to be a potentially significant prob-

lem, particularly for Li2O, on the basis of some idealized thermodynamic cal-

culations. The primary assumption in these calculations is that activity

coeffients are unity. More recent measurements of H20-Li20 phase equilibria

have shown that activity coefficients are very large, approaching 1000 at some

temperatures. As a result, tritium dissolution in LigO is very small, the

order of 1 wppm. The tritium solubility in ternary ceramics is expected to be

even less. Therefore, tritium dissolution is not expected to make a signifi-

cant contribution to the tritium inventory.

Trapping could conceivably result in very high tritium inventories in

solid breeders. In the STARFIRE study, it was considered a possibility that

radiation-induced trapping could lead to unacceptably high tritium invento-

ries. However, the literature contains no applicable data for solid breeders

which could have allowed even qualitative limits on this effect to be

established.

2. Tritium Inventory Results from the TRIO Experiment

For the TRIO experiment, the tritium inventory for the 33 runs was given

in Table VIII-10. As previously discussed, the data from the first eight runs

and the last six runs provided an excellent fit to a steady-state diffusion

model. These runs represent optimal conditions for tritium release, namely,
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0.1% hydrogen added to the sweep gas stream. It is Inferred that, when hydro-

gen is added, surface release is enhanced but intragranular diffusion is not

appreciably changed. Under these conditions intragranular diffusion is the

rate-limiting step for tritium release; the tritium release is diffusion

controlled.

For Runs 9-27, the inventory was assumed to be a sum of two components,

the diffusive inventory (IJ) and the surface (including solubility) inven-

tory (l g). The derived diffusion relationship from Runs 1-8 and 28-33 [Eq.

(6), Sec. VIII] was used to calculate diffusive inventories for Runs 9-27.

Each surface inventory (iq) was taken to be the total inventory minus the

diffusive inventory (ij). The results are given in Table IX-1. Certain

trends appear upon examination of the data in Tables VIII-10 and IX-1. For

Runs 1-8, the surface inventory term is negligible because the inventories are

ascribed to intragranular diffusion. This set of runs had hydrogen added to

the sweep gas, generally 0.1% or a thousand-fold excess with respect to

tritium.

Runs 9-14 had no hydrogen added to the sweep gas stream (the actual

hydrogen concentration was about 3 ppm, or about three times the tritium

level). For this set of runs the surface inventory increased from a negligi-

ble quantity to about 1 Ci. As discussed above, the surface site population

of tritium could well account for a tritium inventory of 1 Ci for the condi-

tions of Runs 9-14. Addition of 0.1% hydrogen should decrease the surface

inventory by more than an order of magnitude; as a result, the surface inven-

tory for the first eight runs is expected to be less than 0.1 Ci. The tritium

inventories for the first eight runs appear to be diffusion controlled, and

the actual surface inventories for these runs do indeed appear to be less than

0.1 Ci.

Runs 15-19 represent a return to "standard" conditions} i.e., hydrogen

was again added to the sweep gas. The calculated diffusi * inventories for

these runs do not account for all the tritium, which is 0.6 Ci. However, the

uncertainty in tritium inventory for these runs is estimated as 0.5 Ci.

Therefore, it cannot be concluded that the surface inventory is significantly

large for these runs.
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TABLE IX-1

Tritium Inventories for Runs Which Were Not Diffusion Controlled

Run
No.

9b

10
11
12
13
14
15C

16
17
18

20d

21
22
23
24
25
26
27

Conditions8

650/No H2

400/No H2

500/N0 H2

550/No H2

600/No H2

700/No H2

700/STD
700/300 SCCM
700/30 SCCM
700/STD
650/STD
650/0.2% 0 2

650/STD
600/STD
550/STD
600/STD
560/STD
550/STD
525/STDF

HT

1.823
0.040
0.300
1.245
2.197
1.560
0.715
0.503
1.109
0.380
0.294
0.028
1.092
0.351
1.077
0.576
0.537
1.213
2.128

HTO

0.002
0.000
0.003
0.000
0.000
0.001
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.002
0.007
0.048
0.333

PERM

0.0068
0.0018
0.0040
0.0197
0.108
0.083
0.031
0.023
0.202
0.032
0.021
0.0068
0.0034
0.0013
0.0035
0.0014
0.0018
0.0041
0,0103

TCOLL

1.832
0.042
0.307
1.265
2.305
1.644
0.746
0.527
1.311
0.412
0.315
0.035
1.095
0.352
1.082
0.579
0.546
1.265
2.471

TGEN

2.603
0.421
0.462
1.835
2.061
0.994
0.373
0.502
1.331
0.380
0.306
1.585
0.783
0.385
1.260
0.397
0.618
1.414
2.169

0.02
(67.8)
(2.02)
0.07
0.12
0.01
0.01
0.01
0.01
0.01
0.04
0.03
0.03
0.09
0.34
0.08
0.23
0.36
0.56

h

>0.78

>1.83
1.54
1.00
0.62
0.60
0.62
0.59
0.55
>2.11
1.80
1.77
1.70
1.78
1.70
1.72
1.22

NOTE: "STD" =100 SCCM, 0.1% H2.
aValue on the right of slash (/) is temperature (°C); value on left is
gas composition.

Hydrogen was removed from the sweep gas after Run 8 and up to Run 14.
c0.1% H2 was added to the sweep gas after Run 14 and up to Run 19.

Oxygen was added to the sweep gas in Run 20.

Run 20 had 0.2% oxygen added to the sweep gas. Very little tritium was

evolved during this run, and the retention was more than 2 Ci when the run was

ended. Given the temperature (700°C), the diffusive inventory was calculated

to be negligible in comparison to the total inventory. Furthermore, this

excess inventory of about 2 Ci persisted for Runs 21-26 even though hydrogen

was added for these runs. In addition, a large amount (about 1.5 Ci) of HTO

(tritium in the condensable form) was released in Runs 25-29, about a month

after Run 20 had ended. About 2 Ci of tritium was retained either in the

breeder material or somewhere else in the system for an extended period of

time as a result of the oxygen addition. As previously discussed (Sec. VI.G)
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small HTO spikes consistently occurred about one day after large HT spikes.

The response time of the system to a release of HTO from the breeder was con-

cluded to be ~1 day. Therefore, the 2 Ci of excess tritium is associated with

either the surface or the bulk of the breeder material.

The last six runs (28-33) appear to be diffusion controlled. The agree-

ment between the calculated diffusivities for Runs 1-8, 28-33, and the derived

diffusivity relationship [Eq. (6) in Sec. V1II-D] is quite good, shown in Fig.

VIII-2.

There is another point regarding Table VIII-10 that is useful to place

the data in context. Both the tritium generation rate and the mass of breeder

material in a 4000-MW fusion reactor1»^ are just about 10 million times those

in the TRIO experiment. Since 1 kg of tritium is 10 million Ci, the invento-

ries listed in Curies for TRIO would translate to inventories in such fusion

reactor blankets in units of kilograms.

B. Intragranular Diffusion

Diffusivity values have been reported for polycrystalline alumina* '

single-crystal alumina,^ and lithium aluminate itself.29,50-52 Selected

literature data on diffusivity are compared to the TRIO results in Fig. IX-1.

Since Wiswall et al. obtained lithium aluminate from the same source used

for TRIO, the grain size was assumed to be the same for the two studies. In

addition, the diffusivity values were recalculated from their tritium release

curves to correct for a small error. Yunker did not report grain size or

diffusivity, but his activation energy agrees with the TRIO results. The

grain size for Yunker's experiment was assumed to be 0.3 ym. The activation

energy of 35.8 Kcal/mol is rather large In comparison to that of other solid

breeders, but the value is in agreement with Wiswall et al. ° and Yunker.^

In addition, the activation energy for tritium and hydrogen diffusion in alu-

miiur^"*' is similar. Both Guggi et al.51 and Vasiliev et al.-52 report much

lower activation energies and higher diffusivities for tritium in lithium alu-

minate than derived from TRIO. In both these cases, the particle sizes are

reported as two to three orders of magnitude larger than those of TRIO. It is

also possible that the true grain size in these experiments is much smaller

than the grain size which would explain the large difference in magnitude but

not activation energy. Another point is that activation energies as high as
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Fig. IX-1. Comparison of selected data for tritium diffusion in
Y~LiA102 with the TRIO correlation (includes uncertain-
ties in grain size, inventory, and generation rate).

35.8 Kcal/mol are most probably due to intragranular diffusion. Other

processes such as surface sorption and grain edge diffusion are expected to

have much lower activation energies. Based on the high value of the activa-

tion energy, the good fit of the experimental data to the diffusivity rela-

tionship, and the agreement of the experimental data with results of two other

independent studies, it is considered likely that the diffusivity values

derived from the TRIO experiment represent intragranular diffusion.

The data for runs at the beginning and end of the experiment indicate

that the controlling mechanism for tritium transport, when hydrogen is added

to facilitate surface desorption, is intragr-mula, diffusion. Over the

limited temperature range, the data fit a single equation. Based on this

observation, no evidence exists for trapping, which was earlier considered1 to
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possibly be a dominant effect. Thus, for the limited conditions and burnup of

the TRIO experiment, trapping is not considered a significant contributor to

tritium inventory.

A material such as lithium aluminate could show a wide range of diffusi-

vities owing to impurities and solid-state effects. The diffusivity could

be affected by oxide vacancy concentration. Since low oxygen potentials tend

to form more vacancies, diffusivity could be enhanced. Conversely, when oxygen

potential is high (e.g., Run 20), defect content is reduced and diffusion is

correspondingly reduced. This possibility cannot be resolved with the TRIO

results.

It is of interest to assess the impact of the derived diffusivity in

terms of tritium inventory in a fusion reactor blanket. With the calcula-

tional method previously described (Sec. VIII.D), the temperature distribu-

tions given in the Blanket Comparison and Selection Study (BCSS) were used to

estimate tritium inventories. In that study, the tritium generation rate is

0.006 g/s for the entire blanket of the 4000-MW reactor. The maximum tempera-

ture is fixed at 950°C, and the minimum temperature is varied from 300 to

550°C. As was the case for TRIO, capsule geometry for this study was a hollow

cylinder, but the coldest temperatures was on the inside of the cylinder

rather than on the outside.

The results of this analysis are presented in Table IX-2. In this table,

the temperature distribution is characterized by a volume-averaged temperature

(TVAV), over the range from the maximum temperature (TMAX) to the minimum tem-

perature (TMIN). The f factor has the same meaning as before, viz., the ratio

between tritium inventory for the actual case and that for the isothermal (T =

TVAV) case. The results show that the diffusive tritium inventory rises very

rapidly as the minimum temperature is decreased. If the diffusive inventory

is not to exceed 1 kg, then the minimum temperature for the blanket must be no

lower than 350°C.

C. Surface Effects

As noted above, the presence of hydrogen appears to enhance the release

of tritium. For example, hydrogen addition of 0.1Z (a thousand-fold excess)

enhanced tritium release rates and reduced tritium inventories associated with

the surface. A simple argument presented above showed that isotope swamping
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TABLE IX-2

Calculated Diffusive Inventories for a
4000-MW Fusion Reactor Blanket

TMAX
(°C)

950

950

950

950

950

950

TMIN
(°C)

550

500

450

400

350

300

TVAV
(°C)

846

534

823

811

800

789

f

1.180 x 101

3.009 x 101

9.384 x 101

3.831 x 102

2.080 x 103

3.664 x 104*

Tritium
Inventory

(kg)

7.10 x 10-3

2.16 x 10-3

7.92 x 10-2

0.388

2.50

23.5

of surface sites with hydrogen could account for the reduction in tritium

inventory when hydrogen was added.

There is further evidence of surface effects. Namely, in Run 3, the hy-

drogen content was increased from 0.1 to 1%. The HT release curve (see Fig.

VI-13) shows a positive spike followed by a very rapid return to equilibrium.

The time constant is the order of ten minutes. This rapid response is not

characteristic of processes in the bulk of the breeder solid, such as intra-

granular diffusion, but is characteristic of a surface process, which is much

more rapid.

For Run 20, oxygen was added, and very little tritium came out. The

tritium inventory increased by about 2 CI as a result. Run 21 (0.1% H 2) shows

a large positive peak, followed by a return to steady state as shown in the HT

release curve (Fig. VI-52). The release curve for Run 21 does not appear to

show a different response than other similar runs (e.g., Run 33). Thus, al-

though the tritium retention is higher for Run 21, the release kinetics do not

appear to be affected. The excess tritium, which appears to be In the oxide

form, does not seem to inhibit release of the rest of the tritium. If this

excess tritium is on the surface, it is probably not affecting surface release

rates.

One other issue should be mentioned: The surface could affect the ratio

of HT to HTO. This possibility is discussed in the next section.
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D. Species of Trltiua Evolved

The predominant form of tritium evolved during the experiment was the HT,

or noncondensable form* Prior to the experiment, the expectation was that the

oxide breeder would give rise to the oxide form of tritium. This result has

serious implications for blanket design because the permeation rates for HT

are much greater than those for HTO, and thus tritium loss rates by permeation

could become high. A number of rationales for this observation exist, includ-

ing kinetic and thermodynamic arguments discussed below.

Perhaps the simplest way to look at the system is first to assume that

lithium aluminate produces T20 and the T20 reacts with H2 to form HT and H20.

For the runs when 0.1% H2 was added, which is 1000 times the tritium level in

the sweep gas, one would expect HT to be the dominant tritium form. However,

this rationale does not account for the fact that the noncondensable HT form

was dominant even when H 2 was not added.

Another possibility is that the structural material, Type 304 stainless

steel, is playing a role in the equilibrium process by affecting the oxygen

potential of the system. In vapor effusion studies, Guggi et al. noted that

the presence of a stainless steel container caused a very significant increase

in the vapor pressure of elemental lithium over lithium alurainate. In other

words, the oxygen potential was very low in Guggi's test. A series of thermo-

dynamic calculations were performed to assess the effect of the steel cladding

on the system. To perform the rather complex set of equilibrium calculations,

the SOLGASMIX code was used.

The calculations are for a system that was initially 1 mole of lithium

aluminate at 1000 K. It is assumed that 100 mole ppm of the lithium was

burned up to form 100 x 10 - 6 g atoms tritium, 99% tritium was released and

recovered from the system, and 50 g atoms oxygen were produced by burnup and

remained in the system. The effect of the steel is approximated by assuming

the system contains 0.01 g atom iron. The condensed phases are simulated by

LiA102, LiAl508, iron, and iron oxide.

In the first calculation, the results of which are shown in Table IX-3,

the oxygen activity was fixed at a value derived from the results of Guggi et

al , 2 x 1O~35 atm. Based upon these results, the ratio of T2O to T2 is very

small, 5 x 10 - 6. This result is consistent with the TRIO observations. The

tritium content of the condensed phase is 5*6% of the total amount of tritium.
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If the H2-H2O couple sets the oxygen potential (assuming I ppm water and

0.1% H 2 in the gas phase), the oxygen potential is about 10
- 2 6 atm at 1000 K.

Under this condition, the HT0:HT ratio is still very small, less than 0.001.

If the iron-iron oxide couple J.S dominant, then the oxygen potential is

still higher, as shown in Table IX-4. The reduced T2 form is only a factor of

two higher than the T'2O form. In this case, over 99% of the tritium in the

system is in solid solution as the tritoxide in the lithium aluminate con-

densed phase. This represents a considerable increase over the first case

(Table IX-3) and indicates that the oxygen potential may affect the tritium

retention.

A final calculation, summarized in Table IX-5, corresponds to the oxygen

level set at 0.1% in the gas phase (approximately Run 20). The oxide form

does become dominant in the gas phase, but 99.85% of all the tritium in the

system is retained in the solid as the tritoxide.

The above calculations have considerable uncertainty in a number of

areas; in particular, the activity coefficient of the tritoxide in solution is

unknown. Nonetheless, the trends are meaningful. For example, it was found

that the stainless steel cladding msy control the oxygen potential suffi-

ciently to yield the observed results In the TRIO tests, the cladding tem-

perature was rather high; the tube on the inside was hotter than the breeder

material, and the cladding was near the temperature at the colder surface of

the breeder. In a fusion reactor with pressurized water coolant, the tempera-

ture of the steel structural material will be considerably lower. In this

case, the effect of the cladding as a reducing agent will be much less. In

addition, if the cladding is oxidized before use with an oxide layer on the

steel, the steel may not participate in the equilibrium. Under this circum-

stance the fraction of the condensable form will be considerably larger.

A second point of interest is that the amount retained in the solid by

dissolution rose dramatically as the oxygen potential was increased. The

release enhancement observed when hydrogen was added to the sweep gas may be

explained by this effect. Conversely, the effect is consistent with the obser-

vation that addition of oxygen was detrimental to tritium release.
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TABLE IX-3

Lithium Aluminate Equilibria: Fixed Oxygen Content

Species

Inert gas

T2 (G)

O2 (G)

T2O (G)

UOT (G)

(LiOT)2 (G)

UO (G)

U2O (G)

UT (G)

U (G)

A1O2T (G)

AlOT (G)

Al (G)

LiA102 (S)

LiOT (L)

LiAl5O8 (S)

UOT (L)

Moles at
Equilibrium

0.35000

0.23414

0.82058

0.71875

0.31388

0.73446

0,72859

0.64548

0.86381

0.20134

0.38082

0.95695

0.21823

0.99987

0.99385

0.25248

0.25096

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

10-3

10-8
10-25

10-9

10-1*

10-21
10-2 5

10-23

10-20

10-16

10-25

10-26
10-32

10~6

10-*

lo-io

Partial
Pressure
(atm)

0.99999

0.66895 x

0.23445 x

0.20536 x

0.89680 x

0.20984 x

0.20817 x

0.18442 x

0.24680 x

0.57524 x

0.10880 x

0.27341 x

0.62351 x

10 - 5

10-21

10-5

lo-ii

10-17

10-21

10-19
10-16

10-13

10-21

10-22

10-29

Mole Fraction
0.10000 x 101

0.99398 x 10~6

Mole Fraction
0.10000 x 101

0.99398 x 10-6

Note: Thermodynamic equilibrium conditions in a 1-mole
LiA102 system that contains no protium. The oxy-
gen activity is taken as that for the Fe/FeO sys-
tem. Total system pressure is 1 atm at 1000 K.
Assumes that 100-mole ppm burnup of lithium has
occurred, that 1% of the produced tritium is
still present, and that no oxygen has been lost.
The system contains, therefore, 0.9999 g.atom
oxygen, 1.0 g.atom aluminum, and 1 x 10~6 g.atom
tritium.
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TABLE IX-4

Lithium Aluminate Equilibria: Low Oxygen Activity

Species

Inert gas

T2 (G)

O2 (G)

T20 (G)

LiOT (G)

(LiOT)2 (G)

LiO (G)

U2O (G)

UT (G)

Li (G)

A1O2T (G)

AlOT (G)

Al (G)

LiA102 (S)

LiOT (L)

LiAl5O8 (S)

LiOT (L)

Moles at
Equilibrium

0.35000 x

0.47181 x

0.20994 x

0-23151 x

0-17826 x

0.23657 x

0-29168 x

0-64635 x

0-30691 x

0.50426 x

0-21628 x

0-34000 x

0-34194 x

0.10000 x

0.56375 x

0.28189 x

0.15891 x

10-3

10-6

10-34

lo-ii

10-15

10-23

10~27

10-23

10-16

10-26

10-22

10-25

10 ;

io-7

10-7

Part ia l
Pressure

(atm)

0.99865

0.13462 x

0.59902 x

0.66057 x

0.50863 x

0.67501 x

0-83226 x

0-18442 x

0.87570 x

0.14388 x

0.61710 x

0-97013 x

0-97566 x

10-2

10-31

10-8

10-12

10-2 0

10-24

10-19

10-13

lo-io

10-2 3

10-19

10-22

Mole Fraction
0.10000 x 101

0.56375 x 10-7

Mole Fraction
0.10000 x 101

0.56375 x 10-7

Note: Analogous to Table IX-3 except that the lithium
activity is fixed (and the oxygen activity is
also thereby fixed) at the value taken from
Guggi's study of LiAK>2 in a stainless steel
cell.

IX-13



TABLE IX-5

Lithium Aluminate Equilibria: High Oxygen Activity

Species

Inert gas

T2 (G)

O2 (G)

T20 (G)

LiOT (G)

(LiOT)2 (G)

UO (G)

Li20 (G)

LiT (G)

Li (G)

A1O2T (G)

AlOT (G)

Al (G)

LiA102 (S)

LiOT <L)

LiAl5O8 (S)

LiOT (L)

Moles at
Equilibrium

0.35000 x

0.11455 x

0.35035 x

0.72624 x

0.31567 x

0.74211 x

0.33144 x

0.64613 x

0.42064 x

0.44347 x

0.38299 x

0.46599 x

0.0

0.99987

0.99852 x

0.25250 x

0.25216 x

10-3

10-17

10~6

10-9

10-m
10-21

10-20

10-23

10-29

10-21

10-25

10-35

10~6

10-1*
10-10

Partial
Pressure

(atm)

0.99900

0.32696 x

0.10000 x

0.20729 x

0.90101 x

0.21182 x

0.94602 x

0.18442 x

0.12006 x

0.12658 x

0.10932 x

0.13301 x

0 . 0

lo-i h

10-2

10-5

lo-ii

10-17

10-17

10-19
10-25

10-17

10-21

10-31

Mole Fraction
0.10000 x 101

0.99865 x 10-6

Mole Fraction
0.10000 x 101

0.99865 x io-6

Note: Analogous to Tables IX-3 and -4 except that the
oxygen activity is set at 0.001 to correspond to
a doped sweep gas with 0.1% oxygen.
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The species evolved could be affected by a number of other factors, such

as surface effects and internal kinetic factors. For example, if the diffu-

sion rate of tritium atoms is much faster than that of oxygen atoms, more of

the HT form could be released, at least for a short period of time. This pro-

cess could be affected by surface effects. The experimental results are not

sufficient to prove or disprove such effects. It is not considered likely

that radiolysis of HTO can account for the experimental results.

E. Tritiim Permeation

The data on tritium permeation through the primary cladding (see Sec.

VI.E) were translated into permeation rates in units of curies per day. The

resultant permeation rates are illustrated in Fig. IX-2. The data appear to

follow a definite pattern.

During Runs 9-15, no hydrogen was added to the sweep gas, as illustrated

by the solid squares. For those runs (solid squares in Fig. IX-2), the per-

meation rate is close to the calculated rate for the tritium pressure and

geometry of the capsule, as is shown by the reference lines which used data

for austenitic stainless steel. When hydrogen gas was added to the sweep

gas, permeation rates decreased by an order of magnitude. This effect is

attributed to isotope swamping. For the idealized case, a 1000-fold excess of

hydrogen would be expected to reduce the permeation by a factor of /1000, or

about 30. The observed decrease is close to that value.

F. Heat Transfer Results

The heat transfer results were presented in Sec. VIII.B. The most signi-

ficant results were the in-pile measurement of thermal conductivity for the

lithium aluminate. These data are plotted in Fig. IX-3. The large open cir-

cles represent the data for the first few experimental runs; the dots repre-

sent the later runs. The estimated precision is <10%. The data show no sig-

nificant changes in thermal conductivity as a result of increased irradia-

tion. It is inferred that, for the temperature range of interest, limited

radiation damage (equivalent to about two months in a fusion reactor) does not

significantly affect thermal conductivity.
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6. Radioactivity

As previously discussed, impurities in the breeder material resulted in

generation of measurable quantities of a number of volatile radionuclides dur-

ing radiation. The levels measured showed significant temperature dependence,

but the data were not adequate to calculate release rates.

Chemical analysis including neutron activation was performed prior to

irradiation. In addition, the irradiated material was analysed by gamma spec-

trometry. The data should be useful in providing guidance to calculations of

fusion blanket radioactivity and afterheat.
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X. CONCLUSIONS

The purpose of the TRIO experiment was to test in-situ tritium recovery

and heat transfer performance of a candidate breeder material, lithium alumin-

ate. Seven objectives were proposed for the experiment (see Sec. II), and all

of them were met. A large amount of data was collected and analyzed. From

the results of the experiment, the conclusions are:

1. In-situ tritium recovery can work very well. The inventory levels at

the end of the experiment were less than 0.1 wppm. More than 99.9%

of the tritium generated in the lithium aluminate was recovered.

2. Intragranular diffusion was found to be an important tritium trans-

port mechanism. For runs at the beginning and end of the experiment

when hydrogen was added to the sweep gas, the experimental data

showed excellent agreement with the derived diffusivity given by the

relationship:

D = 1.1 x 10~6 exp(-35.8 Kcal/RT)

The derived diffusivity appears to be consistent with other data in

the literature.

3. The tritium inventories and tritium release rates are accounted for

by consideration of intragranular diffusion, surface effects, and

tritium dissolution ("solubility")* There is no evidence of detri-

mental or anomalous effects of radiation on tritium transport, such

as trapping.

4. Addition of hydrogen to the sweep gas enhanced the release of

tritium. This release enhancement is ascribed to improvement in

surface release kinetics.

5. The addition of oxygen to the sweep gas was detrimental to release of

tritium. This effect is consistent with thermodynamic calculations

showing increased retention of tritium as the oxygen potential is in-

creased. In addition, the oxygen might have had a detrimental effect

upon the surface of the lithium aluminate.
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6. The predominant form of tritium observed in the experiment was the

noncondensable, or HT, form. Thermodynamic calculations correctly

predict this form for the experimental conditions. The amount of HT

is expected to be less in a fusion reactor blanket, but permeation

rates could still be a problem

7. Permeation rates measured in the experiment were extrapolated to

rates of about 1000 Ci/day for a fusion reactor blanket, owing to the

predominance of the HT form. Permeation rates of 1000 Ci/day are

lower than the rates of tritium currently estimated to transport from

the plasma edge through the first wall. Thus, the HT form results in

high permeation rates, but such rates may be manageable.

8. The total damage was 0.18% lithium burnup, with 0.81 dpa and a dose

of 5.36 x 1012 rads. This burnup is equivalent to ~0.6 MW^yr/m2 or

about two months in a fusion reactor like STARFIRE. Under these

damage conditions and temperatures ranging nearly up to 800°C, no

evidence was found of significant change in the microstructure of the

breeder material.

9. Temperatures were effectively controlled with the gap gas technique.

10. Heat transfer coefficients and thermal conductivity did not signifi-

cantly change as a result of irradiation.

11. Trace impurities produced a number of volatile radionuclides, which

were observed in the sweep gas.
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XI. RECOMMENDATIONS FOR FURTHER RESEARCH

The TRIO experiment produced a considerable amount of useful data on

tritium transport and heat transfer in the breeder material of lithium alumi-

nate. More information in these areas is needed, as well as more data on the

effects of radiation damage on solid breeder materials in general. The

requirements of in-situ tritium recovery establish the operating limits (such

as temperature and porosity) for solid breeder blankets. Tritium recovery

from solid breeders is potentially affected by a number of factors, including

temperature, temperature gradient, tritium production rate, grain size, poros-

ity, surface area, surface condition (sites), oxygen potential, hydrogen

potential, tritium partial pressure, defects/vacancies in the lattice, impuri-

ties in the solid and/or sweep gas, and transport of other species (e.g.,

helium). The role of these factors needs to be quantified in order to

establish meaningful limits for blanket design.

Radiation damage needs to be studied because it can alter some of these

factors. For example, radiation damage can change grain size, change poros-

ity, and create defects in the solid.

Temperature is a key factor because it directly affects tritium transport

rates and can, particularly in concert with radiation, change the microstruc-

tural properties of the ceramic. Owing to the importance of temperature, the

control of temperature profiles in a solid breeder blanket is a key issue.

Temperature profiles must be controlled both in an experiment of this kind and

in a fusion reactor. Therefore, data on heat transfer coefficients and ther-

mal conductivity and the effects of irradiation on these properties is needed.

It is unlikely that a single experiment can effectively solve all the

programmatic needs. Nonetheless, TRIO demonstrated that experiments of this

type can effectively address many different research needs on breeder blan-

kets. Therefore, it is recommended that more experiments of this type be

undertaken. Considered herein is a single experiment which logically follows

the successful completion of the TRIO experiment.
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The follow-on experiment should first of all retain the many useful fea-

tures incorporated in the TRIO experiment. These features include a number of

on-line capsule monitors, thermocouples, and flux monitors placed in appropri-

ate locations in the test capsule. In addition, the gas analysis system for

TRIO included provision for real-time and integral monitoring of tritium in

its various chemical forms, as well as tritium permeation and measurement of

impurities. This basic experimental setup should be upgraded to include the

following modifications and/or improvements:

1. The temperature gradient should be minimized to simplify the inter-

pretation of temperature-dependent behavior such as diffusion. It is

recommended that the temperature gradient not exceed 50°C. In addi-

tion, it would be beneficial to use a material with a lower activa-

tion energy for diffusion. LijO appears to have an activation energy

about one-fourth that of LiA102«

2. The temperature range should, if possible, span the recommended tem-

perature limits, viz. 300-1000°C. Investigation of low temperature

allows direct determination of the lower temperature limit. Investi-

gation of high temperature allows direct determination of the effects

of swelling, sintering, etc., on tritium transport.

3. The experimental system should have improved monitoring capability

for oxygen potential becasue of its importance to tritium release.

The following items are needed: an oxygen meter, a moisture meter,

and a mass analyzer.

4. More quantitative measurements of real-time tritium response are

needed. This can be achieved with minor modification of the appara-

tus and with appropriate provision for extensive manual operations.

5. Experimental runs should go to equilibrium, i.e., each run should

last one to two weeks. Longer runs would permit more quantitative

measurement of release for volatile radionuclides.

6. In order to reduce uncertainties in measured heat transfer coeffi-

cients and thermal conductivity, a more accurate determination of

gamma heating rates is needed* This could be done by making a num-

ber of measurements of gamma heating throughout the course of the

experiment•
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7. Because of its high thermal conductivity, Li2O is the best choice of

breeder material to study decreases in thermal conductvity owing to

radiation damage. In addition, the radial temperature gradient

should be at least 50°C so that thermal conductivity can be accu-

rately measured.

In addition to consideration of the experimental setup, there are a num-

ber of operational choices which should be considered, such as the test

matrix, the number of capsules, etc.

The first choice is whether the temperature should be a variable. In the

TRIO experiment, the temperature was systematically changed every few days.

With this approach, data for many temperatures were obtained from a single

test capsule; however, frequent temperature changes complicated the interpre-

tation of the results. A single set temperature has two disadvantages: the

amount of data that can be obtained is very limited, and no information can be

derived on temperature-dependent behavior, unless one goes to a large number

of capsules. Because irradiation experiments of this kind are expensive to

conduct, care should be taken to obtain the maximum amount of data possible.

Therefore, each capsule should have the capability of changing the temperature

in a controlled way. For purposes of planning, each temperature run should

last one to two weeks. For similar reasons, each capsule should have capabi-

lities for operating with a sweep gas of variable flow and oxygen potential.

The next choice is the number of capsules. The recommended approach is

not to do anything that will adversely affect the monitoring capability for

each capsule. Thus, each capsule should have appropriate instrumentation.

The cost per capsule will be somewhat less for experiments with multiple cap-

sules, but the difference will not be large. The number of capsules will most

likely be set by cost constraints. An option that should be evaluated is run-

ning a number of single-capsule tests in series. For the purpose of setting a

reference point, it is recommended that the next TRIO-type test include two

capsules.

Another choice to be made is the material to be tested. In TRIO, lithium

aluminate was tested. Lithium aluminate should be similar to a number of the

ternary lithium oxides because of its high melting point, low thermal conduc-

tivity, and chemical inertness. Lithium oxide, which is rather different in
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the above aspects and is a generally attractive candidate breeder material,

should be tested in a TRIO-type test. Lithium oxide has been tested in-pile

in experiments at JAERI, ' but those experiments were somewhat limited in

scope. Lithium oxide remains the most logical choice for the next experiment.

The high thermal conductivity and the low activation energy for diffusion are

favorable for this material. Therefore, it is recommended that one capsule

contain lithium oxide. The selection of material for the second capsule is

now an open question. It could be lithium oxide of different morphology, an

appropriate ternary oxide, or some advanced material.
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