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ABSTRACT

This report presents the in-reactor data collected to date from the
NRC/PNL Halden test assembly IFA-513. The irradiation test is part of an
experimental program entitled "Experimental Support and Development of Single
Rod Fuel Codes" sponsored by the Fuel Behavior Branch of the U.S. Nuclear
Regulatory Commission (NRC). The purpose of this program is to reduce the
uncertainties of predicting the thermal and mechanical behavior of an opera-
ting nuclear fuel rod.

Fuel centerline temperatures, cladding elongation, internal fuel rod
pressures, and local powers at the thermocouple positions are shown as a
function of time for the ijrradiation period from November 1978 to January
1980. The local powers were derived from neutron detector readings while the
other variables were measured directly.

The general trends in the data as a function of burnup are presented and
discussed. Detailed analysis of the data is not made, but topical reports dis-
cussing certain aspects of the data are referenced. Descriptions of the assem-
bly, instrumentation and calibration, and data processing methods are also
presented.






SUMMARY

In-reactor data collected from the NRC/PNL/Halden test assembly IFA-513
through January 1980 are presented in this report, and the general data trends
as a function of burnup are discussed. Fuel temperatures and power levels,
cladding elongation, and the internal fuel rod pressures represent the primary
data collected from six fuel rods that were of similar design except for fill
gas composition and pressure. Rods 1, 3, and 5 were filled with pure helium
at 0.1 MPa; rod 2 was filled with pure helium at 0.3 MPa; and rods 4 and 6
contained 8% and 23% xenon, respectively.

The fuel temperatures and thermal resistances for rods 1 through 5 were
very similar throughout the irradiation period examined. Thus, neither in-
creasing the initial fi11 gas pressure from 0.1 to 0.3 MPa nor introducing 8%
xenon into the fill gas had any effect on the thermal response of these fuel
rods. Rod 6, which contained 23% xenon in the fill gas, showed significantly
higher temperatures and resistances than the other five rods and the differ-
ences decreased with increasing burnup. The magnitude of the initial tempera-
ture difference agrees well with the predictions from the GAPCON-THERMAL-3
computer code.

Data collected during two reactor scrams have been used to verify the
steady-state trends in resistance and to compare two radial heat transfer
models. The results show qualitative agreement between steady-state and tran-
sient data. The radial heat transfer model with a constant gap conductance
provided the best fit to the experimental scram data, which implies that the
fuel-to-cladding gap remained constant during cool-down (contrary to the con-
ventional view of a fuel rod).

Elongation data at low power levels from the five rods with operating
elongation detectors showed length increases from 0.25 to 0.50 mm at the end
of the irradiation period examined {January 1980). Most of these length in-
creases occurred following the first power ramp and during the third reactor
operating cycle--from October 1979 to January 1980. The rod-to-rod variations
in fuel rod elongation were generally related to differences in the amount of
pellet-cladding interaction that occurred during power ramps.



Small gas pressure increases were recorded for five of the six fuel rods
in IFA-513. The estimated fission gas release as of January 1980 ranged from
@ to 2.2%. The magnitude of the pressure increases was generally within the
uncertainty of the measurements; and, therefore, meaningful rod-to-rod com-
parisons were not possible.

Pressure data from rod 5 were significantly different than the other
five rods. Three pressure spikes were observed during the first 350 GJ/kgl
(4050 MWd/MTM) of irradiation and extremely high pressures (~2 MPa) were ob-
served thereafter. Rod 5 was subsequently identified as defective and has
been removed from the reactor. The high pressures indicate that the rod may
have failed at about 350 GJ/kgU burnup; however, the three prior pressure
spikes suggest that a small defect may have been present through most of the
irradiation period.

Vi



CONTENTS

ABSTRACT
SUMMARY
INTRODUCTION
ASSEMBLY DESCRIPTION AND INSTRUMENTATION
EXPERTIMENTAL DATA
DISCUSSION OF DATA

TEMPERATURE AND RESISTANCE

Comparison of Steady-State Temperatures

Yerification of Steady-State Temperature Comparisons
Via Scram Data . . . .

CLADDING ELONGATION
INTERNAL PRESSURE

REFERENCES

APPENDIX A - INSTRUMENT DESCRIPTIONS AND CALIBRATION
APPENDIX 8 - DATA PROCESSING

APPENDIX C - ASSEMBLY POWER CALIBRATION

APPENDIX D - DATA PLOTS

vii

15
15
15

20
25
29
35
A.l
B.1
€.1
D.1



10

11
12
13
14
15

16

A.l
A.2

FIGURES

Schematic Design of IFA-513.

Experimental Data as a Function of Rod Average Burnup
for Rod 1 of IFA-513

Experimental Data as a Function of Rod Average Burnup
for Rod 2 of IFA-513 . . .

Experimental Data as a Function of Rod Average Burnup
for Rod 3 of IFA-513

Experimental Data as a Function of Rod Average Burnup
for Rod 4 of IFA-513

Experimental Data as a Function of Rod Average Burnup
for Rod 5 of IFA-513

Experimental Data as a Function of Rod Average Burnup
for Rod 6 of IFA-513

Resistance of Rods 1, 3, and 5 Compared at the Lower
Thermocouple Location as a Function of Average Burnup .

Resistance of Rods 1 and 2 Compared at the Lower
Thermocouple Location as a Function of Average Burnup .

Resistance of Rods 1, 4, and 6 Compared at the Lower
Thermocouple Location as a Function of Average Burnup .

Resistance Trends

IFA-513 Scram Data .

Replotted IFA-513 Data

Resistances for Rods 2 and 6 at Approximately 30.0 kW/m

IFA-513, TF11l Scram Data and Predictions
for the August 23, 1979, Scram .

Internal Pressure of Rod 5 as a Function of Time
Immediately After Extended Shutdown Periods

Schematic of Beta-Emitter Self-Powered Neutron Detector

Cladding Elongation Monitor (Halden Project Design)

ix

10

11

12

i3

17

18

19
21
22
23
24

26

32
A.2
A.5






A.3

B.1

C.1

D.1

D.2

D.3

D.4

0.5

D.&

D.7

0.8

D.9

0.10

D.11

Schematic of a Bellows-Type Pressure Transducer

Flow Diagram for Processing Halden Data

Schematic Arrangement for Assembly Power Calibration

Local Linear Heat Rates at Upper Thermocouple Location

for Rods 1, 3, and 5 of
to January 26, 1979

Local Linear Heat Rates
for Rods 1, 3, and 5 of
to January 26, 1979

Local Linear Heat Rates
for Rods 2, 4, and 6 of
to January 26, 1979

Local Linear Heat Rates
for Rods 2, 4, and 6 of
to January 26, 1979

Local Linear Heat Rates
for Rods 1, 3, and 5 of
to May 22, 1979

Local Linear Heat Rates
for Rods 1, 3, and 5 of
to May 22, 1979

Local Linear Heat Rates
for Rods 2, 4, and 6 of
to May 22, 1979 .

Local Linear Heat Rates
for Rods 2, 4, and 6 of
to May 22, 1979

Local Linear Heat Rates
for Rods 1, 3, and 5 of
to August 23, 1979

Local Linear Heat Rates
for Rods 1, 3, and 5 of
to August 23, 1979

Local Linear Heat Rates
for Rods 2, 4, and 6 of
to August 23, 1979

IFA-513 from November

at Lower Thermocouple
IFA-513 from November

at Upper Thermocouple
IFA-513 from November

at Lower Thermocouple
IFA-513 from November

at Upper Thermocouple
IFA-513 from April 5,

at Lower Thermocouple
[FA-513 from April 5,

*

at Upper Thermocouple
I[FA-513 from April 5,

at Lower Thermocouple
IFA-513 from April 5,

at Upper Thermocouple
IFA-513 from July 10,

at Lower Thermocouple
IFA-513 from July 10,

at Upper Thermocouple
IFA-513 from July 10,

28, 1978,

Location
28, 1978,

Location
28, 1978,

Location
28, 1978,

Location
1979,

Location
1979,

Location
1979,

Location
1979,

Location
1979,

Location
1979,

Location
1979,



.12

.13

.14

.15

.16

.17

.18

.19

.20

.21

.22

.23

.24

.25

Local Linear Heat Rates at Lower Thermocouple Location
for Rods 2, 4, and 6 of IFA-513 from July 10, 1979,

to August 23, 1979

Local Linear Heat Rates at Upper Thermocouple Location
for Rods 1, 3, and 5 of IFA-513 from October i, 1979,

to November 30, 1979

Local Linear Heat Rates at Lower Thermocouple Location
for Rods 1, 3, and 5 of IFA-513 from October 1, 1979,

to November 30, 1979

Local Linear Heat Rates at Upper Thermocouple Location
for Rods 2, 4, and 6 of IFA-513 from October 1, 1979,

to November 30, 1979

Local Linear Heat Rates at Lower Thermocouple Location
for Rods 2, 4, and 6 of IFA-513 from October 1, 1979,

to November 30, 1979

Local Linear Heat Rates at Upper Thermocouple Location
for Rods 1, 3, and 5 of IFA-513 from December 1, 1979,

to January 6, 1980

Local Linear Heat Rates at Lower Thermocouple Location
for Rods 1, 3, and 5 of IFA-513 from December 1, 1979,

to January 6, 1980

Local Linear Heat Rates at Upper Thermocouple Location
for Rods 2, 4, and 6 of IFA-513 from December 1, 1979,

to January 6, 1980

Local Linear Heat Rates at Lower Thermocouple Location
for Rods 2, 4, and 6 of IFA-513 from December 1, 1979,

to January 6, 1980

Upper Thermocouple Readings for Rods 1,
November 28, 1978, to January 26, 1979

Lower Thermocouple Readings for Rods 1,
November 28, 1978, to January 26, 1979

Upper Thermocouple Readings for Rods 2,
November 28, 1978, to January 26, 1979

Lower Thermocouple Readings for Rods 2,
November 28, 1978, to January 26, 1979

3, and 5 of IFA-513 from
3, and 5 of IFA-513 from
4, and 6 of IFA-513 from

4, and 6 of IFA-513 from

Upper Thermocouple Readings for Rods 1 and 5 of IFA-513 from

April 5, 1979, to May 22, 1979

Xi

D.7

D.8

D.8

D.9

D.S

D.10



.26

.27

.28

.29

.30

31

.32

.33

.34

.35

.36

37

.38

.39

.40

.41

A2

Lower Thermocouple Readings for Rods 1, 3,
April 5, 1979, to May 22, 1979

Upper Thermocouple Readings for Rods 4 and
April 5, 1979, to May 22, 1979

Lower Thermocouple Readings for Rods 2, 4,
April 5, 1979, to May 22, 1979

Upper Thermocouple Readings for Rods 1 and
July 10, 1979, to August 23, 1979

Lower Thermocouple Readings for Rods 1, 3,
July 10, 1979, to August 23, 1979

Upper Thermocouple Readings for Rods 4 and
July 10, 1979, to August 23, 1979

Lower Thermocouple Readings for Rods 2, 4,
July 10, 1979, to August 23, 1979

Upper Thermocouple Readings for Rods 1 and
October 1, 1979, to November 30, 1979

Lower Thermocouple Readings for Rods 1, 3,
October 1, 1979, to November 30, 1979

Upper Thermocouple Readings for Rods 4 and
October 1, 1979, to November 30, 1979

Lower Thermocouple Readings for Rods 2, 4,
October 1, 1979, to November 30, 1979

Upper Thermocouple Readings for Rods 1 and
December 1, 1979, to January 6, 1980

Lower Thermocouple Readings for Rods 1, 3,
December 1, 1979, to January 6, 1980

Upper Thermocouple Readings for Rods 4 and
December 1, 1979, to January 6, 1980

Lower Thermocouple Readings for Rods 2, 4,
December 1, 1979, to January 6, 1980

and 5 of IFA-513 from

6 of IFA-513 from

and 6 of IFA-513 from

5 of IFA-513 from

and 5 of IFA-513 from

6 of IFA-513 from

and 6 of IFA-513 from

5 of IFA-513 from

and 5 of IFA-513 from

6 of IFA-513 from

and 6 of IFA-513 from

5 of IFA-513 from

anc 5 of IFA-513 from

6 of IFA-513 from

and 6 of IFA-513 from

Cladding Elongation Sensor Readings for Rods 1, 3, and 5
of IFA-513 from November 18, 1978, to January 26, 1979

Cladding Elongation Sensor Readings for Rods 2, 4, and 6
of IFA-513 from November 18, 1978, to January 26, 1979

xii

.14

.15

.15

.16

.16

.17

17

.18

.18

.19

.19

.20

.20

.21

.21

.22

.22



.43

.44

.45

.46

.47

.48

.49

.50

.51

.52

.53

.54

«35

.56

.5?

.58

.59

Cladding Elongation Sensor Readings for Rods

1, 3, and 5

of IFA-513 from April 5, 1979, to May 22, 1979

Cladding Elongation Sensor Readings for Rods

2 and 6

of IFA-513 from April 5, 1979, to May 22, 1979

Cladding Elongation Sensor Readings for Rods
of IFA-513 from July 10, 1979, to August 23,

Cladding Elongation Sensor Readings for Rods
of IFA-513 from July 10, 1979, to August 23,

Cladding Elongation Sensor Readings for Rods
of IFA-513 from QOctober 1, 1979, to November

Cladding Elongation Sensor Readings for Rods
of IFA-513 from October 1, 1979, to November

Cladding Elongation Sensor Readings for Rods
of IFA-513 from December 1, 1979, to January

Cladding Elongation Sensor Readings for Rods
of IFA-513 from December 1, 1979, to January

1, 3, and 5
1979

2 and 6
1979

1, 3, and 5
30, 1979

2 and &
30, 1979

i, 3, and 5
6, 1980

2 and 6
6, 1980

Internal Pressures for Rods 1, 3, and 5 of IFA-513 from

November 28, 1978, to January 26, 1979

Internal Pressures for Rods 2, 4, and 6 of IFA-513 from

November 28, 1978, to January 26, 1979

Internal Pressures for Rods 3 and 5 of IFA-513 from

April 5, 1979, to May 22, 1979

Internal Pressures for Rods 2, 4, and 6 of IFA-513 from

April 5, 1979, to May 22, 1979

Internal Pressures for Rods 1, 3, and 5 of IFA-513 from

July 10, 1979, to August 23, 1979

Internal Pressures for Rods 2, 4, and 6 of IFA-513 from

July 1D, 1979, to August 23, 1979

Internal Pressures for Rods 1 and 3 of IFA-513 from

October 1, 1979, to November 3D, 1979

Internal Pressures for Rods 2, 4, and 6 of IFA-513 from

October 1, 1979, to November 30, 1979

Internal Pressures for Rods 1 and 3 of IFA-513 from

December 1, 1979, to January 6, 1980

xiii

.23
.23
.24
.24
.25
.25
.26
.26
.27
.27
.28
.28
.29
.29
.30
.30

.31



D.60

D.1

Internal Pressures for Rods 2, 4, and 6 of IFA-513 from
December 1, 1979, to January 6 1980 .

TABLES

General Design Characteristics for NRC/PNL Test Assemblies .

Experimental Matrix
August 23, 1979, Scram Results
Scram Results for Rods 2 and & {Lower Thermocouples)

Summary of Pressure Increases and Estimated Gas Release
for [FA-513 as of January 1980

IFA-513 Burnup Datala)

xiv

.31

23
24

33

.32



ACKNOWLEDGMENTS

The authors wish to thank the Fuel Behavior Research Branch, Office of
Reactor Safety Research, U.S. Nuclear Regulatory Commission, for their con-
tinued support and encouragement of the experimental program. We also thank
the Halden Reactor staff and R. W. Miller, the NRC representative at Halden,
for their efforts in recording and transmitting the experimental data. Spe-
cial thanks are given to W. D. Bennett, who produced the many data plots, and
to S. K. Edler for editing this report.

XV






INTRODUCTION

This report presents data from the first 14 months of operation of instru-
mented fuel assembly (IFA)-513, which is a heavily instrumented six-rod test
assembly in the Halden boiling water reactor (HBWR) in Norway. This assembly
is jointly sponsored by the Halden Project and the U.S. Nuclear Regulatory
Commission (NRC) and is part of a series of irradiation tests sponsored by NRC
to verify its single-rod fuel modeling computer programs. The work is being
conducted by Pacific Northwest Laboratory (PNL)(a) under a related services

contract.

A1l the rods in the four-assembly test series are of the basic BWR-6
design with variations in gap size, fuel type, fill gas composition, and fill
gas pressure. The first two assemblies in the test series were [FA-431 and
IFA-432 (identical six-rod assemblies), which contained the same variations of
gap size and fuel pellet types but operated at different power levels and
burnups. The present assembly, IFA-513, is the third in the series; its six
rods are identical except for variations in fill gas composition and pressure.
The fourth and last assembly, designated IFA-527, has recently been charged
into the reactor to study the effects of fuel pellet cracking and relocation.

The measurements made by IFA-513 and the earlier test assemblies are made
continuously and provide a record of variation with both power and burnup and
include:

e fuel temperature and power (both steady-state and transient)
» total cladding elongation

e fill gas pressure,

This report also includes some discussion and analysis of the data.
Detailed analysis will be presented in future topical reports.

{a) Operated for the U.S. Department of Energy (DOE)} by Battelle Memorial
Institute.






ASSEMBLY DESCRIPTION AND INSTRUMENTATION

IFA-513 was designed with three purposes in mind

+ fo provide instrumented, irradiated rods that are thoroughly charac-
terized as to fabrication parameters and thermal history for use in
transient tests at the Power Burst Facility (PBF) reactor in Idaho
Falls, Idaho.

» to extend the NRC Halden test series to include rods with known fill
gas mixtures at several points between pure helium and pure xenon.

» to quantify the variability among rods of contemporary design that
have been fabricated and operated identically.

Table 1 Tists general design features of IFA-513, IFA-527, IFA-431, and
[FA-432; and Table 2 1ists specific variations for each rod in all four assem-
blies and the instrumentation for each rod. A description of the instrumenta-
tion and measurement uncertainty is given in Appendix A, and Figure 1 is a
schematic of I[FA-513.

TABLE 1. General Design Characteristics for NRC/PNL Test Assemblies

Item IFA-513 and IFA-527 IFA-431 and IFA-432
Number of Rods 6 6
Cladding:
Material Zircaloy-2 Zircaloy-2
1Dx00, mn 10.9 x 12.8 10.9 x 12.8
Tube Length, m 0.824 0.61
Fuel Pellets:
Material uop Uo2
Enrichment, % 235y 9.9 10.0
Diameter, mm 10.7 10.7
Pellet Length, mm 12.7 12.7
Active Pellet Column Length, m 0.78 0.57
Pellet Density, %¥TD 95 95, 92
Fuel Rod:
Plenum Length, mm 29 19
Poison Pellet Length
(each end}, mm 7 7



Assembly Pouer,(a) Fuel b) Diametral Gap, um 100X He at 100% He at % Xe at Detectors(c)
and Rod ki/m szé 50-75 230 2180 0.1 MPa >0.1 MPa_ 0.1 MPa UTC LTC ES PT SPND
IFA-431 35/25 7

1 955 X X % L O S §

2 958 H X X X X

3 955§ X X X X X

4 9585 X 100% X X X

5 92s X % X A S |

6 920 X X X ©oX X
IFA-432 50/35 7

1 955 H X X ¥ ooX X

2 955 X X u X

3 955 H X X r X

4 955 X 100% H LU §

5 925 X X H r©rox X

6 92U X X X LA S 4
IFA-513 40/28 9

l 955 X X X ¥ X X

2 955 X 0.3 WPa % | S S {

3 955 X X X £ X X

4 955 X 8% X @ X X

5 955 X X X X X X

b 958 X 23% H r X X
IFA-B27 14710 9

1 955 X 100% X L S |

Z Yo X 100% X X X X

3 955 X 100% X ¥ X X

4 955 X 100% X X X X

5 953 H 100% X X % X

6 955 X 100% X X X X

TABLE 2.

Experimental Matrix

Initial Fill Gas

{a) Linear power is given for upper and lower thermocouple positions, respectively.

{b) Three fuel types are used; all are enriched to 10% 235,
955 = 95% TD, Stable
925 = 92% TD, Stable
920 = 92% T0, Unstable
{c) UTC = Upper Thermocouple
LTC = Lower Thermocouple
ES = Elongation Sensor
PT = Pressure Transducer
SPND = Self-Powered Neutron Detector

UT = Ultrasonic Thermometer
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