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ABSTRACT

A simulated loss-of-coolant accident was performed with a full-length
test bundle of pressurized water reactor fuel rods. This third experiment of
the program produced fuel cladding temperatures exceeding 1033 K (1400°F) for
155 s and resulted in eight ruptured fuel rods. Experiment data and initial
results are presented in the form of photographs and graphical summaries.






SUMMARY

The Joss-of-coolant accident {LOCA) simulation program in the Nationa?
Research Universal (NRU) reactor is being conducted to evaluate the thermal
hydraulic and mechanical deformation behavior of a full-length pressurized
water reactor fuel bundle under LQCA conditions. The test conditions are
designed to simulate the heatup, reflood, and quench phases of a large-break
LOCA and are performed in situ using nuclear power fission heat to simulate
Tow-level decay power typical of these conditions.

This document reports the data and initial results from tt2 third experi-
ment in the program, Materials Test Two {MT-2). This test series had four
major objectives:

e to maintain Zircaloy high alpha phase temperatures for greater than
100 ¢ to obtain maximum fuel cladding ballooning ard rupture
conditions

e demonstrate the Disassembly Reassembly Machine (DERM) in
reconstituting a test bundle underwater

e demonstrate and develop bundle gauging and profilometry

e evaluate variable reflcod rate characteristics and control to
maximize the time in the Zircaloy high alpha-phase temperature
ballooning and rupture window.

The results of the tests showed that, by using variable reflood condi-
tions, it is possible to alter the peak cladding temperature during the reflood
phase. Temperatures in excess of 1033 K (1400°F) were maintained for 155 s.
The thermal-hydraulic results were based on using manual selection of three
levels of reflood rates of 1.27 em/s {0.5 in/s), 2.5 cm/s (1.0 in/s), and
4.06 cm/s (1.6 in/s). Ballooning and rupture of the test fuel rod cladding
occurred during the adiabatic heatup phase of the experiment. The DERM ope-
ration was successful in both performing bundle examination and profilometry
and in reconstituting the test assembly under water,

Postirradiation examination using the DERM revealed coplaner blockage
and rod-to-rod contact at the maximum blockage areas. Significant decreases



in cladding strain at self-powered neutron detectors (SPNDs) were also noted,
which indicates the sensitivity of the deformation of Zircaloy to small changes

in cladding temperature.

This report presents the preliminary graphical data and photographs of
fuel rod temperatures, test conditions, and cladding mechanical deformation
axial profiles obtained during this experiment.

viii



CONTENTS

ACKNOWLEDGMENTS . .

ABSTRACT

SUMMARY

1.0 INTRODUCTION . .

2.0

3.0

1.1
1.2

EXPERIMENT OBJECTIVES AND SCOPE
APPLICABILITY OF RESULTS .

TEST DESCRIPTION . .

2.1
2.2

TEST TRAIN ASSEMBLY .
EXPERIMENT OPERATION

TEST CONDITIONS AND RESULTS . . . .

3.1

3.2
3.3

3.4

3.5
3.6

TEST ASSEMBLY TEMPERATURES
Preconditioning Test Assembly Temperatures

Pretransient and Transient Test Assembly
Temperatures . . . . .

TEST  COOLANT TEMPERATURES .

POWER COUPLING .

Preconditioning Power Coupling
Pretransient Power Coupling

NEUTRON FLUX

Preconditioning Neutron Flux

Pretransient and Transient Neutron Flux
LIQUID LEVEL MEASUREMENTS

INSTRUMENTATION FATLURE

Final Pretest Configuration . . .

MT-2 Instrument Failures .

ix

114

vii

13
19
19
19

20
21
22
22
22
23
23
23
24
24
24
24



4.0

5.0

3.7 REFLOOD FLOW MEASUREMENTS

3.8 FUEL ROD PLENUM PRESSURE MEASUREMENTS
Pressure Switches
Pressure Transducers

Summary of Pressure Switch and Pressure
Transducer Data

TEST RESULT ANALYSIS

4.1 COMPARISON OF DATA WITH TRUMP-FLECHT CODE ANALYSES
4.2 COMPARISON OF DATA WITH FRAP-T5 CALCULATIONS .
VISUAL AND PHOTOGRAPHIC EXAMINATION

5.1 GUARD FUEL ROD BUNDLE EXAMINATION

5.2 TEST FUEL ROD BUNDLE EXAMINATION

6.0 REFERENCES

APPENDIX A

PRECONDITIONING TEMPERATURES

APPENDIX B - PRETRANSIENT TEMPERATURES

APPENDIX C - TRANSIENT FUEL AND CLADDING TEMPERATURES

APPENDIX D - TRANSIENT COOLANT AND SHROUD TEMPERATURES .

APPENDIX E - NEUTRON FLUX . . . .

APPENDIX F - REFLOOD FLOW RATES AND TEMPERATURES

APPENDIX G - FUEL ROD PLENUM PRESSURES

APPENDIX H - MECHANICAL DEFORMATION DATA

28
29
30
30

31
33
33
34
43
43
44
55
A-1
B-1
c-1
D-1
E-1

G-1
H-1



10
11

12

13

14

15

16

17

FIGURES

Schematic of NRU Loss-of-Coolant Accident Test Train .
Instrumentation Levels in the MT-2 Test Assembly

Nomenclature and Instrumentation at Levels 1 Through 3
in the MT-Z Test Assembly . . . . . .

Instrumentation at Levels 4 Through 9
in the MT-2 Test Assembly

Instrumentation at Levels 10 Through 15
in the MT-2 Test Assembly .

Instrumentation at Levels 16 Through 21
in the MT-2 Test Assembly

NRU Reactor Core Configuration

MT-2.2 Reflood Flow Rates and Peak C]add1ng Temperature
at level 17

Experiment and NRU Operations Schematic
LVDT LLD Response Versus Time

Comparison of Cladding Temperature at Level 13
in MT-2.2 with TRUMP-FLECHT Calculations

Comparison of Cladding Temperatures at Level 15
in MT-2.2 with TRUMP-FLECHT Calculations

Comparison of Cladding Temperatures at Level 17
in MT-2.2 with TRUMP-FLECHT Calculations

Comparison of Cladding Temperatures
at Level 13 in MT-2.2 . .

Comparison of Cladding Temperatures
at Level 15 in MT-2.2 . .

Comparison of Cladding Temperatures
at Level 17 in MT-2.2 . .

Cladding Deformation Measurements
and Computer Code Predictions

xi

10

11

12
14

16
17
25

35

36

37

38

39

40

41



18

19

20
21
22
23

24

25
26
27

Visual Interpretation of Rod Ruptures
Viewed from Top End

Fuel Rod Rupture Zone with One-Half of the Shroud
and Guard Rods Removed . . . . .

Test Fuel Rod Bundle Rupture Zone - Side 6 .
Test Fuel Rod Bundle Rupture Zone - Side A .
Test Fuel Rod Bundle Ruptufe Zone - Side F .

Rupture Zone - Fuel Rod 2D, 1800 View
Angle, 00 Side . .

Rupture Zone - Fuel Rod 4B, 900 View
Angle, 2700 Side . .

Rupture Zone - Fuel Rod 3E, 2700 View
Rupture Zone - Fuel Rod 3E, 180° View

Rupture Zone - Fuel Rod 3B, 00 View

TABLES

Test Fuel Design Variables

Measured Experiment Operating Conditions
Preconditioning Power Coupling

Pretest Instrumentation Status
Instruments Failed During MT-2

Summary of Pressure Switch and Pressure Transducer Data

xii

45

46
47
48
49

50

51
52
53
54

18
23
26
28
31



1.0 INTRODUCTION

A loss-of-coolant accident (LOCA) simulation test program js being con-
ducted in the National Research Universal {NRU} reactor at Chalk River Nuclear
Laboratories,(a) Chalk River, Ontario, Canada, by Pacific Northwest Labora-
tory (PNL).(b) The program is sponsored by the Fuel Behavior Research
Branch of the U.S. Nuclear Regulatory Commission (NRC) to evaluate the thermal-
hydraulic and mechanical deformation behavior of a full-length, 3% enriched
pressurized water reactor (PWR) fuel rod bundie during the heatup, reflood,
and quench phases of a LOCA. Low-level nuclear fission heat was used to

simulate the decay heat in fuel and cladding that are typical of a LOCA.(I)

The test program is composed of a series of thermal-hydraulic tests (PTH)
using a single test assembly, and cladding material tests (MT) using different
test assemblies. The results of the initial thermal-hydraulic experiment have

(2)

quenching characteristics of Zircaloy-clad fuel rods under various reflood con-

been reported. That test series provided a data base for predicting the

ditions. The MT-1 experiment has also been completed, and its results have
been reported.(3

The MT-2 experiment described in this report used 11 pressurized test
fuel rods, 20 unpressurized guard fuel rods, and one nonfueled c¢ladding tube
to evaluate the ballooning and fuel cladding rupture due to a LOCA in the high-
alpha Zircaloy temperature range. Eight of the fuel rods ruptured during the
adiabatic temperature ramp. The test was terminated with a peak cladding tem-
perature of 1205 K (1710°F).

The remainder of this report consists of:
e a description of the MT-Z experiment
e a discussion of the test conditions and results

e a brief analysis of the test results

(a) Operated by Atomic Energy of Canada, Ltd. (AECL).
(b} Operated for the U.S. Department of Energy (DOE) by Battelle Memorial
Institute.



e a discussion of the visual and photographic examination

e Appendix A through G presents computer-generated plots of neutronic
' thermal and hydraulic data

® Appendix H presents mechanical deformation data obtained with the
Disassembly, Examination, and Reassembly Machine (DERM).

1.1 EXPERIMENT OBJECTIVES AND SCOPE

The primary objective of the MT-2 experiment was to evaluate the deforma-
tion behavior of fuel cladding in a simulated LOCA that produced fuel cladding
temperatures above 1033 K (1400°F) for an extended time.

A secondary objective of the experiment was to evaluate the reflood and
quench characteristics of fuel rods under variable reflood conditions. Another
secondary objective was to use manual control for reflood rates of 1.27 cm/s
(0.5 in/s), 2.5 c¢m/s (1 in/s), and 4.06 cm/s (1.6 in/s) in order to maintain
the Zircaloy cladding in the high-alpha temperature range for an extended per-
iod of time,

Other objectives included evaluation of the DERM in performing bundle
profilometry and in using the DERM to reconstitute a test bundle underwater
in the spent fuel storage basin at NRU,

1.2 APPLICABILITY OF RESULTS

The test results from MT-2 provide full-Tength nuclear-heated cladding
rupture data and thermal-hydraulic response data in the high-alpha tempera-
ture range for variable reflood conditions. Fuel rupture occurred during
the adiabatic heatup in the upper range of the alpha phase temperature region.
The variable reflood conditions extend the existing data base on thermal-
hydraulic response into LOCA operating conditions not previously investigated
by FLECHT or other out-of-pile test programs. These tests provide valuable
information on the control of quench fronts and two-phase cooling that will
be used to guide subsequent thermal-hydraulics and materials tests. They also
provide information on the quench characteristics of deformed rods compared
with nondeformed rods. This information was not available from the previous
experiment, MT-1, due to the locations of cperable instrumentation.

2



The data from MT-2 will be used in conjunction with MT-1 test.results(3)
to assess various calculational models for reactor safety analyses and conclu-
sions derived from the large series of electrically heated tests and smaller
scale in-pile tests being conducted elsewhere. The experimental results of
the program address 17 specific items outlined in the Code of Federal Regula-
tions 10 CFR 50.46 and 10 CFR 50, Appendix K. These results will be used to
provide additional data for model calibration and to help define the primary
heat transfer mechanisms for new analytical models. The major contribution
of these tests to light water reactor (LWR) technology is to reduce the uncer-
tainty on licensing criteria and offer the potential for raising the operating
Timits on some commercial LWRs.
























































































































































































































































































































































































































































































































