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ABSTRACT

This report presents results of the post irradiation examination performed
on IFA-431, which was a 6-rod test fuel assembly irradiated in Halden Reactor,
Norway, under sponsorship of the Nuclear Regulatory Commission. The irradia-
tjon conditions included: peak powers of 33 kW/m; coolant pressure and tem-
perature of 3.3 MPa and 240°C, respectively; and peak burnup of 4300 MWd/-

MTM. IFA-431 included instrumented rods of basic boiling water reactor
design, with variations in fill gas composition, gap size, and UO2 fuel

type. The irradiation was designed to measure the effect of these variations
upon fuel rod thermal and mechanical performance.

The post irradiation examination assessed the permanent changes to the
rods, including induced radioactivity, cladding deformation, fission gas
release, and fuel densification. The induced gamma ray activity confirmed
previous estimates of power distribution in the test rods. No significant
cladding deformation was observed. Fission gas release was negligible (0.25%
cumulative release). Densification of an unstable fuel type was confirmed at
A% (from 92% to 96% of theoretical density). However, this densification did
not result in increased fuel temperatures. It is concluded that under the
conditions of the IFA-431 test, thermal effects of densification up to 4% are
offset by fuel relocation.






SUMMARY

Nuclear fuel test assembly IFA-431 was designed by Pacific Northwest Lab-
oratory to determine the uncertainties in fuel rod thermal stored energy cal-
culations. This assembly was also designed to allow cross correlation of the
results among other tests and commercial fuel assemblies. After irradiation
to 4300 MWd/MTM in the Halden Boiling Water Reactor (HBWR), nondestructive
examination consisting of visual examination, gamma scanning, profilometry,
length measurements and gap measurement was performed at Kjeller Hot Cell.
Rod 6 of assembly IFA-431 was destructively examined at Barwell. This exami-
nation consisted of fill gas and internal volume determinations, burnup anal-
ysis, bulk UO2 density measurement, metallographic examination, and burnup
and UO2 density measurements across the pellet. Rods 1 thru 5 are scheduled
for re-irradiation in the Power Burst Facility (Idaho Falls, Idaho).

The results of these examinations and an analysis of the results are pre-
sented in this report. From the analvsis, it was concluded that 92% TD unsta-
ble fuel does densify, but that fuel relocation may override the fuel shrink-

age to reduce rod temperature.



ACKNOWLEDGEMENTS

The authors wish to thank the Fuel Behavior Research Branch, Office of
Reactor Safety Research, Nuclear Regulatory Commission, for their continued
support and encouragement of the experimental program. We also recognize the
contributions that personnel in several European laboratories made to the
effort to obtain the data reported here. J. A. Christensen, NRC representa-
tive at Halden, and the Halden staff coordinated the final assembly design and
irradiation. Nondestructive precharacterization and post irradiation measure-
ments were carried out by the staff at Kjeller Hot Lab. John Williams and
David Clough of Harwell were in charge of the destructive examination per-
formed at that laboratory.

vii



ABSTRACT
SUMMARY

CONTENTS

ACKNOWLEDGEMENTS

1.0 INTRODUCTION

2.0 CONCLUSTONS

3.0 TEST DESCRIPTION

3.1
3.2

3.3
3.4

ASSEMBLY DESCRIPTION
PRE-IRRADIATION CHARACTERIZATION
3.2.1 Analytical Measurements
3.2.2 Density Measurements

3.2.3 Microstructural Analysis

3.2.4 Resintering Characteristics .

3.2.5 Thermal Diffusivity and Conductivity Measurements
3 b

PNy N MY N ™o
+ + . .

Surface Characteristics
3.2.7 Dimensional Profilometry
PRETEST PREDICTIONS .
IRRADIATION HISTORY .

4.0 NONDESTRUCTIVE MEASUREMENTS

1

B e I - T N L o
a o 4 @

TEST BUNDLE DISASSEMBLY
VISUAL EXAMINATION

GAMMA SCANNING .

PROFILOMETRY ,

LENGTH MEASUREMENT

GAP MEASUREMENT .
HARWELL GAMMA SCANNING FOR ROD 6

5.0 DESTRUCTIVE EXAMINATION

5.1
5.2
5.3
5.4
5.5

FILL GAS AND INTERNAL VOLUME DETERMINATIONS
FUEL ROD CUTTING

BURNUP ANALYSIS

BULK UO, DENSITY MEASUREMENT

2
METALLOGRAPHIC EXAMINATION

ix

10
12
12
12
13
14
14
14
14
22
25
25
25
26
28
29
29
36
39
40
41
43
44
45



5.6 UOZDENSITY ACROSS THE FUEL PELLET . . . . . 50

5.7 BURNUP PROFILE ACROSS FUEL PELLET . ' . . . . 51

6.0 ANALYSIS OF THE POST-IRRADIATION EXAMINATION RESULTS . . . 55
6.1 DIMENSIONAL CHANGES . . . . . . . . . b5

6.2 ANALYSIS OF GAMMA SCANNING AND BURNUP DETERMINATIONS . Y

6.3 DETERMINATION OF FUEL DENSIFICATION IN ROD 6 . . . . 63
6.3.1 Fuel Stack Shortening . . . . . . . 65

6.3.2 Void Volume Change . . . . . . . 65

6.3.3 Bulk Fuel Density Measurements . . . . . 65

6.3.4 Microcore Density Measurments . . . . . 66

6.3.5 SEM Analysis . . . . . . . . . 66

6.3.6 Apparent Change in Gap Size . . . . . . b6
REFERENCES . . . . . . . . . . . Ref-1
APPENDIX A - POWER HISTORIES . . . . . . . . . A-1
APPENDIX B - FUEL TEMPERATURE HISTORIES . . . . . . . B-1
APPENDIX C - GAMMA SCANS . . . . . . . . . . C-1
APPENDIX D - PROFILOMETRY . . . . . . . . . D-1

APPENDIX E - PELLET POSITIONS . . . . . . . . . E-1



.10

FIGURES

Arrangement of Temperature Sensors, Neutron Detectors,
and Fuel Relative to Reference Axial Thermal Flux
Profile, IFA-431 {Dimensions are in mm) .

Schematic Arrangement of Fuel Rods for IFA-431
(Dimensions are in mm) . . . .

Schematic of Instrumented Fuel Assembly IFA-431

Predictions for IFA-431, Rod 1 (100% He,
95% TD-S U0o, 0.0229 cm cold gap)

Predictions for I[FA-431, Rod 2 (100% He,
95% TD-S UO,, 0.0381 cm cold gap)

Predictions for IFA-431, Rod 3 {100% He,
85% TD-S UOp, 0.0051 cm cold gap)

Predictions for IFA-431, Rod 4 (100% Xe,
95% TD-S U0», 0.0229 cm cold gap)

Predictions for IFA-431, Rod 5 (100% He,
92% TD-S U07, 0.0229 cm cold gap)

Predictions for IFA-431, Rod & (100% He,
92% TD-U UO», 0.0229 cm cold gap)

IFA-431 Arrangement in the HBWR Core

Schematic Diagram of Gap Measurement Equipment

Evaluation of Force-Displacement Curves for Gap Measurement .

Radial Relocation of Fuel on Compression Test

Typical Force - Displacement Curves for Irradiated
Fuel Rods .

Gap Measurement Results for IFA-431

Polished Cress Section of Pellet 13

Optical Photomicrographs of Archive UO» Pellet of
Type Used in Rod 6: {1} to (5) Unetched, (6} Etched

%

10
11

15

16

17

18

19

20
21
30
31
33

34
36
47

48



(3]

o
-

Scanning Electron Micrographs of Archive UQ» Pellet
of Type Used in Rod 6. Polished Surface Examined
After Etching . . . . .
Element IFA-431, Pin 1, Axial Gamma Scan Channel A
Schematic Diagram of Pellet 14 from IFA-431, Rod 6
Showing the Locations of the Core Samples Taken

for Analysis . . . .
Relative Flux Variation Through a Fuel Assembly

Measured and Estimated Burnup/Power Profile
Across Pellet 14, Rod 6

TABLES

Design Parameters and Instrumentation for IFA-431
Peak Power 328 W/cm {10 kW/ft)

Cross-Correlation Matrix .

Condensed Results from Gamma Scanning for IFA-431 .
Stack Length Change Determined from Gamma Scanning
Corrected and Reduced Length Measurement

Results of Gap Measurement {(in Microns) .

Fuel Stack Length Measurments from the Gamma
Scans at Harwell :

Results of Mass Spectrometric Analysis of 3 Samples
of Gas from Rod 6 {given in volume percent)

Isotopic Composition of Fission Gases in Three Gas
Samples from Rod &

List of Samples Cut from Rod 6

Results of Bulk Burnup Analysis from a Section of
Pellet 12 from Rod 6

xii

49
59

62

63

64

27
28
30
35

37

40

41
42

43



Burnup Along Rod 6 Estimated from the Gamma Scan
and Bulk Burnup Measurement

Bulk Densities of U0, Pellet Pieces
Densities of Small Cores from Pellets 13 and 3% of Rod 6

Uranium Isotopic Composition of Samples Cored from
Pellet 14 of IFA-431 Rod 6

Plutonium/Uranium, Neodymium 148/Uranium Ratios and
Calculated Burnup of Samp]es Cored from Pellet 14
of IFA-431, Rod 6 . .

Fuel Rod Length Changes

Result of Gap Measurement {in microns)

Comparison of Relative Gamma Intensity and
Relative Burnup for the IFA-431 Rods

xi1iid

44
45
51

53

54

55
57

59






1.0 INTRODUCTION

Several unresolved guestions pertaining to fuel rod thermal performance
were causing delays in nuclear power plant licensing at the time the IFA-431
test was designed. These included the initial stored energy in rods prior to
postulated loss-of-coclant accidents (LOCA's); the thermal effects of den-
sification; and the extent of pellet-cladding interaction as a function of
power and burnup. Many of the uncertainties in these phenomena were attri-
buted to the Tack of well-characterized dats for fuel irradiated throughout

the normal operating power range of commercial nuclear power plants.

This lack of well-characterized data resulted in inadequate computer-
coded mathematical models that were developed to simulate fuel rod behavior
over a wide range of postulated conditions. A1l of these factors have
contributed substantially to the stored energy uncertainty. Specifically, the
effects of fuel densification and fission gas on the fuel-cladding gap
conductance were difficult to quantify, primarily because the applicable data

were extremely sparse.

To focus on these uncertainties, Pacific Northwest Laboratory (PNL),
under contract to the U.S. Nuclear Regulatory Commission {NRC) designed two
instrumented Halden Boiling Water Reactor (HBWR) fuel assemblies. Experiments
using these assemblies have provided well-characterized data under cenditions
that realistically simulate light water reactor conditions. This data will be
used to verify NRC fuel codes, as well as provide bench mark data for com-

mercial fuel licensing codes.

These two assemblies were designated IFA-431 and IFA-432, and were irra-
diated in HBWR. Assembly IFA-431 had a design power of 328 W/cm (10 kW/ft)
and reached its goal burnup of 4300 MWd/MTM in February 1976. The second
assembly, IFA-432, has a design power of 492 W/cm (15 kW/ft) and is expected
to reach its goal hurnup of 30,000 MWd/MTM in mid-1980.

The post irradiation examination (PIE) of assembly IFA-431 has been com-
pleted. Nondestructive PIE work was performed at Kjeller Hot Cell in Norway.
This examination inciuded visual inspection, gamma scanning, profilometry,



length measurements and inferred gap measurement. Harwell performed the
destructive PIE work on rod 6 of IFA-431. Included in this examination was
fill gas and internal volume measurement, burnup analysis, bulk UO2 density
measurements, metallographic and scanning electron microscope (SEM) examina-
tion, UO2 density measurement across the fuel pellet and burnup profile
meastirement across the fuel pellet. Fuel rods 1 thru 5 are scheduled for
re-irradiation in the Power Burst Facility, Idaho. This report includes gen-
eral information on the post irradation examination of I[FA-431 and the impor-
tant results. Detailed metallographic and SEM resuits will be reported

later,



2.0 CONCLUSIONS

The significant conclusions reached as a result of the post irradiation

examination (PIE) of assembly IFA-431 are:

1.

The fuel in rod 6 {initially 92% TD) definitely densified about 4%. This
was concluded from bulk density measurements on the irradiated fuel, as
well as from apparent fuel stack tength and pellet diameter decreases.

In spite of the fuel densification in rod 6, the temperatures in that rod
over the~ 4,300 MWd/MTM IFA-431 irradiation remained nearTy identical to
those of rod 1, which did not experience densification. It is presumed
that the effects of fuel relocation overrode any effective gap widening
due to densification.

The flux depression and Tocal power estimates used for these test rods
are well verified by the detailed PIE gamma scan and burnup analysis.

Incidental pellet cladding mechanical interaction (PCMI) was indicated by
the cladding elongation detectors on all rods throughout the irradia-
tion. However, only rod 3 (50 um initfal diametral gap) showed permanent
cladding ridging. Therefore, PCMI and permanent cladding strain are def-
initely not synonymous.

The fission gas release for rod 6 was very low (0.25%) over the 4,300 MWd/
MTM irradiation.






3.0 TEST DESCRIPTION

The following section describes the overall test parameters.

3.1 ASSEMBLY DESCRIPTION

Assembly IFA-431 was designed in July 1974 to test the effects of gap
size, fill gas composition and fuel densification on fuel temperatures. The
design parameters for this assembly are shown in Table 3.1, while the ratio-
nale for selecting these parameters is presented in the precharacterization
report for IFA-431.(1)

TABLE 3.1. Design Parameters and Instrumentation for IFA-431
Peak Power 328 W/cm {10 kW/ft)

R Biameter Diiﬂ%gsal ) Fuel Instrumantation )
od Pellet Gapla Fill Density Fuel Burnup femperature CTadding
No. Am in. e in. Gas % TD Type[b) Muid/MTM Upper Lcwer Pressure Length

1 10.681  0.4205 0.229  ©£.009 He 95 Stable 4,000 el prld) este!

2 10.528 0.4145  0.381 3.015 He 95 Stable 4,000 TC TC -- ES

3 10,858 0.4275  .051 0.002 He 95 Stable 4,000 TC TC -- ES

4 10,681 0.4205  0.229 0.009 Xe 95 Stable 4,000 TC TC - ES

5 10.681 0.4205 0,229 0.009 He 97 Stable 4,000 TC TC PT £5

6 10.681 0.4205 0.229 0,009 He 92 Unstable 4,000 TC TC PT £S5

{a] Cladding for all rods has an G0 of 12.78% mm (0.5035 in.} and an ID of 10.909 mm (0.4295 in.}. Diametral gap is cladding I0
minus pellet diameter,

(b} With respect to in-reactor densificatien.

{¢] TC = Thermocouple

(d} PT = Pressure Transducer

{e} £5 = Elongation Sensor

This test allows cross correlation of available data. In addition to the
rod-to-rod comparisons, top-to-bottom comparisons can be made in each rod and
separate effects as a function of burnup and power can be evaluated. The
design also facilitates comparison of this test with other test programs and
commercial operation. Table 3.2 shows the cross correlation that is possible.



TABLE 3.2. Cross-Correlation Matrix

Gap Fuel Fuel Fael Gas Fuel Ao Rod Dynamic

_ Rod Numher Sire Relncation Eccentricity Stability Composiyicn Density Power, Provsure Tenperature

1 {9-He-95-5) % ¥ X X 1 X ¥

2 I1B-He-95-5! X X X

3 [ "-He-9%-5) X X X %

4 (9-Xe-Gh-s] b LS kS A

f {9-He-92-¢} % ¥ X 4 I

£ (9-He-97-,3 by % % X

T3 fxample & (9-He=85-s1: L icentifivs tne rod, 9 is the nominal dimetral gap in mils, e is the fill gas, 95 5 the fuel percent

theoretical density, and & incicales stakle fuel {u designates unstable fuel].

The fuel rods designed for use in IFA-431 had a BWR-6 pellet geometry.
Each of these rods nominally contained 45 fuel pellets, 1.27 cm (0.5 in.)} in
length, for an active cold fuel length of 57.15 c¢m (22.5 in.}. Al1l the pel-
lets were fabricated from 10 wt% U-235 enriched U02 powder by compacting and
sintering. These pellets were made with flat ends. Dysprosium oxide pel-
lets were located at both ends of the fuel column to prevent flux peaking. A
helical plenum spring maintained a compact fuel column within the seamless,
annealed Zircaloy-2 cladding. Supplied in accordance with ASTM B353-71, this
cladding had an inside diameter of 1.0909 cm (0.4295 in.) and a wall thickness
of 0.094 cm (D.037 in.).

Three types of fuel pellets were seiected for the test, the reference
fuel type was 95% theoretical density (7D} stable fuel to assure a
densification-resistant fuel and to provide a density typical of current fuel
designs. And, since new designs being considered for commercial reactor fuels
will use stable, low density fuel, the other two types were fuel of 92% TD
with stable or unstable structures.

Initial cold diametral fuel-cladding gap sizes of 0.0051, 0.0229 and
0.0381 cm (0.002, 0.0D9, and 0.015 in.) were selected for IFA-431. The rod
with a 0.0229 cm gap was selected as the test standard. The rod with a gap
sjze of 0.0381 cm provided an upper limit for the postulated effects of densi-
fication, while the smali-gap rod (0.0051 cm} produced fuel-cladding contact
at power, thus producing high gap conductance.



Five of the six rods in IFA-431 were backfilled with helium at atmo-
spheric pressure. Due to the fission gas release, these rods experienced gas
thermal conductivity degradation during irradiation. The sixth was backfilled
with xenon at atmospheric pressure to eliminate the variables of changing gas
composition and gas thermal conductivity, and to study the thermal effects of
simulated fission gas.

Each of the six rods in assembly IFA-431 was designed to test specific
parameters., A summary of these parameters follows:

Rod 1: Standard Fuel Rod - Rod 1 was selected as the standard rod for
this test. This rod was fabricated with a 95% TD stable fuel, a 0.0229 cm
initial diameter gap and helium fill gas.

Rod 2: Instantaneous Fuel Densification - The major calcutated impact of
fuel densification is the assumption that fuel undergoes instantaneous iso-
tropic shrinking directly proportional to the difference between the fabrica-
ted and terminal densities. To simulate this condition, rod 2 was designed
with a 0,038l cm diametral gap. Other parameters for this rod were 95% TD
stable fuel and helium fill gas.

Rod 3: Internal Reference - Rod 3 was designed as an independent check
of rod powers. It also provided an upper bound for gap conductance and was
used to simulate high burnup rods where the initial gap was closed by fuel
relocation mechanisms. This rod contained 95% TD stable fuel, had a diametral
gap of 0.0051 cm and was backfilled with helium. The small gap closed at
power, thus producing high gap conductances, minimizing the temperature drop
across the fuel-cladding interface, and providing a good check of the effec-
tive in-reactor thermal conductivity of the fuel.

Rod 4: Effects of Xenon Fill Gas - Experimental irradiations(z) have
indicated that the apparent gap conductance in rods filled with either xenon
or xenon-krypton is better than the values calculated by accepted analytical
codes. To aid in understanding the reported anomalous thermal behavior of
xenon-filled rods, rod 4 was designed with 95% TD stable fuel, a 0.0229-cm
diametral gap, and 100% xenon fill gas.



Rod 5: Verification of Fuel Densification Stability - The new commercial
reactor fuel designs that were being considered at the time IFA-431 was
designed were to use low-density, stable fuel. Thus, rod 5 was designed to
verify the recent fuel fabrication technology with regards to the effects of
fuel structures on irradiation temperature. Rod 5 contained 92% TD stable
fuel and had an initial gap of 0.0229 cm.

Rod 6: Densification Kinetics - Rod 6 contained 92% TD unstable fuel,
had a 0.0229 cm diametral gap and was backfilled with helium. Earlier stud-
1es(3) conducted by the Pacific Northwest Laboratory have indicated that
fuel with a similar structure underwent significant densification during irra-
diation and resintering. Data from rod 6 will be used to verify NRC densi-
fication mode]s(q) and to provide a check of applicant-supplied models.

The following instrumentation was used to acquire experimental operating
data for IFA-431:

e Fuel centerline thermocouples - The thermocouples had grounded junctions
with 0.1575 cm (0.062 in.) outer diameter W/22%Rh sheaths and W5%Re/W26%Re
seven-stranded thermocouple wires. The insulators were beryllium oxide.

s Pressure transducers - Measurement of the internal gas pressure of the
fuel rods was performed by the pressure transducers, which were mounted
on top of the rods. These instruments were thin platinum membrane bar-
riers that separated the fuel rod gases from an external helium source
with controlled pressure. The pressure balance across the membrane was

indicated by an electric contact that rested against the membrane.

e« Elongation detectors - The eleongation detectors were linear variable dif-
ferential transformer (LVDT) types. The LVDT is an electric mechanical
transducer that produces an electrical output proportional to the dis-
placement of a separate movable core. At Halden, the fuel rods are fixed
at the top end and are allowed to elongate in a downward direction.
Therefore, these instruments were positioned below the Tower end of the
fuel rods with the spring-loaded LVDT core in contact with the end of
each fuel rod. Axial elongation of the fuel rods caused the core to
move, which produced a change in the ouput voltage of the transducer.














































































































































































































































































































































































































































































































































































