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ABSTRACT

Westinghouse Hanford Company (WHC) and EG&G-Idaho are 
conducting a joint evaluation for the Nuclear Regulatory 
Commission (NRC) to provide information in establishing 
licensing positions relative to long-term, low-temperature 
performance of spent fuel rods in dry storage and poten­
tial crud contamination for the dry storage cycle. The 
evaluation will establish the spent fuel performance of 
intact and defected light water reactor (LWR) fuel rods 
under inert and unlimited air environments. The four 
H. B. Robinson Unit 2 pressurized water reactor (PWR) fuel 
rods and four Peach Bottom-II boiling water reactor (BWR) 
spent fuel rods will be placed in a whole rod test furnace 
at a temperature between 230 and 245°C for a total of 
50 months. Interim and final examinations are planned to 
assess behavior during the test. A literature search was 
conducted, and available nondestructive, metallographic, 
and fission gas data were compiled to provide a basis for 
selection of actual test rods and a description of the 
initial spent fuel test rod condition. The H. B. Robinson 
Unit 2 PWR fuel rods have been well characterized from 
other programs. The Peach Bottom-II BWR fuel rods are not 
as well characterized; however, eddy current examinations 
have been conducted on all the test rods. The visual 
examinations and crud characterization information to be 
gathered as part of the pretest rod characterization will 
be reported in mid-FY 1983.
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CHARACTERIZATION OF LWR SPENT FUEL RODS USED IN THE NRC

LOW-TEMPERATURE WHOLE ROD AND CRUD PERFORMANCE TEST

!. SUMMARY

Westinghouse Hanford Company (WHC) and EG&G-Idaho are conducting a 

joint evaluation of light water reactor (LWR) spent fuel behavior during dry 

storage for the Nuclear Regulatory Commission (NRC). The objective is to 

provide information in establishing licensing positions relative to long­

term, low-temperature performance of spent fuel rods in dry storage and 

potential crud contamination for the dry storage cycle. The evaluation will 

establish the spent fuel performance of intact and defected LWR fuel rods 

under inert and unlimited air environments. Four H. B. Robinson Unit 2 

pressurized water reactor (PWR) rods and four Peach Bottom-II boiling water 

reactor (BWR) spent fuel rods will be placed in a whole rod test furnace at 

a temperature between 230 and 245°C for a total of 50 months. Interim and 

final examinations are planned to assess behavior during the test. Critical 

to the success of this evaluation is a knowledge of the condition of the 

fuel rods prior to the test. A literature search was conducted, and avail­

able data and information were compiled to provide a basis for selection of 

actual test rods and a description of the initial spent fuel test rod con­

dition. Visual examinations and crud characterization information gathered 

as part of the pretest rod characterization will be reported in mid-FY 1983.

The H. B. Robinson Unit 2 PWR fuel rods have been well characterized 

from other programs. This information and a visual examination of the 

actual test rods and crud examination of a companion rod will establish the 

pretest character of these rods.

The Peach Bottom-II BWR fuel rods are not as well characterized as the 

H. B. Robinson Unit 2 fuel rods. However, eddy current (EC) examinations 

have been conducted on all test rods, and visual examinations are planned on 

the actual test rods. A crud examination will be conducted on a companion 

rod. A full metallographic examination of two samples cut from a companion
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Peach Bottom-II fuel rod is planned during the first interim destructive 

examination (DE) to complement fission gas analyses already conducted on two 

companion rods and to provide adequate pretest DE information on this BWR 

fuel. Based on the available Peach Bottom-II fuel nondestructive examina­

tion (NDE) results and fission gas release measurements, the planned whole 

rod test using this fuel should provide a good representation of present-day 

BWR spent fuel behavior.
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II. INTRODUCTION

WHC and EG&G-Idaho are jointly conducting low-temperature, long-term 

whole rod tests for the NRC to evaluate the behavior of spent fuel. The 

objective is to provide information in establishing licensing positions rela­

tive to the long-term, low-temperature performance of spent fuel rods in dry 

storage. The primary focus of the test will be to determine the contamina­

tion from within the rod due to cladding breach or fuel oxidation and from 

outside the rod due to crud spallation. To cover the wide range of condi­

tions available for dry storage, an 8-rod matrix, shown in Table 1, was 

chosen. This matrix includes PWR and BWR rods, breached and unbreached 

rods, and inert and air atmospheres.

TABLE 1

WHOLE ROD FURNACE LOADING

No. 1m. Condition Atmosphi

1 PWR Intact Argon

2 PWR Defected Argon

3 PWR Intact Air

4 PWR Defected Air

5 BWR Intact Argon

6 BWR Intact Air

7 BWR Defected Argon

8 BWR Defected Air

The test will consist of five runs of 10 months each. After each run, 

an NDE will be conducted. The first run will be at 230° + 10°C. If no fuel 

rod or defect degradation is detected, the temperature of the remaining runs 

will be increased to 245 5°C. After the second and fifth run, one or more

rods will also be destructively examined. The results of each of these 

examinations will be compared to the initial condition of the fuel rod to 

determine any changes that might have taken place. Complete details of the 
test can be found in the technical test description.^
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Rods available in the EG&G TAN facility storage pool from H. B. Robinson 

Unit 2 (PWR) and Peach Bottom-II (BWR) are being used in the test. Available 

rod characterization previously performed on these fuel rods is reported 

here. This information is used:

1) To determine the condition of the rods prior to testing so that the 

most suitable rods could be chosen and test conditions determined.

2) To minimize necessary pretest characterization.

3) To have an initial reference with which to compare the results of 

interim and post-test examination data. This comparison will provide 

the basis for assessing any change in the condition of the rods due to 

testing.

4) To relate the test rods to the general population of spent fuel rods 

available for storage and determine if they are adequately represen­

tative of the general spent fuel population.

While as much characterization as possible on the actual test rods is 

desirable, use of data from other programs can eliminate expensive dupli­

cation and enable most effective use of available resources. Rods from both 

the H. B. Robinson Unit 2 and the Peach Bottom-II assemblies have been used 

in other programs. The H. B. Robinson Unit 2 rods have been examined and 

tested at EG&G, Battelle Columbus Laboratory (BCL), Argonne National Labora­

tory (ANL), and Oak Ridge National Laboratory (ORNL). The Peach Bottom-II 

rods were examined at EG&G and at ORNL. The reports on these examinations 

and tests form the foundation of this compilation. Visual characteristics 

of the actual test rods along with extensive crud characterization will be 

conducted as a part of the test program and will be reported on at a later 

date. This report will contain two classes of information: 1) general 

assembly and rod description data along with reactor operating conditions 

and 2) NDE and DE data.

4



III. GENERAL FUEL ASSEMBLY INFORMATION

A. REACTOR, ASSEMBLY, AND ROD DESCRIPTION 

1. H. B. Robinson Unit 2 PWR

The Carolina Power and Light Company's H. B. Robinson Unit 2 reactor is

a 665-MW electric (2192-MWt) three-loop LWR located in Hartsville, SC. It
(2 31began operation in March 1971.v y The core consists of 157 Westinghouse

(2115 x 15 assemblies (Figure 1) with three enrichment zones. 1 Each assembly 

contains 204 fuel rods, 20 control rods, and 1 possible in-core instrumenta­

tion tube located as shown in Figure 2. The rods are held in place with 

seven grids per assembly.

Each rod consists of a column of cylindrical pellets stacked inside a 

metallic sheath. There is a plenum at the top of the fuel rod to accommo­

date gas released from the pellets during irradiation. The rods were pres­

surized with helium prior to irradiation. Although the initial internal 

pressure is proprietary, postirradiation examination (PIE) indicates (see

later section) it was ^200 psi. There are also indications that the rods
(5)might have been pressurized without purging the internal air.v ' Pre­

irradiation characteristics of the fuel rods for Assembly BO-5 are given in 

Table 2.

2. Peach Bottom-II BWR

The Philadelphia Electric Company's Peach Bottom Unit-II is a 1065-MW 

electric BWR located at Peach Bottom, PA. It began commercial operation in 

July 1974. The core contains 764 General Electric (GE) assemblies (see Fig­

ure 3). During the first cycle of operation, the core contained three bun­

dle types with average enrichments of either 1.10 wt% or 2.50 wt% (see Table 3). 

The assembly selected for this study (PH 462) is an improved design 7x7. The 

improvement involves the use of a moisture getter in the plenum region.

An extensive reactor description is given in Reference 6.
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FIGURE 2.

'FIGURE 3

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15
® NRC TEST RODS 

© GUIDE TUBES FOR CONTROL RODS 

@ INSTRUMENTATION TUBE

Schematic of Fuel Rod Array in H. B. Robinson Unit 2 Assembly 
BO-5. (Ref 2)
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Peach Bottom-II Core Map. (Ref 7)
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TABLE 2

PRE-IRRADIATION FABRICATION DATA FOR PWR RODS FROM 
H. B. ROBINSON UNIT 2 ASSEMBLY B0-5(4)

Outside Diameter 10.7 mm

Diametral Gap 0.165 mm

Cladding Thickness 0.62 mm

Cladding Material Zircaloy-4

Overall Length 3.86 m

Pellet Material Sintered UO2

Density (% TD) 1.008 x 104 kg/m3 (92)

Fuel Enrichment (wt%) 2.55

Pellet Diameter 9.3 mm

Pellet Length 15.2 mm

Fuel Stack Length 3.65 mm

Plenum Length 173.5 mm

End Cap Length 17.5 mm

TABLE 3

PEACH BOTTOM-II CYCLE 1 ASSEMBLY TYPES AND IDENTIFICATION^)

Enrichment
Assembly No. Array Pellets (wt%) Assembly

PH 001 to PH 168 7 x 7 uo2 1.10 Type 1 with Gd?0^

PH 169 to PH 431 7 x 7 U0o 2.50 Type 2 with Gd90,
C. rods C J

PH 432 to PH 764 7 x 7 uo? 2.50 Type 3 with Gd909
rods

8



The 49 rods include 5 Gd203 rocls f°r control improvement, 8 tie rods, 

and 1 spacer rod. These rods are held in the bundle with the assistance of 

7 grid spacers. The variation of initial enrichment within the bundle and 

the location of the different types of rods is shown in Figure 4. Note the 

orientation of the assembly with respect to the control rod blade since the 

configuration is not symmetric.

A typical rod is shown in Figure 5. It consists of sintered U02 pellets 

within a ®Zircaloy-2 sheath. The pellets are held in place by a spring in the 

plenum region that contains the moisture getter. The pellet length is pro­

prietary but appears from PIE to be approximately equal to the diameter.

The rods were initially pressurized with between 1 to 10 psig of helium. 

Pre-irradiation fabrication data for the rods are given in Table 4.

B. ASSEMBLY BURNUP AND POWER HISTORY

1. H. B. Robinson Unit 2 Assembly BO-5

The assembly was irradiated in the H. B. Robinson Unit 2 core for cycles

1 and 2 for a total of 799 effective full power days (EFPD), then removed

from the reactor on May 6, 1974. The assembly power history is given in 
(31Table 5.' ' The peak power (327 W/cm) occurred in December 1971 shortly 

after irradiation began. By the end of irradiation on May 1974, the power 

had dropped to 212 W/cm.

Two rods (F-7 and P-8) were sectioned, and burnup analyses were con­

ducted on three samples from each rod. The F-7 sample was analyzed at ANL 

and the P-8 samples were analyzed at BCL. Details of the analysis method 

can be found in Reference 8. The results of the Nd mass spectrometric 

burnup measurements are provided in Table 6. Other than the bottom of the 

rod where the neutron energy spectrum is different, the two analyses agree 

quite well and indicate a fairly flat flux profile.(See Figure 6.)

•Zircaloy is a registered trademark of Westinghouse Electric Corp., 
Specialty Metals Division, Blairsville, PA.

9
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FIGURE 4. Initial Enrichment of Peach Bottom-II Assembly PH 462. (Ref 6)
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FIGURE 5. Typical Fuel Rod from Peach Bottom-II. (Ref 6)

TABLE 4

PRE-IRRADIATION FABRICATION DATA FOR BWR RODS FROM 
PEACH BOTTOM-II ASSEMBLY PH 462(6)

Outside Diameter 14.30 mm

Diametral Gap 0.15 mm

Cladding Thickness 0.94 mm

Cladding Material Zircaloy-2

Pellet Material Sintered UO2

Density {% TD) 1.042 x 104 kg/m3 (95)

Fuel Enrichment (wt%) see Figure 4

Pellet Diameter 12.12 mm

Pellet Length
^12 mm^

Fuel Stack Length 3.66 m

Plenum Length 401.3 mm

11



TABLE 5

POWER HISTORY FROM H. B. ROBINSON UNIT 2 ASSEMBLY SO-5(3)

Cycle I

Power (W/cm)

Date Average Peak EFPD
Oct. 1971 229.15 312.55 95.7
Nov. 1971 228.62 316.91 120.0
Dec. 1971 233.05 326.52 149.9
Jan. 1972 237.58 313.20 177.2
Feb. 1972 239.32 311.27 205.3
Mar. 1972 228.85 285.54 235.5
Apr. 1972 229.15 292.40 265.2
May 1972 224.75 285.81 270.7
June 1972 224.75 285.81 289.5
July 1972 226.62 283.02 312.6
Aug. 1972 215.89 271.24 341.2
Sep. 1972 212.97 256.48 369.0
Oct. 1972 214.71 275.08 398.6
Nov. 1972 207.65 273.31 423.6
Dec. 1972 204.41 269.96 443.9
Jan. 1973 213.72 268.68 460.4
Feb. 1973 218.48 278.98 475.7
Mar. 1973 200.50 263.66 487.2

Cycle II

Power (W/cm)

Date Average Peak EFPD
May 1973 177.57 228.88 6.5
June 1973 168.51 215.40 25.4
July 1973 182.95 240.56 58.8
Aug. 1973 184.36 244.34 87.6
Sep. 1973 178.75 231.38 116.6
Oct. 1973 172.68 227.11 145.2
Nov. 1973 174.61 219.11 166.2
Dec. 1973 175.73 222.25 192.6
Jan. 1974 176.65 222.55 221.2
Feb. 1974 176.03 221.01 247.8
Mar. 1974 175.50 219.20 278.1
Apr. 1974 175.50 219.17 307.2
May. 1974 175.07 211.72 311.8

TOTAL 799 EFPD

Average Burnup - 28 026 MWd/t 
Peak Burnup - 31 363.9 MWd/t 
Removed May 6, 1974

12



TABLE 6

BURNUP ANALYSES FOR FUEL RODS F-7(9) AND P-8(8) FROM H. B. ROBINSON

Distance from Relative Gamma
Rod Bottom Burnup Burnup Scan Intensity

Rod Identity (m) (at.%) (MWd/t) (GSI)

F-7 a 0.006 1.26 12,100 21.0
b 0.569 3.14 30,150 75.0
c 0.930 3.12 29,950 78.9

P-8 a 0.305 2.56 24,570 43.0
b 1.740 3.22 30,920 54.5
c 2.019 2.88 27,620 48.5

00 m 5-5 m
(138m.)

DISTANCE FROM BOTTOM OF ROD

FIGURE 6. Axial Profile of Average Fuel Pellet Gamma Activites of Rod F-7 
from H. B. Robinson Unit 2, Normalized from Gamma-Scan Gross- 
Count-Rate Data. (Neg MSD-62082, Ref 10)
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A major use of the gross gamma scan is to determine the axial fluence

profiles on a rod and the differences in the fluence across an assembly.

The 15 rods gamma scanned at BCL had a peak-to-average gamma scan intensity
ratio that ranged from 1.21 to 1.25.(3) This indicates that the profile

from rod to rod was very similar. A typical profile for the gamma scan is
(31shown in Figure 7.' ' The gamma scans are on file at BCL and were exam­

ined by WHC personnel. The average gamma intensity as a function of posi­
tion in the assembly is shown in Figure 8.^ Only BCL rods are included 

in this diagram due to calibration differences among gamma-scanning units. 

The average gamma intensity is fairly constant across the assembly with +5% 

variation.

2. Peach Bottom-II Assembly PH 462

The burnup of this bundle is not precisely defined. The reported
average bundle is 11 ,900 MWd/t.^ The reported average core burnup is

10,100 MWd/t.^^ The official GE average bundle burnup is 12,890 MWd/t.

A companion assembly in the Cycle 1 (PH 006) had a burnup analysis made on a

rod that had been gamma scanned. The peak burnup in this bundle was 13,000 
(121MWd/t,' ' which is in close agreement with the GE value. A burnup analysis 

on a PH 462 rod is in order during DE.

The daily time-dependent average core power is available^) in 

graphic form. The core power is given on a monthly basis in Table 7. The 

power peaked at ^240 W/cm and was within 5% of that power level except for 

a month at the start of the run and three months near the end of the run

when it dropped as low as 120 W/cm. No data has been located on the fluence

tilt in the reactor or calculations of power for this particular bundle.

The bundle was discharged from the reactor during the refueling outage 

between March 27 and June 24, 1976. The rod failures in the bundle were 
associated with control rod manipulations.^^

14
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FIGURE 7. Gamma Scan of Fuel Rod C-8 from H. B. Robinson Unit 2 Assembly BO-5. 
(Ref 3)

Average gamma scan intensity
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FIGURE 8. Diagram of Assembly BO-5 from H. B. Robinson Unit 2 with Average
Rod Gamma Scan Intensity. (Ref 3)
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TABLE 7

AVERAGE CORE HEAT RATING DURING RESIDENCE OF 
PEACH BOTTOM-II ASSEMBLY PH 462*

Average

Date
Average Core Power 

(MWt)
Heat Rating 

(wt/cm)
Burnup
(MWd/t)

Apr. 4, 1974 1835 134 230

Apr. 25, 1974 2603 190 390

May 12, 1974 2513 184 648

May 26, 1974 3164 231 741

June 19, 1974 3261 238 1010

July 15, 1974 3280 240 1585

Aug. 17, 1974 3292 240 2080

Sep. 10, 1974 3265 238 2555

Oct. 4, 1974 2856 209 2920

Nov. 21, 1974 3271 239 3542

Jan. 6, 1975 3280 240 4364

Feb. 3, 1975 3277 239 4697

Mar. 13, 1975 3293 241 5262

Apr. 2, 1975 3283 240 5640

Apr. 24, 1975 3215 235 6106

May 13, 1975 3172 232 6470

July 25, 1975 1649 120 7000

Aug. 16, 1975 1855 135 7300

Sep. 27, 1975 1882 137 7712

Oct. 31, 1975 1858 136 8100

Dec. 24, 1975 3285 240 8430

Jan. 15, 1975 3292 240 8766

Feb. 14, 1975 3255 238 9295

Mar. 26, 1975 3001 219 10100

*From Reference 11.
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"During the refueling outage of March 27 to June 24, 277 fuel bundles 
were sipped using the out-of-core wet technique. Of these 277 bundles, 
231 were of the improved 7x7 type. Of this group, 19 were determined 
to be leaking. Ten of these were given a detailed inspection of each 
fuel rod; 15 perforated (short tight cracks) rods were found. The 
primary mode of rod perforation was attributed to pellet-clad inter­
action. Visable evidence of minor secondary hydriding was observed on 
most rods.

Four leaker bundles of the unimproved 7x7 type were also found by 
sipping. A detailed examination of two of these bundles revealed 3 
leaker rods. Two of the leaker rods (both in one bundle) sustained 
open long splits characteristic of the pellet-clad interaction mecha­
nism. The third leaker rod (in the second bundle inspected) exhibited 
a typically hydrided appearance. The apparent severity of the pellet­
cladding interaction cracks in the unimproved 7x7 fuel was signifi­
cantly worse than that observed in the improved 7x7 fuel.

Most of the failures described above were apparently associated with 
control rod manipulations on January 13, which were not in accordance 
with the fuel vendor's fuel preconditioning recommendations."

C. TRANSPORTATION HISTORY 

1. H. B. Robinson Unit 2 Assembly BO-5

During transportation of the H. B. Robinson Unit 2 assembly from the 

reactor to the hot cell and subsequent unloading of the cask, a series of 

events took place (see Table 8) that may have caused the assembly to over­

heat. As standard procedure, 25 gallons of water were drained from the 

transportation cask to allow for thermal expansion. As a result, the 

assembly was transported partially uncovered in a horizontal position. When 

the cask arrived at the hot cell, it was placed in a vertical position where 

it was also partially uncovered. After removal from the cask, the assembly 

was held in air before it was placed in the pool. When placed in the pool,

large amounts of steam formed and an alarm sounded -- possibly due to the
(141release of crud from the rod surfaces. ' Later the assembly was held 

in a horizontal position for 7 hours during rod removal, but no steam was 
-eleased when the assembly was put back into the pool.^^^
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TABLE 8

TRANSPORTATION HISTORY FOR H. B. ROBINSON UNIT 2 FUEL ASSEMBLY BO-5

Configuration Time or Event Cladding Temp (°C)
Method of

Temperature Determination

Storage in Pool 13 mo( ”*3) ^21 (Actual) Measured

Horizontal Shipping in 
Half-Water-Filled Cask

<1 wk 343 (Maximum Possible)
<300 (Maximum Possible)

Calculations
Hardness Measurements

Vertical Hold in Half- 
Water-Filied Cask

6 h(8,13) 466 (Maximum Possible)
<350 (Maximum Possible)

Calculations
Hardness Measurements

Vertical Dry Hold in
Cell

1-1/2 to 2 h(13,14) 466 (Maximum Possible)
<350 (Maximum Possible)

Calculations
Hardness Measurements

Transfer to Storage
Pool

Steam & A1arm(14) — —

Storage Pool Residue 24 h(14) ^21 (Actual) Measured

Vertical Dry Hold in
Cell

1 h03) 100 to 150 (Maximum Possible) Thermocouple Test03)

Horizontal Dry Hold in 
Cell

6 h('3) 100 to 150 (Maximum Possible) Thermocouple TestH^)

Transfer to Storage Negligible SteamO4) — —



Two tests were conducted to determine the fuel rod cladding tempera­
tures since calculations indicated that it might have been as high as 466°C:

1) EG&G inserted a thermocouple into the assembly in a horizontal position 
to measure the temperature.^^ When correcting for possible air 

films, temperatures were believed to be 'vl02°C but in no case >148°C.

2) BCL made a series of cladding microhardness measurements^^ at five 

different axial locations on six different rods. The locations of the 

measurements are shown in Figure 9. Since one 'side was uncovered in 

the horizontal transportation configuration and the top of the assembly 

was uncovered during vertical hold, the series of measurements ensured 

that all regions of the assembly would be tested. There is no statisti­

cally significant variation in the measurement results among the rods 
or along the length of the rods.^^ The hardness was 250 ± 10 kHN.*

For comparison, Turkey Point fuel, also made by Westinghouse [operated 

to almost the same burnup (28.5 GWd/MTM) at nearly the same average 

power level (182 W/cm), and discharged from the reactor at nearly the 

same time (November 1975)] had a cladding hardness of 274 + 30 kHN 
as-irradiated and 190 _+ 15 when annealed at 482°C.^’^ Hence, it 

is concluded that little, if any, annealing of the irradiation harden­

ing took place in the Assembly BO-5 fuel rod cladding.

The correlation of time-at-temperature and irradiation recovery of Zir- 

caloy is not well established but the best work has been done by Kemper and 

Zimmerman. Using the data of Kemper and Zimmerman for the 7-hour ver­

tical hold, the temperature would have had to be above 350°C to have 15% 

recovery. During horizontal transportation, the temperature would have had 

to be above 300°C to get 20% recovery. Since the BCL hardness measurements 

indicated that the cladding probably did not exceed the recovery levels, the 

corresponding temperatures of 350°C and 300°C can be regarded as upper 

temperatures for the respective time periods.

*Knoop hardness.
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FIGURE 9. BCL Annealing Studies on As-Irradiated Fuel from H. B. Robinson 
Unit 2 Assembly BO-5.
a) Axial location of hardness measurements.
b) Planar location of rods that provided hardness specimens.
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Although the Assembly BO-5 may have experienced a temperature excursion 

during transportation, it was not long enough nor high enough to change the 

condition of the fuel rod significantly.

2. Peach Bottom-II Assembly PH 462

In April 1977, the fuel was shipped from Peach Bottom-II to EG&G in a 
National Lead Industries dry shipment cask.^ The cask was designed for 

dry shipment, and no incidents have been reported with the shipment.
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IV. H. B. ROBINSON UNIT 2 AND PEACH BOTTOM-II CHARACTERIZATION

Normal pretest procedure is to nondestructively characterize those rods 

actually being tested, and destructively characterize companion rods from 

the same assembly. For the present test, as much existing data as possible 

are used to establish the test rod condition without actual test rod charac­

terization. To do this, the data in this section are in two parts: NDE and 

DE.

An overall view of the characterization of fuel rods and the relation­

ship between characterized rods and actual test rods with the assemblies is 

given in Figures 10 and 11. It is obvious that the H. B. Robinson Unit 2 

fuel is characterized much more extensively than the Peach Bottom-II fuel . 

In fact, the H. B. Robinson Unit 2 fuel is characterized as well as any 

assembly that has been examined. Whether this degree of characterization is 

suitable for our purposes or additional characterization is necessary will 

be discussed in Section V, which examines the condition of the test rods 

based on the available NDE and DE.

A. NONDESTRUCTIVE EVALUATION

NDE is conducted much more often than DE for a number of reasons: 1) it 

is significantly less expensive, 2) many times it can be conducted at pool- 

side, and 3) it can be used to detect reactor breaches and other rod changes 

(such as bowing, growth, and creepdown), which affect reactor operations.

In the reactor industry, NDE usually refers to eddy current (EC) and/or 

ultrasonic examination; sometimes visual, profilometry, and gamma scanning 

are also included. In a hot cell, complete NDE includes all the above tests.

The uses of the various NDE techniques are listed in Table 9. Visual 

examination is quite subjective but with proper lighting, meaningful obser­

vations can be made. Many times the observations can be misleading. Only 

large cracks can be observed. Pinhole breaches are rarely discovered 

visually.
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NRC TEST ROD
8U = BURNUP ANALYSIS 

V = VISUAL 
P = PROFILOMETRY 
G = GAMMA SCAN

EC = EDDY CURRENT
FM = FUEL METALLOGRAPHY
CM = CLADDING METALLOGRAPHY/MICROHARDNESS 
Fg = FISSION GAS ANALYSIS 
• = OTHER RODS NOT AVAILABLE
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HEDL 8208-154.12

FIGURE 10. Rod Character!zation of H. B. Robinson Unit 2 Assembly BO-5.
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FIGURE 11. Rod Characterization of Peach Bottom-II Assembly PH 462.
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TABLE 9

USES OF NONDESTRUCTIVE EXAMINATION TECHNIQUES

Visual

Gross Cracks 

Crud

General Rod Condition 

Rod Length

Eddy Current
-----*--------------- /21 \

Large Incipient Cracks' ;
Breaches on Water-Inundated Rods^^

Gross Pellet Cladding Interaction
Oxide Thickness with Specialized EC^^

Profilometry

Cladding Dilation

Pellet-to-Cladding 
Mechanical Interaction

Gamma Scan

Fluence Profile

Gross Pellet Condition

Fuel Column Height

Fuel Pellet Gaps

Crud Profile with Some Scanners

Profilometry is used to determine dimensional stability during reactor 

residence. It can also be used to infer stress state and stress level if 

only prepressurization is known. While the best accuracy is usually quoted 
at 0.2 mil,^^ when cladding ovality, rod positioning, and the difference 

between pre- and post-test measurements are considered, measurement of clad-
-3ding strain by the use of profilometry requires a strain increment >3.3 x 10 

to be meaningful (based on 0.2-mil accuracy and a 0.5-mil positioning and 

ovality uncertainty). This is a gross change.

While attempts have been made to use the EC technique to look at small

cracks, the results are misleading and unreliable. In a recent study on
(21)incipient crack detection,' ' the accuracy of the EC technique was only 

~50%, even with through-the-wal1 cracks. The technique is enhanced when 

the breach is contaminated with water. Unfortunately, the technique also 

gives indications from pellet-cladding interaction, large ovality, and other 

anomolies that confuse interpretation. Efforts have been successful in 

specialized situations to determine oxide thickness using the EC technique.
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The accuracy of the gamma scan is dependent on the particular feature 

being measured. Fluence profiles, stack height, and pellet-to-pellet gaps 

can be measured quite accurately since they are. positioned features requiring 

only a change in the profile at a particular level. The pellet condition can 

be determined in a gross manner. Distinct pellet to pellet interfaces can be 

observed on gamma scans. Any change, such as oxidation in a breached rod, 

that produces a gross distortion of the interface and hence a change in the 

shape of the profile will be detected. The actual gamma count rate is depen­

dent on the combination of the beam and positioning of the rods. Therefore, 

this method is not good for small changes in pellet condition since it 

requires comparison of traces taken at two different times. Small pellet 

condition changes that only change the count rate but not the shape of the 

profile will be difficult or impossible to detect. Special systems with 

multichannel analyzers can be used to determine crud behavior since they can 

be tuned to the crud spectrum. EG&G is the only location with such a system; 

most hot cells have single channel analyzers.

NDE is good for establishing the condition of a rod and looking for 

gross changes. Small changes are not accurately detected and should be 

followed with DE techniques that are more accurate.

1. Visual Cracks and Crud

H. B. Robinson Unit 2 Assembly BO-5 — Visual examinations were con­
ducted on the rods shown in Figure 12.^*^"^ Still photographs of all 

rods are available at BCL hot cells and were inspected by WHC personnel.

No video tapes are available. Below ^130 in., only light axial scratches 

were seen during the dismantling process. The crud was very light and almost 

unnoticeable. Above 130 in., there was a heavy crud deposit on all rods 

similar to that shown in Figure 13. Little variation was observed from rod 

to rod.
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FIGURE 12. Visual Examination of H. B. Robinson Unit 2 Assembly BO-5.
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(a) Rod H-10 at 133%" Elevation and 0° Orientation.

FIGURE 13. Typical Crud Patterns on the Upper 1/4 of Rods from 
H. B. Robinson Unit Assembly BO-5.
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Peach Bottom-II Assembly PH 462 -- Rods D-l and B-5 have been visually 
examined by periscope at EG&G-Idaho.^ Other than the fact that the 

examined rods were breached, there were no unusual findings. Some fine 

cracks were evident along with light oxide layers. The photographs are on 

record at EG&G. Since these rods were from the other side of the assembly 

from the test rods, visual examination of the test rods themselves will be 

needed.

2. Profilometry

H. B. Robinson Unit 2 Assembly BO-5 -- Eighteen rods throughout the 

assembly were profilometered at (See Figure 14.) The main

findings were the diameters, ovality, and location of maximum ovality. No 

actual traces are in this report since they are of little use in a reduced 

form. The original traces are on file at BCL and have been examined by WHC 

personnel. The diameter at selected locations is plotted in Figure 15 for 

all eighteen rods. All the traces can be bounded by a curve of D mil 

where 0 is the average axially dependent diameter. There is no reason to 

believe that the test rods are not within the bound. Similarly, the maxi­

mum ovality and position of maximum ovality is tightly bound as shown in 

Figure 14. No indications of ridging were found in the original traces.

Peach Bottom-II Assembly PH 462 -- Profilometry was conducted on rods 

B5 and D1 but no traces have been located at EG&G.

3. Gamma Scanning

H. B. Robinson Unit 2 Assembly BO-5 -- Axial gamma scans were run on 22 
rods or parts of rods as shown in Figure 16. The scans at BCL^’^ were 

total gamma which give a gross count. The scans on rod sections at ANL and 

Los Alamos National Laboratory (LANL) were for gross counts as well as 
specific isotopes; 137Cs and 106Rh at ANL^0,24) and 106Rh, 134Cs, 137Cs and 

^4Eu at LANL. gamma scans from BCL and ANL are available at those

1aboratories.
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FIGURE 14. Profilometry Measurements from H. B. Robinson Unit 2 Assembly 
BO-5.
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FIGURE 16. Rods from H. B. Robinson Unit 2 Assembly BO-5 Gamma Scanned at 
Various Laboratories.
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As can be seen from Table 10, the stack height is very uniform at 143.5 

_+ 0.4 in. and contains on the average 6^3 large pellet-to-pellet gaps. 

Discounting the dips in the traces where the structural members changed the 

fluence (see Figure 6), the profiles were very flat as indicated by the 

burnup measurements (Table 6). Gaps between pellets were also found on the 
A|\|t_O0>24) ancj Lanl(25) gamma scans, although the separations in the LANL 

gamma scans are probably not meaningful due to the small size of the segments 
(^2-1/2 in.). The ANL gamma scans also showed a very flat profile as 

indicated in Figure 6.

TABLE 10

GAMMA SCAN RESULTS OF FUEL RODS* FROM H. B. ROBINSON UNIT 2 ASSEMBLY BO-5

Rod Fuel Height
Max./Min. 
Intensity**

No. Pellet/Pellet 

Gaps >30 mil

A-l 143.63 1.02 8

n- 143.4 1.06 8

C-8 143.7 1.04 6

D-4 144.1 1.02 8

0-9 142.9 1.02 5

F-8 143.9 1.02 7

G-8 143.6 1.02 3

H-10 143.5 1.04 3

H-13 142.7 1.05 4

K-8 143.1 1.02 2

M-l 2 143.8 1.02 11

0-14 143.1 1.02 8

P-4 143.0 1.02 8

P-8 144.1 1.00 4

K-10 143.1 1.04 4

N-8 143.4 1.02 4

0-4 143.6 1.04 5

H-6 143.7 1.02 9

*From
**0ver

References 8 and 22. 
central 20 to 115-in. length of rod measured from bottom.
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One of the ANL gamma scans^^^ is shown in Figure 17. Distinct 

pellet-to-pellet interfaces are seen in the gross traces. The irregularity 

is due to pellet fragmentation. Similar features are found in the isotopic 

traces but with a much higher noise ratio due to the lower count rates.

Peach Bottom-II Assembly PH 462 -- No gamma scans have been conducted 

on rods from this assembly.

4. Eddy Current Examination

H. B. Robinson Unit 2 Assembly BO-5 — Eighteen rods shown in Figure 18
(15 221were EC scanned at BCL.' ’ ' Indications were found on four rods: P-4,

0-4, N-8 and K-10. The traces are available at BCL and have been examined

by WHC personnel. Only Rod 0-4 had a completely uncorrelated indication,
(151and only Rod P-4 was thought to exhibit any type of defect. 1 Detailed 

EC analysis in Reference 15 states:

"Only one fuel rod (P-4) provided an eddy current signal response that 
could be considered to be caused by a defect. The eddy current scan on 
this rod indicated a relatively long anomaly located in the fuel clad­
ding about 213 cm from the bottom of the rod. The anomaly appeared to 
cover about 7.6 cm along the length of the rod in this area. This rela­
tively gradual signal indication was not observed on fuel rods very 
frequently and was much different from the abrupt indication caused by 
pits, holes, and internal hydride cracking in the cladding between the 
fuel pellets. However, the relatively strong signal voltage in the 
horizontal output suggested that the defect was on the ID of the 
cladding.

Rod K-10 exhibited an eddy current indication at 80 cm from the rod 
bottom that correlated well with a gap in the fuel column, as indicated 
by the gamma scan. Rod N-8 exhibited eddy current indications at 61 
and 79 cm that also corresponded to fuel column gaps detected in the 
gamma scan. Rod 0-4 exhibited an eddy current indication at 79 cm, 
although no correlation with gamma scan or profilometry data was 
possible. This may indicate a defect region.

All three rods showed eddy current indications in the region of 335 to 
340 cm. These indications are believed to be caused by the increase in 
rod diameter and oxide or crud deposits in this region."
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FIGURE 17. Comparison of Gross and Isotopic Activity Traces for Part of Rod 
F-7 from H. B. Robinson Unit 2 Assembly BO-5. (Ref 10)

Peach Bottom-II Assembly PH 462 -- All the rods from the assembly were 
EC examined at the Peach Bottom-II pool.^ All rods had no EC-indicated 

defects except for two breached rods and one "possible" breached rod (see 

Figure 11). A letter detailing the methods, standards, and results of this 

unpublished work is provided in the Appendix.

B. DESTRUCTIVE EXAMINATION

DE is most useful when looking for small changes in properties, verify­

ing or determining reactor operating conditions, such as burnup, or obtain­

ing input for mechanistic modeling codes. To measure changes, companion rods 

are usually destructively examined prior to testing. The actual test rods 

are examined after testing is complete. By its very nature, DE can only be 

done once; therefore, if more than an average rate for a phenomenological 

occurrence is desired, multiple duplicate experiments must be run. The 

advantage is the sensitivity to materials conditions revealed by DE tech­

niques as compared to NDE.
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8. Eddy Current Examination of H. B. Robinson Unit 2 Assembly 
BO-5. (Refs 15 and 22)
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The data obtained from a DE usually falls into one of three categories: 

1) properties related to the internal gas pressure, 2) cladding properties, 

and 3) fuel properties. For the purpose of this report, fuel cladding inter­

action will be listed under fuel properties. The various types of data that 

may be obtained from the destructive examination are given in Table 11. 

Usually any particular examination does not obtain all the data listed in 

the table.

The main methods for obtaining the destructive examination data are:

1) rod puncturing and backfilling, 2) gas analysis, 3) metallography (etched 

and polished), 4) microhardness, 5) electro-optical (SEM, TEM, Auger, Ion 

Microprobe, etc.), 6) tensile, burst and stress rupture tests, etc., 7) fis­

sion gas analysis, and 8) radiochemical analysis.

TABLE 11

POSSIBLE DATA FROM DESTRUCTIVE EXAMINATION

Gas Analysis

Internal Void Volume

Internal Gas Pressure

Gas Volume

Gas Composition

Fission Gas Release

Fission Gas Isotope 
Composition

Cladding Properties

Hardness

Hydride Volume and Orientation

Oxide Thickness

Cladding Thickness

Crud Thickness

Grain Size

Cracks

Mechanical Properties

Fuel Properties

Pellet Cracking

Fuel Porosity

Grain Size

Chemical Composition

Fuel-Pellet Gap Size

Fuel-Cladding Chemical Interaction 
(FCCI)

Fuel-Cladding Mechanical Interaction 
(FCMI)

Fission Product Deposition 

Fission Product Chemical State
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1. Gas Analysis

H. B. Robinson Unit 2 Assembly BO-5 -- Gas analysis was conducted on 28 
rods at BCL, ^*22,23) eq&G, ^ and LANL. The void and gas volumes,

gas pressure, and fission gas release are given in Table 12. The average 

void volume of 24.7 jM .5 cc in the H. B. Robinson Unit 2 rods agrees well 

within a standard deviation with the void volume of 22.8 1.2 cc measured
for the Turkey Point fuel.^^ The internal pressure (220 + 14 psia) for 

the H. B. Robinson Unit 2 rods is about 70% lower than the internal pressure 

(373 25 psia) in the Turkey Point rods. This is due to a lower pre­

irradiation gas fill pressure (528 +_ 20 cc for Turkey Point vs 370 _+ 10 cc 

for H. B. Robinson Unit 2). The fission gas release for both types of fuel 

were within one standard deviation (0.27 +_ 0.08 for Turkey Point vs 0.21 +_ 
0.05 H. B. Robinson Unit 2).^^ Only Rod H-6, has gas volume and hence 

gas pressure significantly lower than a standard deviation for the average. 

No indication is given in the reference as to whether there was an apparatus 

problem with this measurement. The fission gas release, internal pressure, 

void and gas volumes, are shown in Figures 19 through 22 as a function of 

position in the assembly. There is no systematic variation within the 

assembly indicating that average values should be suitable as initial 

pretest conditions for the present test.

Table 13 gives the molecular gas analysis and both krypton and xenon 

isotopic compositions. Once again, there is very little variation among the 

13 rods analyzed. These analyses also compare favorably with the Turkey 

Point gas analyses.

Peach Bottom-II Assembly PH 462 — Gas analysis was made on two rods, 

F-4 and F-5, from Assembly PH 462. The results from V. Storhok at EG&G are 

presented in Table 14. These two Peach Bottom-II rods have very similar gas 

analysis results. The void volume is higher than in the H. B. Robinson 

Unit 2 fuel due to the larger dimensions of the BWR fuel. The gas volume 

and pressure are lower since the Peach Bottom-II fuel was not pressurized 

prior to irradiation. The high fission gas release of 2.94% at this fairly
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TABLE 12

GAS ANALYSIS OF RODS FROM H. B. ROBINSON UNIT 2 ASSEMBLY BO-5

Void Volume Gas Volume Gas Pressure Fission Gas Release
Rod (cc) (cc at STP) (psia) (%) Ref

A-1 26.1 386 209 8
H-l 26.2 376 220 0.20 3
D-4 27.2 370 200 -- 23
K-4 20.6 366 261 0.18 3
L-4 24.5 380 228 0.28 3
M-4 22.7 368 238 0.18 3
0-4 24.5 367 221 0.19 22
P-4 24.2 378 222 -- 8
H-6 26.3 160 86.5 -- 8
K-7 23.7 374 232 0.17 3
A-8 25.0 358 203 -- 8
C-8 24.1 379 228 -- 23
F-8 22.7 355 221 -- 8
G-8 23.5 372 224 -- 8
K-8 25.3 381 220 — 23
N-8 24.3 363 219 0.25 22
P-8 24.5 387 224 -- 8
D-9 25.0 354 201 -- 8
K-9 23.3 375 236 0.14 3
H-l 0 24.7 355 201 — 8
K-10 25.4 360 209 0.22 22
D-12 26.5 — — 0.26 26,27
H-13 25.0 361 204 -- 8
F-14 25.8 361 206 0.17 27
0-14 24.6 373 215 — 8
H-15 27.4 — — 0.30 26,27
P-15 24.0 385 236 0.21 27
M-12 -- 377 211 -- 8

Avg 24.7 370 220 0.21
a 1.5 10 14.5 0.05
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FIGURE 19. Fission Gas Release {%) for H. B. Robinson Unit 2 Assembly BO-5.
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FIGURE 21
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TABLE 13a

MOLECULAR FISSION GAS COMPOSITION ANALYSIS OF H. B. ROBINSON UNIT 2 ASSEMBLY BO-5

Molecular Gas Analysis (%)

Rod h2 He ch4 H20 °2 n2 Ar co2 Kr Xe Xe/Kr Reference

H-l <0.01 98.3 — — <0.01 0.01* 0.67 <0.01 0.11 0.87 7.91 3

K-4 <0.01 97.7 — — <0.01 0.02* 1.31 0.01 0.10 0.89 8.90 3

L-4 0.03 97.0 — — 0.04 0.10* 1.33 0.03 0.16 1.31 8.19 3

M-4 <0.01 97.6 — — <0.01 0.05* 1.29 <0.01 0.10 0.89 8.90 3

0-4 <0.01 98.6 <0.01 <0.1 <0.01 0.09 0.33 <0.01 0.10 0.81 8.10 22

K-7 <0.01 98.1 --- — <0.01 0.06* 0.98 0.01 0.09 0.76 8.44 3

N-8 <0.01 96.5 <0.01 <0.1 0.10 0.74 1 .39 <0.01 0.13 1.09 8.38 22

K-9 <0.01 98.3 — — 0.01 0.04* 0.71 0.01 0.10 0.86 8.60 3

K-10 <0.01 98.1 <0.01 <0.1 <0.01 0.09 0.72 <0.01 0.12 0.97 8.08 22

D-12 <0.01 95.2 0.01 <0.1 <0.27 1.27 2.05 <0.01 0.133 1.04 7.82 26,27

F-14 -- 98.2 — — <0.05 0.1 0.7 0 0.1 0.9 9.0 Unpublished Data

H-15 <0.01 95.2 0.01 <0.1 <0.49 2.04 0.91 <0.01 0.158 1.18 7.47 26,27

P-15 -- 98.4 __ — <0.05 0.1 0.2 0 0.1 1.1 11.0 Unpublished Data

*Contains some CO also.



TABLE 13b

ISOTOPIC FISSION GAS COMPOSITION ANALYSIS OF H. B. ROBINSON UNIT 2 ASSEMBLY BO-5

Krypton and Xenon Isotopic Composition (%)

Krypton_______ _____________________Xenon
Rod 83 84 85 86 131 132 134 136 130 128 Reference

H-l 11.5 31.1 6.2 51.2 7.37 20.91 28.69 42.90 0.13 — 3

K-4 11.7 31.1 6.1 51.1 8.33 20.61 28.02 42.91 0.13 — 3

L-4 11.5 31.3 6.5 50.7 7.81 20.66 28.44 42.86 0.16 0.07 3

M-4 11.6 30.9 6.3 51.2 8.40 20.48 28.25 42.74 0.13 — 3

0-4 13.1 30.2 6.61 50.1 8.74 20.8 28.5 42.0 — — 22

K-7 11.7 31.3 6.2 50.8 8.47 20.54 28.41 42.42 0.15 — 3

N-8 12.4 31.9 5.78 49.9 8.63 20.9 28.4 42.1 — — 22

K-9 12.7 31.2 5.8 50.3 8.44 20.55 28.33 42.49 0.14 0.05 3

K-10 13.1 31.9 5.11 49.9 8.73 20.4 29.7 41 .2 — — 22

K-12 13.7 31.1 7.17 48.0 7.86 21.0 28.9 42.2 — — 26,27

F-14 11 32 5 52 7.8 21.1 28.6 42.5 — — Unpublished Data

H-15 13.7 30.8 7.67 47.9 8.10 21.0 28.9 42.0 — — 26,27

P-15 12 32 5 51 7.8 21.0 28.4 42.8 — — Unpublished Data



TABLE 14

PEACH BOTTOM-II ASSEMBLY PH 462

Void
Rod Volume (cc)

Gas Volume 
(cc 0 STP)

Gas Pressure 
(psia)

Fission 
Gas Release

(X)

F-4 75.1 136 24.0

F-5 72.2 118 26.5

2.94

2.94

low burnup is not unexpected. Unpressurized fuel tends to have greater gas 
release than pressurized fuel^*^ due to the lower thermal conductivity 

across the fuel-cladding gap. Pressurized BWR fuel would have gas releases 

lower than 1% up to approximately the current burnup limits of 25 GWD/MTM.

The isotopic and molecular gas analyses are given in Table 15. The 

molecular analysis shows a higner percentage of krypton and xenon since 

the released fission gas is a larger percentage of the initial gas fill in 

an unpressurized rod. The isotopic composition is nearly the same as the 

H. B. Robinson Unit 2, as expected.

TABLE 15

GAS COMPOSITION ANALYSIS OF PEACH BOTTOM-II ASSEMBLY PH 462

Molecular Composition (%)

Rod H? He N? o? Ar CO? Kr Xe Xe/Kr

F-4 <0.1 58.0 0.1 <0.1 2.9 <0.1 4.5 34.5 7.67

F-5 <0.1 60.1 0.2 <0.1 3.2 0.1 4.2 32.2 7.67

Isotopic Composition

Krypton Xenon
Rod 83 84 85 86 128 130 131 132 134 136

F-4 13.55 28.67 6 .10 51.68 0.01 0.7 10.25 19.45 30.05 40.17

F-5 13.48 28.77 6 .11 51.64 0.01 0.6 10.12 19.57 30.13 40.11
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2. Cladding Characteristics

H. B. Robinson Unit 2 Assembly BO-5 -- Metallography was done along the 
length of Rods K-4^ and 0-14.^^ An extensive series of photographs is 

on file at EG&G-Idaho. Fuel Rod K-4 showed hydrides that were primarily cir 

cumferentially oriented. No fusion analysis for hydride content was conduc­

ted. Exterior and interior cladding oxide was measured on both rods. Typi­

cal examples of each are shown in Figure 23. The oxide in both cases was 

very uniform. No globular oxidation was observed. As shown in Figure 24, 

the oxide thickness increases with increasing distance up the rod. This is 

to be expected due to the coolant axial temperature gradient. The exterior 

oxide layer showed no azimuthal dependence.Rod K-4 had a slightly thin 

ner oxide layer than Rod 0-14. The data are not sufficient to determine if 

this difference is significant. The internal oxide layer is also slightly 

thinner than the external oxide layer.

Microhardness measurements^ were taken at the locations indicated 

in Figure 9. The sampling adequately represents the assembly. As indicated 

in Table 16, there is no significant cladding hardness differences in the 

assembly. The cladding hardness, which would provide an indication of 

irradiation damage annealing, should be monitored at intervals during the 

whole rod tests.

Tensile specimens were tested over a range of temperature as indicated 

in Table The strength decreases linearly from 80 to 700°F while

the ductility remains essentially constant.

Peach Bottom-II PH 462 — Rods B-5 and D-l from fuel Assembly PH 462 

were metallographically examined.Since the sections were taken from 

near the breach location in these two rods, most of the examination concen­

trated on the characteristics of the breach. Some samples were taken away 

from the breach zone. Data on hydride orientation and oxide thickness were 

obtained.
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Cladding

(a) Exterior Oxide

(b) Interior Oxide

FIGURE 23. Oxide Layers on Rod K-4 from H. B. Robinson Unit 2 Assembly BO-5 
at 500X.
a) Exterior oxide 3.52 m from the rod bottom.
b) Interior oxide 3.52 m from the rod bottom.
(Courtesy of EG&G-Idaho).
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H. B. Robinson Unit 2.

TABLE 16

HARDNESS OF AS-RECEIVED, AS-IRRADIATED ZIRCALOY CLADDING 
FROM H. B. ROBINSON UNIT 2 ASSEMBLY BO-5 RODS 

(Knoop hardness with 1-kg load)(8)

Rod
Number

Distance from 
16 35

Bottom of Rod 
70 105

(in.)
126

A-1
253 250 240 250 249

243 249 240 258 246

A-8
240 242 253 239 246

248 263 253 252 256

0-14
259 245 244 240 246

264 250 239 247 253

P-4
251 237 236 240 244

264 240 244 245 242

P-8
243 261 272 242 253

261 268 262 260 261

H-l 0
270 253 253 241 250

256 250 252 250 238

Upper number has indentation parallel to radius; lower number has indentation 

perpendicular to radius.
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TABLE 17

TENSILE TEST RESULTS AS A FUNCTION OF TEMPERATURE FOR AS-IRRADIATED 
. ZIRCALOY CLADDING* FROM H. B. ROBINSON UNIT 2 ASSEMBLY BO-5

Specimen
No.

Location 
(in.)**

Temp
0C±3°

Strength (PS1’ )*** Elongation (%)
RefUltimate 0.2% Offset Uniform Total

P8-7 27 135,833 117,500 2.06 3.0 23

P8-21 27 142,833 117,000 4.20 8.02 23

P8-9 27 145,000 120,333 3.85 7.00 23

P8-19 93 133,000 110,667 3.76 5.46 23

P8-23 93 131,167 108,333 3.80 7.17 23

P8-37 93 130,333 107,333 3.62 7.09 23

P8-8 204 119,167 96,667 3.85 5.54 23

P8-38 204 116,000 97,500 4.23 7.34 23

P8-47 204 112,667 92,667 3.96 7.34 23

P8-51 316 99,333 83,000 2.69 6.33 23

P8-52 316 97,167 81,333 2.31 5.70 23

P8-50 316 102,167 87,167 2.77 6.84 23

P8-20 42-47 371 93,450 72,760 4.1 13.2 8

P8-34 73-78 371 97,590 78,620 4.0 14.0 8

P8-46 94-99 371 95,860 78,280 2.8 8.6+ 8

*Strain rate 0.005/min. to yield stress, 0.025/min to fracture.
**Measured from bottom of fuel rod.

***Based on tube area of 0.029 in2.
^Defect possible cause of fracture.

51



Figure 25 shows a typical hydride concentration. The inner 40% has 

radial hydrides and the outer 60% has circumferential hydrides. This is in 

contrast to the H. B. Robinson Unit 2 rods, which had only circumferential 
hydrides. The radial hydrides that weaken the cladding^) couid be caused 

either by the particular texture introduced during the manufacturing process 
or by excessive cladding stress^31^ during operation. This hydride distri­

bution may not be typical of BWR rod cladding. Since the test rods are from 

the opposite side of the assembly (away from the control rod blade), a metal- 

lographic sample of the hydride orientation and fusion analyses of the 

hydride content should be conducted on companion material if post-test 

examination also shows radial hydriding.

Typical internal and external oxide layers are shown in Figure 26. In 

contrast to the H. B. Robinson Unit 2 rods that showed a smooth uniform 

oxide layer, the outer oxide on the Peach Bottom-II rods was globular. The 

inner surface oxide was uniform. Oxide thicknesses are 0.4 mil on the ID 

and range up to a maximum of 1.3 mil on the OD surface.Since these 

samples were near the bottom of the rod, the oxide thicknesses are signifi­

cantly greater than found on the H. B. Robinson Unit 2 rods.

3. Fuel Pellet Characteristics

H. B. Robinson Unit 2 Assembly BO-5 — Ceramographic examination of 
the H. B. Robinson Unit 2 fuel assembly was conducted at both EG&G^3^ and 

Aml. (9,10) ywQ ro(js were examinec| (|<_4 between the 2.26- and 3.51-m 

elevation and F-7 between the 0.05- and 0.89-m elevation). Micrographs are 

on file at both ANL and EG&G. Typical transverse sections are shown in 

Figure 27. The pellet is cracked in the radial direction. As tabulated in 

Table 18, usually 4 to 13 fragments formed in a cross section. The one 

longitudinal sample, which was 2 diameters long, had twice as many frag­
ments; therefore, ^16 to 170 fragments formed per pellet diameter^ of 

fuel volume. The length and width of the major cracks were also measured. 

The area from the cracks can be compared to the area from the measured fuel 

pellet-to-cladding gap (see Table 19). Except at the 3.27-m elevation, the
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Circumferential
Hydrides

FIGURE 25. Hydride Structure at 0.55-m Elevation of Rod B-5 from Peach 
Bottom-II at 100X. (Courtesy of EG&G-Idaho)
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Cladding

(a) Outer

(b) Inner

FIGURE 26. Typical Oxide Formations on Fuel Rod B-5 from Peach Bottom-II at 
0.55-m Elevation from the Bottom at 500X. (Courtesy of 
EG&G-Idaho)
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(a) 2.26-m Elevation

(b) 3.52-m Elevation

FIGURE 27. Transverse Sections of Fuel from Rod K-4 for H. B. Robinson 
Unit 2 Assembly BO-5. (Ref 3)
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TABLE 18

FRAGMENTATION OF PELLETS FROM H. B. ROBINSON UNIT 2 ASSEMBLY BO-5

Rod
Elevation*

(m)
Type of
Section

No. Large 
Fragments Ref

Equivalent 
Crack Area 

( mm2 )
K-4 3.22 Transverse 7-9 3 0.90
K-4 2.26 Transverse 9-13 3 2.11
K-4 2.46 Transverse 10-12 3 1.47
K-4 2.88 Longitudinal 23-24** 3 --

K-4 2.36 Transverse 8 3 --

K-4 2.66 Transverse 8-12 3 --

K-4 3.51 Transverse 4-5 3 1.37
K-4 3.27 Transverse io-n 3 0.68
F-7 0.89 Transverse 3-13 10,9 —

F-7 0.05 Transverse 7 10 _

*Measured from bottom of fuel rod.
**Length of sample was approximately two diameters.



TABLE 19

METALLOGRAPHIC MEASUREMENT OF AVERAGE RADIAL GAP(3) IN FUEL RODS 
FROM H. B. ROBINSON UNIT 2 ASSEMBLY BO-5

Average Radial Gap (um)
Average

Orientation (degrees)__________ _________ for Avg Gap
Rod Elevation* 0 30 60 90 120 150 180 210 240 270 300 385 Sample Area (mmA)

K-4 3.22 18.0 25.0 37.5 ★ ★ ★ ★ 23.5 24.5 35.0 ** 37.5 47.5 32.5 31.2 0.93

K-4 3.27 32.5 20.0 20.0 40.0 55.0 20.0 20.0 27.5 22.5 ★ * 35.0 27.5 29.1 0.87

K-4 3.52 10.0 15.0 25.0 22.0 52.5 9.0 12.5 20.0 25.0 14.0 70.0 27.5 25.2 0.75

K-4 2.26 37.5 25.0 25.5 25.0 35.0 32.5 30.0 30.0 30.0 35.0 35.0 25.0 30.5 0.91

K-4 2.36 15.0 18.0 10.0 17.5 20.0 15.0 10.0 10.0 15.0 10.0 13.0 20.0 14.5 0.43

K-4 2.46 25.0 27.5 27.5 27.5 30.0 18.5 30.0 20.0 20.0 30.0 40.0 30.0 27.2 0.81

K-4 2.66 20.0 20.0 10.0 10.0 28.0 10.0 35.0 28.0 18.0 22.5 15.0 7.0 18.6 0.56
p -j*** 0.89 110 to 22 range

*Measured from bottom of rod (meters). 
**Missing fuel prevented gap measurement. 

***Ref. 10.



cracks provide a larger cross section area for flow of gas through the rod 
than through the gap. The large cross section for gas flow would indicate 
that a grossly breached rod stored in an air atmosphere would have its full 
fuel column exposed to the oxidizing atmosphere. Hence, if the UO^ converts 
to Uo0o during storage, it may be more than a locally initiating phenomenon.

O O

From the 2.26- to 3.51-m elevations, little grain growth occurred (see
Figure 28). Average fuel grain size varied from 7 pm in the peak power range

(3)(2.26 m) to 4 urn near the top of the rod. At the 0.89-m elevation, the 
grain size had a radial gradient with a mean diameter of -^6 urn in the central 
region and 'vB pm near the outer surface. The porosity in Figure 27b
at the 3.52-m elevation is very similar to that at the 0.89-m elevation. The 
coarse porosity ranges from 30 to 250'un in diameter and occupies a volume 
fraction of 0.03.^^ According to ANL, the gross porosity is due to pore 
formers added during fabrication.^^

FIGURE 28. Typical Fuel Structure at Center of Pellet from Fuel Rod K-4 for 
H. B. Robinson Unit 2 Assembly BO-5 at 3.52-m Elevation. 500X. 
(Ref 3)
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(32 33) (34)Both PNL' * and LANLV conducted radial microprobe measurements 

on unidentified fragments of H. B. Robinson Unit 2 fuel. The results were 

essentially the same. PNL traces are shown in Figure 29. Other than Pu and 

Ru, no elements showed radial gradients. [Besides the elements shown in 
Figure 29, LANL conducted Sr and Sb analyses^4) and found no radial gradi­

ents.] The Pu concentration is ^70% higher on the surface, which can be prob­

ably attributed to its mode of formation; fissionable plutonium preferentially 

forms near the outer surface of the fuel pellet due to resonance absorption of 
thermal neutrons by 238j.(38) reason has been postulated for the higher 

ruthenium concentration near the surface.

Peach Bottom-II Assembly PH 462 -- Ceramographic studies of the fuel 

from the area near the breaches in Rods D-l and B-5 have been conducted.

Even though the examination is exhaustive with information on grain size, 

void volume, and pellet cracking, the information may not be representative 

of the fuel structure in an unfailed rod. It is, therefore, recommended that 

a few ceramographic sections be examined from unfailed Peach Bottom-II fuel.
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FIGURE 29. Radial Microprobe-Measured X-Ray Intensity Across Fuel Pellet 
from H. B. Robinson Unit 2 Assembly BO-5. Zero corresponds to 
outside pellet diameter. (Ref 32 & 33)
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V. EXPECTED CONDITIONS OF TEST RODS BASED ON AVAILABLE CHARACTERIZATION

As stated in Section I, there are three main reasons for characteri­

zation: 1) to select test rods, 2) to establish the initial fuel rod con­

dition so that changes that take place during the test may be determined, 

and 3) to compare the test rods with the general population of spent fuel 

available for storage. The characterization is broken into two categories: 

1) fabrication and environmental information and 2) NDE data. Ideally, 

complete characterization on all test rods is desired prior to the experi­

ment; this is not necessary nor do available resources permit it. Thus, the 

preponderance of pretest characterization data for the H. B. Robinson Unit 2 

and the Peach Bottom-II rods used in the present experiment come from other 

programs.

A. H. B. ROBINSON UNIT 2 ASSEMBLY BO-5 RODS

The H. B. Robinson Unit 2 Assembly BO-5 rods are as well characterized 

as any rods examined. The fabrication and environmental history is ade­

quate. Fabrication is similar to the new 17 x 17 assemblies, and the burnup 

of 30 GWd/MTM is typical of present day fuel. No pool storage history is 

available. There was some uncertainty on the rod temperatures during the 

transfer procedure at E6&G but the excursion was shown by hardness testing 

to have been insufficient to cause annealing of the irradiation damage.

The only planned NDE of the actual test rods is a visual examination. 

This should be adequate since over 20% of the rods in the assembly have been 

nondestructively examined by gamma scan, eddy current, profilometry, and 

visual with consistent results. The test rods were chosen next to and 

surrounded by, if possible, well characterized rods. Further, the most 

pertinent and useful data for purposes of this test are from DE, and the DE 

of other rods in the assembly has been extensive. This assembly represents 

one of the few cases when as-irradiated tensile properties of the cladding 

are available so environmental effects of whole rod testing on cladding 

strength can be determined.
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While additional pretest NDE on the actual test rods might be desireable 

for completeness, it is not necessary for a successful test. No additional 

DE of comparison rods is needed. The H. B. Robinson Unit 2 rods compare 

very closely with the Turkey Point rods, which were of the same vintage and 

burnup.

B. PEACH BOTTOM-II ASSEMBLY PH 462 RODS

The Peach Bottom-II Assembly PH 462 rods are not nearly as well charac­

terized as the H. B. Robinson Unit 2 rods. Adequate fabrication and reactor 

environmental history are available. The assembly did undergo an abnormal 

reactivity insertion, which caused the breach of two rods. Care was taken 

to choose test rods away from the control rod. Eddy current and ultrasonic 

examination at poolside showed all the rods except three to be intact. The 

assembly has three zones of enrichment. Since the fission gas analysis 

examination was done in the region of highest enrichment, the test rods were 

also chosen from this region. Little is known about the transportation or 

storage history of the rods except that there are no reports of unusual 

occurrences.

As indicated, EC examination has been conducted on the rods. Pretest 

visual examination of the test rods is planned as part of the present test. 

Neither profilometry nor gamma scanning information is available. Both 

would be interesting to have but are not critical to the present test. Due 

to the low temperature of the test, profilometry would not be accurate 

enough to detect cladding diameter changes. Gamma scanning is also only 

useful when looking for gross changes, such as fuel oxidation, in which case 

comparison is made within a scan and not between pre- and post-test scans. 

While the NDE on the rods is not complete, it is adequate with the addition 

of the scheduled visual examinations, for the purposes of this test. A 

step-wise scan on the crud grinding rod should be made to determine the 

fluence profile.
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Small changes in the fuel and cladding conditions will be determined by 

DE. An initial examination will be made of the Peach Bottom-II test rod 

after two furnace runs (20 months), and all test rods will be examined at 

the end of the test. Fission gas analyses on two rods were very consistent 

with each other and, since they had the same enrichment as the test rods, 

adequately represent the fission gas release in the test rods. The DE on 

the breached rods may have been sufficiently influenced by the breach to 

render the results invalid for intact rods. A full metallographic examina­

tion consisting of metallography, ceramography, burnup, fission gas analysis, 

and hardness is planned on two samples from the rod being cut for crud 

evaluation. This may be done as resources permit if the samples are stored 

in an inert atmosphere. Since only small changes in the cladding and fuel 

structure are expected, DE will be a primary tool. Care should be taken to 

set aside DE samples, so that a better DE data base can be established when 

necessary.

The power levels on the Peach Bottom-II fuel are nearly the same as 

more recent fuel. The burnup of the Peach Bottom-II fuel is lower than more 

recent fuel (12 GWd/MTM vs 25 GWd/MTM), but the fission gas release of the 

Peach Bottom fuel is higher (2.9% vs 1%). This combination of burnup and 

fission gas release indicates that the internal rod fission product atmos­

phere in the Peach Bottom-II fuel is probably comparable to modern vintage 

BWR fuel. Therefore, the results of the test with this fuel will be a good 

representation of the expected results from modern BWR fuel.
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NUCLEAR ENERGY

BUSINESS OPERATIONS

GENERAL ELECTRIC COMPANY, 175 CURTNER AVE., SAN JOSE, CALIFORNIA 95125

J une 10, 1982

Dr. Robert Einziger 
Westinghouse Hanford Company 
P. 0. Box 1970 
Mail Stop W/A-53 
Richland, Washington 99352

Dear Bob:

In response to your telephone request of June 7, 1982 concerning the condition 
of specific "sound" fuel rods in the Peach Bottom-2 fuel assembly PH-462, a 
brief description of the techniques used is appropriate.

Fuel rod removal from the fuel bundle for NDT is accomplished by first removing 
the upper tie plate. Individual rods are then removed from the bundle by using 
specially designed remote fuel rod grapples. The rods are held by the grapple 
while the NDT fixture, which is attached to the Fuel Preparation Machine 
carriage, traverses the active portion of the rod and a portion of the plenum. 
The NDT fixture performs three basic functions in series: (l)brushes loose crud 
from the rod, (2) eddy current testing, and (3) ultrasonic testing. After NDT, 
the rod is returned to its original bundle location and the process repeated in 
a special sequence for all the rods in the bundle except the spacer capture 
rod.

The two basic nondestructive test (NDT) methods used during the fuel inspection 
were continuous wave eddy current (E/C) and ultrasonic (UT). The purpose of the 
E/C was to determine the location and relative magnitude of possible cladding 
discontinuties, whereas the UT was used to determine the presence of water 
within the fuel rods (indicating a cladding perforation). The basic equipment 
set consisted of a NDT head containing an E/C coil and UT transducer, ultrasonic 
tester with associated electronics, and oscilloscope for presentation of the UT 
output, E/C tester with associated electronics, and a strip chart recorder for 
the E/C readout. The UT transducer and the E/C coil were contained in the NDT 
head through which the fuel rod passed during the actual testing.
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Dr. Robert Einziger 
June 10, 1982 
Page 2

GENERAL ELECTRIC

The E/C instrumentation detects cladding flaws, discontinuities, and defects by 
continuous wave E/C technique. Output signal is automatically recorded in a 
manner that provides the necessary information regarding the magnitude of the 
signal and the axial location on the fuel rod of any cladding defect detected. 
The E/C standard is used to establish the base (35%) E/C signal. The standard 
contains precision machined flaws to simulate the amount of cladding material 
removed. The E/C signals from tested rods are then reported as a percentage 
based on the 35% flaw. The E/C instrumentation calibration is checked at the 
beginning, mid-way, and at the completion of each bundle or every four hours at 
a minimum. Fuel rods with E/C signals > 35% are visually examined, those with 
E/C signals < 35% are considered sound and no further examination is required.

Using this criteria only rods D1 and B5 were identified as failed. One rod, C2, 
yielded an E/C signal of 57% at 60 inches. Visual examination at this location 
revealed no discernible flaws in the cladding.

The fuel rods which are of interest to you, i.e., C5, D5, D6, E3, E4, E5, E6 and 
G4, did not exhibit E/C signals > 35% and the UT test indicated no water in the 
rods. They were thus assumed sound and no additional examination performed.

If you have any additional questions or concerns please give me a call.

Sincerely,

<f° J^vujur''
J6hn E. Gonser, Sr. Engineer 
Site Fuel & Component Inspection

J EG:bm
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