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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
tion conditions included: peak powers of 33 kW/m; coolant pressure and tern-

. 0 
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). Oensification of an unstable fuel type was confirmed at 
rv4% (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 . 
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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 cornmer..-ial 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 Harwell. This exami­

nation consisted of fill gas and internal volume determinations, burnup anal­

ysis, bulk U02 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 analysis, it was concluded that 92% TO unsta­

ble fuel does densify, but that fuel relocation may override the fuel shrink­

age to reduce rod temperature . 
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1.0 INTRODUCTION 

Several unresolved questions 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-coolant 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 lack of well-characterized data 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. All 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 conditions 

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. 

Thes2 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 included visual inspection, gamma scanning, profilometry, 

1 



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 
measurement across the fuel pellet. Fuel rods 1 thru 5 are scheduled for 

re-i~radiation in the Power Burst Facility, Idaho. This report includes gen­

eral information on the post irradation examination of IFA-431 and the impor­
tant results. Detailed metallograp~ic and SEM results will be reported 

later. 
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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 length and pellet diameter decreases. 

2. In spite of the fuel densification in rod 6, the temperatures in that rod 
over the~4,300 MWd/MTM IFA-431 irradiation remained nearly 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. 

3. The flux depression and local power estimates used for these test rods 

are well verified by the detailed PIE gamma scan and burnup analysis. 

4. 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 ~m initial diametral gap) showed permanent 

cladding ridging. Therefore, PCMI and permanent cladding strain are def­

initely not synonymous. 

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

MTM irradiation . 
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3.0 TEST OESCRIPTION 

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) 

Rod ,,_ 

2 

J 

• 
6 

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

Cold 
Diameter Oi~t)al Fuel Instrumentat 1on 

Pel let Gap a F i l1 Density Fuel Burnup Temperature 
~ in. ~ in. §ll_ __!__lQ___ ~ MWd/MTM Upper Lower Pressure 

10.681 0.4205 0.229 0.009 "' 95 Stable 4,000 TC{c) TC PT( d) 

10.528 0.4145 0.381 o. 015 "' 95 Stable 4,000 TC " 10.858 0.4275 0.051 0.002 "' 95 Stable 4,000 TC TC 

10.681 0.4205 0.229 0.009 " 95 Stable 4,000 TC TC 

10.681 0.4205 0. 229 0.009 "' 92 Stable •.ooo " TC PT 

10.681 0.4205 0.?29 0.009 "' 92 Unstable 4,000 TC TC PT 

cladding 
~ 

ES (e) 

E5 

E5 

E5 

ES 

ES 

{a) Cladding for all rods has an 00 of 12.?89 mm (0.5035 in.) and an 10 of 10.909 nJII (0.4295 in.). Oiametral gap is cladd1ng ID 
min~s pellet diameter. 

(b) With respect to in-reactor clensification. 
(c) TC -Thermocouple 
(d) PT - Pressure Transd~cer 
(e) ES -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. 
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l 1 '-He-90-c) 
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6 (9-He-9?-·,;, 

Go, 
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TABLE 3.2. 

F"e I f ""I 
Relnnt1on l_cc-~ntrl~lty 

Cross-Correlation Matrix 

F ,e I Gas Fu~ I ~0<.: Rod Dynamic 
?_~'!,~~ 'nmp-Y,_~'--'--.C__cl [l_ens~t_:t Pcwer pc~""r:!!. l_lrllp~ratLJre 

{a} o,ample: (9-He-95-<}; : iCentlflcS toe rod, 9 is tile ~om1nal 01metrdl gap'" ml~. rle IS thp fill ga,,% s the fuel percent 
theoretical jpnSJty, ond s "'c'ca\es stobl,- ltJe, (u des1gna:e< .m>tot~e 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 em (0.5 in.) in 

length, for an active cold fuel length of 57.15 em (22.5 in.). All the pel­
lets were fabricated from 10 wt% U-235 enriched uo2 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 8353-71, this 

cladding had an inside diameter of 1.0909 em (0.4295 in.) and a wall thickness 

of 0.094 em (0.037 in.). 

Three types of fuel pellets were selected for the test, the reference 

fuel type was 95% theoretical density (TO) 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% TO 

with stable or unstable structures. 

Initial cold diametral fuel-cladding gap sizes of 0.0051, 0.0229 and 

0.0381 em (0.002, 0.009, and 0.015 in.) were selected for IFA-431. The rod 

with a 0.0229 em gap was selected as the test standard. The rod with a gap 

size of 0.0381 em provided an upper limit for the postulated effects of densi­
fication, while the small-gap rod (0.0051 em) produced fuel-cladding contact 

at power, thus producing high gap conductance. 

6 

• 



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 em 

initial diameter gap and helium fill gas. 

Rod 2: Instantaneous Fuel Densification -The major calculated 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 0.0381 em diametral gap. Other parameters for this rod were 95% TO 

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% TO stable fuel, had a diametral 

gap of 0.0051 em 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( 2) 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% TO stable fuel, a 0.0229-cm 

diametral gap, and 100% xenon fill gas. 

7 



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% TO stable 
fuel and had an initial gap of 0.0229 em. 

Rod 6: Densification Kinetics- Rod 6 contained 92% TO unstable fuel, 

had a 0.0229 em diametral gap and was backfilled with helium. Earlier stud­
ies(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 models( 4) and to provide a check of applicant-supplied models. 

The following instrumentation was used to acquire experimental operating 

data for IFA-431: 

• Fuel centerline thermocouples - The thermocouples had grounded junctions 
with 0.1575 em (0.062 in.) outer diameter W/22%Rh sheaths and W5%Re/W26%Re 

seven-stranded thermocouple wires. The insulators were beryllium oxide. 

• 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. 

• Elongation detectors - The elongation 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 lower 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. 
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Self-powered neutron detectors (SPND) - The IFA-431 assembly was equipped 
with seven self-powered beta current neutron detectors. One of these 
detectors used cobalt as the absorber material, while the remaining six 

used vanadium. The vanadium detectors were used to determine assembly 
power during steady-state operation. For transient experiments, the 
assembly power was determined by the cobalt detector. 

Data Acquisition - The outputs from the in-reactor instruments (except 
the pressure transducers) were connected to a process computer which 

scanned and logged all the signals at 15 minute intervals. This recorded 
data was stored on discs for 24 hours, and then transferred to magnetic 

tape for permanent storage. 

The pressure transducer measurements were taken manually on a demand 
basis . 

Figure 3.1 shows the location of the assembly instrumentation relative to 

the core and the normal neutron flux profile. A schematic arrangement of the 
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FIGURE 3.1 . Arrangement of Temperature Sensors, Neutron Detectors, 
and Fuel Relative to Reference Axial Thermal Flux 
Profile, IFA-431 (Dimensions are in mm) 
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fuel rods and attached instrumentation is presented in Figure 3.2 . Figure 3.3 

is a schematic of assembly IFA-431. 

PRESSIJRE 

I'M · I'IIESSVRE MOhllOR 

IS • WPIAAII/4t[ S{NSOR 

AU DIM£HSIOt6 AREMIUIIIC!ltS 

FIGURE 3.2. Schematic Arrangement of Fuel Rods for IFA-431 
(Dimensions are in mm) 

3. 2 PRE-IRRADIATION CHARACTERIZATION 

Prior to irradiation, the assembly was characterized. These pre­

characterization measurements included the following: 

• analytical chemistry measurements (to determine if the physical charac­
teristics and impurity content met PNL specifications) 

• density measurements 

• microstructural analysis 

10 
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FIGURE 3.3. Schematic of Instrumented Fuel Assembly IFA-431 
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• resintering characteristics 

• thermal diffusivity and conductivity measurements 

• surface characteristics 

• dimensional profilometry. 

The results of these measurements are given in the IFA-431 precharacterization 
report . (1) 

3.2.1 Analytical Measurements 

The fuel pellets were analyzed for weight percent uranium, ratio of oxy­
gen to uranium, isotopic composition, off-gas composition, and ppm of carbon. 
The amounts of nitrogen, flourine, chlorine, water and trace impurities were 
also measured. 

3.2.2 Density Measurements 

The fuel pellet density was determined by a geometric technique on all 

the pellets, and by a liquid immersion technique on a selected number of 
pellets . 

a. The geometric densities were determined from pellet length, diameter and 
weight. Due to surface roughness and chips on the pellet edges, the 
results were expected to be less than the bulk densities. 

b. Liquid immersion techniques used water as the suspension medium. About 
one-third of the 95% TD stable and all of the 92% TO stable pellets were 
measured for immersion densities. 

3.2.3 Microstructural Analysis 

The quantitative microstructural characterization consisted of five sub­
tasks: specimen selection, specimen preparation, microscopy performance, 
quantitative measurements and computation performance. These subtasks are 

explained below: 

Specimen Selection - Samples for the microstructural evaluation were 
selected on the basis of their bulk density. 
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Specimen Preparation - Grain size and pore distributions were evaluated 
on polished pellet cross section surfaces. The samples were prepared by 
polishing in a series of steps, ultimately utilizing a Lyntron vibratory 

polisher with 0.3 ~m Al02 polishing agent in a 2% chromic acid bath. 

Microscopy Performance - Both light and electron microscopy were required 

to cover the entire range of pores present in the fuel. A Zeiss "Ultraphot" 
light microscope was used to prepare micrographs at 9X, 31X, and 125X to lOOOX 
magnification. Observation and measurement of the small pores required a 

higher magnification (up to 15000X), and this was achieved with a JSM-U3 scan­
ning electron microscope. 

Quantitative Measurements - The measuring and counting of the pores was a 

critical step in the process that required high accuracy with reasonable 

speed. A Quantimet 720 (a commercial quantitative image analyzer) was used to 
analyze the prepared micrograph prints. The standards used were reference 

micrographs measured independently with a Zeiss particle size analyzer. 

Computation Performance - Mathematical and statistical methods were 
developed for converting two-dimensional pore data into three-dimensional 
data. These methods were incorporated into a computer code called LINEST II. 

The printout from this code includes tabulation of input pore count and mea­
surement data; data summation for each magnification; tabulation of calculated 

relationships between pore size, density and volume; a summary of calculated 
and interpolated values for selected pore sizes or volume fractions; and a 
graphic display of represented data histograms. Pellet grain sizes were eval­
uated using the linear intercept method on peripheral, midradius and center­

line position micrographs. 

3.2.4 Resintering Characteristics 

Resintering tests were conducted under five test conditions at 1600°C 
(2912°F) and 1700°C (3092°F). A test involving sintering at 1700°C 
for 24 hours was selected as a standard test because it was in compliance with 

the proposed NRC guidelines for predicting maximum irradiation density changes 

based on resintering test results. The 1600°C-for-24-hour condition was 

selected as a less severe test. A test pellet that was resintered at 1700°C 
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for 24 hours was heated for an additional hour to determine if the 1700°C­

for-24 -hour test resulted in a stable pellet . Resintering tests were run at 
1700°C for 7.8 hours to see if Marlowe•s equivalency model was correct . 

Finally, a 4-hour test at 1700°C was chosen to more fully characterize the 
densification kinetics at 1700°C . 

3.2.5 Thermal Diffusivity and Conductivity Measurements 

The purpose of these measurements was to determine the thermal diffu­
sivity and conductivity of the three fuel types and to evaluate the effect of 
heat treatment on the diffusivity and conductiv i ty. Thermal diffusivity of 

the fuel types was determined using a laser-pulse technique from 100°C 
(212°F) to 1600°C (2912°F). The thermal conductivity was calculated 

from the measured thermal diffusivity, the measured density and the known heat 
capacity. 

3. 2.6 Surface Characteristics 

The surface roughness and roundness measurements were made on three fuel 
pellets and on six samples of cladding. These measurements, taken both 
axially and circumferentially, were made on the cylindrical surface of the 
pellets and the inside surface of the cladding . 

3.2.7 Dimensional Profilometry 

After Halden assembled IFA-431 , the fuel rods were dimensionally char­
acterized at the Kjeller Hot Laboratory. Measurements were taken of the 
length , diameter and profile. 

3.3 PRETEST PREDICTIONS 

Pretest predictions for IFA-431 were made with GAPCON-THERMAL -2(S) and 

FRAP- s(6) codes. The major difference in the input to these codes was the 
lack in FRAP-S of a xenon fill gas option and a fuel densification model . 

These predictions are shown in Figures 3.4 to 3.9. 

A schematic view of the planned HBWR core loading as of November 1975 is 

shown in Figure 3. 10. IFA-431 was irradiated in channel 6-14, as shown. The 
assembly was charged into the bottom half of the core. 
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HBWR IV CORE LOAD lNG NO. 19 DATE:NOV 1975 
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FIGURE 3.10. IFA-431 Arrangement in the HBWR Core 
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3.4 IRRADIATION HISTORY 

The test program planning for assembly IFA-431 included the evaluat i on of 
many factors. Following this, the design irradiation parameters were 
selected. After considering the neutron flux profile in the Halden Boiling 
Water Reactor (HBWR) it was decided that the top of the rods would be placed 
at the peak of the axial neutron flux profile with a design power of 330 W/cm 

(10 kW/ft). This would force the bottom of the rods to operate at 70 to 80% 

of the peak rod power. The design assembly burnup for IFA-431 was set at 4000 
MWd/MTM to ensure complete fuel densification, minimize fuel volume changes 
induced by fission product swelling and retain t he option of post irradiation 

examination to confirm the gap closure data obtained from previous low burnup 
rods. In addition, it was decided that the assembly would be put through a 
series of controlled power cycles. Three cycles were planned, each consisting 

of a 20% or 66 W/cm (2.0 kW/ft) linear drop in power over a 60-second inter­
val. This test would yield transient gap conduct ance data for comparison with 
pseudo steady-state measurements. 

IFA-431 was irradiated in HBWR, which is a boiling water reactor that 

uses natural circulation of heavy water for cool i ng. The operating data for 

this reactor is shown below. 

Power Level 
Reactor Pressure 
Heavy Water SaturatiDn Temperature 
Plenum Inlet Temperature 
Thermal Flux 
Fast Flux (>1 MeV) 

Average Fuel Power Density 

12 MW 

3.4 MPa (500 psi) 
240°C (464°F) 
237°C (459°F) 
~3 x 1013 n/cm2-sec 
~s x 1011 n/cm2-sec 
14.8 W/g 

The i rradiation of assembly IFA-431 lasted from June 1975 to February 1976 
and a burnup of 4300 MWd/MTM was achieved. There were no indications of fuel 

failure or other unusual occurrences during this period. Actual power and 

22 



• 

• 

fuel temperature histories are shown in Appendix A and Appendix B, respec­
tively. The data for these plots was obtained by the Halden IBM/1800 on-line 
computer data acquisition system. Data densities (versus time) in these plots 
vary from 15 minutes to 12 hours, depending on whether the reactor was experi­
encing transient (startup, power cycling, etc.) or steady-state conditions • 
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4.0 NONDESTRUCTIVE MEASUREMENTS 

IFA-431 was discharged to the Halden fuel pool for cooling following 
irradiation. After 123 days, the assembly was transported to the Kjeller Hot 
Lab where it was disassembled and underwent nondestructive examination that 

included visual examination, gamma scanning, dimensional profilometry and gap 
measurements. 

4.1 TEST BUNDLE DISASSEMBLY 

Part of the shroud tube was removed while the assembly was at Halden, and 
the instrument cables were isolated by sealing the ends in a cup with two com­
ponent resin. When the assembly arrived at Kjeller, the shroud tube was com­

pletely removed, then the upper and lower parts of the assembly were removed, 
and finally the rods were removed from the bundle.(?) 

To remove the rods, the bundle was suspended in two rope loops from the 
power manipulator and the cell crane. A clip holding each rod in the upper 
grid plate was removed first. Then the two thermocouple cables were cut and 

the fuel rod was drawn out of the bundle from the bottom. Immediately after 
removal of the fuel rod, the ends of the thermocouples were sealed separately 
by putting them into prepared perspex cups with Hysol two-component resin. 
These thermocouple wires were coiled to facilitate handling and shipping. 
Finally the rods were placed in a corrugated tray and photographed. 

4.2 VISUAL EXAMINATION 

For the detailed visual inspection, each rod was placed on a movable 
table for inspection under the fixed through-wall periscope. The surface of 

each rod was systematically scanned at four different angular orientations. 
The 0° orientation was obtained by placing an axial groove that had been 

engraved into the upper end cap out towards the objective lens of the peri­
scope. The 90° orientation was obtained by rotating the rod clockwise 

through 90° (when looking at the top end) . 
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Visual inspection of all six IFA-431 rods revealed no cracks, blisters or 

corroded welds . No regular pattern of circumferential discolorations, indicat­
ing pellet - to- pellet interfaces , was seen . However, two small crud particles 
were observed at the 90° orientation on rod 1, 415 mm above the lower weld. 
On rod 2 at the 110° orientation there was an axial scratch running the 

whole length of the fuel rod . From the dull appearance of this scratch, it 
was concluded that it occurred before irradiation . There was a slight outward 
bulge of the cladding on rod 3 just below the sealing weld of the upper end 

cap. There were also two discolorations at 540 mm at the 90° orientation on 

rod 3. Besides these minor irregularities, no indications of irradiation dam­
age were found during visual inspection. 

4.3 GAMMA SCANNI NG 

All six IFA-431 fuel rods were gamma scanned, using a germanium/lithium 
detector. The first step in the gamma scanning process was to determine the 

fission product that produced the greatest activ i ty. To accomplish this , the 
gamma spectrum for rod 1 was recorded at the lower end of the fuel stack (for 
resul t s, see Figure C-1 in Appendix C). This was performed with a Kevex 
Model 5000A, 1024 channel analyzer. Because of the assembly ' s short irradia­

tion and the long cooling time, the Zr 95/Nb 95 dominated with an effective 
half life of 65 days. Thus , two energy windows for the gamma scanning were 
chosen : channel A with 584 to 775 keV (gross gamma scan) and channel B with 
752 to 777 keV (double peak of Zr 95/Nb 95) . This was accomplished by 
adjusting the lower ~nd upper discrimination levels of the two independent, 
single-channel pulse height analyzers. 

The gamma scan of the fuel rods was performed with the fuel rods resting 

on a horizontal support that was moved with a stepping motor. Each fuel rod 
had a scribe mark indicating the edge of the rod that faced the outer edge of 

the assembly . During gamma scan, this scribe mark was turned toward the col ­
limator, which eliminated differences from transverse activity gradients (flux 

depression in the bundle) and from self- shielding by the fuel . Scanning was 
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begun 50 mm below the lower end of the bottom enriched pellet at a speed of 
0.5 mm/sec. 

The pulses in the two energy channels were counted by two 4-decade 
scalers. For every 0.1 mm of axial movement, the number of pulses accumulated 

• and the exact axial positions were recorded on magnetic tape. Off-line proc­
essing was done by a computer; the tables and curves of the results are shown 
in Appendix C. Two curves were plotted for each fuel rod: one for channel A 
(gross gamma) and one for channel B (Zr 95/Nb 95). However, the low count 
rate for channel B resulted in a rather large statistical error that is shown 
on these curves. The plots also show a smooth curve that was determined by a 
least-squares fit method. In addition, two different values for average count 
rate, one including the end pellets and one excluding the end pellets, are 
shown on each plot. 

• 

... 

The curves show an activity distribution that reflects normal power dis­
tribution for the HBWR core height. No pellet-to-pellet interface effects 
were seen since the pellets were not dished. However, rod 4 showed some pel­
let separation near the upper and lower end. (B) End peaking, which occurs 
near the ends of the enriched stack was slight due to the presence of the poi­
soned end pellets. Table 4.1 shows condensed results of the gamma scan. 

TABLE 4.1. Condensed Results from Gamma Scanning for IFA-431 

Measured Energy Pin Number 
Resu l ts Channel __ 1 _ 3 3 4 5 6 

Stack Length A 600.6 594 .0 601.8 593. 4 597 .9 596 . 1 
(incl. end pellets, mm) B 600.0 594.3 600.9 594.9 597 .3 596.4 

Stack Lengt h A 575.7 576.0 582 .6 570.0 580. 2 570.6 
(excl. end pellet s, mm) B 575 .1 575 . 7 582 .9 568.8 579 .9 570.6 

Axial Form Factor A 1.10 1.10 1. 11 1.09 1. 10 1.10 
(AFF 2 - mean-to-aver age ratio) B 1.04 1.04 1.04 1. 05 1.04 1. 05 

Average Count Rate A 6302 6487 66 75 6379 6272 6120 
(MEAN 2) B 1224 1234 1236 1226 1225 1211 

Radial Form Factor A 0. 989 1.018 1. 047 1.001 0. 984 0.961 
(rod-to- average ratio) B 0.999 1.007 1.008 1.000 0.998 0. 988 

27 



The stack length values, which were determined by the computer program 

searching for the end discontinuities in the data curve, are not very accu­
rate. Therefore , a better method for determining this stack length was devel­

oped . This method involved the single-step movement of the fuel rod, and the 
observation of the count rate changes near the ends of the enriched stack . 
Readings from the scaler displayed the axial position of the rod (in units of 

0.01 mm). By repeated upward and downward stepp ing, the enriched stack posi­
tion, and thus the stack length, was determined to an accuracy of 0. 3 mm. The 
results of this analysis are shown in Table 4.2 . 

TABLE 4.2. Stack Length Change Determined from Gamma Scanning 

Stack Length, mm Change 
Rod No. Initial Final mm(a) Percent(b) 

1 574.4 573.8 -0.6 -0.10 

2 574.6 574 . 7 +0 . 1 +0.02 

3 580.6 581.8 +1.2 +0.21 

4 566.1 568 .2 +2.1 +0.37 

5 579 . 1 578.9 -0.2 -0.03 

6 575.9 569 .4 -6.5 -1 .13 

(a) The length change was calculated by subtracting the initial length from 
the final length. 

(b) The percentage of length change was calculated by dividing the length 
change by the initial length and multiplying by 100 . 

4.4 PROFILOMETRY 

Profilometry was performed on a vertical bench with two measurements 
taken 90° apart on each fuel rod. The rods were inserted in the bench with 
the bottom end down and the engraved fuel rod number towards the transducer 

that gave the profile signal. This 0° orientation is not the same as the 

orientation used in the visual examination or gamma scanning, but it is the 
same as was used during pre - irradiation profilometry. The 90° orientation 

was obtained by looking down from the top end and rotating the rod clockwise. 
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The profile measuring device consisted of two knife edges formed by 2-mm 
diameter polished sapphire rods. These knives were mounted on slides and 
drawn into contact with the fuel rod surface by two springs. One slide was 
fixed to the core while a linear variable displacement transducer (LVDT) was 
connected to the other slide. This measured the distance between the two 
slides and, thus, the fuel rod diamet~r. A second LVDT measured the position 
of the right hand slide relative to the bench, and this produced the profile 

signal. 

The movement of the transducer along the length of the rod was accom­
plished by a stepping motor with a step of 0.01 mm. Values for the axial 
position diameter signal and the profile signal were recorded digitally on 
magnetic tape every lOth step {0.1 mm). This profile data was processed off 
line by a CDC-Cyber computer and the results are shown in Appendix D. 

4.5 LENGTH MEASUREMENT 

Length measurements were performed while the fuel rods were on the profi­
lometry bench by using the V-grooves that had been machined into both end 
caps. The exact location of these grooves was determined by manually stepping 
the bench and monitoring a profile digital voltmeter for a minimum reading. 
Thus, the rod length was determined to an accuracy of ~ 0.01 mm. Two measure­
ments each were taken at the 0° and 90° orientation. 

The length measurements were corrected for the slightly higher cladding 
temperature that occurs as a result of residual gamma heating of the fuel rod. 
In addition, the length measurements made at 0° and 90° were averaged. 
The results obtained after these corrections are shown in Table 4.3. 

4.6 GAP MEASUREMENT 

Figure 4.1 is a schematic diagram of the Kjeller equipment for residual 
gap measurement. A 15-mm long rectangular lever applies a line force over its 
length along two opposite edges of the fuel rod, which rests on a flat sup­
port. The force necessary to reshape the rod as an oval is generated by a 
pneumatic cylinder acting on the end of the lever, and the force is measured 
by a transducer incorporated in the lever. Displacement of the clad surface 
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(a) 

TABLE 4.3 . Corrected and Reduced Length Measurement 

V-Groove Distance, mm Elongation 
Rod No . Initial Final mm Percent(a) 

1 645 . 68 645 .92 0. 24 0. 04 

2 645 . 36 645 . 53 0.17 0.03 
3 645 . 58 645 .83 0. 25 0.04 
4 645.48 645.87 0.39 0.06 

5 645 .62 645 .80 0.18 0.03 

6 645 . 60 645.76 0.16 0.02 

The percentage of elongation was calculated by dividing the elongation 
by the initial distance and multiplying by 100 . 

FORCE TRANSDUCER 

XY RECORDER 

LINEAR VARIABL£ 
DISPlACEMENT 
TRANSDUCER 

FIGURE 4. 1. Schematic Diagr am of Gap Measurement Equipment 
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is measured by a linear variable displacement transducer, which touches the 
fuel rod through a hole in the lever. A dial gauge provides a small contact 
force and the capability of calibrating the displacement signal. The signals 

from the two transducers are fed to the measuring bridges/amplifiers and from 

there to an XV recorder • 

Initial experiments were performed on an open tube section, approximately 
150 mm long, into which steel mandrels of different diameters were inserted. 
A typical XY-plot obtained with the Kjeller equipment is shown in Figure 4.2. 

The straight part of the curve corresponds to the elastic behavior of the 
empty tube. Interaction with the mandrel starts where the curve begins to 
deviate from a straight line. The curves are evaluated by projecting the 

"zero force point" and the "interaction force point" down onto the abscissa 
and directly reading the gap in microns. There was very good agreement bet­
ween the gap values found in this way and the predicted gap values. 

UJ 
u 
~ 
0 
u... 
(.!) 

:z 

~ 
<( 
I­
VI 

ZERO ------- GAP -----.! DISPLACEMENT 
FORCE 
POINT 

FIGURE 4.2. Evaluation of Force-Displacement Curves for Gap Measurement 
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An irradiated fuel rod containing cracked fuel pellets will behave dif­

ferently than a tube with a solid cylinder inside. Depending on the crack 
pattern, the fuel will more easily follow the oval shape of the cladding than 

would the solid cylinder. The solid cylinder represents one extreme; the 

other extreme is represented by powder that is allowed to flow both trans­
versely and longitudinally. This would not produce any interaction with the 
cladding at all, at least not as long as there is some open volume available. 

A more "realistic extreme" would be a powder with its longitudinal movement 
inhibited. In this case, interaction will occur as soon as the inner cross­
sectional area of the tube has been reduced by pressure to the size of the 
cross-sectional area of the fuel. Assuming that the cladding retains an ellip­
tical shape (true for small deformations) the displacement for interaction can 

be calculated to be 

where 

d= ~ v uC - up 

Dc = cladding internal diameter and 
Dp = pellet diameter. 

For a 12.9 mm ID cladding and a 300 ~ gap, d wou ld become 2.8 mm compared to 

0.3 mm for a solid cylinder. An irradiated fuel rod does not behave like 
either of the extremes, as illustrated in Figure 4.3. In the case of a crack 
pattern that produces four "cake pieces," a simple calculation shows that 
interaction will start after a displacement of 

d = g + /2 . g = 2.41 • g 

Calculations can be performed for a larger number of "cake pieces", however, 

they get more complicated as the number of pieces increases. 
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FIGURE 4.3. Radial Relocation of Fuel in Compression Test 

The interaction curve of an irradiated fuel rod is shown in Figure 4.4 
where five successive experiments, all performed at the same rod location 

(rod 5 at the 370 mm axial position) are reproduced (with some zero displace­
ment in the force direction, in order to separate the curves). The first 
compression (curve 1) produced a rather rounded XY plot, with no clear transi­
tion point from empty-tube to filled-tube behavior. All the other curves are 

nearly identical. These curves also have a marked straight portion and an 
easy-to-determine transition point. The rounded shape of the first compres­
sion curve is believed to be caused by the crushing and/or displacement of 
very fine particles located in the gaps and cracks, and the unlocking of slip 

systems. Once this 11 conditioning11 is accomplished, the rod behaves in a com­

pletely reversible, elastic way in the later tests . 
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FIGURE 4.4. Typical Force - Displacement Curves for Irradiated Fuel Rods 

Gap measurements were performed on all six rods at eight different axial 
positions: 75, 112, 170, 270, 370, 470, 534 and 570 mm. These values corre­
spond to the distance from a position on the lower end plug, 27 mrn below the 
V-groove. This was chosen as zero because the gamma scans and profilometry 

started there. The positions at 112 mm and 534 mrn coincide with the tips of 
the lower and upper thermocouples, respectively. The compt·essions were 

repeated five times at each location and the results are given in Table 4.4. 
The results are also plotted in Figure 4.5, which includes a schematic fue l 

rod drawing and the superimposed power profile from gamma scanning. 
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TABLE 4.4 . Results of Gap Measurement (in Microns) 

• Axial Position, Pin Number 
nm 1 2 3 4 5 6 

.. 
75 195 347 72 202 288 

112 (TC) 178 260 140 226 292 
170 201 283 146 259 271 
270 181 286 15 102 192 298 
370 164 264 20 94 199 269 
470 160 268 22 110 248 291 
534 (TC) 195 309 24 109 247 277 
570 198 309 31 108 230 284 

• 

• 
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FIGURE 4.5. Gap Measurement Results for IFA-~31 

4.7 HARWELL GAMMA SCANNING FOR ROD 6 

630 

GAMMA 
SCAN 

700 

At this point, rod 6 was sent to Harwell for destructive examination. 

Before the destruction examination, Harwell gamma scanned the rod. For gamma 
scanning, the equipment consisted of a stepping motor-driven table, a shielded 
assembly with a collimator system, and a gamma ray detecting and analyzing 
system. The collimator used a germanium/lithium diode detector for gamma 
activity. 

For rod 6, a large collimator (1 .143 mm x 12 .7 mm in size) was used for 

gamma scanning because of the low burnup and the long cooling period. The 
gamma activity, which resulted in the energy peaks, was due to Cs 137 and 

Zr 95/Nb 95, and is shown on page C-15. 
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The lengths of the fuel pellet stack and the overall stack, including top 

and bottom spacer pellets, were measured from the gamma scan. The results of 
these measurements are shown in Table 4.5. There was good agreement between 
the values obtained by the different gamma activities. In addition, the 

results are good when compared with the length measurements made in a similar 
way at Kjeller (Table 4.1). 

TABLE 4.5. Fuel Stack Length Measurements from the Gamma Scans at Harwell 

Measurement 
Length in mm 

1st 2nd 
Isotope Measured Lengths Scan Scan Mean 

Cs 137 Total stack length 597.4 596.0 596.7 
(fuel + spacer pellets) 

Cs 137 Fuel stack length 570.4 570.1 570.25 

Zr 95/Nb 95 Total stack length 
(fuel + spacer pellets) 

596.3 595.5 595.9 

Zr 95/Nb 95 Fuel stack length 570.3 570.1 570.2 

37 



• 

• 



• 

• 

5.0 DESTRUCTIVE EXAMINATION 

After nondestructive examination of the IFA-431 fuel rods, rod 6 was sent 

to Harwell where destructive examination began in 1977. The following is a 

summary of the examinations performed: 

1. To find the fission gas release, the volume of gas in the fuel rod was 

measured and its composition was determined. The internal volume of the 
pin was measured to determine the amount of fuel densification that had 
occurred, and to calculate the gas pressure in the pin. 

2. The rod was cut to provide samples for the other examinations. 

3. The burnup of a section of uo2 pellet from near the peak burnup posi­
tion was determined. This, together with the gamma scan, was used to 

assess the burnup along the rod. 

4. The bulk density of uo2 pieces from two pellets close to the two metal­
lographic solid pellet samples was measured to determine the amount of 
fuel densification. 

5. Four sections of fuel rod were examined metallographically: 

a. One section was taken from the hot junction region of each of the 
thermocouples to determine the structure of the uo2 in the region 

of the thermocouple. 

b. A solid section was taken from both high and low burnup regions in 
order to examine the fuel cross-section structure and pellet/ clad­
ding geometry. After detailed optical microscopy, the finer pores 
of these two samples were examined with the scanning electron micro­
scope (SEM). 

The metallographic analysis was extensive and provided a large number of 
photomicrographs for the quantitative assessment of pore structure. The 
same areas of the specimens that were examined with the optical micro­
scope were also examined with the SEM. 

6. Radial density variation across the two solid uo2 pellet metallographic 

samples was determined in order to assess the densification as a function 
of radial position and fuel temperature. 
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5.1 FILL GAS AND INTERNAL VOLUME DETERMINATIONS 

The equipment used to determine the fill gas and internal volume con­

sisted of a puncturing head connected to the gas collecting and measuring 
equipment by stainless steel flexible vacuum pipe. The fuel rod was seated to 

the puncturing head through pressure on an "0" ring seal. The puncturing head 
was fitted with a 0 to 50 psi pressure transducer and a tungsten carbide­
tipped tool . The gas measuring part of the system used a mercury booster 
(diffusion) pump and an automatic toepler pump to move the gas to a storage 
bulb where a transducer measured gas pressure. 

The fuel rod was seated to the puncturing head and the complete system 
was evacuated and checked for leaks . After the dead volume of the equipment 

was determined, the fuel rod was punctured and the pressure in the puncturing 
head was measured . The released gas was pumped into a storage bulb and the 

pressure of the gas measured . Sample bottles of fuel rod gas were filled, 
sealed and sent for mass spectrometric analysis. 

The internal volume of the rod was measured by filling the fuel rod and 
puncturing head with helium at atmospheric pressure and measuring the volume 

of the gas . The fuel rod internal volume was the difference between the mea­

sured volume and the dead volume . This process was completed five times, and 
the mean measured volume was 7. 58 ml . The NTP (0°C, 760 mm Hg) volume of 
gas recovered was 3.33 ml . Mass spectrometric analysis results are pr esented 
in Table 5.1, while Table 5.2 shows the isotopic composition of the fission 
gas. 

TABLE 5 . 1. Results of Mass Spectrometric Analysis of 3 Samples 
of Gas fl~om Rod 6 (given in volume percent) 

Gas Sample 1 Sample 2 Sample 3 

He 1 i urn 85.2 84.3 83.7 
Nitrogen/Car bon r~onoxide(a) 9.48 10.0 10 .3 
Oxygen 0. 08 0. 57 0.69 
Argon 0.57 0.56 0. 57 
Carbon Dioxide <0.014 <0.024 0.13 
Krypton 0.73 0. 71 0.71 
Xenon 3.91 3.80 3.87 

(a) Nitrogen or carbon monoxide was not part of the fill gas in this rod , and 
could have come from the binder used in fuel fabrication . 
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TABLE 5.2. Isotopic Composition of Fission Gases in Three 
Gas Samples from Rod 6 

Composition in Volume Percent 
Isotope Sample 1 Sample 2 Sample 3 

Kr 86 50.54 50.67 51.64 
Kr 85 6.49 6.40 6.26 
Kr 84 27.76 27.73 26.45 
Kr 83 15.22 15.21 15.65 

Xe 136 35.50 35.54 35.27 
Xe 134 29.12 29.15 29.32 
Xe 132 23.74 23.70 23.70 
Xe 131 11.65 11.61 11.71 

The value of the fission gas production rate was 0.249 cc of fission gas 
per gram of U02 per 1% burnup (neglecting Xe 135 Xe 137 neutron capture reac­
tions at high fluxes). Thus, the volume of fission gas produced in the rod 

for a mean burnup of 0.49% was calculated as 62.9 ml at NTP. This yields a 
release of stable fission gasses of 0.25%. 

5.2 FUEL ROD CUTTING 

Before cutting fuel samples, the 0° orientation from the top of the 
fuel rod was scribed down the entire fuel rod length. The cutting positions 

were determined from the gamma scan trace, and transverse cuts were made. 

Cutting of the samples was difficult. First, a cut was made through the 
plenum at the top of the fuel rod. Epoxy resin was used to seal the end of 
the fuel rod. The next cut was made through the fuel just below the upper 
thermocouple hot junction (pellet 9 region). At this point, a cut was made 
below pellet 10. However, the U02 began falling out of the rod during the 
cutting process. Since burnup and bulk density samples must be resin free, 

resin impregnation could not be done to hold pellet 10 together, and there­
fore, a new cut was made. By carefully cutting in the region of pellets 11 

and 12, samples from pellet 12 were obtained for burnup analysis and samples 
from pellets 11 and 12 were obtained for bulk density measurement. Care was 
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also taken to prepare pellet 14 for radial gamma scanning. In spite of this, 
some pieces of uo2 fell out of the fuel cladding. A spare section from the 
region of pellets 14 and 15 was therefore substituted. 

A summary of the samples taken from fuel rod 6 is given in Table 5.3. 

Pellet No. 

8-9 

11-12 

12 

13 

14 

14-15 

TABLE 5.3. List of Samples Cut from Rod 6 

Use 

Top thermocouple hot junction­
for metallographic examination 

Bulk density 

Bulk burnup 

Metallographic 
Mount Identity 

ACF 

Metallographic examination ACI 

Study of burnup profile ACE 

Spare sample - but actually used ACJ 
for burnup profile because large 
piece of U02 was missing from ACE; 
pellet 14 

15 Spare sample 

37 Spare sample 

38 Spare sample 

39 Metallographic examination ACH 

40 Bulk burnup 

42 Bottom thermocouple hot junction for ACO 
metallographic examination 
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5.3 BURNUP ANALYSIS 

Part of pellet 12 was analyzed chemically for burnup, using the proce­
dures outlined by Fudge and Foster. (9) Isotopic compositions of uranium, 

plutonium and neodymium were determined as well as the Pu:U and Nd 148:U 
weight ratios. The results are shown in Table 5.4 with an accuracy of ~ one 
standard deviation. These results are reported as the percentage ratio of 
total number of atoms fissioned to the initial total number of uranium atoms. 

TABLE 5.4. Results of Bulk Burnyp Analysis from a Section of 
Pellet 12 from Rod 6ta) 

Isotopic Composition 

u 234 
u 235(b) 
u 236 
u 238 
Pu 238 
Pu 239 
Pu 240 
Pu 241 
Pu 242 
Nd 142 
Nd 143 
Nd 144 
Nd 145 
Nd 146 
Nd 148(c) 
Nd 150 

Pu/U ratio by weight 
Nd 148/U ratio by weight 
Atom percent burnup by Nd 148 

Presence of Isotope, % 

0.05 + 0.01 
9.62 + 0.03 
0.21 + 0.01 

90.11 + 0.01 
0.02 + 0.01 
0.02 + 0.01 

96.92 + 0.07 
0.16 + 0.01 
0.01 + 0.01 
0.05 + 0.01 

29.71 + 0.08 
24.19 + 0.05 
19.46 + 0.05 
14.95 + 0.03 
8.37 + 0.02 
3.27 + 0.01 

0.000591 + 0.000006 
0.0000574 ~ 0.00~~906 

0.55 + 0.01 

(a) The errors quoted are one-sigma standard deviations. 
(b) Initial U 235 content was 10 wt%. 
(c) The fission yield value for Nd 148 used in the calculations was 
(d) In fissions/U atom. ~lculated, thusly: 

Fissions/U atom(%) = 100 \~~ :~:J ' (~1s~~~n) = (i~~ x 5.74 x 10-
5 

= 0.55% 
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Burnup along the length of the fuel rod was estimated from a Zr 95/Nb 95 
gamma scan trace and the bulk burnup of pellet 12 . These results are pre­

sented in Table 5. 5. 

TABLE 5. 5. Burnup Along Rod 6 Estimated from the Gamma Scan 
and Bulk Burnup Measurement 

Burnup (atom percent of total 
Pellet fissions to initial total number 
Number of uranium atoms) ______ _ 

4 0. 56 
8 0. 55 

12 0. 55 
16 0. 54 
20 0.52 
24 0. 52 
28 0.50 
32 0.47 
36 0. 46 
40 0.41 
44 0.39 

5.4 BULK U02 DENSITY MEASUREMENT 

The bulk density of the uo2 was measured on several pieces of pellets 

11 and 12, and on several pieces of pellet 40 that were removed from the zir­
caloy cladding. Since the uo2 fuel was badly broken up, a number of the 
largest samples were used for the density measurements. 

The density of each sample was determined by weighing in air and then 
weighing when submerged in carbon tetrachloride. The carbon tetrachloride 
density was corrected for temperature. Results of these measurements are pre­
sented in Table 5.6. 
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TABLE 5.6 • Bulk Densities of U02 Pellet Pieces 

Number of 
Pellet Sample Density ytcm3 
Number Pieces (1) (4) Mean (2) 3 

11-12 1 10.469 10.490 10.473 10.477 
11-12 1 10.628 10.553 10.562 10.581 
11-12 4 10.537 10.536 10.644 10.642 10.590 

10.549 
(average) 

40 6 10.592 10.590 10.589 10.590 

5.5 METALLOGRAPHIC EXAMINATION 

Four samples from the fuel rod were prepared for metallographic examina­

tion. Each of these samples, which had been impregnated with resin during the 
cutting process to keep the pieces in place, were mounted with the prepared 

surface being the surface that was toward the top of the fuel rod during 
irradiation. These sections were ground with 320-grade silicon carbide abra­
sive papers until a full uo2 pellet cross section was observed. At this 

stage the pellets were reimpregnated with resin and the resin was allowed to 
harden. Then, the samples were ground on 600-grade silicon carbide paper. 
Following lapping with 14 ~m diamond compound, each specimen was polished with 
6 ~m, 3 ~m and then 1 ~m diamond powder on rotary machines. Then the samples 

were attack polished with 2% Cr203 (by weight) in water with gamma grade 
alumina polishing agent. 

After polishing and cleaning, the samples were photographed at 8x. The 
microstructure of the samples was examined in a remote optical microscope. 
Then four diameters were drawn at 45-degree intervals on a photomacrograph of 
each cross section. Each radius was numbered from one to eight. On each 
radius, locations were marked near the outer surface and at midradius, and on 

four of the radii additional locations were marked near the center of the pel­

let. These were the areas picked for photomicrographs to allow quantitative 

metallographic analysis. 
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At each site on each specimen, photomicrographs were taken at 125x and 
650x. Overlapping photomicrographs at 50x were also taken to cover the whole 

area of the two solid pellet samples (pellets 13 and 39). A series of over- • 

lapping photomicrographs along one radius of the two thermocouple samples was 
taken at 63x. 

Each sample was then lightly etched with a 10% H2so4 and 90% H2o2 
mixture diluted with water. The etching time was selected just to delineate 
the uo2 
etched. 

650x. 

grain boundaries and prevent pore enlargement if the sample over­

Some of the locations examined before etching were rephotographed at 

The polished and etched surfaces of the two samples without thermocouple 

holes were examined in a scanning electron microscope (SEM) at magnifications 
up to 10,000x. On each section, nine of the twenty sites that had been photo­

graphed with the optical microscope were examined and photographed at 120x, 
600x, 3000x, and two of the twenty sites were examined and photographed at 

6000x and 10,000x. This was done to enable comparison of the SEM and the 
optical micrographs. Four locations at the outer edge, three at midradius, 
and two at the pellet center were also examined. 

This procedure was adopted to obtain photographs for a detailed quantita­
tive assessment of the pore structure as a function of pellet radius (U02 
temperature) and to show the variation along the length of the fuel rod. 
Because pore-size measurments were to be made, the magnifications of all the 
optical micrographs were calibrated by photographing a stage micrometer at 
each magnification us~d. Also, each of the magnifications of the scanning 
electron microscope were calibrated by photographing a standard mesh of known 

pitch. 

A detailed analysis of the metallographic results will be presented in 
another report. Some micrographs are shown here as representative struc­

tures. Figure 5.1 is the total polished cross section of pellet 13, the opti­
cal photomicrographs of pellet 13 are presented in Figure 5.2, and Figure 5.3 

is the scanning electron micrographs of pellet 13. 
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Polished Cross Section of Pellet 13. 
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Optical Photomicrographs of Archive U02 Pellet of Type 
Used in Rod 6: (1) to (5) Unetched, (5) Etched 
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FIGURE 5.3. Scanning Electron Micrographs of Archive UO? Pellet of Type 
Used in Rod 6. Polished Surface Examined After Etching 
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5.6 U02 DENSITY ACROSS THE FUEL PELLET 

To determine the uo2 density across the fuel pellet, a series of small 
core samples was removed from the metallographic samples of pellets 13 and 39. 
The core samples were from locations that had been examined by optical and 
scanning electron microscopy. The 0.5 mm-diameter cylindrical uo2 cores 

were obtained from these locations by trepanning with an ultrasonic drill. 

The equipment used in the hot cell was designed to locate the trepanning drill 
accurately on the specimen by driving the specimen stage orthogonally with two 
stepping motors. The uo2 cylinders obtained were usually one or two milli­
meters long. 

The technique for measuring the density of these cores has been described 
by Rose, et al. (10) and uses a density gradient column. Each sample was 

weighed using a microbalance, then placed in a specially designed carrier 

float of known mass and density. The density of the float was measured using 

a density gradient column. Then the density of the float plus the specimen 

was measured in the same way. After the specimen was removed the float and 
specimen masses and the density of the float were remeasured. 

The density of the uo2 sample was calculated using the formula: 

where Pc is the combined specimen plus float density, 

Pf is the float density, 

Ms is the specimen mass, and 

Mf is the float mass. 

The technique relies on the accurate measurement of density using density 
gradient columns as well as measurement of the mass of small specimens. 

Before and after use with an irradiated specimen, the density of each 

float was measured in order to correct for any change caused by the beta and 

gamma radiation. 
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The results of the uo2 density measured across the fuel pellet are pre­
sented in Table 5.7 . 

TABLE 5.7. Densities of Small Cores from Pellets 13 and 39 
of Rod 6 

Measured 
Pellet Core Density 
Number I dent it~ g/cm3 Core Location 

13 3 10.268(a) Center - radius 3 
13 7 10.906 Midradius - radius 3 
13 8 10.917 Midradius - radius 7 
13 6 10.128 Outer region - radius 3 
13 9 10.118 Outer region - radius 7 
39 1 10.238 Center - radius 1 
39 9 10.169 Midradius - radius 1 
39 10 10.198 Midradius - radius 5 
39 8 9.580(b) Outer region - radius 1 
39 7 10.068 Outer region - radius 5 

(a) When the density of this specimen was first measured it was very low 
(~8 g/cm3). It was found to have epoxy resin down one side. The value 
given above was obtained after dissolving away the resin. This value 
might be in error if all the resin was not removed. 

(b) After rechecking. 

5.7 BURNUP PROFILE ACROSS FUEL PELLET 

A U02 pellet from near the peak burnup position (pellet 14) was 
selected and prepared so that its cross section could be gamma scanned. The 
pellet was prepared by mounting in the same way as the metallographic samples, 
the prepared surface being the end of the pellet that had been towards the top 
of the rod, and by grinding the top surface flat. However, the radial gamma 

scanning exercise was unsuccessful because of the low gamma activity of the 
sample in relation to the normal background levels at the detector position. 
Thus, a series of 0.5-mm diameter cores were then removed from the sample 
using the trepanning technique described in Section 5.6. The cores were 

removed across two diameters that were at right angles to one another from 
near the surface of the pellet, at midradius position and in the center of the 
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pellet. One of the diameters selected was in line with the orientation mark 
scribed on the outside of the zircaloy cladding before cutting and in line 
with the cente~line mark on the top fitting of the rod. 

The core samples weighed about 4 mg each. This small amount of material 
limited the amount of chemical analysis and mass spectrometry that could be 
carried out on ea~n sample. The sa~ples were dissolved to complete solution 

under reflux in 8M nitric acid containing 0. 01M hydrofluoric acid . Although 

sample 2 was lost at this stage as a result of an accident, it was still pos­
sible to measure the isotopic composition of the uranium in a smal l amount of 

residual liquid that was recovered. 

The remaining samples were analyzed for uranium, plutonium and neodymium 
concentrations using isotope dilution and surface ionization mass spectrome­
try. However, the remaining samples were too small to determi ne the plutonium 

and neod~ium isotopic composition. After dissolution, known amounts of 
tracer uranium, plutonium and neodymium were added to known amounts of each 
sample solution. Standard methods of ion exchange chromatography were used to 
~eparate these three elements, which were then mounted on filaments for ther­

mal ionization mass spectrometry. From these measurements the isotopic com­
position of the uranium in each sample was calculated and these are given in 

Table 5.8. 

In addition, the ratio of plutonium to uranium, by weight, and the atom 
percent burnup from the Nd 148/U ratio were calculated. These results are 
given in Table 5.9. The results are given in the percentage ratio of total 
number of atoms fissioned to the initial total number of uranium atoms. The 
isotopic composition of an archive uo2 sample is given below. 

IsotoEe Atom Percent 

u 234 0.04 + 0.01 

u 235 10.14 + 0.05 

u 236 0.08 + 0.02 

u 238 89.74 + 0.02 
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TABLE 5.8. Uranium Isotopic Composition of S~ples Cored 
from Pellet 14 of IFA-431 Rod 6(aJ 

Atom Per Cent 
Sam(!le No. u 234 u 235 u 236 u 238 

2 0.05 + 0.01 9.67 + 0.05 0.21 + 0.02 90.07 + 0.02 
5 0.06 + 0.01 9.76+0.05 0.20 + 0.02 89.98 + 0.02 

10 0.06 + 0.01 9.73 + 0.05 0. 20 + 0.02 90.01 + 0.02 
11 0.07 + 0.01 9.66 + 0.05 0.22 + 0.02 90.05 + 0.02 
12 0.05 + 0.01 9. 71 + 0.05 0.21 + 0.02 90.03 + 0.02 
15 0.05 + 0.01 9.50 + 0.05 0.22 + 0.02 90.23 + 0.02 
17 0.06 + 0.01 9.74 + 0.05 0.20 + 0.02 90.00 + 0.02 
18 0.06 + 0.01 9.54 + 0.05 0.24 + 0.02 90.16 + 0.02 
20 0.05 + 0.01 9.67 + 0.05 0.21 +0.02 90.07 + 0.02 

The accuracy of the results given in this table is to within + one 
standard deviation • 
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TABLE 5.9. Plutonium/Uranium, Neodymium 148/Uranium Ratios and Calc~l~ted 
Burnup of Samples Cored from Pel let 14 of IFA-431, Rod 6 a 

• Pu/U Ratio Nd 148/U Ratio Atom Per Cent 
Core Number by weight by weight Burn up 

2 Sample lost due to accident at dissolution stage .. 

5 0.000489 0.0000479 0.458 
+ 0.000008 + 0.0000009 + 0.009 - -

10 0.000485 0.0000482 0.461 
+ 0.000008 + 0.0000009 + 0. 009 -

11 0.000560 0.0000616 0.589 
+ 0.000011 + 0.0000012 + 0.012 - -

12 0.000518 0.0000532 0.509 
+ 0.000010 + 0.0000010 + 0.010 
- -

15 0.000686 0.0000696 0.666 
+ 0. 000013 + 0.0000014 + 0.014 -

17 0.000632 0.0000473 0.452 
+ 0.000012 + 0.0000009 + 0.009 - -

18 0.000778 0.0000700 0.669 
+ 0.000015 + 0.0000014 + 0.014 

20 0.000528 0.0000535 0.512 
+ 0.000010 + 0.0000010 + 0. 010 

(a) The accuracy of the results given in this table is to within + one 
standard deviatio~. 

• 
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6.0 ANALYSIS OF THE POST IRRADIATION EXAMINATION RESULTS 

Analysis of the PIE results for IFA-431 showed that significant findings 
were obtained in three areas: dimensional changes, gamma scanning and burnup, 
and densification. The finding in each of these areas will be discussed in 

this section. 

6.1 DIMENSIONAL CHANGES 

The three types of dimensional change that were observed in IFA-431 are 
length, diametral ridging, and gap size. 

Length - The fuel length changes, shown in Table 6.1, were obtained by 
two different methods. In the first method, performed at Kjeller (on all six 
rods) and at Harwell (on rod number 6), the pellet stack start and end were 
observed by noting where the gamma activity in the gamma scans took a sudden 
jump. The fuel lengths for rod 6 obtained at both labs agree fairly well. 

However, this method was not very exact. 

TABLE 6 .1. Fuel Rod Length Changes 

Stack Length(a) Change in Stack Length, Change in 
Fuel Rod Original Stack (jrOSS/Zr 95 Length by Step Method Length 

Number Length 1 {mm} + Nb 95 , (lllll} {mm) (mm) (mm} 

1 574.4 575.7/575.1 +1.3/+0. 7 573.8 -0.6 
2 574.6 576.0/575.7 + 1. 4/+ 1.1 574.7 +0.1 

3 580.6 582.6/582.9 +2.0/+2.3 581.8 +1.2 

4 566.1 570.0/568.8 +3.9/+2.7 568.2 +2.1 

5 579.1 580.2/579.9 +1.1/+0.8 578.9 -0.2 
6 575.9 570.6/570.6 -5.3/-5.3 569.4 -6.5 

(a) The stack lengths and length changes given here were obtained by gamma scans performed at 
Kjeller. The gamma scans at Harwell were performed on rod 6 only. Cs 137 was used to 
measure the gross gamma activity, and Zr 95 to Nb 95 activity was also measured. Stack 
lengths of 570.25 and 570.2 were obtained with corresponding length changes of -5.65 and -5.7 • 
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In the second method, the exact fuel start and end were determined by 
using manual, single-step movement of the fuel rod in both directions while 
observing the gamma activity rate changes. 

The fuel rod lengths obtained by these methods are presented in 
Table 6.1. They indicate a small stack elongation in rods 3 and 4, and a 
strong (>1%) stack shortening in rod 6. The other changes are too small to be 

significant. Note that rod 6 is the only rod that contained unstable fuel. 

Diametral Ridging - Pre-irradiation diameter curves were fairly smooth 
with outer diameter variations of less than 10~ along the length of the rods. 
All values were very near the range of 12.780 mm to 12.782 mm. Comparing 
these values to the overall average values shown in the diameter tables of 
Appendix D shows t~at only rod 3 had a significant diameter increase on the 
order of 15~. 

All of the PIE diameter curves (Appendix D) show periodic variations in 

diameter. However, these variations are not caused by pellet-cladding mechan­
ical interaction {PCMI) or ridging since the wave length of the variations is 

not the same as the pellet length, which was 13 mm. These diameter variations 
were caused by the noncontinuous feeding action in the last tube step of the 
milling process and were also observed prior to irradiation. 

Only rod 3 showed some ridging, which was in the 360 mm area. These dia­
meter variations had a correct wave length of 13 mm and a different shape of 
narrow-pointed maxima instead of rounded ones. The height of the ridging was 
12 ~ . 

Gap Size - The gap in the irradiated f uel rods was measured by a squeeze 
test. Results of this test were presented i~ Table 4.4, and they are repro­
duced here as Table 5.2. The gap values of various rods were compared to one 

another as f~llows: 

1. Rod 6 and rod 5 - The unstable fuel structure resulted in a 70~ larger 

post irradiation gap than did the stable fuel structure. 

2. Rod 1 and rod 5 - There is little difference in the residual gap between 

high-density and low-density stable fuel. 
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3. Rod 1 and rod 2 - The large gap rod still has the largest gap after 
irradiation, although the difference between the two has decreased • 

4. Rod 4 and rod 1 - The gap decrease was greater in the xenon-filled rod 
than in the helium-filled rod. The xenon-filled rod had a higher operat­

ing temperature • 

The gap values along one rod were compared to one another. The axial gap 
dependence indicates a large gap decrease near the middle of the rod. Near 

the lower end, the lower temperature may have caused less relocation. Gap 
values near the ends of the fuel rod were erratic because of the presence of 

the hollow pellets. 

TABLE 6.2. Result of Gap Measurement (in microns) 

Axial Pin Number 
Position 2 mm 1 2 3 4 5 6 

75 195 347 72 202 288 

112 (TC) 178 260 140 226 292 

170 201 283 146 259 271 
270 181 286 15 102 192 298 

370 164 264 20 94 199 269 
470 160 268 22 110 248 291 

534 (TC) 195 309 24 109 247 277 

570 198 309 31 108 230 284 

6.2 ANALYSIS OF GAMMA SCANNING AND BURNUP DETERMINATIONS 

The axial gamma scans of the rods, which begin on page C-3, represent the 
time-averaged axial power profile over the last two months or so of the irra­
diation. Since the total irradiation time for IFA-431 was only about 7 

months, and since the axial neutron flux was undisturbed over most of the 
assembly . life, we can expect the gamma activity axial variation to be close to 
the neutron flux variation as registered by the assembly's neutron detectors. 
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Figure 6.1 shows the Kjeller gross gamma scan for rod 1: it includes the 
counts per second at both the upper and lower neutron detector positions. The 

ratio of upper to lower counts/sec is approximately 1.38 for all six rods, and 
this was also found in the gamma scan of rod 6 at Harwell. The ratio of the 
upper/lower neutron detector readings was in the range of 1.35 to 1.45 
throughout the life of the assembly. This ratio is confirmed by the axial 

gamma scans. In addition, the 11 normal 11 axial f l ux shape assumed by Halden 
between the upper/lower locations seems to be fairly well confirmed by the 
gamma scans. This is illustrated in Figure 6.1, where the normal axial flux 

shape (Figure 3.1) is superimposed on the gross gamma scan for rod 1. The end 
peaking is slight, but discernible. 

The gamma scans also give the ratio of average gamma intensity from each 
rod to the average of all six rods. This ratio should be indicative (for this 

short, stable irradiation) of the partition of assembly power among the vari­
ous rods. That partition is a function of the fuel/unit length variations 
among the rods plus the radial tilt of the neutron flux. Since the tilt 
varies from day to day throughout the assembly's life, we have compared the 
end-of-life calculated relative burnup of the rods to the relative gamma 
intensity. (a) The results are listed in Table 6.3. The agreement is very 

good. Thus, the gamma scans confirm partition of assembly power among the 

rods that was made for power and burnup calculations. 

(a) The burnup calculation represents a time integration of the tilt factor. 
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FIGURE 6.1. Element IFA-431, Pin 1, Axial Gamma Scan Channel A 

TABLE 6.3. Comparison of Relative Gamma Intensity and Relative 
Burnup for the IFA-431 Rods 

Calculated EOL(a) 
Burnup (Rod 
Average), Relative Gross Gamma 

Number MWd/MTM 
Relatire 
Burnup b) Intensit~ (Rod Average) 

1 4315 0.979 0.989 
2 4459 1.012 1.018 
3 4621 1.048 1.047 
4 4478 1.016 1.001 
5 4333 0.983 0.984 
6 4241 0.962 0. 961 

(a) Pacific Northwest Laboratory performed these end-of-life calculations. 
(b) The ratio of rod average burnup to assembly average burnup. 

The absolute connection between calculated and measured burnup can only 
be made at one point - pellet 12 from the top of the rod. At that point 
Harwell made a {pellet average) burnup determination. The pellet was dis­
solved and the isotopic concentrations of the uranium, plutonium and neodynium 
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isotopes were determined, along wi t h the Pu/U and Nd 148/U weight ratios. The 

burnup, estimated from the Nd 148/U ratio, was 0.55% (i.e . , 5.5 fissions per 
1000 initial uranium atoms) with a standard deviation of 0. 01% (3 . 6% relative • 

at 95% confidence). This can be translated to MWd/MTM units as follows: 

MWd/fission = 190 MeV 1 6021 10-19 Joules x 1.1574x1o-5 MWd fissi on x · x MeV Joule 

= 3. 5231 X 10-22 

MTM/U atom = 238 amu x 1.65x10-29 tonne = 
U atom amu 3.95x1o-27 

MWd/MTM = 0 055 fission x MWd 
· U atom fission 

MTM 
U atom = 4°05. 

The calculated peak value for rod 6 was 4914 MWd/MTM. The measured/calculated 
difference is barely significant, given the 3.6% uncertainty in the measured 
value plus the 5% uncertainty in the calculated value. Thus, the absolute 

estimation of burnup (and hence rod power ) seems well confirmed by the PIE 
burnup analysis. 

A final question in the distribution of power has to do with the volume­

tric heat generation rate as a function of radial and azimuthal position 

within the pellet. This may seem to be a fine point, but it considerably 
affects the interpretation of fuel temperature data with respect to inference 
of gap conductance, (11 ) which was one of the original objectives of the 
test. Failure to account for the 11 flux depression .. in the 10% enriched pel­

lets can lead to a 50°C (90°F) error in the estimated surface temperature 
at 30.0 kW/m, which amounts to a 15% or more error in typical conductance val­

ues. Failure to account for flux tilt across the rod has less effect on the 
calculated mean surface temperature, but the error is not insignificant. 

Accordingly, Harwell was requested to attempt the determination of radial and 

azimuthJl burnup variation. 
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There are at least two ways to determine the radial distribution of burn­
up: gamma scans across the pellet face, and burnup determination of micro-

• cores. The former is much easier and less expensive than the latter, but it 

requires gamma activity high enough to give good cou~ting statistics with 
extremely narrow collimation. Unfortunately, rod 6 of IFA-431, with low burn­
up and a 6 month cooling time prior to arrival at Harwell, just did not have 

the required gamma activity. Therefore the burnup distribution determination 

rests on the tedious process of removing ~5-mg. microcores approximately 0.5 
mm in diameter. Pellet 14 from the top of the rod was selected for this pur­

pose, and cores were taken from edge, mid-radius and center positions across 
two diameters, at right angles to one another. One of the diameters was in 

line with an orientation mark on the outside of the cladding. The locations 
of these cores are shown in Figure 6.2, which is approximately to scale. 

The cores were dissolved and analyzed for isotopic composition of the Pu, 

Nd and U. In Figure 6.2, b, c, and d show, respectively, the burnup, Pu/U 
ratio, and U 235 content of the cores. The standard deviation of the burnup 

results is approximately 0.01 atom %. 

There is evidence of a definite flux tilt across the rod as indicated in 

Figure 6.2 . The maximum edge-to-edge difference indicated is in line with the 
orientation mark and amounts to about 14%. On the other hand, the neutron 

detectors indicated a maximum flux tilt of 5-10% across the entire assembly 
for most of the irradiation, which translates to only a one or two percent 
variation across each rod . The much larger tilt evidenced here is, therefore, 
an assembly effect rather than a reactor effect. Support for such a possibil­
ity lies in some results of flux wire activation in the NORA reactor, 
Kjeller. (12 ) A copper wire was threaded laterally through a 6-rod assembly 
(directly through two fuel rods) and the assembly was irradiated in a flat 
reactor flux at low power. Figure 6.3 shows the results, which conclusively 
indicate a flux tilt of about 15% across the rods, with the higher flux at the 

• outside of the rods. From the IFA-431 assembly data package, we found that 
the orientation mark of all rods faced outward and was in line with the assem­

• bly center. Referring again to Figure 6.2b, we see that the azimuthal burnup 
distribution determined by Harwell definitely is in agreement with the NORA 

flux wire data. 
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FIGURE 6.3. Relative Flux Variation Through a Fuel Assembly 

The radial variation of burnup also agrees with our expectations. In 
Figure 6.4 we show the calculated fission rate for a 10% enriched solid pel­
let, as determined from the Battelle-revised THERMOS code( 14 ) normalized to 
1.0 at the center. Harwell data points for burnup are superimposed on the 
calculated curve. The Harwell points were averaged azimuthally and normalized 
to 1.0 at the rod center. The error bars indicate 95% (2cr) confidence inter­
vals. The agreement is good, and confirms the basic flux depression function 
used up to this point for interpreting IFA-431 data. 

6.3 DETERMINATION OF FUEL DENSIFICATION IN ROD 6 

The fuel pellets in rod 6 were deliberately made susceptible to in­
reactor densification. This was accomplished by incomplete sintering, as 
explained earlier. Resintering at 1600°C (2912°F) and 1700°C (3092°F) 
caused 2-3% increases in the theoretical density. Several techniques and 
indicators that were used to evaluate the in-reactor densification, include: 

• fuel stack shortening (from gamma scan) 

• void volume change 

• bulk fuel density checks 
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• microcore density measurements 

• SEM quantitative analysis of the pore-size distribution and the overall 

porosity 

• apparent gap size change (the Kjeller "squeeze test"). 

All of these methods show that significant densification occurred. There are 

some anomalies in densification distribution, but there is agreement on the 

overall range. 
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FIGURE 6.4. Measured and Estimated Burnup/Power Profile 
Across Pellet 14, Rod 6 
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In summary, significant in-reactor densification was confirmed for rod 6, 
in the range of 4.0 + 1.5% TO. In spite of this densification, which probably 

• occurred early in life, the fuel temperatures over the short irradiation 
(~4,000 MWd/MTM) of rod 6 remained very close to those of rod 1, which was of 

identical design and had stable, high-density fuel. 

• 

6.3.1 Fuel Stack Shortening 

The gamma scan of rod 6 at Kjeller indicated a fuel stack shortening of 

6.5 mm, or about 1.1%. If this were due to densification, and if the reduc­
tion in radius is also 1%, then the total volume reduction, and hence the den­

sification, would be 3%. 

6.3.2 Void Volume Change 

The estimated free volume in the pin before irradiation was 4.13 ml. The 

void volume measured at Harwell during rod puncture was 7.58 ml. Assuming the 
difference can all be assigned to densification, the computed densification is 
(7.98- 4.13}/51.18 = 6.7%. This is rather large, probably as a result of 
inaccuracies in the initial void volume estimate. 

6.3.3 Bulk Fuel Density Measurements 

Six pieces from the upper end of the rod (pellets 11-12) and six from the 

lower end were measured for density by immersion in carbon tetrachloride. 
Three or four measurements were performed on each piece. The mean of all 
upper location measurements was 96.2% TO and the mean of the lower position 

measurements was 96.6% TO. The density difference between the two positions 
does not appear significant, even though they operated at significantly dif­
ferent temperatures and powers. Assuming an initial density of 91.5% TO, the 
average densification in the rod appears to be 4.9% TO. 

6.3.4 Microcore Density Measurements 

An attempt was made to determine the radial distr ibution of fuel density 
from the densities of 5 mg microcores extracted from pellets 13 and 39 of 
rod 6. Cores were taken from center, mid-radius and edge positions along 2 

diameters in each pellet. The difficulty of obtaining accurate measurements 
on such small samples led to anomalous results. The mean for all 10 cores was 

93.6 + 6% TO. 
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6.3.5 SEM Analysis 

Quantitative estimates of the pore size distribution and total porosity 
have been made at PNL from micrographs of the irradiated rod 6 fuel taken at 

Harwell. A detailed description of the analysis procedure and the results 
will be in a future report. Overall densification of the fuel in the range of 
from 3% to 5% is confirmed by the SEM analysis. 

6.3.6 Apparent Change in Gap Size 

The difference in apparent end-of-life gap between rod 1 and rod 6 is 

100~. Thus the shrinkage in rod 6 is approximately 1%, and the apparent 
densification is 3%. 
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POWER HISTORIES 

Figures A-1 through A-42 show the power histories of the upper and lower 

thermocouple locations for all six rods in IFA-431. This data was collected 

by the Halden IBM/1800 on-line computer data acquisition system while IFA-431 
was being irradiated between June 1975 and February 1976. Power is plotted 

versus time for each month. The rod number for each curve appears in the 
upper left hand corner of the figure in a position relative to the curve's 
corresponding position. 

The power values were deduced from the vanadium self-powered neutron 
detector readings after applying many correction factors. These correction 
factors accounted for local mass distribution, radial flux tilt, axial flux 

shape, and burnup dependent depletion of U 235. Plutonium buildup, which was 
negligible, was not considered. In addition, the neutron detector readings 

during transient periods were not corrected for the response lag of the 
detector due to incomplete saturation of the vanadium emitter. 

Neutron detector six, which monitored the flux near the top of rods 4 and 
5, failed early in life. As discussed in the 431 Data Report( 13 ), an 

equivalent value was calculated by assuming that the upper and lower flux 
planes defined by the neutron detectors were parallel . 
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FIGURE A.30. Local Linear Heat Ratings at Lower Thermocouple Locations for 
Rods 5,6 of IFA 431 - December 1975 
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FIGURE A.32. Local Linear Heat Ratings at Lower Thermocouple Locations for 
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FIGURE A.38. Local Linear Heat Ratings at Lower Thermocouple Locations for 
Rods 1,3 of IFA 431 -February 1976 

.. . 



)> 

N 
-' 

FIGURE A.39. Local Linear Heat Ratings at Upper Thermocouple Locations for 
Rods 2,4 of IFA 431 - February 1976 
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Rods 2,4 of IFA 431 - February 1976 
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FUEL TEMPERATURE HISTORIES 

The fuel centerline temperature for the upper and lower themocouple 
locations was plotted versus time by months. These plots are included as 
Figures B-1 through B-42. This data was collected (on the Halden IBM/1800 
on-line computer data acquisition system) from all six IFA-431 rods using W 5% 
Re/W 26% Re sheathed, grounded thermocouples. As in Appendix A, the rod 
number is in the upper left hand corner of each figure. The relative position 
of the rod number on each figure corresponds to the relative position of the 
curve. 

Note that there are some anomalies between the upper and lower thermo­
couples in the same rod. This suggests that the fuel at one end of the rod 
may be relatively decoupled from the fuel at the other end . 
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GAMMA SCANS 

This appendix presents the results, for all six IFA-431 rods, of the 
gamma scans that were performed at Kjeller. Figure C-1 is the gamma spectrum 

recorded near the lower end of the fuel stack of rod 1. This was done to 
determine the highest energy peaks in the fuel rods. The average count rates 

and the axial form factors were computed during gamma scanning, and these 

results are tabulated in Tables C-1 through C-12. Figures C-2 through C-13 

are plots of the gamma scan results. Figure C-14 is a plot of the gamma 
scanning done at Harwell on rod 6. 

Note that two different energy windows were us~d in the gamma scanning at 

Kjeller. Channel A was a gross gamma scan with an energy window of 584 to 
775 KeV. The double peak of Zr 95/Nb 95 was selected for Channel B. This 

channel had an energy window of 752 to 770 KeV. The gamma activity at Harwell 
measured the energy pP.ak that resulted from Cs 137 and Z4 95/Nb 95 . 
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FIGURE C.4 Axial Gamma Scan for Rod 2, Channel A 
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FIGURE C.6 Axial Gamma Scan for Rod 3, Channel A 
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FIGURE C.7 Axial Gamma Scan for Rod 3, Channel B 
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FIGURE C.8 Axial Gamma Scan for Rod 4, Channel A 
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FIGURE C.lO Axial Gamma Scan for Rod 5, Channel A. 
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FIGURE C. 12 Axial Gamma Scan for Rod 6, Channel A 
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FIGURE C.14. Axial Gamma Scan for Cs 137 and Zr 95/Nb 95 (with Dead Time Correction) of Rod 6, IFA-431 
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TABLE C.l Gamma Scanning Results for Rod 1, Channel A 

P~OGRAM HOTROD GAMMA SCA~ ANALYSIS ON 14/09/76 

FUfL ELEMEtiT 
PIN NUMfif.~ 

ORIENTATION 
CASE NIJHBER 
fNFRc;Y CHANNEL 

~CAN TYPE 
OATE 
OPrRATOR 
SCANNING SPEED 
UNIT LENGTH 

IFA 431 
1 
II 
1 
/l 

LONGJTUDINAL GA~MA 
3/~-76 

()I_ s. 
500. M I C~ONS/SEC 

30 HUNDREDTHS OF A MM 

COLLJ~ATOR: 0.5•20•200, ~£TECT0R: C,EILJ) , BIAS: 2.3 V• AMPLIF: 16*1°2•0.62 
CHANNFL A: 5A4 - 775 KEV• CHANNEL ij: 752 - 770 K[V 

LENGTH OF FUEL ROU , INCLUDING END PELLETS = 
EXCLUDING END PELLETS ; 

fOP.t1FACTOR OlJT=>U T 

MAYl !INCLUDING ENO PEAKS) = 
~1AX2 IEXCLUDltlG F.NO PE .\KS) = 
~f11Nl ( JIICLUDJNG E.NO PELLETS) = 
I~Er.N? IEXCLUD JNG ENO PEI_I_ETSI = 
AfF 11 = t·IAX}/'1FAN1 = 1 . 31 
Affl2 :: MAX}/"!r'IIN2 :: 1. 21) 
J•fF2l = ~iAX2/'1~ AN1 = 1 • 1 s 
AFF22 = MI\X2/'1!:AN2 = 1 . 10 

ENO PEAK I NG OUTPUT 

LO~ER ENO PEAKING = 
UPPER END ~EAKINS = 

4. PERCEIH 
1:1. PERCENT 

7919.08 
6959.}9 
6066 . 37 
6302.49 

600.600 
575 . 700 

• ~ 
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TABLE C.2 Gamma Scanning Results for Rod 1, Channel B 

PPOGR~~ HOTROD GA~M/1 SCA~ ANALYSIS ON 14/09/76 

fUEL ELEME~lT 
Pllll NliMR[f~ 

ORJf.t,jTATIOIII 
CASE NUMt3£R 
f.NEHGY CHANNEL 

~CnN TYPE 
!)ATE 
OPF"RATOR 
~C11NNING SPEED 
UNIT LHJGTH 

IfA 431 
1 
n 
1 
fl 

LONGITUDINAL GAMMA 
. 3i9-76 

01 .. 5. 
500 . ~ICRONS/SEC 

30 ~UNOREOTHS Of A M~ 

COLLT~ATO~ : 0 . 5°20~200 , DETECTOR: r.E!LI), BIAS: 2.3 V• AMPLJf: 16*1 ° 2°0.62 
CHA~NfL A: 584 - 775 ~EV , CHANNEL R: 752 - 770 KfV 

LENGTH Of fUEL ROD • INCLUDING END PELLF.TS = 
EXCLUDING END ~ELLETS = 

fOPMfACTOR OUT~UT 

MAX 1 !INCLUDING [NO PE~K~) = 
"14X2 !EXCLUOIN5 ~NO ~EA~S) = 
t-'EtNl !INCLUDING f.NO PELLETS) = 
M(i\N? tEXCLUDJNf. END PELLETS) = 
Affll = MAXl/"lFANl = 1. Ofl 
Af>l2 = MAX 1 /\I~ l\N2 = l. 04 
Aff2l = MAX2/1.1f'AN1 = l . OA 
Aff22 : MAX2/'If.AN2 = 1.04 

f.Nn PEAKING OU TPUT 

LOWE~ END PEAKING = O. PERCENT 
u~>pfq END PEAKING = -9 . PERCENT 

1277.92 
}(?7~ . 1R 

1179.77 
1223.84 

600 . 000 
575 . 100 

.. -
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TABLE C.3 Gamma Scanning Results for Rod 2, Channel A 

P40GRAM HOTROU GAMMA SCA~ ANALYSIS ON 14/0Q/76 

fUF.l ELEME"'T 
P("' Nll"11:if.~ 
ORIENTATIO"' 
CASE NIJMBE~ 

ENERGY CfiANNEL 

SC~N TYPE 
OATE 
OP~'RATOR 

SCANNING S~-'EF.D 

UNtT LENGTH 

lfA 431 
? 
n 
1 

" 
LONf,JTIJOINAL GAMMA 

3/9-76 
Ot .s. 

500. MICRONS/SEC 
30 · HUNDREDTHS OF A MH 

COLLIMATOR: 0.5•20°200, ufTECTOR: r;E!Lilt BIAS: 2.3 Vo AI-IPLIF: 16*1*2*0.62 
CHANNFL A: 5~4 - 775 KEV, CdANNf::L A: 7·52 - 770 I<':V 

LENGTH OF fUEL ROO • INCLUDING END PELLETS = 
EXCLUDING END PELLETS = 

fOfiMfACTOR OliPliT 

MAXI !INCLUDING END PE~~Sl = MAX2 IEXCLllDJNG f.NO PEIII(S) = MEONl I INCLlJOING END PELLETS> = 
ME .~ N? IEXCLUDJNG END PELLETS> = 
Arf'll = MAXl/'1"'ANl = l.)i! 
AFf'12 : MAX}/"1FAN~ = 1. 211 
AfF21 = MAX2/"1f AN} = 1. 13 
AfF22 = MAX2/'1FAN2 = 1 • 1 0 

ENn PEAKING OUTPUT 

LO~Eq END PEAKJNG = 6. PlRCfNT 
liP PER END PEAKING = 14. PEJKENT 

83l}.AQ 
712/l. 51:3 
(,)09.02 
6487.05 

594.000 
576.000 

.. . 
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TABLE C.4 Gamma Scanning Results for Rod 2, Channel B 

t'ROGRAI~ HOTROD uAMMfl SCA'I ANALYSIS ON 14/0CI/76 

fUFL ELEMt.NT 
? I~ Nllllfif~ 
OJ.Ilt ~HATtON 
CA<;E NIJHHER 
fNfRGY CHANNEL 

'\CI\N TYPE 
OATE 
OPFIHTOR 
SUNNING SPEED 
tmTT LENGTH 

IFA 43) 
:> 

ll 

H 

LONGITUDINAL GAMMA 
3/?-76 

Ut S. 
~00. ~JcqONS/SEC 

30 HU~DREOTHS OF ~ ~M 

CULLTMATOR: 0,5•20•200 . DETECTOR: ~EILJ), AlAS: 2.3 Vo AMPLIF: 16°1°2*0 , 62 
C~ANN~L A: 584 - 775 Kf.Vo CHANNEL ~: 75?. - 770 KEV 

LE~GTH Of fUEL ROD , IN~LUDING ENO PELLETS = 
EXCLUDING END P[LLETS = 

FOPMFACTO~ OUPIIT 

MAY} IJNCLIJOINS f.NO PE!IK<;) :::; 

~lAX<:' CE.XCLIJI)JN:3 ENO PEI\K<;) = 
ME~"'l I INCUmiN:3 END PELLETS) :::; 

MEt.N?. !EXCLUDING END PELLETS) = 
Affll = 11AX 1/11~" AN1 = 1.06 
Affl2 :: MAX 1 /'1~ AN2 : 1.04 
Aff?.l : MAX2/'11AN1 = 1.06 
Aff22 : I~AX2/'1FAN2 : 1,04 

fNn PEAKING OUTPUT 

LO~ER END PEAKING= 1. PERCENT 
UPPEQ END PEAKJ~G = -0, PERCENT 

1277.27 
1277 . 27 
1199.76 
123).51 

594 . 300 
575.700 

.. • 
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TABLE C.5. Gamma Scanning Results for Rod 3, Channel A 

~POGRAM HOTROD GAMMA SCA~ ANALYSIS ON 14/09/76 

FUF.L ELEMENT 
PIN ~UMf3ER 

ORIENT A T1 ON 
CASE NUI~AER 
ENERGY CHANNEL 

<;Ct.N TYPE 
I)ATE 
OPC::RATOR 
SCANNING SPEED 
UNIT LENGTH 

!fA 431 
'"I 
0 
1 
II 

LONGITUDINAL GAM~A 
3/9-76 

Ot S. 
500. ~ICHONS/SEC 

30 HUNDREDTHS OF A MM 

COLLI~ATOR: 0.5*20*200, bETECTOR: ~ECLilt AlAS: 2.3 Vt AMPLif: 16*1*2*0.62 
CHANNF.L A: 5~4- 775 KEV, . CHANNEL R: 752- 770 KEV 

LENGTH Of fUEL POD , INCLUOING END PELLETS = 
EXCLUDING END PELLETS = 

fv~HFACTO~ OUT~UT 

I-IAXl <INCLUDING ENO PEAKS) = 
MAX2 <EXCLIIO I NG t:ND PUKSl = 
MEliN) <INCLUDING END PELLlTSl = 
MEIIN2 <EXCLIIOJNG ENO PELLETS) = 
Affl1 ::: MAX }/'-1• ANl ::: l.)Q 
Affl2 = ~lAX 1 /"'f AN2 = 1.31.) 
Aff21 ::: MAX2/'WAN1 ::: 1.14 
Aff22 ::: I~AX2/"'"=AN2 = 1 • 11 

ENn PEAKING OUTPUT 

LOWEQ END PEAKING = 3. PERCENT 
UPPER END PEAKING = 16. PERCENT 

898\.f>2 
1:\97.45 
648?..00 
6675.08 

601.800 
582.600 

.. . 
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TABLE C.6 Gamma Scanning Results for Rod 3, Channel B 

PROGRAM HOTROD GAMMA SCA~ ANALYSIS ON 14/0Q/76 

FUF'L ELEMf.tlT 
PIN NUMFif.H 
0~ It:: NT AT JON 
CASE NU~BER 
ENERGY CHANNEL 

SCAN TYPE 
DATE 
OPF.RATOR 
SCANNING SPEED 
UNIT LENGTH 

lfA 431 
1 
0 
l 
n 

LONG!TUOINAL GAMMA 
3/•)-76 

01.5. 
500. ~JCRONS/SEC 

30 HUNDREDTHS Of h MM 

COLLJ~ATOP: O.S•20•200t DETECTOR: GE!LIIt AlAS: 2.3 Vt AMPLIF: 16*1*2*0.62 
CHANNfL A: SA4 - 775 KEVo CHANNE~ A: 752 - 110 KEV 

LENGTH Of fUEl . ~OD , INCLUDING END PELL~TS = 
EXCLUOING END PELLETS = 

FORMF'ACTOR OUT~UT 

14AlCl !INCLUDING END PEAK~I = 
p.ti\X2 <EXCLUDING END PEAKSI = 
,_.E~Nl !INCLUDING END PELLETS) = 
ME HI? !EXCLUDING £NO Pf.LLf.TSI = 
Affl1 = MAXl/"1fAN1 = 1. or, 
AHl~ = MAXl/"'~AN2 = 1.04 
.AfF21 = t-IAX2/"11-AN1 = 1.0~ 
Aff22 = H.AX2/'I•: AN2 = 1.04 

END PEAKING OUTPUT 

LO~ER END PEAKT~G = 6. PERCENT 
UPPER ENO PEA~JNG = -32. PERCENT 

1280.82 
1~8(l.A2 
120J.fl4 
1235.97 

600.900 
582.<JOO 

., 
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TABLE C.7 Gamma Scanning Results for Rod 4, Channel A 

P~OGRAM HOTROD GAMMA SCA~ ANALYSIS ON 14/0Q/76 

fUFL ELEMENT 
PIN NUMHf.R 
ORJfNTATJOI\j 
CA5E NUMBER 
ENERGY CHANNEL 

SC.\N TYPE 
OATE 
OPI'"RATOR 
SCANNING SPEED 
UNIT LENGTH 

If A '•31 
'• 
0 
J 
.\ 

LONGITUDINAL GAMMA 
3/9-76 

Or s. 
500. ~ICRONS/SEC 

30 HUNOUEOTH~ Of A MM 

COLLIMATOR: u.S~20*200, OETEtTOR: ~E!Lllt BIAS: 2.3 v, AMPLIF: 16*1*2*0.62 
LHANNFL A: SA4 - 775 KEV. CHANNEL ~: 752 - 77ri KEV 

LENGTH Of fUEL ROO , INCLUDING END PELLETS = 
EXCLUDING END PELLETS = 

fORMFACTOR OUT~UT 

Mfl'(} CINCLUDIN5 END PEaKS) = 
MAX2 !E.XCLUOTN5 ENO PE~KSl = 
MEt.Nl C INCLUOING t:NO PELLF.:TSl = 
Mt4N2 <EXCLUDING END PELLETS> = 
AFFll = ~AX1/MFAN1 = 1.22 
AFfl;? = MAXl/"1f. AN2 = 1. 1 F\ 
AFF21 = MAX2/"11:.AN1 = 1 • 13 
Aff22 = MAX2/'1F4N2 = 1.09 

ENO PEAKING OUTP~T 

LOWEQ END PEAKING = 
IIPPEQ END PEAK J "JG = 

fl. PERCENT 
3. PERCENT 

7510.30 
6967.02 
6155.30 
6379.07 

591.400 
570.000 

.. 
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TABLE C.8 Gamma Scanning Results for Rod 4, Channel 8 

I'ROGRAM HOTROD GAMMA SCA'J ANALYSIS OtJ 14/09/76 

fUEL ELEMENT 
PJ"l NUMBER 
OPIENTATION 
CASE NUt-tBE~ 
ENERGY CHANNEL 

c;CilN TYPE 
OATE 
OPI=;RATOR 
SC-'NNJNG SPEED 
UNIT LENGTH 

IfA 431 

'• () 

t 

" 
'LONGITUDINAL GAMMA 

3/~-76 
DLS. 

500. MICRONS/SEC 
30 HUNDPEOTHS ·oF A ~M 

COLLIMATOR: O.SolQ 0 200, ~ETECTOR: r,f.(Lllo BlASt ?..3 Vo AMPLJf: 16*1*2*0.62 
~~ANNfL A: 5A4 - 775 KEV, CHANNEL q: 752 - 770 KEV 

LE~GTH Of fUEL ROO , INCLUDING END PELLFTS = 
EXCLUDING END PELLETS = 

fOOIWACTOR OUTPUT 

t-IAlCl <INCLUDING END PE~KS> = 
MU2 IE.XCLUOTNG END PEAKS) = 
M£l)N} ( JNCLtJOJ"lG END PEI_LFTSl = 
MF.:AN? <EXCLUOlNG END PELLETS> = 
AFF 11 = "'AX1/'1FAN1 ::; 1.09 
AFfl2 = ,._.AX 1 /'lr II.N2 = 1.0<=; 
AfF21 = MAX2/'1~t>.N1 ::: 1.oo 
t>.Ff22 : I~AX('/'1~ AN2 = 1.05 

ENn PEAKING OUTPUT 

LO~ER END PEAKING= 1. PERCFNT 
UPPEC? END PEAKJN(; = -3. PE~CfNT 

1284.52 
1?84.52 
1180.14 
1?26.49 

594.900 
56~.800 

• 
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TABLE C.9 Gamma Scanning Results for Rod 5, Channel A 

PQOGRAM HOTROD GAMMA SCA~ ANALYSIS ON 14/QQ/76 

FUFL fLEMEtiT 
Pit~ NUMr'!E~ 

01{IfNTATION 
CASE NUt~BER 
ENERGY CHANNEL 

SCAN TYPE 
[)ATE 
OPFRATOR 
SCANNING SPEED 
UNIT LENGTH 

If A 431 
c:: 

n 
1 
I\ 

LONGITUDINAL GAH~A 
3/Q-76 

OL S. 
500. ~1CRON~/SEC 

30 HUND~EOTHS Of A MM 

COLLIM~TOP: 0.5~20~200, ~f.TECTOR: Gf.(LJI, AlAS: 2.3 Vt AHPLIF: 16~1*2~0.62 
CHANNEL A: 584 - 775 KEV• CHANNEL q: 752 - 770 KEV 

LENGTH OF fUEL ROD , INCLUDING END PELLETS = 
EXCLUDING END PELLETS = 

FORI~F ACTOR OliPUT 

MA'C} (JNCLUOJNG fNO PE\KSI = 
MAlC2 <EXCLUDING ~NO p[,KSI = 
MEAN! < INCLUDTtiG END PELLETS I = 
ME eN;> <EXCLUOIIIIG END PELLETS! = 
Aff II = MAX1/"1~. AtJl = 1.37 
Affl2 : MAX}/'1FAN2 = 1.33 
AFF21 = MAX2/~FAN1 = 1. 13 
AFF22 : MAX2/'1FAN2 = 1.10 

ENO PEAKING OUTPUT 

LO~EQ END PEAKING = J. PERCENT 
lJPPEQ END PEAKING = 15. PERCENT 

833}.97 
6QOQ.73 
6102.Q3 
6?7}.85 

5Q7.900 
580.200 

• 
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TABLE C.lO Gamma Scanning Results for Rod 5, Channel B 

PROGRAM HOT~OD GAMMA SCA~ ANALYSIS ON 14/09 1 76 

fUF.L ELEMf.NT 
PIN NUMRf.R 
ORIENTATION 
CASE NUt<~BER 

ENERGY CHANNEL 

SCAN TYPE 
!)ATE 
OPF"RATOR 
SCANNING SPEED 
UNIT LENGTH 

lfA 431 
c:; 
1\ 

1 
A 

LONGITUDINAL GAH~A 
3/9-76 

OLS. 
500. ~tiC'RONS/SEC 

30 ~UNDREDTHS OF A MH 

COLLTMATORI 0.5*20•200, DETECTOR: GE!LI) t AlAS: 2.3 Vt AHPLIF: 16*1*2*0.62 
CHANNFL A: 5A4 - 775 KfV, CHANNEL A: 75l - 770 ~EV 

LENGTH OF FUEL ROO , INCUJOING END PELLETS = 
EXClUDING END PELLETS = 

fORMFACTOH OUT~UT 

MA~1 ( INCUHHNG END PE\KS) = 
~AX?. !EXCLUDTNG fND PEhKS) = 
MEliN} !INCLUDING END PELLETS) = 
MEhN2 IEXCLUOTNG END PELLETS) = 
AfF 11 : I'IAX1/~FAN1 = 1.10 
AfF12 = ~A.<}/'4fAN2 = 1.07 
AFF21 :: t-I .AX2/"'fAi'Jl = 1.07 
Aff22 :: MA.X2/"'tAN2 = 1.04 

EN~ PEAKING OUTPUT 

LOWER fNO PEAKING = 
UPPER END PEAKlNG = 

2. PERCENT 
3. PERCENT 

1314.16 
1274.97 
1194.25 
1225.13 

sc:n.3oo 
579.900 

, . 
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TABLE C.ll Gamma Scanning Results for Rod 6, Channel A 

~ROGRA~ 40TROD GAMMA SCA~ ANALYSIS ON 14/09/76 

FUFL ELEMt: NT 
PIN ~IJ~1!1ER 

OR IE~TATJON 
CASE NlJI~BER 

ENfRGY CHANNEL 

SCf\N TYPE 
DATE 
OPI=,"RATOR 
sc.-.NNING SPEED 
UNIT LENGTH 

lfA 431 
,:., 
(l 

1 
A 

LONGITUDINAL GAH~A 
3/C!-76 

Ot S. 
500. MICRONS/SEC 

30 HUNDREDTHS OF A HM 

COLLJIIATOR: o.so2oo200. ')ETECTOR: C.E(Lil t fHAS: 2.3 Vt M1PLIF: 16*1*2*0.62 
CHANNFL A: 584 - 775 KEV. CHANNEL A: 752 - 770 KEV 

LENGTH Of FUEL ROD • INCLUDING ENO PELLETS = 
EXCLUOING END PELLETS = 

FORMFACTOR OUT~UT 

MAq I INCLIIOIN:i END PEIIK')) = 
~-lAX? IEXCLUDINS END Pf. ~ KSl = HE.Hn IINCLUOJNG END PEt.LETS> = 
MEliN?. IEXCLUOIN:; END PELLF.:TSl = AFF11 = MAX1/\1~ AN1 = 1.27 
AFF1? = I-1AXl/'1F"AN2 = 1.22 
AfF21 : MAX2/I.IFANl = 1.14 
AFF22 = MAX2/'1f AN2 = 1 • 10 

ENn PEAKING OUTPUT 

LOWEQ END PEAKING = 
IlPPER END PEAKING = 

5. PERCENT 
9. PERCENT 

7491.10 
f-714.36 
5BH4.25 
6120.24 

596.100 
570.600 

.. • 
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TABLE C.l2 Gamma Scanning Results for Rod 6, Channel B 

~~OGRAM HOTROD GAMMA SCA~ ANALYSIS ON 14/0Q/76 

fUEL ELEMENT 
PIN WMAER 
ORIE~TATIO~ 
CASE NIJM8ER 
ENERGY CHANNEL 

'>CA~ TYPE 
OATE 
OPFRATOR 
SCANNING SPEED 
UNIT LENGTH 

IfA 431 ,., 
0 
I 
H 

LONGITUOINAL GAM~A 
3/9-76 
01. ~. 

500. HTC~ONS/SE'C 
30 HUNDQEOTHS OF A MM 

COLLTMATORt O.S•20•200t ~F.TECTOR: r.F.fLI)t BlASt 2•3 Vt AMPLif: 16*1*2*0,62 
Ct-IANNfL A: 5A4 - 775 KF.V, OtANNEL, A I 752 - 170 KF.:V 

LENGTH Of fUEL ROO , INCLUDING END PELLfTS = 
EXCLUDING F.ND PELLETS = 

fORMF'ACTOR OUPUT 

MAlt} f INCLtJD lNG £NO PE~K<;) = 
MAl(2 IE.XCUJDJNG I:.ND Pf~K<;I = 
,_.EANl IINCLUDTNG END PELLfTS) = 
MEr.N;::> <EXCLUDING END PELLETS) = 
AFF11 = ,..AX1/'1t AN1 = 1.10 
AFfl2 = MAXl/'1~AN2 = l.Ot> 
Aff21 = MAX2/"~c AN1 = 1.09 
AFF22 = MAX2/"'~AN2 = l,Oc; 

EN~ PEAKING OUTPUT 

LO~ER END PEAKING = 4, PERCENT 
IlPPE~ EI~O PEAKING = -1. PERCENT 

1?82.92 
127?. 73 
116'1.60 
1211.42 

591..400 
570.600 

• • 
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PROFILOMETRY 

The profilometry results are given i~ Tables D-1 through D-18 and 
Figures D-1 through D-24. These profilometry measurements were made at 

Kjeller. 

Three tables are presented for each fuel rod. The first table presents 
0° orientation profile information, while the second table shows 90° 
orientation profile information. Diameter information is tabulated in the 

third table for each fuel rod. 

Four plots of the results are presented for each fuel rod. The first 

figure for each rod shows the 0° and 90° orientation profiles, while the 
second figures shows the 180° and 270° orientation profile . These 180° 
and 270° orientation results were calculated by computer from the 90° 

orientation profile and the diameter data. The third and fourth figures 
present diameter plots at 0° orientation and 90° orientation, 

respectively . 
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FIGURE 0.2 Profile for Rod 1, 180° and 270° Orientation 
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FIGURE D.3 Diameter for Rod 1, 0° Orientation 
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FIGURE 0.5 Profile for Rod 2, 0° and 90° Orientation 
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FIGURE 0.6 Profile for Rod 2, 180° and 270° Orientation 

70 140 210 280 350 ~20 lf90 560 630 700 
DISTANC( FROM LOHER ~0 lMMl 



c: 
0 

.,..... 
~
 

1
0

 
~
 

c: 
Q

) 
.,..... 
s... 

0 

0 0 

N
 

"
0

 
0 

0::: 

s... 
0 
4

-s... 
Q

) 
~
 

Q
) 

E
 

10 
.,.... 
0 ....... 
0 L

iJ
 

0::: 
:::::> 
~
 

...... 
LL. 

S
9
'
l
~
 

o
s
·
z
~
 

0.8 

d "' (Jl d (J
l 

II)
 

d 
O

J 
~
 

d N
 

=
r 

d~ 
In

 

M
~
 

i ...1 
d

%
 

ID
o

 
C
'
l
~
 

"'" ""' u ~
 
-o"' 'C"'s 

C
'l 

0 ;r 
..... 

• • 



• • 

t: 
01 

0 
:r 

.,... 
~
 

res 
~
 

t: 
O

J 
.,... 
S

-
M

 
0 

:r 
0 0 m

 

N
 

"
0

 
U

l 
0 

M
 

ex: 
S

-
U

J 
0 

u
J 

4
-

~
 

-
S

-
u

J
 

O
J 

~
 

~
 

O
J 

E
 

-
res 

z 
.,... 

lJ.J 
0 

u 
co 

-
0 

M
 

U
J
 

ex: 
::::> 
(.!l 
...... 
LJ... 

;r 

-

• 
se·z ~ 

o
~
·
l
~
 

sg·z" 
o
g

·l
~
 

ss·z ~ 
S3c:fl3tH

 lliN
 

0.9 



• • 

0 

"' If)
 

c: 
0 

.,.... 
+-> 
ItS 

d 
+

J 
a

)
 

c: 
:r 

<1> 
.,.... 
~
 

0 

0 0 
0 

0"1 
"' :r 

"
0

 
c: 
ItS 

0 
%

 
0 

o
:!: 

\1
) 

('I') 
Mg 

"
0

 
0 

~
 

0::: 
z 

~
 

0 ..1
 

0 
C

)
%

 
4

-
C

D
o

 

<1> 
"'~ 

\I. 

.,.... 
tf 

4
-0 

~
 

~
 

... 
0... 

:.n 
o 

.... 
.-

o
 

0"1 
"' 

0 L&J 
0::: 
~
 

C
)
 

(..!) 
....... 

:r 
u._ 

... C
) 

• 
os· ~ 

Q
 0

. ~ 
os·o 

oo·o 
os·o-

0
0

. ~
-

IN
Pil 

N
0Ilf:H

.A
30 

0
.10 



.. 
0 

• 
o
o
·
~
 

os·o 
oo·a 

os·o-
0

0
. ~

-
O
S
'
~
-

r ll'rll 
NO lli:II.A

30 

0.11 



FIGURE D. 11 Diameter for Rod 3, 0° Orientation 
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FIGURE 0.13 Profile for Rod 4, 0° and 90° Orientation 
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FIGURE 0.14 Profile for Rod 4, 180° and 270° Orientation 
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FIGURE 0.19 Diameter fo r Rod 5, 0° Orientation 
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FIGURE 0.22 Profile for Rod 6, 180° and 270° Orientation 
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FIGURE 0. 23 Diameter for Rod 6 , 0° Ot·ient a tion 
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TABLE D.l Profile for Rod 1, 0° Orientation 

~WOGR~~ HOTROD PROFILE SCAN ANALYSIS ON 2?/09/7~ 

OUTPUT F~OM ~0~ 

TFI\ N111-lfln~ 431 
PIN 1\liJMBER 1 
CI-'ANt-.Jf.L A 

TQAN~nliCEP: OAYTPONIC D20DS• KNIFE: POLISHED SAPHIRE RODS• ? MM DIAMETER 
AXIAl. SPF."EO: 2 MM/SEC 

flATf. 2219-76 
OPERAT(lR :wEO 

(ALL flTMFNSIONS GIVf'J IN MILLI11ETWES lii~LE~S OTHEPWISE STt.TEOl 
fVfRY ?.Nn POINT TAKE'~ fOR CALCIJLATIONS 

MAXIMUM PROJECTED OEVJI\TlON 

OPIENTA.TION 

(l PEGRff.S 
9<' r'IEr.PEES 

POSIT JON 

315.;> 
3110.~ 

MAXIMUM ofAL DEVIATI~N 

OPlfNTHIO~~ 

?.?3 ()EGPEES 

POSITION 

347.!> 

MAGNITUDE 

.;:>49 
-~34 

t~AG~IITUDE 

.337 

.. • 



• ' 

0 

N 
........ 

TABLE 0.2 Profile for Rod 1, 90° Orientation 

P~OGRA~ HOTROD PROfiLE SC~N ANALYSIS ON 22/09/76 

OIITPIIT fPOM llC},! 

TFA NIIMF.IF.R 431 
r>JN NUMAF.R 1 
r:411N~f.l. B 

• 

TPAN~nUCF.R: OAYT~ONIC 0200S. KNifE: POLISHED SAPHIRE R00S• 2 MM DIAMETf.P 
AxiAl SPF.ED: 2 HM/SEC 

nhTf. 22/9-7~ 

OPERIITOR QOEO 

tALL OJMENSIONS GIVE'J IN MILLI11£TiJES UNLE'SS OTHEQWJSE STATEDI 
EVERY ?NO POINT TAKf'J FOR CALCULATIONS 

Mt.XIMtJM ' pp(}JECTED DEVIATION 

OP JENTA T JO"' POSITIO"' 

n PEC.P~ES 31A.~ 
QO nr.r.RfES 377.4 

M4XJ~UM ~EAL OEVIATI~N 

OP I fMTQ TI 01-.J POSITION 

43 f1EC.RFES 348.4 

MAGt.•I TUDE 

• ?itQ 

.;;>)c; 

i~AG:Jl TUnE 

. :n~ 

-
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N 
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TABLE 0.3 Diameter for Rod 1 

~OOijAAM HOTROO PROFILE SCA~ ANALYSt~ 0~ 22/09/7h 

VIITPIJT f~OM OIM1ETER 

TFII NlJMAf.~ 431 
PJN NUMRF."H 1 

TRAN~nUCf.R: OAYTRONIC 02005• KNifE: POLISHED SAPHlRE ROOSt 2 MM DIAMETER 
A X lAI SPF.:EO: 2 HM/St: C 

OATf. 22/9-76 
OPERilTOR ROEO 

EVERY ?NI'I POINT TAKE'J fOq CALCULI\TlONS 
!ALL OIMF.NSIONS GIVE'J IN ~ILLIMETRES UNLESS OTHEPWISC STATEOl 

POSITION OIAMETE~ MEAN OIA~ETER OV~R SECTIONS 

SF.C:TION 
0 DE~. 90 ()Eft . AOUIJI)<; 0 OEr. . 90 OEG. 

40 1?.77J\ 12.77<l 
QO 1?..779 1?.779 40 - Qij 1?.7110 1?.780 

140 12 .779 12 .7k1 90 - 140 1? . 7A1 1?.7fl0 
190 1~.7'\1 12.71i1 140 - }QI) 1?.7~2 12.7Al 
?40 12.7111 1?.781 190 - 240 1? .7qo 1?..7A3 
290 12.7~1 12.7AS ?40 - ?QQ 1?.7R) 12.7A4 
340 l?,.7A1 1?. .7J\1 ?90 - J40 1? . 7A? 1?.7A4 
)QO 12.791 12 . 7A3 340 - )Qij 12 . 7~1 1?.7A4 
440 l2.7!ll 12.7133 190 - 440 l?.7A) 1?.71'13 
490 12. 77"i 12.7/D 440 - 490 1?. .nQ 12.784 
540 12.791 12 . 7fl5 490 - S40 1? 0 779 1?.7A5 
'>()0 1?.7((} 12.7A3 '>40 - '590 1?.7>il 1?.784 
(\40 12 .7!11 1?.781) <;90 - fo40 l2.7A2 12.785 

MAXIMUM OIAI'IETER AT 0 DEC.. IS 1?..792 MM. AT PO~TTJON 176.6 MM. 
AT =JU Of.r.. I~ 1?.807 MM o AT POSITION 1<;} . 4 MM. 

Ml'III"1llM '1JAI-!ETER AT II OEG. IS 1?..776 MM. AT POSTTTON Sfl?.B MM. 
1\ T ·:Hl Of.G. J~ 1?.778 MM. AT POSITION 11l4.6 MM. 

t-'fAN 01 VIETER AT 0 DfG . I S 12.780 ~~M. 

1\T :)fl l)fG . I S 12.752 w~ . 

.. -



.. ' 

0 . 
N 
\.0 

TABLE 0.4. Profile for Rod 2, 0° Orientation 

puoGRAM HOTROD PROfiLE SCA~ ANALYSTS ON 22/09/76 

UIITPIIT f00~1 r•O~/ 

TFll lllli,..AF.:R 431 
PJN NUI-l~ER 2 
CHANI\Jfl. A 

TPAN~nltC~R: OAYTPONIC 02005• KNifE: POLISHED SAPHIRE ROOSo 2 MM DIAMETER 
AXIAl SPFf.O: 2 MM/SEC 

l"lfiTt:: ?..2/4- 76 
OPERf4TOR 'WED 

IALL OJMF.NSIONS GIVE\1 IN MILLI"1f.T,RES Ut~LESS OT,HEQWJSE ST.\TEDI 
EVE~Y ?NO POINT TAKE),! fOR CALCIILATIONS 

MAXI~I~ PROJECTED DEVIATION 

O!.!IENTATION POSIT ION 

n f'Ef.RFES 3A5.2 
QO rlEGRfES 524.q 

MA11MUM ~EAL DEVIATION 

O~IPITATION POSIT IOo..J 

4 llfGPFES 3A9.~ 

I-IAGNtTUOE 

. ?:13 

. 044 

MAGNITUDE 

. =>34 

• 
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TABLE 0.5. Profile for Rod 2, 90° Orientation 

~POGPA~ HOTROD PROFILE S:AN ANALYSIS ON 22/09/76 

Ul.ITJ.>UT f'?O"' ~Otl 

TfA Nt11113F:R 431 
PIN NUtJ.BER ?. 
C:I-!AN"lfL 8 

TDAN~0UCFR: nAYTqQNIC 0200St KNIFE: POLISHED SAPHJRE RODS, 2 MM DIAMETER 
AXIAl. SPEfO: 2 MM/SEC 

1)1\TE 2?./9-76 
OPE~ATOR ROEO 

tALL DIMENSIONS GIVE~ IN MILLIMETRES ' UNLESS OTHEPWIS£ STATED> 
fVERY i?NI) PO I NT TAKE 'l FOR CALCliLA TI ONS 

MAXJMU~ PROJECTED DEVIATION 

OPIENTATJON POSITION 

0 11fC.PFES 384.0 
QO n[()R(ES 524.6 

MAXIMUM O£AL DEVIATIOI~ 

ORIFNTATIO"J POSIT ION 

1M nEGRE:ES 388.9 

MAG~HUOE 

.?41 

.047 

MAGNITUDE 

.;:>42 

.. -: 
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TABLE 0.6 Diameter for Rod 2 

PPOGkt>M ~tOTROI> PROF"llE SCA'II ANALYSTS ON 22/09/7h 

OliTPrJT fPO,_ ni at-tETE~ 

TfA ~tJio4R~H 431 
DJN NUMP.E~ 2 

TPA4~0UCER1 OAYTRO'IIIC 02005• KNIFE: POLISHED ~APHIRE ROoS. 2 MH OIA~ETER 
AY.l At SPI:"ED I 2 HM/SEC 

nt>TE 22/Q-76 
OPERATOR ~OEO 

EVE~Y ?NO ;,OINT TAKE'' FOR CALCIILATIOIIS 
(ALL OIMfNSIONS GIVE'II IN MILLI~ETRES UNLESS OTHEPWtSE STATEOl 

POSITION nlAMfTER ~EAN OJA,_ETER OV~P SECTIONS 

SEC:TI ON 
o no. 90 nEG. 110:.JNOS 0 DF:r.. 90 DEC.. 

40 12.7~t" 12. 77A 
QO 12.795 12.7A3 40 - QO 12.7A<; 1?..7Al 

)41) 12. 7!\3 12.783 90 - )40 l2.7A3 l2.7A1 
lQO 12.70.1 12.77Q 140 - 190 l?.7R2 12.7~1 

2'·0 12.7"3 12.779 190 - ?.40 12.7A?. 1?.7AO 
?.ClU 12.779 1?.. 71H ::>40 - zqo 12.7Hl 12."fP() 
340 1?.. 77k 12 • "lA 1 ?.90 - 140 1?.779 1?.. ·1 A 1 
JQO 12.7'H 12. 7H 140 - 190 12.77Cl 1?.7A1 
440 12. 77Q 1?. 7IH 390 - 4'• 0 1?.7q(l 12.7Al 
4QI) 1?.. 77Q 12.7A3 440 - 4QO 1?.7A? 1?.7A2 
540 12.7~3 12.77Cl 490 - ')40 12.7Al 12.7A? 
c;qo 12. 7!\3 12.783 ')40 - 590 12.7R2 12.71'\) 
640 12.70.1 12.7Aft 590 - 640 12.7R3 12.7A3 

MI\.(J,.IIM n I AMETER AT 0 OEG. IS l?.B2A MM. AT POSITJON 474.0 MM. 
AT 90 DEC.. IS 1?.7Q2 ~~. ~T POSITION Q2.8 MM. 

MINIMUM ntAMETER AT 0 OEG. IS )?.77h ~M. AT PO~TTION 3?.1.2 HM. 
AT 90 OF.c;. I c; P • 11 B MM. AT POSITION 2A?..B M"'. 

MfAN 0 lAI~ETEP AT 0 DF.c;. IS 1?. 7Al MI-l. 
AT 90 ()f(j. IS 1?.780 '4M. 

• ,.. 
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TABLE 0.7. Profile for Rod 3, 0° Orientation 

PROGPftM HOTROO PROFILE SCA~ ANALYS!S ON 22/09/76 

OtiTPIJT FPO.._. qOW 

TFa ~HIIoiRFR 431 
PIN NLtMAER 3 
C:HAN'JFL A 

TPAH~OUCER: OAYTRONIC D~OOSt KNIFE: POLISH~O S~P~IRE RODS, 2 MM DIAMETER 
AXIAl SPF(O: 2 MM/SEC 

MTE 2219-76 
OPWIITOR QOEO 

I~LL DIMENSIONS GIVE~ IN MILLIMETRES UNLESS OTHE11WISE STATED) 
EVERY ?N~ POINT TAKE~ FOR CALCULATIONS . 

~~A X I MUM PROJt.CTED DE VI II Tl ON 

ORifNTATION 

0 nEGRfES 
Ql) 1)EGRfES 

POSIT JON 

303.?. 
431>.4-

Mh~JMUM ~(6L OEVIA TION 

OPlfNTATION POSiTIOt..l 

c,7 DEf.PfES 393.4· 

MAf>NITUDE 

.)09 

.44?. 

t-IAGIIITUOE 

·"12 

•-
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TABLE 0.8. Profile for Rod 3, 90° Orientation 

PPOGR~H IIOTROO PROFILE SCA~ ANALYSIS ON 22/09/76 

OUTPUT f00~1 ' !Ow 

Tffl Nll'-'f!F.:R 431 
DIN Nllt-!BfR 3 
C~IIN~IF.L A 

• 

TRAN~OUCfR: OAYTHONIC 02005• KNIFE: POLISHED SAPHIRE ROnS. 2 MM OIAMETER 
A~IAl . SP~EO: 2 MH/SEC . 

~~Tf. 22/9-76 
OPER~TOR ~OED 

C~LL DIMENSIONS GIVE~ IN ~ILLJ"ETHES UNLESS OTHEPWJSE STATED) 
EVERY ?N!) OOJNT TAKE"' FOR CALCULATIONS 

M.\Xl"1UM PROJECTED DEVIHION 

OPIENP TTO~ 

o ll(r,qfES 
QO OEr.HF.ES 

POSJTIO"' 

301.2 
4)7.!> 

HAXJ"1UM PE~L DEVIATION 

OP lENT fiT I ON POSITION 

?17 DEC.RfES 3A4.4· 

1-1ACl•Jl TUDE 

.?Q9 

.433 

I~AGNITUOE 

,4Q9 

,... 
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TABLE 0.9 Diameter for Rod 3 

P~OG~AM HOTROD PROfiLE SCA~ ANALYSIS ON 22/09/7~ 

OIITPUT fQO~ fll AHf.TER 

T FA NIJIJBF.~ 431 
D)N NUMF3ER 3 

TAAN~DUCER: OAYTRONIC D200St KNIFE: POLISHED SAPHIRE RODS• 2 MM DIAMETER 
AX lAL SPEEn: ? MM/SE C 

IHTE 2U9-7fl 
OPERATOR AOEO 

EVERY ?Nn POINT TAKE~ FOR CALCULATIONS 
!ALL OJMfNSIONS ijJVE~ IN MILLIMfTRES UNLESS OTHERWISE ST•TEOI 

POSITION DIAMETER MEAN DIAMETER OVER SECTIONS 

SfC:TION 
0 OE:;. 90 nEr.. ~OdNDS 0 DEc.. 90 OEr.. 

40 12. H? 12.788 
90 12. n:; 12.791) 40 - Qo 1?.7Q<; lc.7R9 

140 12.R02 12.790 90 - 140 1?. 7o7 1?.7A9 
140 12.191 12.790 140 - 190 1?.tH)I) 1?. (Q 1 
?40 1?..797 12.7f\f\ ]90 - 240 12. 1) 00 1?..790 
290 12.A04 12. ·rrll:l ?40 - ;>90 l2.fH\c 12.7QJ 
340 12."106 12.795 ?.90 - 340 1?.fi•13 1?.104 
)QO 1?..AOO 12.797 340 - 390 1?..11(1<.> 12.7Q7 
440 12.AO?. 12.7QO 390 - 4t.O 1?..AOl 12.794 
490 12.804 12.79) 440 - 490 1?..AOA \?.796 
540 12. n9 12.797 490 - <;40 12.1:\0~ 1?..795 
590 1?.802 12.795 <;41) - ")90 12.'HJ1 1?..797 
1)40 12.795 12.785 "i90 - 640 12.7Q9 1?..795 

MAXIMUM DIAMETER AT 0 OEG. IS 1?.R69 ~H. AT POSITION 1?4.8 ~~. 
AT 90 DEG. IS 1?..H18 MM. AT POSJTION 51Jo8 MM. 

MINIMUM ~IAMETEH AT 0 OEG. IS 12.788 ~M. AT POSTTION 647.0 MM. 
AT 90 DEG. IS 12.781 MM. AT POSITION 417.4 MM. 

~~fAN OIAMETEil AT 0 r1EG. I <; 1 ? • 80 0 MH • 
AT 90 OEG. IS 12.792 ~~~~. 

... 
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TABLE 0.10 Profile for Rod 4, 0° Orientation 

~~OC.RA~ HOTRnO PROfiLE SCA~ ANALYSTS ON 22/09/76 

UIITPIJT fDO" t ,Q~ 

TFA "111'-lf\ER 431 
PTN NIJ4A>R 4 
C.HAN'!FL A 

.. 

T~JjHI<;fliJCF.R: OAYTfJONIC D2011St I<NIFE: POLISHFD SAPHIRE RODS• ?. MM IHA1-4fTER 
AXIAl SPFEO: 2 M"'/SE.C 

nATE 2?./9-76 
OPERATOR ~OED 

(ALL nTMfNSIONS GIVf~ IN MILLIN!THES' liNLESS 'OTHERWISE STAT~Ol 
F. VERY ?Nfl ?OINT T AKE\1 FOR CALCULATIONS 

MAXIMUM PWOJECTED DEVIATION 

OP I f:I\JT liTTON 

o 0E~PfES 

QO OfnPFES 

POS ITIO~ 

:n~. o 
321.0 

14A)(!MlfM '-'EAL OEVJATIO~J 

ORH NTA TIO~ 

77 l)£nREES 

POSIT ION 

322.0 

I~AGN I TUDE 

.1}5 

.c;}t) 

MAG"liTUDE 

.c;)l 

..... 
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TABLE 0.11 Profile for Rod 4, 90° Orientation 

~~OGRAM YOTROO PROFILE SCA~ ANALYStS ON 22/09/76 

UIITPIIT fPOM 1-IQ\./ 

Tf/1 NIIMtiF:"Q 431 
PTN NUMHfR 4 
C:~-'IINI~fl H 

T~ANSOUCER: OAYT~ONIC 0200S, KNifE: POLISHFO SAPHlR~ ROOSt ? MM UIAMfTEP 
A~ IAL SPEED: 2 l-IM/SEC 

nATf 2?/9-76 
OPf.Rt•TOR P(Jf.:D 

!IILL OTM~N510NS GIVE~ IN MlLLIM~TPES U~LESS QTHE~WISE STATEOl 
EVERY ?NI) POINT TAKE'J FUR C~LCIJLATIONS 

MtXH1tJM PIWJI:::CTEO OEVIATION 

()R I f. NT/I TI ON 

0 •"'~Ef.PEES 
oo f\f.(,PffS 

POSIT ION 

332.~ 
322.? 

MIIXJI~ll"l PEAL OEVIATJ:)N 

0):11E"'T4T10N POSIT TO~ 

?57 0Er.PF.ES 323.0 

MAGNITUDE 

oll2 
• "i2) 

MAGtiiTUDE 

.s33 

~ 
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TABLE 0.12. Diameter for Rod 4 

PVOGQ~~ ~OTR0n PROfllE SCA~ ANALYSIS ON ?.?/Oq/1h 

UIITPIIT fPOt-1 niAMETER 

Jfll. NUMAf.R 431 
r.> TIll NlJ~IHfR 4 

TRA~snt~ER: OAYTRONIC D200St KNifE: POLISHFO SAPHJQE POOS, 2 MH OIAMfTE~ 
A~IAl ~PffO: ?. HM/SEC 

r.IITF: 22/q-76 
OPERATOR !WED 

FVE~Y ?N~ POINT TAKE~ FOR CALCULATIONS 
!IILL OII-IfNSIONS (>JVE~ IN MILLI't~ETI-tES UNLESS OTHf.I>WJSE STATI:::O) 

POSITION OI4METER MfAN OJA~fTER OVFR SECTIONS 

SfCTION 
0 DES • YO nfr,. AOllt·IOS 0 OEr.. 9o ot::r.. 

c.o 12.7'-2 12.7(>2 
'*0 1?..77A 12.781 40 - QO 1?.7A?. 12.7P.? 

140 l?..7~J 12.71-lJ 90 - 140 12. 17Q 1?.. 7H 
100 12.7f3f., 12.771 140 - }QO 1?..7P4 1?.. 175 
240 12.7!.\5 12.778 190 - ?40 1?.770 1?..77H 
?'-'0 12. 7'11 12.774 ?40 - 2QO 1?.7AO J?.77n 
340 12. 77h 12.78) ?.90 - J40 1?.7At 1?.77" 
300 12.7'11 12.77A 340 - 190 }?,.7Al 1?. 77n 
440 12.7'13 12.774 390 - 440 12.71'12 1?.77n 
4QO 12.791 12.779 440 - 490 12.711? 1?. 717 
51·1) 12.77<l 12.77P. ,.qo - S40 12.784 1 ?. 7AO 
soo 12.779 12.77fl 540 - <;90 12.7'10 12.782 
640 12.779 12.78) 590 - f.40 12.179 12.7P.1 

MAXII'tllM n1AI-1ETER AT 0 DE(,. IS 12.795 ~~. AT POSTTJON )'17.0 Mt-1. 

AT 90 DEG. IS 12.799 MM. AT POSITION ]I)G.6 MI-l. 

MINIMUM niAMETE~ AT 0 DEr.. IS 12.7n2 MM. AT ~OSTTTON '•0.4 M~l. 
fl.f 9il llEG. IS 12.762 ~M. •T POSTTION 40.2 MM. 

~if AN lll~METEk AT () ,)fG. IS 1?..780 "'M. 
AT 90 OEG. I~ 12.777 MM. 

• .... 
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TABLE 0.13 Profile for Rod 5, 0° Orientation 

P~Ofi~A~ HOTROD PROfiLE SCAN ANALYSTS ON 22/09/76 

OtiTPIIT fPQt.t nOW 

TfA NlJM~~R 4:11 
DIN Nfii-1HE.~ s 
C.~-'AN~.tfL A 

TRAN~OUCER: nAYTRONIC 0200S• KNifE: POLISHED S~PHIQE RODS• 2 MM DIAMETER 
A~ I AI ~PEEn: 2 MM/SEC 

n!ITE 22/9-76 
OPERATO~ QOEO 

rttl.L OlMfNSIONS GIVE~ IN MlLLl!·tf.TI<ES UNLf.SS QTHf.PWISE STI\TED) 
EllERY ?NO PO I NT TAKE \1 fOI~ CALClJLA T IONS 

M~XIMlJM PROJECTEU DEVIATION 

OP.IPITAT!O~ 

o Ofi·REES 
90 fJEtiPF;ES 

POSITION 

312.2 
161.~ 

MAXIMUM ~->EAL DEVlATlOI-1 

oo t E. NT AT I ON 

2?6 OEC.RfES 

POSITION 

27ii.5 

MAG~II TUDE 

.oA9 

.\05 

MAGI\IITUOE 

-121 

-
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TABLE 0.14 Profile for Rod 5, 90° Orientation 

PHOGRAM HOTROD PROFILE SCAN A~ALYSTS ON 22/0Q/76 

ul.IT .:>uT P~o... .:~ow 

JFA NIJI.IAfR 431 
PIN NUM~fR S 
l.f-'AN"'fl B 

•· 

TQANCOUCfR: OAYTRONIC 0200St KNIFE: POLISHED SAPHIRE RODS• 2 MM OIAMETE~ 
AXIAl. SPFF.O: 2 MM/SEC 

nATE 2?./9-76 
nPEIH' TOR ROEO 

(ALL OlMENSlONS GIVE~ IN MILLIHETRES UNLESS OTHERWISE SThTEDI 
EVERY ?.Nn POINT TAKE~ FOR CALCULATIONS 

MAKIMUM PROJECTED DE~IATION 

ORif.NT.IITION POSIT ION 

0 OEC.REES 314.2 
QO Of(.RfES 173.? 

MAXIMU~ PEAL DEVIATION 

ORifNT.IITION POSITIO~ 

48 OEGqEES 273.9 

MAGNITUDE 

ollR7 
.JOh 

MAGNITUDE 

ol?.l 

--
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TABLE 0.15 Diameter for Rod 5 

PDOGP~~ HOT~OO PROFILE SCA~ ANALY~TS ON 22/09/76 

011TPUT fiiQM f'll U1ETEP 

TfA NlJMBFR 431 
r> 1 N Nl I~I~FQ S 

TRAN~nUCER: OAYTRONIC 02005• KNifE: POLISHED SAPHIQE POOS, 2 ~M OIA~ETER 
Ax 1 AI Sf>FEI>: 2 M!.I/S£C 

nf>Tt: 2219-76 
OPERATOR ROED 

fVEPY ?Nn POINT TAKE'l FO~ CALCULATIONS 
I~LL OJMfNS IONS GIVE'l IN MILLI~ETHES UNLESS OTHE~WISE STIITEOI 

POSITION OIAMETE~ MEAN OIA~ETER OVER S~CTJONS 

'ifCTION 
0 OES. 90 nEG . HOUNOS 0 Dfr;. 9o orr.. 

'· 0 12.7q} 12.719 
oo 12.7fl3 12.77<> l.O - 90 12.7P.2 1?.7Al 

}40 1?.7q} 12.7flf, 90 - }40 12.7fl3 1?.7A2 
10(} 12 . 71U 12.78"> 140 - 190 12. "fA? 1?.7A4 
240 12. B3 12.7A1 }QO - ?40 1?.7ill li'.7Af. 
?QO 12.1'11 12.7A<; ?40 - ?90 12.7q2 J?.7A3 
340 12.7q1 12.7AS ?90 - .340 1?..7A2 1?.7f:l4 
390 12.7q) 12.78) .340 - 390 12.7A2 12.7e? 
440 12. HS 12.7A1 190 - 440 1?.7A?. )?.7A2 
400 12. Bl 12.7A1 440 - l.OO 1?.711:1 }?.7AJ 
540 12.7!H l2.7AS 490 - 540 l2.7A2 12.782 
c;oo 12.779 12.77() <;40 - <;90 1?.7Al 12.7A3 
640 12.7B1 12.785 !'90 - f-.40 12.7PO 12.7H2 

~AXI~UM nJAMETER AT 0 OEii . IS 1~.768 MM. AT POSITION 4(...4 "'~'-
AT 90 DEG. I'i 1?.792 MM. AT POSITION 20 l .4 MM. 

MTNIMIJM IHIIMETE~ AT 0 UEG. IS 12.778 MM. AT POSITION 611'>.0 MM. 
AT 90 OEG. I ~ 12.778 MM. AT POSITION 4A7.4 MM. 

MfAN OIA~If.TEH AT 0 DEr,. 1'5 1?.761 MM. 
AT YO OEG. (S 12.782 M"'• 

.: ,.... . 



.... ..... 

0 

.+::> ...... 

TABLE 0.16 Profile for Rod 6, 0° Orientation 

PPO(~PAM HOTROD PROFiLE S:::AN ANALYStS ON 2?1091 1£> 

(JIJTI-'UT f~01~ ~0111 

TFII "lii'-'AF~ 431 
P l N ~llii'BFR h 

(':HANNFL A 

... 

TRAN<:;OlJCER: flAYTPONIC D?.OOSt KNIFE: POLISHED Sb.PHIR£ ROOSt 2 MM OIAMFTEP 
AX lAt. <;Pf.EO: 2 MM/SEC 

OATE 22/9-7h 
OPE~IITOR R0£0 

t~Ll OIMFNSIONS GIVE~ IN MILLIM~TRES UNLESS OTHEUWISE STATED> 
FVERY ?N[) POINT TAI\E\J FOR CALCULATIONS 

"'IIXI~lJM PRO~ECTEU DEVIATION 

nqifNTf>TIOIII POSITION 

0 l"lfGPFES JQ}.'I 
on fi.EC,PFf:S 452.0 

MAXIMUM ofAL DEVIATION 

ORJPITATION POSITION 

;;>;>A OEGREES 430.4 

MAGtHTUOE 

.}19 
ol S6 

MAGtJI TUDE 

o?.O~ 

c"<"" 
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TABLE 0.17 Profile for Rod 6, 90° Orientation 

PPOGRA~ HOTROD PROFlLE SCAN ANALYStS ON 22/09/76 

UIITPliT Ft>O'' ;1Q1-1 

JFA NUI·'Af~ 431 
PIN Nllt1i-\F.R 6 
C~AN"lfL B 

T~AN~OUCE~: OAYTRO~IC 0200St KNIFE: POLISHED SAPHIRE ROOSt 2 MM OIAMETE~ 
AXIAl SPFEn: 2 MM/SEC 

0~TE 22/9-76 
OPERATOR ROEO 

!~LL OlMF.NSIONS GIVF.~ IN MILLittETRES UNLESS OTHEPWISE STATED) 
EVERY ?NO POINT TAKE~ FOR CALCULATIONS 

MAXI~UM PROJECTEU DEVIATION 

ORIENTJ\TtO"l 

0 fl[t;PEES 
90 flEiiRFES 

POSITIOt..l 

374.9 
44R.O 

t1AXJMIJM PEAL DEVIATION 

ORIENTHIOt..l 

SO PEiiREES 

POSITION 

422.2 

MAGNITUDE 

.137 
ol62 

1-1AGNITUOE 

o?l} 

... .. ... 
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TABLE 0.18 Diameter for Rod 6 

PuOGQAH HOTROU PROFILE SCA~ ANALYSTS ON 2?/09/76 

OtiTPliT fROM n I M1ETER 

TfA ~JU,..AFR 431 
PIN NliMSFR h 

... 

TPANSOUCEP: OAYTRONIC 02005• KNifE: POLISHED SAPHIRE ROOSt 2 MH DIAMETER 
AXIAl SPEED: 2 MH/SEC . 

n11Tt: 2219-7o 
OPE~ATOR QQ[O 

fVERY 2N" POINT TAKE~ fOR CALCULATIONS 
(ALL OIMFNSIONS RIVE~ IN MILLIMETRES UNLFSS OTHE~WISE STaTEOI 

POS TT ION OIAI~ETER MEAN OJA~ETER OVfR SECTIONS 

SfCTIOIII 
0 DEG. 90 ne:c;. 1301JN()Ci 0 DEG. 90 DER. 

40 12.7~tl 12.1713 
qo 12. no· 12.71\3 40 - 90 1?..7A9 1?.7P.3 

140 1?..7q8 12.765 90 - 140 l2.7A9 J?.7A4 
1QO 12.7~S 12.7A6 140 - lqO 12.7R7 12.7A5 
240 1?.. B~'> 12.71.\A }90 - ?.40 l?..7R7 12.7PA 
?QI) 1?.. no 12.7A6 ?.40 - ?~0 1?.7H7 12. 7A8 
340 12. H5 12.7~A ?QO - :J40 1?.7PA l?..7AA 
)QO 12.7'33 12.79() 340 - )90 1?..7AA 1?.7A9 
440 12.795 12.71\A 390 - 440 12.7~5 l?..7R9 
4QO 12.7~3 12.7115 440 - 490 12.7A4 1~- "{P.1 
540 12.795 12.7Afl 490 - 540 12.7~4 1?.786 
590 1?..785 12.7Af. 540 - <;90 1?.7A5 1?.7P.7 
t-t.o 12.7'3£\ 12.765 590 - 640 12.7tH 12.7£15 

~A~J~UM nlAMETER AT 0 DEG. IS 12.A02 MH. 4T POSITION 2?.?.6 MM. 
AT 90 OfG. IS l?.A16 M~. AT POSITION 3<;<;.2 MM. 

MINIMUM nJAMETER AT 0 OEO. IS 12.781 "~• ~T POSTTJON 512.4 MM. 
4T 90 OEG. IS 12.77A ~M. AT POSITION 40.2 MH. 

ME .AN nii\METER AT 0 OEG. IS 12.786 M~. 
AT 90 DfG. IS 1?.. 786 Mt~. 

r.-. 
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APPENDIX E 

PELLET POSITIONS 
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PELLET POSITIONS 

Pellet position numbers have been used in the discussion of the destructive 
examination done at Harwe 11. The pellet identity numbers for each position 
are given below. 

Pellet Pellet Pellet Pellet 
Position Identitr ~ Position Identity ~ 

lA) Hollow poison 35 742 Solid 
lB) (Z-half length) 36 687 " 
2 647 Hollow 37 713 " 
3 646 " 38 7~6 " 
~ 652 " 39 704 " 
s 653 " 40 740 " 
6 661 " 41 688 " 
7 641 " 42 640 Hollow 

8 649 " 43 645 " 
9 656 " 44 669 " 

10 734 Solid 45 642 " 
11 706 II 46 654 " 
12 718 " 47A) Hollow-poison 
13 745 II 47B) (2-half length) 
14 712 II 

15 748 " 
16 743 II 

17 755 " 
18 727 II 

19 701 " 
20 693 " 
21 756 II 

Z2 747 II 

23 732 " 
24 711 " 
25 i22 " 
26 731 " 
27 681 " 
28 699 II 

29 721 II 

( 30 690 II 

31 719 II 

32 733 II 

33 741 " 
34 735 II 

E.l 
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