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ABSTRACT 

- . 
A 

Fort St. Vrain (FSV) fuel element 1-0743 was irradiated in core 

location 17.04.F.06 from July 3, 1976 until February 1, 1979. The element 

experienced an average fast neutron exposure of about 0.95 x 

( E  > 29 fJ)HTGR, a time-and-volume-averaged fuel temperature i n  the vicinity 

of 680°C, fissile and fertile particle burnups of approximately 6.2% anl 

0.3%, respectively, and a total burnup of 12,210 MWd/tonne. The postirra- 

diation examination of the fuel element was performed as part o f  the Depart- 

ment of Energy (DOE) sponsored surveillance program for the FSV high- 

temperature gas-cooled reactor (HTGR). The purpose of the examination was 

to verify the acceptable performance of the element and t o  acquire in-pile 

data for verification of HTGR core design data and methods. 

n/m2 

The postirradiation examination revealed that the element was i n  

excellent condition. No cracks were observed on any of the element sur- 

faces. The structural integrity of the fuel rods was good. No evidence of 

mechanical interaction between the fuel rods and fuel body was observed. 

The performance of the TRISO fuel particles was excellent. No kernel migra- 
tion or fission product attack on the Si.C coating was detected. As a result 

of the fabrication process, there was some fuel dispersion in the buffer 

coating, but it apparently did not detrimentally affect the irradiation per- 

formance of the particles. Metallography and fission gas release measure- 

ments revealed that there was no in-pile fuel failure. 

Calculated irradiation parameters obtained with HTGR design codes were 

compared with measured data. Radial and axial power distributions, irradia- 

tion temperatures, neutron fluences, and fuel burnups were in good agreement 

with measurements. Calculated fuel rod strains were about a factor of three 

greater than were observed. In-pile failure of 0.3% for the (Th,U>C2 

fissile particles and 0.1% for the ThC2 fertile particles, primarily due 

iii 



to failure of as-manufactured defective particles, was calculated, but no 

in-pile failure was observed. This suggests that the model for failure of 

particles with as-manufactured defects is conservative. However, more com- 

parisons of calculations and in-pile data over a wider range of irradiation 

conditions are required before conclusions concerning the accuracy of HTGR 

design data and methods can be made. 

. 

An additional result of the postirradiation examination of FSV fuel 

element 1-0743 was verification of the techniques developed €or performing 
nondestructive examinations of irradiated core components in the hot service 

facility at FSV using automated surveillance equipment. 
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1 .  INTRODUCTION 

, -  

Fort St. Vrain (FSV) fuel element 1-0743 (serial number) was irradiated 
* for 174 effective full-power days ( E F T D )  in core location 17.04.F.06; it 

experienced an average fast neutron exposure of about 0.95 x 

(E > ~~~J)HTGR, a time-and-volume-averaged fuel temperature in the vicinity 

of 680°C, fissile and fertile fuel particle burnups of approximately 6 . 2 %  

and 0.3% fissions per initial heavy metal atom (FIMA), respectively, and a 
total burnup of 12,210 MWd/tonne. 

during the first refueling in February 1979. After undergoing nondestruc- 

tive examination in the hot service facility at FSV in July 1979, the ele- 

ment was shipped to General Atomic Company (GA) for extensive postirradia- 

tion examination ( P I E ) .  

n/m2 

The element was removed from the reactor 

The first part of the P I E  involved visual and metrological examinations 

of the fuel block to verify the results obtained with the metrology robot 

system at FSV (Ref. 1). Next, extensive gamma scanning of the intact fuel 

element was performed to determine the distributions of measurable radio- 

isotopes in the fuel. 
validity of gamma scanning as a method f o r  determining fuel burnup and of 

the capabilities of the gamma scan robot. This device is currently being 

developed at GA for performing gamma spectroscopic examinations of FSV fuel 
elements at FSV. 

This exercise also served as a demonstration of the 

Upon completion of the nondestructive portion of the PIE, the fuel hole 

plugs at the top of the element and the graphite containment at the bottom 

were cored and broken out, and the fuel rods were removed from the element. 

Examination of the fuel rods included visual examination, dimensional 

* Core region 17, column 4, axial layer 6 (axial layer 3 of active 
core). 
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characterization, fission gas release measurements, metallography, and 

compressive strength testing. Individual stacks of fuel rods were also 

gamma scanned to verify the results obtained from the earlier in situ scan- 

ning of the fuel. Four monitor packages containing Sic pellets, dosimetry 

wires, and UC2 particles for monitoring temperatures, neutron fluence, and 

fuel burnup were recovered from the element and subjected to analysis. The 

results of these analyses were compared with design code predictions. 

The postirradiation examinations of FSV fuel element 1-0743 at FSV and 

at GA were performed as part of the surveillance program for the FSV high- 

temperature gas-cooled reactor (HTGR) sponsored by the Department of Energy 

(DOE). The FSV surveillance program includes nondestructive and destructive 

examinations of core components from the initial core reload segments. The 
purpose of these examinations is to verify the acceptable performance of the 

components and to acquire in-pile data over a wide range of irradiation con- 

ditions for verification of HTGR design data and methods. The benefit of 

these examinations will be early identification of performance defects and 

design margins. Specific object ves of the surveillance program are given 

in Table 1-1. 

/ 
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TABLE 1-1 
OBJECTIVES OF FSV SURVEILLANCE PROGRAM 

Required Data 

General mechanical integrity 
and dimensional changes of 
fuel rods at reactor tempera- 
tures and fast neutron 
exposures 

Fuel block mechanical integ- 
rity and critical dimensions, 
including bow at several 
reactor temperatures and fast 
neutron exposures 

Fission product release rate 
from fuel rods 

Fuel rod microstructure 
P 
I 
w 

Mechanical strength of fuel 
rods 

Measured temperature, neutron 
exposure, and fuel burnup 

Objective 

To judge irradiation limit for mechanical 
integrity of fuel rods and fuel blocks, and 
to permit the extrapolation necessary for 
predicting fuel performance and confirming 
existing design data based on irradiation 
capsule experiments. 

TO judge the irradiation limit for mechan- 
ical integrity of fuel rods and fuel 
blocks, and to confirm design data and, in 
conjunction with fuel rod dimensional 
change data, permit a confident prediction 
of fuel performance 

To evaluate the validity of design data and 
confirm the limit for time-temperature- 
irradiation with regard to fission product 
release from the particles 

To judge fuel performance relative to 
kernel-coating interaction and coating 
microstructure. These data are needed for 
correlation with irradiation capsule data 
and out-of-pile data. 

To obtain knowledge of the change in 
mechanical strength of fuel rods with 
increasing neutron exposure. The relative 
integrity of the rod, and the exposure at 
which integrity may be lost, could be 
judged from this work. 

To confirm calculated temperatures, neutron 
exposures, and fuel burnup 

~ ~~ 

Postirradiation Examination Techniques 

Comparison of preirradiation and post- 
irradiation dimensional measurements, 
visual examination, comparison with pre- 
irradiation photographs 

Visual examination, comparison of pre- 
irradiation and postirradiation dimensional 
measurements 

Burn-leach test for SIC Integrity, com- 
parison of preirradiation and post- 
irradiation Kr-85m R I B  values 

Metallographic examination 

Uniaxial compression tests to failure. 
Includes irradiated fuel rods as well as 
nonirradiated historical samples 

Samples of Sic placed in fuel holes will 
provide a temperature monitor. Standard 
dosimetry wires developed for capsule 
irradiations placed in fuel holes will pro- 
vide a measure of neutron exposure. UC2 
particles placed in fuel holes will provide 
a measure of the fissile burnup. Fertile 
burnup can be determined through analysis 
of ThC2 particles from fuel rods. 



.. 
A 



2. ELEMENT DESCRIPTION 

Fuel element 1-0743 consisted of a standard H-327 graphite fuel body 

having 210 fuel holes, 6 burnable poison holes, and 108 coolant holes. The 

element (see Fig. 2-1) contained 3130 fuel rods consisting of (Th,U)C2 

TRISO* fissile particles and ThC2 TRISO fertile particles bonded together by 

a carbonaceous matrix. The fuel rods were carbonized at 1800°C in a packed 

bed of A1203 powder. The nominal dimensions of the rods were 12.5 mm 

(0.49 in.) in diameter and 29.3 m (1.94 in.) in length. Fuel rod and fuel 

particle attributes are given in Tables 2-1, 2-2, and 2-3. The element 

contained no lumped burnable poison. 

Fuel element 1-0743 was one of 32 surveillance fuel elements irradiated 

in the initial core. Surveillance elements are readily distinguished from 

nonsurveillance elements by the fiducial holes drilled in each corner of the 

block. The dimensions of these elements were accurately characterized prior 

to loading the fuel. The elements contain fuel rods which were dimension- 

ally characterized and measured for fission gas release prior to irradia- 

tion. In addition, Sic pellets, dosimetry wires, and UC2 fuel particles 
enclosed in 25.4-mm-long crucibles made of H-327 graphite are included in 

all surveillance elements to monitor temperature, neutron fluence, and fuel 

burnup. The design of the monitor packages is shown in Fig. 2-2. 

* In the TRISO particle design, a layer of Sic is sandwiched between two 
layers of high-density pyrolytic carbon, which provides a composite pressure 
vessel to retain gaseous fission products. 
barrier against the diffusion of metallic fission products and increases the 
mechanical and dimensional stability of the particle during irradiation. An 
inner low-density, or buffer, coating adjacent to the fuel kernel provides a 
void volume to accommodate fission gases and kernel swelling and, in 
addition, attenuates fission product recoils. 

The Sic coating also provides a 
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Fuel element 1-0743 contained 87 fuel rods that were dimensionally 

characterized prior to irradiation. These rods were loaded into fuel holes 

1 2 ,  4 7 ,  1 5 7 ,  1 8 9 ,  2 7 8 ,  and 285 .  The locations of these holes are shown in 

Fig. 2-3. Preirradiation fission gas release measurements were made on a 

group of five rods, four of which were loaded into the fuel element. (The 

fifth rod was placed in permanent storage as a historical sample.) The 

four rods were situated in fuel stacks 4 7 ,  1 5 7 ,  2 7 8 ,  and 285 .  The element 

included four monitor packages located in fuel stacks 12 and 278.  The 

axial locations of the fuel rods measured for fission gas release prior to 

irradiation and of the monitor packages are shown in Fig. 2-4 .  The preir- 

radiation dimensional measurements for the fuel block are shown in Figs. 2-5 

and 2-6. 
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TABLE 2-1 
PREIRRADIATION FUEL ROD ATTRIBUTES FOR FSV FUEL ELEMENT 1-0743 

Fuel blend type : CR-18-1-0165-1 

Preirradiation fission gas release, 
Kr-85m at 1100°C: 

Fraction exposed fuel after burning rod(a) 

U: 
Th: 

1.3 10-4 

7.1 10-3 
5.2 10-3 

Thorium contamination: (b) 5 . 9  10-5 

Heavy metal loadings 

U: 
Th: 

Impurities (ppm) 

B :  
Fe : 
S: 
Ti : 
V: 
Re s i du a 1 h yd r o ge n : 
Residual a s h :  
H20 : 
c1: 

0.148 g/rod 
4.082 g/rod 

2 
80 
280 
40 
40 
100 
2053 
1 
--(c> 

Firing temperature:(d) -- 

(a)Determined by burn leach test; value indicates broken Sic 

(b)Determined by hydrolysis test; value indicates exposed Th. 

(C)(--)denotes no available data. 

(d)Final heat treatment. 

layer. 

n 
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TABLE 2-2 
FISSILE FUEL PARTICLE ATTRIBUTES FOR FSV FUEL ELEMENT 1-0743 

Coated particle batch number: CU-6A-3036C, -6045C, -6054C 

Kernel type: (4Th,U)C2 
Kernel nominal diameter: 

Particle type: TRISO 

As-manufactured coating parameters 

100 to 175 ~ ( a )  

Mean thickness: 

Buffer : 
IPyC : 
Sic: 
OPyC : 
Total: 

56.3 f 12.0 pm 
25.4 2 4.5 w 
24.4 k 3.1 m 
33.2 * 6.5 m 
139.3 pm 

OPyC density: 

OPYC BAF: ( b )  

Sic density 

Total particle properties: 

1.83 f 0.050 g/cm3 

1.114 -+ 0.013 

3.20 k 0.006 g/cm3 

Diameter: 
Density : 
% u: 
% Th: 

379 to 454 w 
2.37 g/cm3 
4 .072 
16.711 

(a)Nominal ranges are reference values and are not an inspection 

(b)Bacon anisotropy factor, relative units. 

requirement. 

2-4 



TABLE 2-3 
FERTILE FVEL PARTICLE ATTEtIBUTES FOR FSV FUEL ELEMENT 1-0743 

Coated particle batch number 

Kernel type 

Kernel nominal diameter 

Particle type 

As-manufactured coating parameters 

Mean thickness 

Buffer 

Sic 

Total 

I PyC 

OPyC 

OPyC density 

OPYC BAF(~) 

Sic density 

Total particle properties 

Diameter 
Density 
% U  
% Th 

Fertile A 

CT-6A-1 lOlC 

Thc2 
300 to 410 ~ ( a )  

TRISO 

52.5 f 13.1 pm 
29.6 f 7.8 pm 
25.6 4 3.8 rn 
42.7 f 10.3 p~ 
150.4 pm 

1.773 f 0.086 g/cm3 
1.14 * 0.035 
3.19 2 0.016 g/cm3 

601 to 711 pm 
3.17 g/crn3 
0 
45.32 

Fertile B 

CT-6B-0127C 

Thc2 
410 to 500 pm(a) 

TRISO 

56.7 f 14.9 pm 
33.8 f 8.0 pm 
26.4 f 4.5 pm 
44.0 f 8.3 
160.9 pm 

1.799 f 0.037 g/cm3 

1.16 f 0.039 

3.19 f 0.016 g/cm3 

732 to 822 pm 
3.45 g/cm3 
0 
51.97 

(a)Norninal ranges are reference values and are not an inspection 

(b)Bacon anisotropy factor, relative units. 

requirement. 

A 
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L A  

COO LANT 
CHANNEL 
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STACK 
LENGTH = 
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\ 
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SECTION A - A ' DOWEL 
SOCKET 

Fig .  2-1. FSV f u e l  element 1-0743 
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0 = STACK OF PRECHARACTERIZED RODS 

Fig.  2-3. Top view of FSV f u e l  element 1-0743 showing l o c a t i o n s  of f u e l  
h o l e s  c o n t a i n i n g  p r e c h a r a c t e r i z e d  f u e l  rods  
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210 

FG R 
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Fig.  2-4. Loca t ions  of f u e l  r o d s  which underwent p r e i r r a d i a t i o n  f i s s i o n  
gas release measurement and of monitor packages i n  FSV fue l  
element 1-0743 
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3. IRRADIATION CONDITIONS 

3.1. IRRADIATION HISTORY 

Fort St. Vrain fuel element 1-0743 was irradiated in core location 

17.04.F.06 from July 3, 1976 until February 1, 1979. During this time, the 

cumulative core power was 146,500 MWd. The reactor was at significant power 

0 1 0  MW) for aproximately 500 days, and the average reactor power was about 

293 MW (35% power). In terms of EFPD, the irradiation time was 174 days. * 

The irradiation history of the element has been simulated using the 

following HTGR design codes: 

GAUGE (Ref. 2): a two-.dimensional, four-group neutron diffusion and 

core depletion code. GAUGE treats the core as a single layer and 

calculates nuclide densities as a function of time and radial core 

location. 

GATT (Ref. 3): a three-dimensional, four-group neutron diffusion and. 
core depletion code. GATT calculates nuclide densities as a function 

o f  time and axial and radial core location. 

FEVER (Ref. 4): a one-dimensional, multigroup neutron diffusion and 

depletion program for calculating nuclide densities as a function of 

axial core ,location. 

An EFPD is the equivalent of 1 day of operation at full power * 
(842 MW). 
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BUG-2 (Ref. 5): a two-dimensional, multigroup neutron diffusion and 

depletion program for calculating nuclide densities as a function of 

axial core location for fuel assemblies influenced by partially 

inserted control rods. 

SURVEY (Ref. 6): a computer program for the thermal and fuel 

performance analysis of HTGR fuel elements. 

form coarse mesh survey analyses for large numbers of spatial posi- 

tions, calculating a time history of the irradiation conditions and 

fuel performance for each space point. SURVEY calculations are based 

on radial power distributions obtained from GAUGE and axial power 

distributions obtained from FEVER and BUG-2. 

The code is used to per- 

SURVEY/STRESS (Ref. 7): a computer program for calculating stresses, 

strains, and deformations in a large HTGR fuel block using viscoelastic 

beam theory. The code employs a relatively simple model and is used to 

survey an entire core to identify elements with high stresses. Once 

identified, these elements are subjected to more rigorous analyses 

using codes which employ more complex models. The irradiation condi- 

tions used in the stress calculations are obtained from SURVEY. 

The reactor operating power is logged on an hourly basis. However, 

because of the numerous changes in power during cycle 1, an analysis of the 

actual power history would be prohibitively expensive. Consequently, the 

power history for cycle 1 was reduced to 335 time intervals of approximately 

uniform power. 

this "detailed" power history. A SURVEY analysis of selected elements, 
including fuel element 1-0743, was then performed based on the GAUGE 

results. The number of time intervals was further reduced from 335 to 36 

representative time intervals for this analysis. The power history for the 

SURVEY analysis is shown in Fig. 3-1. Finally, a SURVEY/STRESS analysis was 

performed based on the SURVEY results. In GAUGE, SURVEY, and SURVEY/ STRESS 

analyses, calculations are performed at seven radial locations per element, 

as shown in Fig. 3-2. 

Cycle 1 operation was simulated with the GAUGE code using 
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In addition to the detailed GAUGE analysis, a three-dimensional burnup 

analysis of cycle 1 was performed using GATT. The primary objective was to 

obtain the fuel accountability for the segment 1 fuel elements. Power dis- 

tributions, neutron fluences, and fuel burnup were also obtained. Because 

of the great expense of running GATT, the power history had to be reduced to 

a relatively few time intervals. For the GATT analysis, described in Ref. 

8, cycle 1 was represented by 11 time intervals. 

A second GAUGE analysis of cycle 1, based on the 11-time-interval power 
history, and a FEVER code analysis, specifically for fuel element 1-0743, 

were also performed (Ref. 9). SURVEY code analyses based on the results of 

these analyses and the results from GATT were not performed. 

Envelope and time-averaged temperatures calculated for fuel element 

1-0743 are given in Tables 3-1 through 3-8. Fast neutron fluences are shown 

in Table 3-9. The time- and volume-averaged graphite and fuel temperatures 

for the element were 646°C and 680"C, respectively. The maximum fuel temp- 

erature experienced by the element was 935°C. The element average fast neu- 

tron fluence was 0.95 x 1025 n/n2 ( E  > 29 fJ)HTGR, and the maximum fast flu- 

ence was 1.1 x 1025 n/m2 (E > 29 fJ)HTGR. 
lowest on the side of the element adjacent to the central column of region 

17 and highest on the opposite side. 
and lowest time-averaged graphite and fuel temperatures in the element are 

68" and 70°C, respectively. The difference between .the highest and lowest 

fast fluence is 0.28 x 1025 n/m2 (E > 29 fJ)HTGR. The fissile and fertile 

burnups remained approximately constant over the length of the element and 

were 6 . 2 %  and 0.3% FIMA. Fuel burnups were not computed as a function of 

radial location. 

Temperatures and fluences were 

The differences between the highest 

The aboke results were obtained from the SURVEY-detailed GAUGE 

analysis. The fuel accountability for element 1-0743 (obtained from GATT) 

is given in Table 3-10. 
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3.2. POWER DISTRIBUTION MEASUREMENTS 

As part of the PIE of FSV surveillance element 01-0743, extensive gamma 

scanning was performed to determine the relative distributions of measurable 

radioisotopes in the fuel. These data provide information on the power dis- 

tribution in the element during irradiation and can be used to verify 

nuclear design calculations and to better define the nuclear and thermal 

parameters corresponding to observed materials performance. 

Of particular value are the measured Cs-137 and Zr-95 distributions. 

Since Cs-137 is a direct-yield isotope from the fission of U-235 and U-233 

and has a half-life (30 yr) far greater than the irradiation period for the 

element, the Cs-137 distribution is representative of the time-averaged 
power distribution, providing that significant quantities of Cs-137 did not 

escape from the fuel. This can reasonably be assumed to be the case, since 

the element contained all-TRISO fuel and experienced relatively low temper- 

ature (<~ooo~c) and neutron exposure [-1.0 x 1025 n/m2 (E  > 29 ~J)HTGRI. 
Zr-95 is also a direct-yield isotope from the fission of U-235 and U-233 but 

has a half-life of only 65.5 days. The Zr-95 distribution is therefore 

representative of the power distribution at end of life (EOL). 

A brief discussion of how the gamma scanning was performed is presented 

below. The measured Cs-137 and Zr-95 distributions are then presented and 

compared with predicted power distributions. 

segment 1 fuel rods are also discussed. 

Homogeneity data obtained for 

3.2.1. Description of Gamma Scanning System 

The gamma scanning system consists of a robotic device that accurately 

positions the fuel element in front of a collimator aligned with an out- 

of-cell high-resolution Ge(Li) detector. The signal from the detector is 

sent to a Nuclear Data (ND) 6620 data acquisition system and to a single- 
channel analyzer (SCA)-ratemeter-recorder system. 

collects the spectra and stores them on a disk, where they are later 

The ND 6620 system 
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accessed and analyzed by various spectral analysis programs. The SCA- 

ratemeter-recorder system monitors and traces the Cs-137 distribution. A 

collimator constructed of aluminum and having a length of 1759 mm and a 

15.9 x 12.7 m cross-sectional opening is used for all gamma scanning. An 

overview of the system is shown in Fig. 3-3. 

The in situ gamma spectroscopic examination of FSV surveillance element 

01-0743 was performed using three basic scanning geometries. These geome- 

tries, which are referred to as the axial corner, axial side-face, and end- 

on scanning geometries, are shown in Figs. 3-4, 3-5, and 3-6, respectively. 

Axial scanning was performed as the fuel block was moved slowly past 

the collimator. Spectra were acquired at intervals approximately equal to 

the length of a fuel rod. The acquisition times for an axial corner scan 

and for a side-face scan (one rod length per scan) were approximately 8 and 

5 min, respectively. The length of the block was scanned a total of 15 

times, 9 times via the side-face scaning geometry and 6 times via the corner 

scanning geometry. Each end-on scan was obtained by summing a series of 

static scans that traversed the cross section of the fuel stack under obser- 

vation. The acquisition time for an end-on scan was approximately 6 min. 

End-on scans of 70 fuel stacks were acquired. The end-on scans were per- 

formed with the bottom of the block facing the detector. All in situ gamma 

scanning was performed in an automated mode under the direction of the ND 
6620 computer. 

3.2.2. Radial Power Distributions 

The normalized radial distributions of Cs-137 and Zr-95 in FSV 

surveillance element 01-0743 are shown in Figs. 3-7 and 3-8. The Cs-137 

distribution is compared with calculated time-averaged power distributions 

in Table 3-11 and the Zr-95 distribution with calculated radial power dis- 

tributions at EOL in Table 3-12. Little intrablock tilting in the radial 

power distribution was calculated and little was observed. For time- 

averaged power the maximum observed tilt (difference between the 
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highest and lowest relative power factor) was 9%, and the maximum calculated 

tilts were 13% for the SURVEY-detailed GAUGE analysis and 4% for the 11- 
time-interval GAUGE analysis. The reason for the relatively large differ- 

ence in the calculated tilts has not been determined. At EOL, the maximum 
observed tilt was 8% and the calculated tilts were 4% for the SURVEY- 

detailed GAUGE analysis, 3% for the GATT analysis, and 4% for the ll-time- 
interval GAUGE analysis. The agreement between calculated and measured 

local-to-block average power factors was within 7.5% for all local points. 
This is well within the f10% uncertainty (la) generally quoted for GAUGE 

calculations and confirmed in Ref. 10. 

3.2.3. Axial Power Distributions 

Measured and calculated axial power distributions for fuel element 

1-0743 are shown in Figs. 3-9 (time averaged) and 3-10 (EOL). The measured 

profiles are normalized Cs-137 and Zr-95 profiles obtained by averaging the 
results of six axial side-face scans. A cross-sectional view of the portion 

of the element observed by these scans is shown in Fig. 3-11. The 

calculated profiles were otained with the FEVER code. 

The agreement between the measured and calculated profiles at EOL 5 s  

excellent. The time-averaged profiles are also in good agreement except 

near the bottom of the element, where the disagreement approaches 10%. The 

reason for the discrepancy near the bottom of the element is that the FEVER 

model cannot account for the control rod in region 34, which was partially 

inserted during much of cycle 1. 
trol rod was to tilt the axial power distribution toward the bottom of the 

element. At EOL the rod was nearly withdrawn, so its influence on the axial 

power distribution was minimal. 

between the measured and calculated power profiles at EOL. 

The effect of this partially inserted con- 

This explains the improved agreement 
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3.2.4. Fuel Rod Homogeneity 

The distribution of Cs-137 and other measured radioisotopes along the 

length of individual fuel rods was observed to be markedly U-shaped, with 

the activity near the ends being almost twice the activity in the middle for 

. many of the rods. A portion of a typical Cs-137 trace for an axial scan is 

shown in Fig. 3-12. Nearly all rods were observed to have this U-shaped 

profile, suggesting a manufacturing process that tended to segregate the 

fissile particles toward the ends of the rods. This has been confirmed via 

gamma scanning of unirradiated fuel (Ref. ll), which showed the U-235 dis- 

tribution in segment 1 fuel rods to have the same shape as the cs-137 

distribution. 

3.3. FLUENCE MEASUREbENTS 

Three types of dosimeters were included in the monitor packages 
, 

irradiated in fuel element 1-0743: V-Co and pure V wires for neasuring the 

thermal neutron fluence and V-Fe wires for measuring the fast neutron flu- 

ence. The reactions of interest for the dosimeters are listed in Table 3- 

13. All dosimeters were recovered from the four monitor packages and sub- 

mitted for gamma ray analysis. The measured activities for the radion- 
u c l i d e s  of interest  w e r e  back-decayed to EOL and  u s e d  t o  compute the fast 

and thermal fluences for each monitor location. The cross sections used in 

the calculations were obtained from Ref. 12 and are listed in Table 3-14. 

Measured fluences are compared with predictions in Table 3-15. The 

predicted fluences were obtained from the SURVEY-detailed GAUGE, GATT, and 

11-time-interval GAUGE analyses of cycle 1. The agreement between measured 

and calculated fast fluences is excellent (within 6% for all comparisons). 

The agreement between measured and calculated thermal fluences is not as 

good. The predicted thermal fluence is 11.9% smaller than the thermal flu- 

ence determined from the V-Co dosimeters and 39.9% greater than the fluence 
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determined from the pure V dosimeters. The fluence established from the V 
dosimeters is believed to be in error, but it is not certain at this time 

whether the error is due to using the wrong cross section for the 

51V(~,y)52V reaction or to a defect in the technique for measuring the 52Cr 

resulting from the 8 decay of 52V. 

3.4. TEMPERATURE MEASUREMENTS 

Irradiation of Sic produces a small increase in macrodimensions which 

is related to the irradiation temperature. Postirradiation annealing at 

progressively higher temperatures causes no change to occur in the Sic until 

a critical temperature is reached, after which the length decreases as the 

irradiation damaged is annealed out. This decrease in length is 
approximately linear with increasing temperature. The critical temperature, 

which is determined from the intersection of the regression lines for the 

two essentially linear portions of the annealing curve, is related to the 

irradiation temperature. 

Irradiation temperatures for the four Sic pellets recovered from the 

monitor packages were determined via isochronal annealing. The pellets were 

annealed for a period of about 1 hr at temperatures from 200" to 1100°C in 

50°C increments. 

3-13. 

intersection temperatures using the calibration curve for Sic temperature 

monitors presented in Ref. 13. 

The annealing curves for the Sic pellets are shown in Fig. 

Irradiation temperatures were determined from the annealing curve 

A comparison of measured and calculated temperatures for the monitors 

is made in Table 3-16. The measured temperatures are assumed to be approxi- 

mately represehtative of temperatures during periods of higher reactor power 

operation shortly before shutdown. This is thought to be the case since 

irradiation damage accumulated at low temperatures would have been annealed 

out at the relatively high temperatures experienced by the samples during 

these periods, and since the.period of lower power (and temperature) opera- 

tion just prior to shutdown was too short for a significant accumulation of 
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low-temperature-related irradiation damage. The core power over the last 

-2 x 1020 n/cm2 (E > ~ ~ ~ J ) H T G R  is shown in Fig. 3-14. 

eratures were obtained from SURVEY-calculated peak fuel and coolant tempera- 

tures at the axial locations of neighboring fuel rods using a factor 

obtained with the TAC-2D (Ref. 14) code. 

* Calculated temp- 

** 

The calculated temperature for each temperature monitor was approxi- 

mately 25°C greater than the measured temperature. 

culated temperature was within the 95% confidence limits for the measured 

temperature. 

In all cases, the cal- 

3.5. BURNUP MEASUREMENTS 

UC2 fissile particles from three of the four monitor packages and ThC2 

fertile particles obtained from neighboring fuel rods were submitted for 

burnup analysis. The fissile particles were analyzed using (1)' a radio- 

chemistry method employing Cs-137 as a burnup monitor and (2) a mass spec- 

trometric method in which burnup was determined from changes in uranium is0 

topic composition. The fertile particles were analyzed using a method in 

which the thorium content in the particles was deduced from the Pa-233 

activity following a short irradiation iu the TRIGA test reactor. The 

details of the analyses are provided in Appendix A. The results of the 
analyses are summarized in Table 3-17. The composite burnups for the 

(Th,LJ>C2 fissile particle and for the total fuel have been calculated from 

the fissile and fertile burnups using the equation 

Fc = F5 X + F3 ( 1  - X) , 

where F, = composite burnup, 

F5 = fissile burnup from analyses of UC2 particles, 

F3 = fertile burnup from analyses of ThC2 particles, 

. * The power history shown is from the 335 time interval history used for 
the "detailed" GAUGE analysis of FSV cycle 1 .  The hour-by-hour power 
history exhibited far more variations in power. ** 

Tc = Tcoolant + f (Tfuel - Tcoolant); f = 0.62. 
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and 

0 
U 

Uo + Tho x =  9 

w?iere Uo = appropriate initial uranium loading (atoms), 

Tho = appropriate initial thorium loading (atoms). 

Initial heavy metal loadings were obtained from the fuel accountability 

(Table 3-10). 

In addition to the above burnup analyses, fuel burnup was also measured 

via gamma spectrometry. As part of the gamma spectroscopic examination of 
the intact fuel element (see Section 3 . 2 ) ,  all six pairs of fuel stacks 

occupying the corner fuel holes were scanned. Later, upon removal of the 

fuel from the element, each of these 12 fuzl stacks was scanned individ- 

ually. The stacks were placed in thin-walled plexiglass tubes and scanned 

rod-by-rod as they were moved slowly past the collimator. Absolute calibra- 

tion of the gamma scanning system using a Cs-137 standard permitted fuel 
burnup to be determined for the fuel stacks. Burnup data obtained from 

gamma spectrometry are presented in Table 3-18. Since gamma spectrometry 

cannot distinguish between the components of an aggregate sample, only the 

composite burnup for the aggregate (in this case, fuel rods) was determined. 

However, the composite burnup could be divided into fissile and fertile par- 

ticle burnup if the fraction of fissions occurring in each type of particle 

were accurately known from some other source. 

Examination of the burnups determined by gamma spectroscopy and by 

destructive techniques yields the following conclusions: 

1. The relative difference between the burnups determined from the 

gamma scanning of single fuel stacks after removal from the 

. 

c 
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. element and the burnups determined from scanning of the fuel while 

still in the element is +5.6% ( l a )  with a bias of 1.9%. The bias 

is not statistically significant. 

2. The relative difference between the element average composite 

burnup determined from gamma spectrometry (1.38%) and from 

destructive measurements (1.42% f 0 . 0 3 % )  is 2.8% 2.1% (la). 

These results are important because they verify the calibration of the 

gamma scanning system and demonstrate the validity of gamma scanning as a 

means of inexpensively acquiring data for fuel burnup (and therefore power 

generation) in an HTGR fuel element. As part of the FSV surveillance pro- 
gram, gamma spectrometric examinations of irradiated fuel elements in the 

hot service facility at FSV are planned after each reload, starting with 
reload 3 .  These examinations will be performed using a gamma scan robot 

system currently being developed at GA. This system was successfully 

employed, in a preliminary state of development, to examine fuel element 

1-0743 in the hot cell at GA. 

Measured and calculated element average burnups for fuel element 1-0743 

are compared in Table 3-19. The relative differences between calculated and 

measured composite burnups (indicative of total power generation) are 
-3.5% * 2.0%* (la) for the SURVEY-detailed GAUGE analysis, -9.9% 2 1.9% (10) 

for the GATT analysis, and -17.6% f 1.7% (la) for burnups calculated using 

fluxes from the FEVER analysis. In each case, the fissile particle burnup 

is somewhat better predicted than the fertile particle burnup. 

A comparison of measured and calculated uranium isotopic concentrations 
in the UC2 fissile particles irradiated in the burnup monitors is given in 

Table 3-20. The U-234 and U-235 concentrations are slightly overpredicted 

* The uncertainties in the relative differences are based on the 
measurement uncertainties only. The relative difference is given by 
(Calc - Meas)/Meas, so a negative value means that the calculated burnup is 
less than the measured burnup. 

3-11 



and the U-236 and U-238 concentrations are underpredicted. This result is 

as expected, since it has already been observed that the burnup was 

underpredicted. 

. 
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DISTANCE FROM BOTTOM 
OF ELEMENT (MM) 

793. 
595. 
396. 
198. 

" 
'J 

ME AN 396 e 

RMS 

TABLE 3-2 
ENVELOPE AND TIME-AVERAGED TEMPERATURES FOR FSV FUEL ELEMENT 1-0743 

SURVEY LOCAL POINT 

TEMPERATURE ENVELOPE 

T I M E  UEIGHTEO I R R A D I A T I O N  TEMPERATURES 

DISTANCE FROM BOTTOM M A X  A VG P I N  M A X  ( b )  H I N ( b )  
OF ELEMENT FUEL p r s  FUEL RHS FUEL RMS GRAP R H S  ::ijb) R M S  GRAP R M S  C O O L ( c )  RHS 

793. 646. 71. 6 35. 66 623. 61. 606 0 53. 601. 50 596 47. 4 7 2 .  27 
5 s 5 .  672. 7 3. 6 69. 67 649. 6 2 .  631 55 626. 52 621. 99. 494. 29 
396 695. 7 3. 683. 68 671. 6 3 .  653 56 649. 53. 644, 50 517. 30. 
198.  716. 7 4 .  705. 69 693. 64 615 57. 671. 54. 666. 51. 539. 32 

( M M  I I C I  I C 1  I C l  ( C  1 I C  I f t l  I CI t C b  I C  I ( C  1 ( C I  I C )  ( C l  ( C 1  

C. 741. 7 5 .  729. 70 71 7. 65. 7ro . 58. 695. 56 691. 53. 562 0 34 0 

PMS I X I r CRHS 3 3 .  8 C .  33. 76 3 3. 71. 33 . 65. 33. 62 33. 60. 32. 44 

_----__-___--_______--------- _------------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PEAN,RMSt 1 I 396 694. 73. 682 .  68 6 7 1 .  63. 653- 56 648. 53. 643. SO. 517. 30 e 

(a) SEE FIG. 3-2 
(b) GRAP = GRAPHITE 
(c)  COOL - COOLANT 
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TABLE 3-6 
ENVELOPE AND TIME-AVERAGED TEMPERATURES FOR FSV FUEL ELEMENT 1-0743 

SURVEY LOCAL POINT 

TEMPERATURE ENVELOPE 

DISTANCE FROM BOTTOM 
OF ELEMENT (MM) PAXIMUM F U E L I C I  MINIMUM F U E L I C I  MAXIMUM G R L P H I T E I C )  H I M l H U M  G R A P H I T E f C l  

7 9 3 .  7 5 9 .  5 2 5 .  7 2 4 .  5 0 6 .  
5 9 5 .  793.  5 4  3. 7 6 4  5 2 4  
3 9 6  825 5 5 9 .  803. 5 4 0 .  
1 9 8  856 5 7 4 .  8 4 2 .  5 5 6 .  
0. 893.  5 9 2 .  8 8 4 .  5 7 3 .  

M E  b Y  3 9 6  e 

QHS 
825 

4 7 .  
5 5 9 .  

2 3. 
8 0 4 .  

5 6 .  
540. 

23.  

w 
I 
Y 

T I M E  UEIGHTED I R R A D I A T I O N  TEMPERATURES 

DISTANCE FROM BOTTOM M A X  A VG H I N  M d X  (b) b V G  (b) R n S  M I N  (b) 
OF ELEMENT FUEL R M S  FUEL R n  s FUEL R M S  G R A  P R M S  GRAP GRAP RMS COOL(c) R M S  

It-” I I C 1  f C 1  I C )  I C )  ( C  I I C )  t C 1  (C) (CI I C 1  I C 1  I C )  f C  1 t c  I 
7 0 3 .  6 6 5 .  6 5 .  6 5 4 .  6 0  6 4 2 .  5 6  624 5 0  6 1 8 .  4 8 .  6 1 3 .  45 .  4 8 2 .  2 8 .  
5 9 s  . 6 9 3 .  6 6 .  6 8 1 .  6 2  6 6 9 .  5 8 .  6 5 1  5 2 .  6 4 5 .  5 0 .  6 4 0 .  47. 506 30 
3 9 6  7 1 7 .  6 7 .  795 .  6 3  6 9  3. 5 9 .  675 5 4 .  6 7 0 .  5 1 .  6 6 4 .  49 .  530 .  33 .  
1 0 8  ?4C. 6 8 .  7 2 8 .  6 4 .  7 1 6 .  60. 698 55 .  6 9 3 .  5 3 .  6 8 8 .  5 1 .  5 5 4 .  36 

C .  767. 6 9 .  7 5 5 .  6 5  74 2. 6 2  7 2 4  5 8 .  7 1 9 .  5 6  7 1 4 .  5 4 .  5 7 8  3 9 .  

M E A N * R P S ( l I  3 9 6  7 1 6 .  6 7 .  7 D 4 .  6 3 .  0 9 2 .  5 9 .  674 54. 6 6 9 .  5 2  6 6 4  5 0 .  5 3 0 .  3 3 .  
PMS I X 1 -  C R H S  3 5 .  7 6 .  35. 7 2  35. 6 8  75. 6 4  3 5 .  6 3 .  36  61. 3s. 4 8  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(a)  SEE F IG.  3-2 
( b )  GRAP = GRAPHITE 
(c)  COOL - COOLANT 
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TABLE 3-9 
FAST NEUTRON FLUENCES FOR FSV FUEL ELEMENT 1-0743 

Radia l  Loca t ion  

F SV 

Center  

Corner 1 

Corner 2 

Corner 3 

Corner 4 

Corner 5 

Corner 6 
Element 
average  

;URVEY 
:a1 Point 

1 

4 

5 

6 

7 

2 

3 

?merit 
? rage  

F a s t  Neutron Fluence  n/m2) (E > 29 ~ J ) H T G R ( ~ )  

z = 793 m ( b )  

0.95 

1.09 

1.08 

0.99 

0.83 

0.82 

0.98 

0.96 

~~ 

z = 594.7 mm 

0.96 

1 - 1 0  

1.09 

1 .oo 
0.83 

0.82 

0.99 

0.97 

z = 396.5 mm 

0.96 

1.10 

1.10 

1 .oo 
0.84 

0.83 

0.99 

0.97 

z = 198.2 mm 

0.96 

1.10 

1.09 

0.99 

0.83 

0.82 

0.99 

0.96 

z = O m m  

0.91 

1.04 

1.03 

0.94 

0.79 

0.78 

0.93 

0.91 

(a)From SURVEY-detailed GAUGE a n a l y s e s .  

(b )Axia l  l o c a t i o n  r e l a t i v e  t o  bottom of element.  



TABLE 3-10 
FUEL ACCOUNTABILITY FOR FSV FUEL ELEMENT 1-0743 

P a r t i c l e  

F e r t i l e  
F e r t i l e  
F e r t i l e  
F e r t i l e  
F e r t i l e  
F e r t i l e  
F e r  t i l e  

F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  
F i s s i l e  

T o t a l  

Nucl ide 

Th-232 
Pa-231 
U-232 
U-233 ( a )  
U-234 
U-23.5 
U-236 

Th-232 
Pa-231 
U-232 
U-2 3 3 ( a )  
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-232 
Pu-239 (b )  
Pu-2 40 
Pu-24 1 
Pu-242 

T o t a l  f i s s i l e  uranium 
T o t a l  uranium 

T o t a l  f i s s i l e  plutonium 
T o t a l  plutonium 

E f f e c t i v e  U-233 enrichment (%) 
E f f e c t i v e  U-235 enrichment (%) 

F e r t i l e  p a r t i c l e  FIMA (%) 
F i s s i l e  p a r t i c l e  FIMA (%) 
Burnup (MWd/tonne) 
Cumulative EFPD 

u-232 ( P P I  

Heavy Metal Weight 

I n i t i a l  

10827.37 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

1949.63 
0.00 
0.00 
0.00 
3.45 

433.15 
1.32 

27 -09 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

13242.00 

433.15 
465.00 

0.00 
0 .oo 
0.00 

93.15 
0.00 

0.00 
0.00 
0.00 
0.00 

Current  

10680.89 
0.03 
0.01 

114.24 
5.02 
0.28 
0.01 

1923.25 
0.01 
0 .oo 

20.57 
3.81 

263.76 
31.94 
25.70 

1 .01  
0.09 
0.56 
0.17 
0.10 
0.02 

13071.44 

398.85 
465.33 

0.66 
0.93 

28.97 
56.74 
26.26 

0.25 
5.90 

12208.26 
174 .OO 

(a ) Inc ludes  fa l l  decay of Pa-233. 

(b ) Inc ludes  f u l l  decay of Np-239. 
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TABLE 3-11 
COMPARISON OF MEASURED (CS-137) AND CALCULATED TIME-AVERAGED 

RADIAL POWER DISTRIBUTIONS FOR FSV FUEL ELEMENT 1-0743 

Case ~ ( b )  

n 

Case III(C) 

DOWE 

~ 1.01 

1.06 

1.05 

0.98 

0.93 

0.93 

1.01 

SURVEY LOCAL 
POINT NUMBER 

P o r t i o n  
of  

E l  emen t 

Center  

Corner 1 

Corner  2 

Corner  3 

Corner  4 

Corner 5 
Corner  6 

Normalized Radia l  Power 

Number 
of Fuel  
S tacks  

30 

7 

7 

5 

5 

5 

7 

Measured 

R e l a t i v e  
Power 

0.98 

1.04 

1.06 

0.98 

0.97 

1 .oo 
1.05 

1 
I I 

1 I R e l a t i v e  I k% - 

0.01 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

+3.1 

+1.9 

-0.9 

0 

-4.1 

-7 .o 
-3.8 

R e  l a  t i v e  
Power 

1 .oo 
0.99 

1 .oo 
1 .oo 
1.02 

1.01 

0.98 

( a ) k l o  e r r o r  on mean; E = s / G  where s . =  s t anda rd  d e v i a t i o n  and 

(b)SURVEY-detailed GAUGE a n a l y s i s .  

("GAUGE a n a l y s i s  w i th  l l - t i m e - i n t e r v a l  power h i s t o r y .  

n = number of f u e l  s t a c k s .  

C a l c -  1 
Meas 

( % >  

+2 .o 
-4.8 

-5 .7 

+2 .o 
+5.2 

+1 .o 
-6 - 7  

3-23 



TABLE 3-12 

DISTRIBUTIONS AT EOL FOR FSV FUEL ELEMENT 1-0743 
COMPARISON OF MEASURED (21-95) AND CALCULATED RADIAL POWER 

Number 
of Fuel Relative 
Stacks Power 

30 0.98 

7 1.03 

7 1.04 

5 0.98 
5 0.98 

5 1.02 
7 1.06 

LyMIC! FN E R 

1(4) z 
SURVEY LOCAL 
POINT NUMBER 

+lo(a) 

0.01 

0.02 

0.01 

0.02 

0.02 

0.01 

0.01 

Portion 
of 

E 1 emen t 

Center 

Corner 1 

Corner 2 

Corner 3 
Corner 4 

Corner 5 
Corner 6 

Normalized Radial Power 

Case ~ ( b )  

Re la t i ve 
Power 

1 .oo 
1.02 

1.02 

0.99 

0.99 

0.98 

0.99 

talc- 1 
Meas 

(XI 

+2 .o 
-1 .o 
-1.9 

+1 .o 
+1 .o 
-3.9 

-6 -6 

Calculated 

Case II(C) 

Re 1 at i ve 
Power 

~~ ~ 

1 .oo 
1.01 
1.01 

0.99 
1.01 

1 .oo 
0.98 

Calc 
Meas 
- -  

(XI 

+2 .o 
-1.9 

-2.9 

+1 .o 
+3.1 

-2 .o 
-7.5 

Relative 
Power 

1.00 

1 .oo 
1.02 

1 .oo 
1.01 

0.99 

0.98 

+2 .o 
-2.9 
-1.9 

+2 .o 
+3.1 

-2.9 

-7.5 

(a)?lo error on mean; E = s f c  where s = standard deviation and n = number of fuel stacks. 

(b)SLTRVEY-detai led GAUGE analysi s. 

(')GATT analysis with 11-time-interval power history. 

(d)GAUGE analysis with 11-time-interval power history. 
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TABLE 3-13 
DOSIMETER WIRE REACTIONS 

Moni t o r  
TY Pe  

React ion of Product Neutron 
I n t e r e s t  Half -Lif e Energy Group 

V-Co, 0.216% Co 

V-Fe, 0.522% Fe 
(88.24% Fe-54) 

59Co( rl ,  Y)~OCO 

54Fe( ‘I, p)54Mn 

5.26 y r  

312.1 days 

N 

Thermal (0-0.38 aJ) 

F a s t  0 2 9  f J )  

3-25 

V 
B- 

51V(rl,y)32V- 5*Cr S t a b l e  Thermal (0-0.38 aJ) 



TABLE 3-14 
CROSS SECTIONS USED FOR DOSIMETRY CALCULATIONS 

React i on 
Cross Section(a) 

(barns) 

5 9 c 4  0 ,  Y)6OCO 

51v ( 0 , Y) 52v 

54Fe( r ~ , y ) ~ ~ M n  

6%0( 0 ,  Y)6lCO 

54Mn( 0 , ~ ) ~ ~ M n  

54Fe( r l , ~ ) ~ ~ F e  

18.9 

2.04 

0.0275 

1.0 

5.8  

1.13 

(a)Cross section obtained from Ref. 12. 
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Dosimeter 

V ’  

v-co 

V-Fe 

Moni tOf 
Number 

21 
22 
81 
82 
Av 

21 
22 
81 
82 
Av 

21 
22 
81 
82 
Av 

TABLE 3-15 
COMPARISON OF CALCULATED AND MEASURED NEUTRON FLUENCE FOR FSV FUEL ELEMENT 1-0743 

Location in Element 

Stack 
Number 

12 
12 
278 
278 

12 
12 
278 
278 

12 
12 
278 
278 

-- 

-- 

-- 

Distance Erom 
bttom of Block 

(in. )(a) 

4.8 
25.2 
4.8 
25.2 

4.8 
25.2 
4.8 
25.2 

4.8 
25.2 
4.8 
25.2 

-- 

-- 

-- 

Neutron 
Group 

l’hermal 

Thermal 

Fast 

Calculated 

2 s e  ~ ( b )  

ND(e) 

ND 

0.81 
0.83 
1.07 
1.09 
0.95(K) 

Me as ured 
Fluence 

( x  1025 n/m2) 

1.40 
1.38 
1.33 
1.41 
1.38 

2.09 
2.19 

, 2.24 
2.26 
2.19 

0.84 
0.88 
1.03 
1.06 
0.95 

Relative Difference 

Calc - 1 
Meas 

Case ~ ( b )  

-3.6 
-5.7 
+3.9 
+2.8 

-0.7 t 4.7(h) -4.2 

+39.9 

-11.9 

-1.1 

in. - 25.4 mm. 

(b)SURVEY-detailed GAUGE analysis. 

(“GATT analysis with 11-time-interval power history. 
(d)GAUGE analysis with 11-time-intervals (column average fluxes) and GATT analysis (axial flux factors). 

(f)Element average fluence. 

(g)Shown for comparison only. 

(h)Mean difference and standard deviation. 

Values are taken from Ref. 3-9. 

not determined. 

Not used to calculate average relative difference. 



TABLE 3-16 
COMPARISON OF MEASURED AND CALCULATED TEMPERATURES FOR SIC PELLETS IRRADIATED IN FSV FUEL ELEMENT 1-0743 

Fue 1 
Stack 

Monitor 
ID 

~ 

Annealing Curve Measured(a) 
Axial Intersection Irradiation 
Position Temperature Temperature 

(cm from bottom) ("C) ("C) 
~ 

12 

64 

12 

64 

-- 

21 

677 < T < 740 

22 

I 737 I +30 81 
u 
I 
N 82 ob 

-- Aver age +24 f 4 -- 

12 

12 

278 

278 

-- 

755 

720 

758 

723 

-- 

704 

648 

707 

651 

-- 

I I 
95% Confidence Limits(a) 

for Measured 

674 < T < 737 

615 < T < 683 668 1 +20 

618 < T < 686 675 I +24 

("Irradiation temperatures determined from annealing curve intersection temperatures using the calibration 

(b)Temperatures obtained from SURVEY-calculated peak fuel and coolant temperatures at the axial locations of the 

curve for S I C  temperature monitors presented in Ref. 13 .  

neighboring fuel rods using a factor obtained using the TAC-2D (Ref. 19) code [Tc = Tcoolant + f (Tfuel - Tcoolant); 
f = 0 .621 .  
interval was 546 MW, and the temperatures are representative of the highest temperatures over the last -1 x 1020 

The temperatures are for the second to the last SURVEY time interval. The core power during this 

n/Cm2 (E > 2 9  fJ)HTGR. 

1 



iomplc 
No. 

Axial 
Location 
(cm)(b) 

4 

5 

3 

4 

4 

5 

12.2 

64 .O 

12.2 

TABLE 3-17 
BURNUP MEASUREMENTS FOR FSV FUEL ELEMENT 1-0743 USING DESTRUCTIVE TECHNIQUES 

Fissile Burnup Fertile Burnup 
Composi te(c) 

Burnup 
FIMA i10(d) t 1.38 0.04 

FIMA ( % '  - 
Sample 
No. 

.-- 

Axial 
Locat ion 
(cm)(b) 

FIMA ( X )  
Fuel 
Rod 

Stack-Rod) 

Radio- 
chemistry 
Method 

Mnas 
Spec tome t rl c 

Method 
All  Measurements Lndlvldual 

'art I c lee 

All Measurements 
Burnup( a) 

Monl  tor 
FIMA 
( Z )  - 

5.27 

6.21 

6.49 

6.38 
- 

AVR . Avg . - 

0.30 

0 . 3 2  

0.34 

0 . 3 2  

Std. Oev. Std. Dev. 

i1 .o 

i O . 8  

21.2 

- . _. .. 

21 

22 

81 

Element ai 

3 2 . 1  

32.2 

31.7. 

31 .6  

33.7 

31.6 

--- 

3 0 . 2  

30.8 

30.3 
30.1 

32.8 
31.1 

12-4 

12-11 

219-3 

_ . . _ ~  

20.7  

55.5 

12.2 

0.30 
0.31 
0.30 

0.31 
0.32 

0 . 3 3  

0.35 
0 . 3 3  

0.35 

tO.O1 

to.01 

io.01 

io.01 

3 1 . 3  

30.9 

32.3 

w 
I 

N 
\D I 0.03 

I 

1 . 4 2  I 0.03 

(a)Monitora 21 and 22 were in fuel stack 12 and monitor 81 vas in fuel stack 270 .  

(b)Centimetera from bottom of element. 
(c)(Th,U)C2 burnup - Fc - (Fg)(X) + (F3)(l - X ) .  where F5 - fissile burnup, F3 - fertile burnup, and X - Uo/(Uo + Tho). 

(d)dF, I [(aFc/aFS)2 (dF5)2 + (aFc/aF3)2 (dF3)211/2 - [(x)2 (d~5)2 + (1 - x)2  (dF3)2]. 

("Element average burnups obtained by averaging the results at the locatlons of monitors 21 and 81. 

Uo and Tho are the Initial heavy 
metal loadtngs. 

to be compared with calculations that assumed the same loadings. 

approximately equivalent to the element average flux. 

Uncertainty in heavy metal loadtngs was omitted because results are 

The average neutron Flux for these two locatlons was 



TABLE 3-18 
BURNUP MEASUREMENTS FOR FSV FUEL ELEMENT 1-0743 USING GAMMA SCANNING 

Fuel  
Stack 

12 

23 

1531 189 

323 3131 

315 

172 

2orner Scans,  ( a )  
Composite 

FIMA 
(% 

1.38 

1.27 

1.45 

1.49 

1.38 

1.48 

Ave r a g  e 

Element average 

Fuel  Stack Average Burnup 

Single  S tack  Scans,  (b) 
Compo s i t e  

FIMA 
(%)  

1*39] 1.42 
1.44 

la3] 1.39 
1.47 

i'361 1.36 
1.37 

1*51] 1.52 
1.53 

1*481 1.48 
1.47 

1*45] 1.45 
1.45 

2omposi t c  
FIMA 

( % >  

1.40 

1.33 

1.40 

1.50 

1.43 

1.46 

Average 

R e l a t i v e  D i f f ,  

1 Corner 
S ing le  
- -  

-2.82 

-a. 63 

+6.62 

-1 -97 

-6.76 

+2.07 

1.42 

1 . 3 8 ( C )  

-1.9 2 5.6 

- -  

(a)Gamma scans  of co rne r  f u e l  s t a c k s  wh i l e  i n  block (see F ig .  3-41. 
(b)Gamma scans  of i n d i v i d u a l  f u e l  s t a c k s  a f t e r  removal from element.  

("Average r a d i a l  power ( r e l a t i v e  t o  block average)  w a s  1.027 f o r  t h e  12 
f u e l  s t a c k s .  Average burnup d iv ided  by t h i s  f a c t o r  t o  o b t a i n  element 
average  burnup. 

3- 30 



TABLE 3-19 
COMPARISON OF CALCULATED AND MEASURED FUEL BURNUP FOR FSV FUEL ELEMENT 1-0743 

Burnup 

w 
I 
w 
P 

(a)Determined by averaging (Th,U)C2 burnups at location of monitors 21 and 81 and 
ThC2 burnups for fuel rods 12-4 and 279-3. 
equivalent to element average burnups. 

These averages should be approximately 

(b)SURVEY-detailed GAUGE analysis. 

(')GATT analysis. 

(d)Calculations based on FEVER-calculated fluxes. 

(e)Progressed uncertainty due to measurement uncertainty only. 



TABLE 3-20 
COMPARISON OF CALCULATED AND MEASURED URANIUM ISOTOPIC CONCENTRATIONS 

FOR UC2 BURNUP MONITORS IRRADIATED IN FSV FUEL ELEMENT 1-0743 

I 

Isotope 

Isotopic Concentratj 

Measured ( a ) Calculated(b) 

Atom Percent I fu Atom Percent 

U-234 

U-2 3 5 

U-236 

U-238 

0.002 

0.02 

0.02 

0.01 

0.797 

79.62 

10.98 

8.60 

0 .8  

82.6 

8.9 

7 .7  

0.38 

3.74 

-18.94 

-10.46 

In 

Relative Difference 

0.25 

0.03 

0.15 

0.10 

1 (%) z = - -  Calc 
Meas 

I 

(a)Average values for monitors 21 and 81. The average neutron flux 
for these two monitors i s  approximately equivalent to the element 
average flux. 

(b)Calculations based on fluxes obtained from the FEVER code. 
(C)Progressed uncertainty due to measurement uncertainty only. 
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1 0 

Fig. 3-2. Local point numbering for GAUGE-SURVEY analysis  
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(6) 
3 

0 0 0 0  
0.975 0 . 9 7 9 0  0.954 1.000 

0 0  

0 

0.946 0.970 1.000 

0.979 0.933 
0 1.016 

0.985 
0 0  
0 

0 0  

0 
1.028 0 1.060 

1.059 0 
1.055 

0.969 0.988 

0 
1.007 

O 0  0 
1.021 

0.972 0.987 
0 0  1.095 

0 1.003 0.930 

(5) 
2 

B 

1 

(4) 

A 

0 0  0 0 0 0  0.948 

0 0.972 0.933 

0 0.9 84 0.992 
0 
0 0  

1.041 0.978 

1.027 
0.966 

0 0 
1.061 

0 0 1 . 0 3 1  o O O  
1.087 

0.964 0.956 
0 1.028 

0 FUELSTACK 
FSV CORNER 
NUMBER -6 I I \  

SURVEY  LOCAL/'^' 
POINT NUMBER TO DOWEL HOLE 

0 FUEL STACK ADJACENT 

(7) 
4 

E 

5 
(2) 

Fig .  3-7. Measured time-averaged r a d i a l  power d i s t r i b u t i o n  f o r  FSV f u e l  
e lement  1-0743 (normalized Cs-137 d i s t r i b u t i o n  from end-on gamma 
scann ing  of  f u e l  s t a c k s  a t  bottom of e lement)  
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(5) 
2 

B 

1 
(4) 

0 0 0 0  
0.937 0.964 0 0.990 1.001 

0.992 

0 0 0.991 O O  0.976 0 
0 0  

0 
1.043 0 1.037 

1.072 

1.052 

0 
0 

1.062 
0 

0 0  
1.003 0 0.985 

0.989 1 .ooo 0.983 

0 0  
0 0.950 0.955 

0 1.026 
0 
1.039 

0 0  0.979 0 0  
0.963 0.986 0.974 1.023 

0 0  
0.968 0.931 

0 0  
0 0 1.017 0.995 

0 1.040 
1.017 0 0  

0.979 0.947 

0.975 

n 

0.939 

0 0.968 
0 0  0 0.990 

7.008 

0 
0.971 0.974 

0 
0 

1.041 0.958 

0 
1.010 

0°0 - 

L 0 0.973 0.E3 -0 0 
0.971 0 0 l.osl 1.005 a -  

0.977 

1.087 
1.080 1.054 0 1.037 1.015 

1.072 

0 0 0 0  
A 

FSV CORNER 
NUMBER -6 #rn\ 0 FUELSTACK 

(7) 
4 

E 

5 
(2) 

SURVEY LOCAL/"' 
POINT NUMBER TO DOWEL HOLE 

0 FUEL STACK ADJACENT . 
Fig. 3-8. Measured EOL distribution for FSV f u e l  element 1-0743 (normalized 

Zr-95 distribution obtained from end-on gamma scanning of fue l  
stacks a t  bottom of element) 
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Fig. 3-9. Measured and calculated time-averaged axial power profiles for 
FSV fuel element 1-0743 
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Fig. 3-10. Measured and calculated EOL a x i a l  power prof i l e s  for FSV fue l  
element 1-074 3 
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Fig.  3-11. Cross - sec t iona l  view showing p o r t i o n  of element observed by 
d e t e c t o r  f o r  s i x  a x i a l  s cans  averaged t o  g ive  measured power 
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Typical Cs-137 trace (partial)  for ax ia l  scan of FSV fue l  
element 1-0743 
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A 

4. RESULTS OF POSTIRRADIATION EXAMINATION 

4.1. EXAMINATION OF GRAPHITE FUEL BLOCK 

4.1.1. Visual Examination 

Like all of the segment 1 fuel elements examined in the hot service 

facility at FSV, fuel element 1-0743 was in good condition. No cracks were 

observed on any of the element surfaces. A l l  observed abnormalities were 

surface markings only and had not etched the graphite to any harmful extent. 

Observed abnormalities included rub marks, soot deposits, scrapes, and 

scratches. Photographs of each side face are presented in Figs. 4-1 through 

4-6, and the top surface is shown in Figs. 4-7 and 4-8. The bottom surface 

of the block was also photographed, but the quality of the pictures is too 

poor for them to be reproduced in this report. The element was visually 

examined again in the hot cell at GA, but nothing of significance was 

observed that had not been observed during the initial examination at FSV. 

The results of the visual examinations of all 51 segment 1 fuel and reflec- 
tor blocks  inspected at FSV are presented in detail in Ref. 1. 

4.1.2. Metroloeical Examination 

To verify the results of the metrological inspections performed by the 
metrology robot on segment 1 fuel elements at FSV following the first reload 

(Ref. l), the dimensional measurements performed on element 1-0743 were 

repeated at GA using conventional hot cell measuring techniques. These 

techniques are described in Ref. 15. The results of these measurements are 

presented below. 

4-1 



4.1.2.1.  Irradiation-Induced Dimensional Changes. The metrology robot 

measurements and hot cell measurements for element 1-0743 are presented and 

compared with each other and with preirradiation measurements in Tables 4-1 

through 4-10. The following results are based on the measurements taken in 

the GA hot cell: 

1. The block average axial strain was -0 .17%,  corresponding to a 

length reduction of 1.32 mm. Maximum and minimum length reduc- 

tions were 1 .73  mm and 0.91 mm adjacent to face B and face E, 
respectively. 

2. Block average axial strains determined from preirradiation and 

postirradiation distances were -0.21%, -0 .18%, and -0.19% for 
dimensions L ,  M, and N, respectively (see Fig. 2-5). These 

strains are consistent with each other and with the axial strain 

determined from element length measurements, indicating the axial 

strain to be uniform over the length of the block. 

3 .  The block average radial strain was -0 .13%, corresponding to a 

shrinkage of 0.46 mm across flats. 

uniform for all three pairs of parallel side faces. The radial 

strain obtained from coolant hole diameter measurements was much 

higher, -0 .38%,  but is suspect because of the very small dimen- 

sional changes involved. The radial strain deduced from changes 

in the distances between coolant holes was -0 .16%. 

The radial strain was nearly 

4 .  Face B of the element was observed to have undergone the greatest 

convex bow and face E the greatest concave bow. 
for side faces B and E was 0.28 mm. 

The maximum bow 

4 .1 .2 .2 .  Verification of Metrology Robot Measurements. In addition to the 

comparison between metrology robot and hot cell measurements for element 

1-0743,  a comparison between metrology robot measurements and Quality 

Control (QC) measurements on a spare (calibration) fuel block was performed Q 
4-2 



to quantify and verify the accuracy of the metrology robot. The details of 

both comparisons have already been presented in Ref. 1 and are therefore 
omitted in this report. However, a summary of the results is given below. 

Accuracy and bias statements developed from these comparisons for the 

various types of robot measurements are summarized in Table 4-11. The accu- 

racy of the metrology robot was determined to be m . 1 8  mm (0.007 in.) l a ,  or 

better, for each type of robot measurement after corrections were applied 

for observed measurement biases. Measurement biases were determined to be 

0.05 mm (0.002 in.) o r  less for all robot measurements except length mea- 

surements. The bias (Actual -Robot) in the length measurements is 0.18 to 

0.28 mm (0.007 to 0.011 in.). The cause of the bias is not currently known 

but will be identified and corrected prior to inspection of FSV core segment 

2. The length measurements for segment 1 fuel elements were corrected to 

account for this bias. 

The comparisons of metrology robot data with the corresponding hot cell 

and QC measurements also revealed two mechanical defects in the robot which 

slightly affect the quality of robot measurements. These defects are dis- 

cussed in Ref. 1. The segment 1 data have been corrected accordingly, and 

steps have been taken to eliminate the defects. 

4.1.2.3. ComDarison of Calculated and Measured Strain and Bow. Calculated 
~~~ ~ ~~ 

and measured irradiation-induced strains and bow for fuel element 1-0743 are 

presented in Table 4-12. Calculated strains and bow were obtained from 

SURVEY/STRESS and are based on irradiation conditions from SURVEY. The SUR- 

VEY analysis is in turn based on the detailed GAUGE analysis of FSV cycle 1. 

In the sense that both calculated and measured strains and bow are small, 
the calculations and measurements are in good agreement. However, some dis- 

crepancies are observed. In particular, the bow in the element and the 
variation in the axial strain are greater than expected. The reader is 
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d i r e c t e d  t o  Ref. 1 f o r  a sys t ema t i c  comparison of measured and c a l c u l a t e d  

s t r a i n s  and bow f o r  a l l  49 f u e l  e lements  examined ( i n c l u d i n g  element 1-0743) 

from FSV core  segment 1. 

4.2. DISASSEMBLY OF ELEMENT 

The p o s t i r r a d i a t i o n  examinat ion of f u e l  element 1-0743 w a s  unique i n  

t h a t  i t  w a s  t h e  f i r s t  d e s t r u c t i v e  examination performed a t  GA on a f u e l  ele- 

ment having t h e  l a r g e  HTGR p r i s m a t i c  block des ign .  As such,  i t  r equ i r ed  t h e  

development of new dev ices  and techniques  f o r  handl ing  and d isassembl ing  t h e  

element .  These dev ices  and techniques  have been employed, f o r  t h e  most 

p a r t ,  wi th  ve ry  s a t i s f a c t o r y  r e s u l t s .  The disassembly of t h e  element i s  

desc r ibed  below. 

4 .2 .1 .  Coring 

A c o r i n g  t o o l  w a s  developed and used t o  co re  out  t h e  f u e l  h o l e  p lugs  a t  

t h e  top  of t h e  element and t h e  g r a p h i t e  containment a t  t h e  bottom. The 

dev ice  i s  pos i t i oned  and a l i g n e d  us ing  t h e  coo lan t  ho le s  and has  s i x  sta- 

t i o n s  f o r  t h e  c u t t e r  t o  permit  t h e  s ix  f u e l  ho le s  surrounding a g iven  cool-  

a n t  h o l e  t o  be cored wi thout  r e l o c a t i n g  t h e  t o o l .  The c o r i n g  t o o l  i s  shown 

i n  F igs .  4-9 through 4-11. The c u t t e r  can be d r iven  e i t h e r  d i r e c t l y  by a 

‘ d r i l l  motor o r  by a convent iona l  ac motor v i a  a f l e x i b l e  s h a f t .  For h o l e  

d i ame te r s  of 12.7 mm, a c u t t e r  w i th  an  i n s i d e  diameter  of 16.5 mm and an 

o u t s i d e  diameter  of 18.67 mm i s  used.  This  a l lows f o r  some misalignment of 

t h e  device  and p reven t s  damage t o  t h e  f u e l .  The cored s e c t i o n s  remain i n  

p l a c e  u n t i l  f o r c i b l y  removed. For t h e  element ,  dep ths  of c u t  ranged from 

7.62 mm a t  t h e  top  s u r f a c e  t o  11.4 mm a t  t h e  bottom. 

w a s  r e q u i r e d  f o r  f u e l  s t a c k s  s i t u a t e d  beneath dowels. Once t h e  dev ice  w a s  

p o s i t i o n e d ,  t h e  c o r i n g  o p e r a t i o n  r e q u i r e d  only  about 1 min p e r  f u e l  s t a c k ,  

except  f o r  t h e  s t a c k s  beneath dowels. 

A 40.4-mm depth  of c u t  
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4 . 2 . 2 .  Plenum Depth Measurements 

Once a l l  f u e l  h o l e s  had been cored a t  both t h e  t o p  and bottom of t h e  

element ,  t h e  cored s e c t i o n s  a t  t h e  top  were removed f o r  t h e  s i x  h o l e s  con- 

t a i n i n g  p r e c h a r a c t e r i z e d  f u e l  rods .  The d i s t a n c e  from t h e  t o p  s u r f a c e  t o  

t h e  top  f u e l  rod i n  each s t a c k  was then measured u s i n g  a dep th  gauge. These 

ineasurements are given i n  Table  4-13.  

t r a t e d  i n  F i g .  4-12.  An approximate 2.5-mm i n c r e a s e  i n  plenum dep th  w a s  

observed f o r  a l l  s i x  f u e l  h o l e s .  

The measurement t echn ique  i s  i l l u s -  

4.2.3.  Removal of Fue l  R o d s  

The f u e l  rods  were removed from t h e  element by b reak ing  o u t  t h e  cored 

s e c t i o n s  and pushing t h e  f u e l  s t a c k s  i n t o  a dual-tube r e c e i v i n g  t rough.  The 

f u e l  s t a c k s  were pushed ou t  of t h e  element u s i n g  e i t h e r  a metal rod o r  a 

s p e c i a l  dev ice  designed t o  measure t h e  push-out f o r c e .  The push-out dev ice  

and r e c e i v i n g  t rough are shown i n  F i g s .  4-13 and 4-14,  r e s p e c t i v e l y .  When 

measuring push-out f o r c e s ,  two f o r c e s  are g e n e r a l l y  r eco rded :  ( 1 )  t h e  i n i -  

t i a l  f o r c e  r e q u i r e d  t o  s t a r t  t h e  s t a c k  moving and ( 2 )  t h e  s u s t a i n i n g  f o r c e  

r e q u i r e d  t o  c o n t i n u e  pushing t h e  r o d s .  The i n i t i a l  f o r c e  i s  g e n e r a l l y  

h i g h e r ,  s i n c e  more f u e l  rods  are r e s i s t i n g .  

S ince  t h e  dimensional  changes i n  t h e  f u e l  rods  and f u e l  body w e r e  q u i t e  

smal l ,  no f u e l  rod-fuel  body i n t e r a c t i o n ,  and consequen t ly  low push-out 

f o r c e s ,  were expec ted .  The push-out f o r c e s  measured f o r  f u e l  element 1-0743 

are  given i n  Tab le  4-13. As expec ted ,  t h e  push-out f o r c e s  were g e n e r a l l y  

low. However, i n  a f e w  cases, t h e  push-out f o r c e s  r e q u i r e d  were cons ide r -  

a b l e  (up t o  10 kg) .  These h igh  push-out f o r c e s  are be l i eved  t o  be t h e  

r e s u l t  of misalignment between t h e  f u e l  h o l e  and r e c e i v i n g  t rough  and of 

g r a p h i t e  d e b r i s  from t h e  breaking-out o p e r a t i o n  which become wedged between 

, t h e  f u e l  rods  and f u e l  h o l e  s u r f a c e .  It i s  concluded t h a t  t h e r e  was no 

a p p r e c i a b l e  f u e l  rod - f u e l  block i n t e r a c t i o n  i n  f u e l  element 1-0743. 
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4 .3 .  EXAMINATION OF FUEL RODS 

4.3 .1 .  Visual Examination 

Following fuel stack removal, the six precharacterized stacks were mea- 

sured for length (Table 4 - 1 3 ) ,  and the fuel rods were individually photo- 

graphed using the hot cell Kollmorgan periscope system. For the photog- 

raphy, the rods were placed in a trough with mirrors on each side at an 

angle of 90 deg relative to each other. This arrangement permitted approxi- 

mately 300 deg of the surface of each fuel rod to be photographed. In addi- 

tion, stereophotography was performed in the metallography cell for each of 

the rods selected for fission gas release measurements (Section 4 . 3 . 4 ) .  

In general, the appearance of the fuel rods was good, although 

considerable chipping at the ends of the rods (Fig. 4-15)  and some surface 

debonding (Fig. 4-16)  were observed. No more than 21 failed particles were 

observed on the surface of any of the rods (Table 4-14 and Fig. 4 - 1 7 ) .  Very 

little particulate debris was found during unloading. 

About 3% of the 3130 rods removed from the element were broken. 

Approximately 2% of these are thought to have been broken when pushed out of 

the block; the remaining 1% were probably broken prior to assembly of the 

element. Evidence of breakage prior to assembly was apparent in many 

instances. The orientation of the pieces in some of the broken rods was 

reversed so that one or both end caps were toward the middle of the rod 

rather than at the ends. Some broken fuel rods consisted of nonmatching 

pieces so that the composite length differed significantly from that of an 

unbroken rod. Also, some fuel stacks had broken pieces at each end with 1 4  

unbroken rods in between. 
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4.3.2. Fuel Rod Metrology 

A representative sampling of fuel rods, including 70 of the 87 rods 

dimensionally characterized prior to irradiation (the other 17 were broken 

during unloading), was measured using an automated fuel rod measuring 

device. This device consists primarily of a slide with three linear poten- 

tiometers that engage the fuel rod and measure the diameter at three axial 

locations, a slide with one potentiometer for measuring the length, and a 

motor-driven support roller that holds and rotates the fuel rod. The quick 

action of the solenoids is dampened by small cylindrical shock absorbers 

working on the compression and vacuum of air. Several limit switches are 

attached for remotely signaling the computer that the slides are properly 

located for each measurement. This device is shown in Fig. 4-18 and an 

operational description is given in Ref. 16. The device is capable of mak- 

ing eight measurements per fuel rod in a few seconds. The time required to 

measure a stack of 15 fuel rods averaged about 22 min (including fuel rod 

handling time), i.e., 1-1/2 min per rod. When compared with the 6 min per 

rod required by the measuring technique employed for Peach Bottom fuel rods, 

it is evident that the automated fuel rod metrology device represents a 

major improvement in fuel rod measuring techniques. 

The irradiation-induced strains* in the all-TRISO-particle fuel rods 
were found to be small and somewhat anisotropic, with the axial strain 

exceeding the radial. The average radial and axial strains f o r  the 71 pre- 

characterized fuel rods are -0.36% and -0.49%, respectively. The stack- 

averaged fuel rod strains for each of the five fuel stacks containing 

*The strain is calculated using the equation E = X2/X1 - 1, where X2 is 
the postirradiation dimension and Xi the preirradiation dimension. In 
calculating radial strain, the preirradiation dimensions measured using an 
air gauge were increased by 0.036 mm (Ref. 17) to make them compatible with 
the postirradiation micrometer-like measurements. 
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p r e c h a r a c t e r i z e d  rods ( a l l  rods  i n  t h e  s i x t h  s t a c k  were broken du r ing  

unloading)  are g iven  i n  Table  4-15 and compared wi th  p r e d i c t e d  f u e l  rod 

s t r a i n  curves  i n  F i g .  4-19. 

t h e  model p re sen ted  i n  Ref. 18 f o r  i r r a d i a t i o n - i n d u c e d  d imens iona l  changes 

i n  HTGR f u e l  rods .  It i s  observed t h a t  t h e  p r e d i c t e d  s t r a i n s  are about 

t h r e e  t i m e s  t h e  measured s t r a i n s .  I n  a d d i t i o n ,  r a d i a l  s t r a i n s  are p r e d i c t e d  

t o  be g r e a t e r  t han  a x i a l  s t r a i n s ,  b u t  t h e  o p p o s i t e  occur s .  One p o s s i b l e  

e x p l a n a t i o n  i s  t h a t  t h e  model was developed p r i m a r i l y  from des ign  d a t a  i n  

t h e  f a s t  f l u e n c e  range 4 t o  10 x 1025 n/m2 (E > 29 fJ)HTGR and e x t r a p o l a t e d  

t o  low f luence .  The curve  f o r  OPyC d e n s i f i c a t i o n  ve r sus  f l u e n c e  i s  ve ry  

s t e e p  a t  low f l u e n c e  but  i s  u n v e r i f i e d ,  s i n c e  no low-fluence d a t a  are 

a v a i l a b l e .  This  i s  a p o t e n t i a l  sou rce  of t h e  observed d i s c r e p a n c i e s .  

The p r e d i c t e d  s t r a i n  cu rves  were ob ta ined  u s i n g  

The d e t a i l e d  s t r a i n  d a t a  f o r  t h e  p r e c h a r a c t e r i z e d  f u e l  rods  are g iven  

i n  Tab les  4-16 through 4-20. 

4.3.3. Fue l  Rod S t r e n g t h  Measurements 

S t r e n g t h  t e s t i n g  w a s  performed on 13 i r r a d i a t e d  f u e l  rods from element 

1-0743 and 10 u n i r r a d i a t e d  rods from t h e  same rod l o t  (CR-18-10165-1). The 

rods were compressed u s i n g  an I n s t r o n  t ens i l e / compress ion  t e s t i n g  machine a t  

a rate of 0.002 m/s (0.005 in . /min ) .  A t y p i c a l  trace showing a p p l i e d  f o r c e  

as a f u n c t i o n  of t i m e  (and f u e l  rod compression) i s  shown i n  F i g .  4-20. 

Table  4-21 p r e s e n t s  t h e  f a i l u r e  load a t  r u p t u r e  f o r  each  i r r a d i a t e d  and 

u n i r r a d i a t e d  f u e l  rod. The mean f a i l u r e  load a t  r u p t u r e  w a s  541.8 f 16.4 

( l a )  N (121.8 k 3.7 l b )  f o r  t h e  i r r a d i a t e d  rods and 470.6 f 13.0 ( l a )  N 

(105.8 2 2.9 l b )  f o r  t h e  u n i r r a d i a t e d  rods .  The mean compressive stresses 

a t  r u p t u r e  f o r  t h e  i r r a d i a t e d  and u n i r r a d i a t e d  rods were 4.3 and 3.7 MPa, 

r e s p e c t i v e l y .  

approximate ly  15% i n  t h e  compressive s t r e n g t h  of t h e  f u e l  rods  w i t h  

i r r a d i a t i o n .  

The d a t a  i n d i c a t e  a s t a t i s t i c a l l y  s i g n i f i c a n t  i n c r e a s e  of 
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Although the mean failure load at rupture for the irradiated rods was 

541.8 N, evidence of damage to the rods was observed for applied forces as 
low as 275 N. This indicates that the maximum force applied in pushing fuel 

rods out of an element during disassembly should be limited to approximately 

220 N ( 5 0  lb). 

4.3.4. Fission Gas Release 

Fission gas release for fuel rods irradiated in fuel element 1-0743 was 

measured before and after irradiation via neutron activation of the rods in 

the GA TRIGA reactor facility. Preirradiation measurements yield the ura- 

nium contamination and as-manufactured failed fissile particles. Postir- 

radiation measurements yield the heavy metal contamination, as-manufactured 

failed particles, and in-pile coating failure. The in-pile coating failure 

can be estimated from the preirradiation and postirradiation fission gas 

release measurements using the calculation outlined in Ref. 18. This calcu- 

lation also requires information concerning thorium contamination, as- 

manufactured defective fertile particles, and the fraction of fissions 

occurring in the fissile and fertile fuel at EOL. 

The results of the fission gas release measurements are given in Table 

4-22. Postirradiation measurements on groups of 3 and 10 rods and on 4 

individual rods were performed. The Kr-85m R I B  value obtained for the 17 

rods was 1.0 x 

was 1 . 3  x The difference between the preirradiation and postirradia- 

tion R/B values is attributed to the uncertainty of the measurement, which 

is approximately a factor of 1.6 (la) for Kr-85m (Ref. 19). 

(weighted average). The preirradiation Kr-85m R/B value 

Both the fissile and fertile particles potentially contribute to the 

postirradiation fission.gas release. At EOL, approximately 65% of the fis- 
sions were occurring in the fissile particles and 35% in the fertile 

particles. The fission gas release results indicate that there was no 
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significant fuel failure during irradiation, 

the fission gas release. This conclusion is 

metallography. 

4.3.5. Metallography 

since there was no increase in 

supported by the results of 
* 

Four irradiated fuel rods and one unirradiated rod from the same rod 

lot were subjected to metallographic examination. The four irradiated rods 

were among the 17 rods for which fission gas release measurements were per- 

formed. Each rod was mounted in resin, ground, and polished. Prior to 

examination, all polished sections were passivated with a 50/50 solution of 

HNO3 and H20 to decrease the rate of hydrolysis of the ThC2 kernels. 

entire polished surface of each rod was examined. 

The 

4.3.5.1. Results of Metallographic Examination. The fuel rod matrix 

appeared to be in good condition. No cracking was observed except for minor 

cracking in the matrix end cap. The microstructure of the matrix prior to 

and after irradiation is shown in Fig. 4-21. The irradiated microstructure 

is similar to the microstructure observed for FSV fuel rods irradiated in 

’ capsule F-30 (Ref. 20). The matrix porosity, which is composed of voids - >50 

pm, was measured for the irradiated rods and averaged 26%. The macropor- 

-osity of the unirradiated rod was 19%. Both values are within the range of 

macroporosities observed for fuel rods from capsule F-30. An example of a 

radial cross section showing the macroporosity in the matrix is shown in 

Fig. 4-22. 

The results of the metallographic examination of the four irradiated 

fuel rods are presented in Tables 4-23 and 4-24. The irradiation per- 

formance of the fissile and fertile TRISO coated particles was satisfactory. 

The microstructures of the particle types before and after irradiation are 

shown in Fig. 4-23. The microstructures had not changed significantly 
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a f t e r  being exposed t o  a f a s t  neut ron  f l u e n c e  of -1 x 

(E > 29 fJ)HTGR and a time-averaged tempera ture  of -700°C. 

1500 f i s s i l e  and 925 f e r t i l e  p a r t i c l e s  were examined i n  t h e  fou r  rods .  

n/m2 

Approximately 

The OPyC c o a t i n g  f a i l u r e  was 0.5% and 1.1% f o r  t h e  (Th,U)C2 and ThC2 

p a r t i c l e s ,  t h e  S i c  c o a t i n g  f a i l u r e  w a s  0.7% and 0 .5%,  and t h e  t o t a l  c o a t i n g  

f a i l u r e  w a s  0.3% (0 .1  - < F% - < 0.5;  95% conf idence)  and 0.2% (0.0 - < F% - < 0 .7 ;  

95% conf idence ) .  . The c o a t i n g  f a i l u r e s  were appa ren t ly  as-manufactured f a i l -  

u r e s  which occur red  du r ing  c o a t i n g  o r  f u e l  rod f a b r i c a t i o n .  The fo l lowing  

ev idence  suppor t s  t h i s  conclus ion:  

1. 

2. 

3 .  

The appearance of t h e  f a i l e d  p a r t i c l e s .  Two examples of f a i l e d  

p a r t i c l e s  a r e  shown i n  Fig.. 4-24. P a r t i c l e  ( a )  h a s  t h e  appearance 

of having been crushed ,  and p a r t  of t h e  c o a t i n g  i s  miss ing  i n  

p a r t i c l e  ( b ) .  I n  both c a s e s ,  as-manufactured f a i l u r e ,  r a t h e r  t han  

i n - p i l e  f a i l u r e ,  i s  i n d i c a t e d .  

The k e r n e l s  of most p a r t i c l e s  wi th  t o t a l  c o a t i n g  f a i l u r e  were a t  

l e a s t  p a r t i a l l y  l eached .  This  i n d i c a t e s  as-manufactured f a i l u r e ,  

s i n c e  t h e  as-manufactured f u e l  rods  were leached  wi th  H C 1 .  

The d e f e c t i v e  S i c  c o a t i n g  f r a c t i o n s  measured p r i o r  t o  i r r a d i a t i o n  

u s i n g  a burn-leach technique  a r e  t h e  same a s  those  measured f o r  

t h e  fou r  i r r a d i a t e d  rods :  0 .7% f o r  (Th,U)C2 p a r t i c l e s  and 0.5% 

f o r  ThC2 p a r t i c l e s .  

The chemical  behavior  of t h e  TRISO p a r t i c l e s  w a s  accep tab le .  No a t t a c k  

o f  t h e  S i c  c o a t i n g  w a s  observed,  and k e r n e l  mig ra t ion  w a s  n o t  seen .  A small  

amount of a dense phase w a s  observed i n  t h e  b u f f e r  c o a t i n g  of some TRISO 

(Th,U)C2 p a r t i c l e s .  A l l  t h e  p a r t i c l e s  w i th  t h i s  dense phase had a low- 

d e n s i t y ,  porous IPyC c o a t i n g .  The dense  phase i s  a t t r i b u t e d  t o  f u e l  d i s -  

p e r s i o n  i n  as-manufactured f i s s i l e  A p a r t i c l e s  (Refs. 21 and 22) .  The f u e l  

d i s p e r s i o n  was appa ren t ly  caused by c h l o r i n e  i n  t h e  b u f f e r  c o a t i n g .  

c h l o r i n e  had d i f f u s e d  through a permeable IPyC c o a t i n g  du r ing  t h e  S i c  

The 
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c o a t i n g  ope ra t ion .  

i n  t h e  u n i r r a d i a t e d  rod.  The f u e l  d i s p e r s i o n  i n  an  u n i r r a d i a t e d  and an 

i r r a d i a t e d  p a r t i c l e  i s  shown i n  F i g .  4-25. The f u e l  d i s p e r s i o n  d i d  n o t  

d e t r i m e n t a l l y  a f f e c t  t h e  i r r a d i a t i o n  performance of t h e  p a r t i c l e s .  

Fue l  d i s p e r s i o n  w a s  observed i n  one ou t  of 131 p a r t i c l e s  

4.3.5.2. Comparison of Ca lcu la t ed  and Measured Fuel  F a i l u r e .  The metal- 

l o g r a p h i c  examination of f o u r  i r r a d i a t e d  f u e l  rods from f u e l  element 1-0743 

r evea led  t o t a l  c o a t i n g  f a i l u r e s  of 0.3% and 0.2% f o r  t h e  (Th,IJ)C2 and ThC2 

par t ic les ,  r e s p e c t i v e l y .  However, based on t h e  evidence d i scussed  i n  Sec- 

t i o n  4.3.5.1,  i t  w a s  concluded t h a t  t h e s e  were as-manufactured f a i l u r e s  and 

t h a t  no i n - p i l e  f a i l u r e  occurred .  

Fue l  f a i l u r e  p r e d i c t i o n s  f o r  f u e l  element 1-0743 were obta ined  from 

SURVEY-PERFOR. In -p i l e  f a i l u r e  due t o  manufactur ing d e f e c t s  w a s  p r e d i c t e d  

t o  be 0.32% f o r  (Th,U)C2 par t ic les  and 0.07% f o r  ThC2 p a r t i c l e s .  

f a i l u r e  due t o  f i s s i o n  product-Sic i n t e r a c t i o n s ,  k e r n e l  mig ra t ion ,  o r  t h e  

p r e s s u r e  v e s s e l  f a i l u r e  mechanism w a s  p r e d i c t e d  f o r  e i t h e r  p a r t i c l e .  

view of t h e  obse rva t ion  of no i n - p i l e  f a i l u r e ,  t h e  model f o r  f a i l u r e  due t o  

manufactur ing d e f e c t s  appears  t o  be conse rva t ive .  

N o  i n - p i l e  

I n  

h 
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TABLE 4 - 1  
FSV FUEL ELEELEIIT 1-0743 A X I A L  DIPLENSIONS 

( i n c h e s )  ( a >  

Corner 
No. 

A 

Meas. 

Pre I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

Pre I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

Pre I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

Pre I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

Pre I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

Pre I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre .I 

Robot 

PIE 

Pre I 

Mean 
S t d  Dev. 

Mean 
Std Dev. 

Mean 
Std Dev. 

PIE-Pre I Mean 
Std Dev. 

PIE-Pre I (% strain: 
Pre I 

9.0015 
8.975 
8.964 

-0.027 
-0.038 

9.001 5 
8.980 
8.987 

-0.022 
-0.01 5 

9.001 
8.987 
8.989 

-0.014 
-0.012 

9.0025 
8.996 
8.991 

-0.007 
-0.01 2 

9.002 
8.993 
8.993 

-0.009 
-0.009 

9.0015 
8.992 
8.97 7 

-0.01 0 
-0.025 

8.9872 
0.0082 

8.9835 
0.0111 

9.001 7 
0.0005 

-0.01 85 
0.0110 

-0.21 

El  
D i m .  ( b )  

9.003 
8.979 
8.976 

-0.024 
-0.027 

9.002 
8.970 
8.979 

-0.032 
-0.023 

9.002 
8.984 
8.984 

-0.018 
-0.018 

9.0005 
8.990 
8.996 

-0.01 1 
-0.005 

9.001 
8.990 
8.994 

-0.01 1 
-0.007 

9.0025 
8.975 
8.986 

-0.028 
-0.01 7 

~ 

8.981 3 
0.0081 

8.9858 
0.0080 

9.001 8 
0.0009 

-0.0162 
0.0087 

-0.18 

N 
D i m .  (b) 

9.002 
8.981 
8.985 

-0.021 
-0.01 7 

9.003 
8.979 
8.980 

-0.024 
-0.023 

9.0015 
8.973 
8.982 

-0.029 
-0.020 

9 .  u025 
8.993 
8.986 

-0.01 0 
-0.01 7 

9.0025 
8.994 
8.991 

-0.009 
-0.012 

9.0025 
8.980 
8.988 

-0.023 
-0.01 5 

8.9833 
0.0084 

8.9853 
0.0040 

9.0023 
0.0005 

-0.0173 
0.0038 

-0.19 

P 
D i m .  ( h )  

2.251 
2.270 
2.2575 

+0.019 
+O. 0065 

2.2515 
2.2610 
2.2575 

+0.010 
+O. 006 

2.2485 
2.273 
2 . 2 5 2 5  

+O. 025 
+O. 004 

2.2515 
2.260 
2.2565 

+o. 009 
+O. 005 

2.253 
2.261 
2.2525 

+O. 008 
-0.0005 

2.2505 
2.278 
2 . 2 5 2 5  

to. 028 
+o. 002 

2.2672 
0.0076 

2.2548 
0.0026 

2.2510 
0.0015 

+O. 0038 
0.0027 

+O. 17 

( b )  
R 

Dim. 

27.007 
26.935 
26.925 
-0.072 
-0.082 

27.0065 
26.929 
26.946 
-0.078 
-0.061 

27.0045 
26.944 
26.955 
-0.061 
-0.050 

27.0055 
26.979 
26.973 
-0.02 7 
-0.033 

27.0055 
26.977 
26.978 
-0.029 
-0.028 

27.0065 
26.947 
2 6 . 9 5 1  
-0.060 
-0.056 

26.9518 
0.021 3 

26.9547 
0.01 92 

27.0059 
0.0006 

-0.051 7 
0.01 97 

-0.19 

5 
D i m .  ( b )  

31.2345 
31.150 
31.167 
-0.084 
-0.068 

31.233 
31.147 
31.165 
-0.086 
-0.068 

31.233 
31.159 
31.180 
-0.074 
-0.053 

31.232 
31.182 
31.195 
-0.050 
-0.037 

31.2315 
31.182 
31.196 
-0.050 
-0.036 

31.233 
31.164 
31 . 1 8 0  
-0.069 
-0.053 

~ ~~ 

31.1640 
0.01 52 

31.1805 
0.01 32 

31.2328 
0.0010 

-0.0525 
0.0141 

-0.17 

-- 

( a ) ,  i n .  = 25.4 mm. 

(b)See F i g .  2-5. 
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TABLE 4-2 
FSV FUEL ELEMENT 1-0743 TRANSVERSE DIMENSIONAL 
CHANGE - MINIMUM DISTANCE BETWEEN COOLANT HOLES 

(inches) (a) 

312 t o  
13 

12.695 
12.688 
12.681 3 
-0.007 
-0.0137 

12.700 
12.6978 
-0.0022 

106 t o  
55 

1.595 
1.593 
1.594i  

-0.002 
-O.OOO€ 

1.601 
1.601E 

+o. OOOE 

55 t o  
13 

1.601 
1.594 
1.5945 

-0.007 
-0.0065 

1.598 
1.5955 

-0.0025 

312 t o  
270 

270 t o  
21 9 

219 t o  
106 

Holes 
312 t o  13 Mean 

1.5968 
1.5933 
1.5945 

-0.0033 
-0.0023 

1.5978 
1.5965 

-0.0012 

Mean 

Std Dev. 

0.0031 
0.0005 
0.0027 
0.0026 
0.0031 

0.0029 
0.0041 
0.0040 

Std Dev. 

Top Of 
block 

Bottom of 
block 

Pre I 
Robot 
PIE 
Robot-Pre : 
PIE-Pre I 

Pre I 
PIE 
PIE-Pre I 

1.594 
1.593 
1.5913 

-0.001 
-0.0027 

1.598 
1.5918 

-0.0062 

1.597 
1.593 
1.597t 

-0.004 
t o .  ooot 

1.594 
1.597( 

to .  003( 

3.818 
3.814 
3.8132 

-0.004 
-0.0048 

3.816 
3.8189 

+0.0029 

Holes 
319 t o  6 

319 t o  
295 

295 t o  
267 

267 t o  
235 

235 t o  
90 

90 t o  
58 

58  t o  
30 

30 t o  
6 

319 t a  
6 

Pre I 
Robot 
PIE 
Robot-Pre 1 
PIE-Pre I 

Pre I 
PIE 
PIE-Pre I 

0.655 
0.665 
0.660: 
IO. 01 0 
k0. 005: 

0.654 
0.6612 

k0.0072 

0.658 
0.657 
0.6599 

-0.001 
+0.0019 

0.656 
0.6564 

+O .0004 

0.658 
0.658 
0.6583 
0 

t0.0003 

0.662 
0.6638 

t0.0018 

12.191 
12.181 
12.1788 
.0.010 
-0.0122 

12.196 
12.1924 
-0.0036 

0.6572 
0.6522 
0.6575 

-0.0050 
to .  0003 

0.6565 
0.6574 

to. 0009 

0.0019 
0.0095 
0.0024 
0.0100 
0.0036 

0.0029 
0.0046 
0.0044 

4.505 
4.514 
4.4982 

+O. 007 
-0.0068 

4.508 
4.5089 

+o. 0009 

109 t o  
61 

0.660 
0.648 
0.6547 

-0.012 
-0.0058 

0.657 
0.6505 

-0.0065 

303 t o  
22 

Top of 
block 

Bottom of 
block 

Holes 
303 t o  22 

0.655 
0.646 
0.6548 

-0.009 
-0.0002 

0.655 
0.6564 

fO. 001 4 

303 t o  
264 

0.657 
0.639 
0.6572 

-0.018 
to. 0002 

0.655 
0.6558 

t o .  0008 

216 t o  
109 

Z64 t o  
216 

61 t o  
22 Mean ;td Dev. 

0.0010 
0.0024 
0.0006 
0.0029 
0.001 4 

2.0021 
0.0024 
0.0043 

?re I 
Zobot 
'IE 
tobot-Pre I 
'IE-Pre I 

're I 
'IE 
'IE-Pre I 

1 .596 
1 .sa9 
1.5946 

-0.007 
-0.001 4 

1.598 
1.5975 

-0.0005 

1.597 
1.590 
1.5942 

-0.007 
-0.0028 

1.598 
1.5989 

I O .  0009 

3.823 
3.819 
3.8144 

-0.004 
-0.0086 

3.823 
3.8236 

k0. 0006 

1.598 
1 .585 
1.5932 

-0.013 
-0.0048 

1.596 
1.5978 

+0.0018 

1.596 
1.586 
1.5936 

-0.010 
-0.0024 

1.601 
1.5934 

-0.0076 

12.696 
12.669 
12.6806 
-0.027 
-0.01 54 

12.705 
12.7045 
-0.0005 

1.5968 
1.5875 
1.5939 

-0.0093 
-0.0029 

1.5983 
1.5969 

-0.0014 

Top of 
block 

Bottom of 
block 

Holes 
170 to  151 

170 to  
167 

167 t o  
164 

164 t o  
161 

161 to  
158 

158 t o  
155 

170 t o  
155 i td Dev. Mean 

1.5948 
1.5893 
1.5926 

-0.0055 
-0.0022 

1.5958 
1.5952 

-0 .OOOt  

Mean 

6.0360 
6.0258 
6.0277 

.0.0102 

.O. 0083 

6.0363 
6.0376 

-0.001 3 

Top of 
block 

're I 
tobot 
'IE 
tobot-Pre I 
'IE-Pre I 

're I 
'IE 
'IE-Pre I 

1.594 
1.585 
1.5931 

-0.009 
-0.0009 

1.594 
1.5935 

-0.0005 

1.596 
1.589 
1.5911 

-0.007 
.0.0049 

1.596 
1.5961 

-0.0001 

3.81 9 
3.826 
3.8166 

k0.007 
-0.0024 

3.817 
3.8168 

-0.0002 

1.595 
1.593 
1.5931 

-0.002 
-0.001 9 

1.597 
1.5964 

-0.0006 

1.594 
1.590 
1.5930 

-0.004 
-0.001 0 

1.596 
1.5947 

-0.001 3 

12.690 
12.684 
12.6781 
-0.006 
-0.0119 

12.692 
12.6895 
-0.0025 

155 t o  
13 

6.038 
6.025 
6.0313 

-0.01 3 
-0.0067 

6.037 
6.0423 

I O .  0053 

0.0010 
0.0033 
0.0010 
0.0031 
0.0019 

0.001 3 
0.0013 
0.0006, 

;td Dev. 

0.0014 
0.0015 
0.0040 
0.0019 
0.0032 

0.001 2 
0.0043 
0.0040 

Bottom of 
block 

Holes 13 t o  
22 

22 t o  
170 

170 to  
31 2 

312 t o  
303 

303 t o  
155 

Top of 
block 

6.036 
6.026 
6.0221 

.0.010 

.0.0139 

6.037 
6.0405 
-0.0035 

6.034 
6.025 
6.0243 

-0.009 
-0.0097 

6.035 
6.0328 

-0.0022 

6.036 
6.024 
6.0283 

-0.01 2 
-0.0077 

6.035 
6.0338 

-0.001 2 

6.035 
6.027 
6.0276 

-0.008 
-0.0074 

6.038 
6.0345 

-0.0035 

're I 
tobot 
'IE 
tobot-Pre I 
'IE-Pre I 

're I 
'IE 
'IE-Pre I 

6.037 
6.028 
6.0326 

-0.009 
-0.0044 

6.036 
6.0416 

CO.0056 

Bottom of 
block 

in. = 25.4 mm. 
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TABLE 4-3 
FSV FUEL ELEHENT 1-0743 
SQUARENESS OATLPi PLANES 

( i n c h e s )  (a)  

Haximum Disp lacemen t  f rom 
I n c r e m e n t a l  D i s t a n c e  up  Le 

- 

Face 

A 

- 

B 

C 

D 

E 

F 

S q u a r e n e s s  a t  Vertical 
: t h  of B lock(b )  

Robot 

PIE 

Meas. 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Rob0 t 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
P I E - P r e  I 

Mean 
Std. Oev. 

Mean 
Std. Dev. 

1 

-0.0005 
+O.0049 
+G. 0021 
+0.0054 
+O. 0026 
f0.001 
+0.0070 
+0.0015 
+O. 0060 
+0.0005 

+O. 0005 
+0.0043 
+0.0027 
+O. 0038 
H.0022 

+O. 0005 
-0.0004 
-0.001 0 
-0.0009 
-0.0015 

0.000 
-0.0021 
-0.0042 
-0.0021 
-0.0042 

0.000 
-0.0014 
-0.0020 
-0.0014 
-0.0020 

+O.0021 
0.0038 

-0.0002 
0.0027 

2 

-0.00 
+O. 0058 
+O.0037 
+O. 0068 
+O .004 7 
+O. 0005 
+0.0110 
+O. 0030 
+O . 0 105 
+O.0025 

+o. 001 
-0.0076 
+O.0045 
+O .0066 
+0.0035 

+O .0005 
-0.0008 
-0.0020 
-0.0013 
-0.0025 

+O .0005 
-0.0022 
-0.0056 
-0.0027 
-0.006 1 

+O .0005 
-0.0028 
-0.0036 
-0.0033 
-0.0.04 1 

+O.0031 
0.0058 
0 

0.0043 

3 

-0.002 
+O.0076 
+O. 0049 
+O. 0096 
+O .0069 
0.000 
+O.0120 
+O .0046 
+O.0120 
+O. 0046 
+0.001 
+o .0088 
+0.0057 
+O. 0078 
+O .004 7 

+0.001 
+o .0008 
-0.0023 
-0.0002 
-0.0033 

0.000 
-0.0043 
-0.0081 
-0.0043 
-0.0081 

+O .0005 
-0.0032 
-0.0047 
-0.0037 
-0.0052 

+O. 0036 
0.0068 

0 
0.0058 

4 

-0.002 
+O .0085 
+0.0056 
+0.0105 
+O. 0076 
+O.OOl 
+0.0130 
+0.0061 
+0.0120 
+0.0051 
+O.OOl 
+0.0101 
+O .006 5 
+o .0091 
+O. 0055 

+O.OOl 
+O .0014 
-0.0024 
+O. 0001, 
-0.0034 

+O.0005 
-0.0054 
-0.0089 
-0.0059 
-0.0094 

0.000 
-0.0026 
-0.0050 
-0.0026 
-0.0050 

+0.0042 
0.0074 

+O .0003 
0.0066 

5 

-0.001 
+O .0084 
+O .0048 
+O. 0094 
+O. 0058 

-0.0005 
+0.0120 
+0.0076 
+0.0125 
+o .008 1 

+0.001 
+O . 01 04 
+O .0068 
+O. 0094 
+O .0058 
+0.001 
+O.0021 
-0.0023 
+0.0011 
-0.0033 

+0.001 
-0.0046 
-0.0087 
-0.0056 
-0.0097 

0.000 
-0.0029 
-0.0051 
-0.0029 
-0.0051 
+0.0042 
0.0071 

+O. 0005 
0.0068 

i n .  = 25.4 nun 

(b )See  d e t a i l  T i n  F i g .  2-5 f o r  i n t e r p r e t a t i o n  o f  + and  - v a l u e s .  

6 

0.000 
+0.0073 
+0.0045 
+O .0073 
+0.0045 
0.000 

+o .0100 
+O. 0086 
+o . 01 00 
+O .0086 

+0.0015 
M.0087 
+O. 0063 
+O .0072 
+O .0048 

+0.0001 
+0.0007 
-0.0012 
+O. 0006 
-0.001 3 
+0.001 
-0.004 7 
-0.0078 
-0.0057 
-0.0088 

0.000 
-0.0043 
-0.004 1 
-0.0043 
-0.004 1 

+O .0030 
0.0066 
+0.0011 
0.0064 

7 

-0.002 
+O .0051 
+O. 0035 
+O .0071 
+0.0055 
-0.00 1 
+0.0070 
+0.0063 
+o. 0080 
+O .0073 
+0.001 
+O .0068 
+O .0050 
+O .0058 
+O. 0040 
+0.0015 
f0.0013 
-0.001 1 
-0.0002 
-0.0026 

+0.001 
-0.0038 
-0.0054 
-0.0048 
-0.0064 

+O. 0005 
-0.0037 
-0.0035 
-0.004 2 
-0.0040 

+0.0021 
0.0050 

+o .0008 
0.0048 
-- 

8 

-0.001 5 
+O .0030 
+o. 0020 
+0.0045 
+0.0035 
-0.001 
+O. 0030 
+O. 0030 
+O .0040 
+O. 0040 
+O . 0005 
+O .0052 
+O. 0039 
+O .0047 
+O. 0034 

+o. 002 
+O. 0009 
+O. 0004 
-0.0011 
-0.0024 

Hl.0015 
-0.0009 
-0.0016 
-0.0024 
-0.003 1 

+O .0005 
-0.004 1 
-0.001 8 
-0.0046 
-0.0023 

+O.0012 
0.0033 

+o .OOlO 
0.0024 

9 

-0.0001 
-0.0001 
-0.0001 

0 
0 

-0.001 
-0.001 
-0.0010 

0 
0 

+0.0015 
+0.0015 
+O .0015 

0 
0 

+O. 0025 
+O. 0025 
+O. 0025 

0 
0 

+0.002 
+o. 0020 
+o. 0020 

0 
0 

+O. 0005 
+O. 0005 
+O. 0005 

0 
0 

+O. 0009 
0.0013 

+o. 0009 
0.0013 
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TABLE 4-4 
FSV FUEL ELEPENT 1-0743 

COOLANT HOLE DIAMETERS 
(inches) ( a )  

Ho le  
N o .  

13 

22 

155 

170 

303 

31 2 

Robot 

PIE 

P r e  I 

PIE-Pre I 

PIE-Pre I 
P r e  

Meas. 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

P r e  I 
Robot 
PIE 
Robot-Pre I 
PIE-Pre I 

Mean 
S t d  Dev. 

Mean 
S t d  Dev. 

Mean 
S t d  Dev. 

Mean 
S t d  Dev. 

(% s t r a i n )  

i n .  = 25.4 mm. 

(b)See  F i g .  a2.5. 

("Not de t e rmined .  

(b)  Hole Diameter (J) 

0.625 
0.625 
0.6228 
0 

-0.0022 

0.625 
0.626 
0.6224 

+o. 001 
-0.0026 

0.625 
0.623 
0.6227 

-0.002 
-0.0023 

0.625 
0.624 
0.6229 

-0.001 
-0.0021 

0.625 
0.623 
0.6224 

-0.002 
-0.0026 

0.625 
0.624 
0.6227 

-0.001 
-0.0023 

0.6242 
0.0012 

0.6227 
0.0002 

0.6250 
0 

-0.0024 
0.0002 

-0.38 

B o t t o m  

0.625 

0.6234 
ND 

ND ( C )  

-0.0016 

0.625 
ND 
0.6234 
ND 

-0.001 6 

0.624 
ND 
0.6227 
ND 

-0.001 3 

0.624 
ND 
0.6225 
ND 

-0.0015 

0.624 
ND 
0.6225 
ND 

-0.001 5 

0.624 
ND 
0.6232 
ND 

-0.0008 

ND 
ND 

0.6230 
0.0004 

0.6243 
0.0006 

-0.001 4 

-0.22 

0.0003 

e 
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TABLE 5 - 5  
FSV XXL ELE.KE!it I-01L3 

BOW OF SIX SIDE FACES(~) 

Face A Face B Face c Face 0 Face E Face F - 
PIE Position Robot PIE Robot Robot Robot Robot 

~~ 

-1).0004 
-0.0003 
-0.0012 
-0.0002 
-0.0013 
-0,001 6 
-0,0024 
-0.0024 
-0.0006 
+O.0002 
+o ,0008 
-0.0009 
-0,0026 
-0.001 6 
-0.001 9 
-0.0032 
-0.001 8 
-0.001 8 
-0.0002 
CO .0004 
-0.001 0 
-0,0015 
-0.0020 
-0.0020 
-0.0035 
-0,0028 
-0.0032 
-0.0032 
-0.0008 
f0.0046 
-0.0008 
-0.002 1 
-0.0024 
-0.0024 
-0.0031 
-0.0034 
-0.0016 
-0,0026 
-0,001 4 

-0.0006 
-0.0007 
+O.0022 
-0.0008 
-0,0017 
-0.0013 
0.0015 

-n.o002 

PIE 

-0,001 8 

-0.002 1 
-0.0021 
-0.0021 
-0.0039 
-0.0040 
-0.0040 
-0.0033 
-0.0030 
-0.0040 
-0.0044 
-0,0052 
-0.0051 
-0,0052 
-0.0058 
-0.0056 
-0.0058 
-0.0052 
-0.0045 
-0.004 2 
-0.0053 
-0.0060 
-0.0060 
-0.0064 
-0.0059 
-0.0056 
-0.0052 
-0.0046 
-0.0039 
-0.0028 
-0,0042 
-0.0048 
-0.0036 
-0.0053 
-0.0036 
-0.0020 
-0.0033 
-0,0027 

-0.0003 
-0.0007 
-0.0012 
-0.0011 
-0.0015 
-0.0038 
0.0016 

-0.0020 

-0. on1 9 

PIE PIE Robot PIE 

-0 .0034 
-0.0031 
-0.004 7 
-0.0035 
-0.0034 
-0.0063 
-0.0057 
-0.0066 
-0.0059 
-0.0066 
-0,0088 
-0.0084 
-0.0096 
-0.0084 
-0,0087 
-0.0099 
-0. 0100 
-0.0 109 
-0.0098 
-0.0 101 
-0,0107 
-0 .0 103 
-0.0113 
-0.0105 
-0.0104 
-0.0097 
-0.0099 
-0.0 108 
-0,0098 
-0.0097 
-0.0084 
-0,0083 
-0.0089 
-0.0081 
-0.0080 
-0.0052 
-0.0053 

-0.0055 
-0.006 1 
-0.0025 
-0.0020 
-0,0025 
-0.0019 
-0.0014 
-0,0073 
0.0029 

-0.0056 

+0.0047 
+O.0046 
+o. 001 9 
+O. 0043 
tO.0047 
tO.0081 
+O ,0077 
+0.0039 
+0.0074 
+O.0079 
+O ,0091 
tO.0093 
+o . 0058 
+o ,0098 
tO.0100 
+0.0110 
+O.o111 
+O.0078 
+O.0106 
+o ,0109 
t o . 0 1 1 4  
+O.0109 
H.0097 
+O ,0109 
+0.0113 
+O ,0106 
+o ,010 1 
+0.0111 
+O.  0104 
+O ,0104 
+o .0088 
+O ,0083 
+0.0092 
tO.0081 
+o .0089 
C 0 . 0 0 5 8  
H3.0054 
+0.0063 
+o ,0053 
+0.0060 
M.0025 
tO.0023 
tO.00?8 
to.0021 
-0.0021 
t0.0075 
0.0033 

to.0044 
to.0042 
tO , 0 0 4 2  
to. 0046 
t0.0053 
to.0016 
to.0058 
t0.0074 
t o . 0 0 7 4  
t0.0068 
W.0092 
to. 0106 
to . 0086 
to.0092 
M ,0089 
to.0092 
to.0106 
to. 0098 
to. 0108 
M . 0096 
to.0110 
M.0110 
M.0100 
M.O110 
C0.0095 
M.0088 
M . 0094 
CO.0082 
M.0092 
M.0104 
M . 0088 
t0.001t 
M ,0064 
t0 ,0068 
t0.006i 
t0.0044 
t0.0052 
M ,0046 
M.0046 
tO.0052 
Kl.0016 
Kl.0008 
M.ooo8 
KI.0016 
-0.0003 
k0.0070 
0.0031 

t O . 0 0 2 1  
io.0021 
M ,0028 
tO.0031 
t0.0032 
tO.0053 
tO.0052 
+0.0045 
io. 0044  
tO.0037 
io. 0054 
tO.0055 
t0.0056 
t0.0063 
tO.0065 
+O.0073 
tO . 0068 
tO.0066 
tO.0061 
t0.0062 
+O ,0064 
t0.0067 
t0.0069 
tO.0070 
t O . 0 0 1 4  
tO.0068 
t0.0065 
tO ,0066 
tO.0063 
tO.0059 
tO.0050 
tO.0052 
tO.0052 
tO.0055 
M.0059 
tO.oo01 
tO.0036 
+O . 0040 
+0.0039 
m.0035 
M.0014 
tO.0018 
t 0 . 0 0 1 7  
M.0018 
t O . 0 0 1 7  
t0.0049 
0.0016 

4.0016 
-0.0017 
-0.0008 
-0.0001 
tO.0015 

0 
+O.0006 
-0.001 6 
-0.0014 
-0 .0022 
-0.0028 
-0.0021 
-0. 0004 
-0.0001 
tO.0005 

0 
t0.0002 
-0.0002 
-0.OOO8 
-0.0014 
-0.0020 
-0.0015 

0 
tO.0005 
tO.0015 
tO.0010 
-0.0002 
-0.0018 
-0.0012 
-0,001 6 
-0.0022 
-0.0019 
-0.0016 
-0.0009 
-0.0005 

0 
-0.0006 
- 0 . 0 0 2 4  
-0.0016 
-0.OOO8 
-0.0014 
-0.0013 
-0.0012 
-0. Coo3 
to.0005 
-0.0008 
0.0010 

-0.00i9 
-0.001 8 
-0.0014 
-0.0016 
-0.0009 
-0.OOi7 
-0.002 7 
-0.0027 
-0.0033 
-0.003 i 
-0.0040 
- 0 . 0 0 4 4  
-0.0034 
-0 .0032 
-0,0023 
-0. 002 7 
-0,0035 
-0.0038 
-0.0049 
-0.004 7 
-0,004 7 
-0.00i5 
-0.0042 
-0.0039 
-0.0028 
-0.0026 
-0.0036 
-0.0035 
-0.0049 
-0.0042 
-0.004 i 
-0,004i 
-0.0037 
-0.0031 
-0.0021 
-0.0012 
-0.0022 
-0,0026 
-0.0031 
- 0 . 0 0 2 5  
-0.0006 
-0.0010 
-0. 0008 
-0.0006 

0 
-0.0029 

0.0013 

-0.0026 
-0.0006 
-0.0024 
-0 . 0025 
-0.0024 
-0.0048 
-0.0040 
-0.OJ28 
-0.004 2 
-0.0032 
-0.0058 
-0.0048 
-0. 0052 
-0.0055 
-0.0062 
-0.0066 
-0.0070 
-0.0066 
-0.0064 
-0.0064 
-0.0070 
-0.0060 
-0.0060 
-0.0065 
-0.0070 
-0.0064 
-0.0060 
-0.0064 
-0.0066 
-0.0066 
-0.0062 
-0.0062 
-0.0058 
-0.0065 
-0.0058 
-0.0032 
-0.0050 
-0.0032 
-0,0048 
-0.0058 
-0,0032 
-0,001 4 
-0.0006 
-0.0025 
-0.0016 
-0.0048 
0.0019 

+0.0040 
+O ,0049 
+O ,0050 
+0.0049 
+O.0031 
+0.0052 
+0.0068 
+O ,0060 
+O ,0058 
+o. 0010 
+O ,0090 
+0.0087 
+o ,0080 
+o ,0087 
+O ,007 3 
+O ,0064 
+O. 0086 
+o. 0090 
+O ,0096 
tO.0100 
+o. 01 00 
+0.0095 
+o ,0090 
+o ,0095 
+o ,0085 
+O ,0086 
+0.0074 
+o .0080 
+O .0084 
+o ,0090 
+0.0070 
+O ,0073 
+0.0060 
tO.0073 
+0.0057 
+O.0038 
+0.0032 
+0.0040 
+0.0052 
tO.0040 
+o. 0020 
+0.002 I 
+0.0010 
+O.OOIl 
+0.0019 
tO.0064 
0.0026 

+O ,0036 
+O .002 3 
+O ,002 3 
+0.0026 
+O. 001 9 
+O ,0034 
+O ,0044 
+0.0041 
W.0037 
+O ,0056 
+O ,0066 
+O.0048 
+O ,0055 
+O.0053 
+O ,0046 
+O .0054 
+O ,0060 
+0.0066 
+O ,0058 
C0.0069 
+O.0070 
+0.0059 
+o. 0058 
+O ,0060 
+o ,0054 
+O. 0053 
+O.0057 
+O.0057 
+O ,0056 
+O ,0066 
+O ,0056 
+O.0051 
M.0049 
+O . 0050 
M.0046 
+O.0032 
+O ,0036 
+O ,0036 
+O.0037 
+a. oom 
+O.0018 
t0.0017 
+O.0017 
+O.O018 
tO.0017 
tO.0045 
0.0016 

+O ,004 7 
+O ,0064 
f0.0074 
+0.0055 
C0.0066 
+O.O112 
+o .0100 
+O.O118 
tO.0108 
+o ,0094 
CO .012 I 
tO.0132 
tO.0132 
tO.0125 
t0.0128 
+O. 01 4 4  
+0.0150 
tO.0146 
t0.0136 
tO.0138 
Kl.0145 
tO.01SO 
t0.0140 
fo.0135 
+o. 01 40 
+0.0136 
+O.0130 
f0.0124 
f0 .0124 
f0.0122 
to. 0089 
to. 0098 
to. 0098 
t0.0105 
tO.0102 
tO ,0068 
to. 0070 
to. 0062 
t0.0072 
W.0056 
to .0013 
to.0026 
to.0026 
to.0025 
to.0024 
to.0099 
0.0040 

12 
1 3  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
4 5  
46 
47 
48 
49 

Std. De". 

(a'See detail T in Fig. 2-5 for interpretation of + and - values.  

(b'~ in. = 25.4 mm. 

("Positions 1-5 and 51-55 have zero values. 

(d)Excluding 1-5 and 51-55. 
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TABLE 4-6 

DISI'I.ACEMENT FROM VEXTICAL OF SIX SIUE FACES(") 
FSV N E I .  ELEMENT 1-0743 

(inches)(b) 

+0.0003 
+O ,0004 
-0.0013 

0 
+o. 0001 
+0.0007 
+0.0013 
+o .0002 
+0.0012 
+O ,0008 
+O. 0023 
+0.0022 
+O ,0006 
+0.0020 
+O. 001 8 
+O ,004 1 
+0.0039 
+0.0027 
+O .0044 
+0.0047 
+O. 0078 
+O. 0074 
+O. 0057 
+O .0069 
+O. 007 1 
+0.0112 
+0.0110 
+0.0095 
C0.0114 
+O .0124 
+0.0174 
+0.0165 
+0.0148 
+0.0127 
+O. 01 64 
+0.0227 
+O. 0225 
+0.0215 
+0.0228 
+0.0234 
+O ,0307 
+0.0299 
+0.0280 
+0.0294 
+O .0300 
+0.0349 
+0.0348 
+0.0339 
+0.0354 
+0.0369 
M.0127 
0.0121 

Position 

6(c) 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 

bkan(d) 
Std. Dev. 

FZ - 
Robot 

+0.002 
+O ,003 
+0.003 
+0.003 
+0.001 
+0.001 
+0.003 
+o ,002 
f0.002 
+O ,003 
+0.003 
+O ,003 
+0.002 
+O ,003 
+0.001 

0 
+0.001 
+0.001 
+o ,002 
+O ,002 

0 
0 

-0.001 
0 

-0.002 
-0.004 
-0.004 
-0.004 
-0.003 
-0.003 
-0.001 
-0.006 
-0.008 
-0.006 
-0.009 
-0.013 
-0.012 
-0.012 
-0.010 
-0.012 
-0.016 
-0.015 
-0.017 
-0.016 
-0.017 
-0.021 
-0.019 
-0.020 
-0.019 
-0.020 
-0.0050 
0.0080 
- 

A 

PIE 

+0.0030 
+o. 001 5 
+O ,001 4 
+O. 001 8 
+O ,0009 
+0.0015 
+O. 0027 
+0.0023 
+o .002 1 
+O ,0044 
+O ,0048 
+O. 0024 
+0.0028 
+0.0028 
+0.0017 
+O. 001 6 
+0.0026 
+O ,0028 
+O ,0026 
+0.0045 
+0.0039 
+0.0018 
+0.0013 
+0.0018 
+O. 0006 
-0.0004 
+0.0007 
+O ,0003 
+0.0007 
+0.0029 
+0.0013 
-0.0006 
-0,001 4 
-0.0009 
-0.0021 
-0.0044 
-0,0031 
-0.0036 
-0.0028 
-0.0009 
-0.0037 
-0.0056 
-0.0064 
-0.0058 
-0.0069 
-0.0095 
-0.0084 
-0.0090 
-0.0081 
-0.0061 
-0.0005 
0.0039 

FZ 
Robot 
__ 

M.001 
+0.003 
+O .004 
+o .002 
+O ,003 
+O .004 
+O .003 
+O ,005 
+O .004 
+0.002 
+0.001 
+0.003 
+O .003 
+0.002 
+0.002 

0 
+0.001 
+0.001 

0 
-0.001 
-0 .00 ,  
-0.002 
-0.003 
-0.004 
-0.004 
-0.008 
-0.008 
-0,008 
-0.008 
-0.010 
-0.017 
-0.014 
-0.014 
-0.014 
-0.015 
-0.022 
-0.021 
-0.021 
-0.020 
-0.024 
-0.032 
-0.028 
-0.028 
-0.029 
-0.030 
-0.036 
-0.035 
-0.034 
-0.034 
-0.037 
-0.01 04 
0.0136 

~ 

B 
PIE 

+O. 0023 
+O. 0023 

0 
M.0021 
+O ,0023 
+O .0033 
+0.0032 

0 
+0.0028 
+0.0032 
+0.0026 
+0.0025 

0 
+O .0031 
+0.0028 
+0.0014 
+O. 0022 

0 
+0.0015 
+0.0014 
-0.0005 
-0.0005 

0 
-0.0003 
-0.0007 
-0.0038 
-0.0033 
-0.0005 
-0.0033 
-0.0038 
-0.0078 
-0.0077 
-0.0044 
-0.0075 
-0.0079 
-0,0134 
-0.0124 
-0,0092 
-0.0129 
-0.01 30 
-0,0188 
-0.0182 
-0,0147 
-0.0180 
-0.01 95 
-0.0240 
-0.0223 
-0.01 94 
-0.0228 
-0.0237 
-0.0055 

0.0088 

Fa 

Robot 

+0.003 
+0.003 
+0.003 
+0.003 
+0.004 
+0.005 
+O ,003 
+o .005 
+O .005 
+O .004 
+O .005 
+0.007 
+0.005 
+0.005 
+o .005 
+O ,004 
+O .005 
+0.005 
+O ,006 
+O ,004 
+O ,004 
+O ,005 
+O ,004 
+0.004 
+O ,003 
f0.001 
+0.001 
+0.001 
t0.002 
+0.002 
-0.001 
-0.001 
-0.002 
-0.003 
-0.003 
-0.006 
-0.006 
-0.005 
-0.005 
-0.006 
-0.011 
-0.010 
-0.010 
-0.011 
-0.012 
-0.013 
-0.014 
-0.012 
-0.012 
-0.014 
-0.0008 
0.0065 

C 

PIE 
~ 

+o . oooe 
+o . oooe 
+o. 001 5 
+0.0019 
+0.0020 
+O .0029 
+0.0029 
+o .0020 
+0.0017 
+0.0011 
+0.0015 
+0.0015 
+0.0020 
+0.0028 
+0.0029 
+0.0025 
+0.0022 
+0.0016 
+o ,0008 
+0.0010 
-0.0002 

0 
+O . 0006 
to.0012 
+O. 001 4 
-0.0004 
-0.0004 
-0.0011 
-0,0017 
-0.0020 
-0.0042 
-0.0041 
-0.0036 
-0.0026 
-0.0025 
-0.0055 
-0.0056 
-0.0060 
-0.0067 
-0.0070 
-0.01 04 
-0.0102 
-0.0096 
-0.0086 
-0.0091 
-0.01 20 
-0.0115 
-0,0125 
-0.0133 
-0.0131 
-0.0025 
0.0051 

(a)See detail T in Fig. 2-5 for interpretation of + and - values. 
(b)l in. = 25.4 mm. 

("Positions 1-5 have zero values. 

(d)Excluding 1-5. 

Fa, 

Robot 

0 
0 

+0.001 
+0.001 
+0.003 
+0.003 
+O .004 
+0.002 
+0.002 
+0.001 
+0.002 
+O ,003 
+0.005 
+O .005 
+O ,005 
+0.006 
+0.007 
+0.007 
+O .006 
+0.005 
+0.006 
+0.007 
+o ,009 
+0.009 
+0.009 
+0.010 
+0.010 
+0.009 
+0.009 
+O .008 
+O. 009 
+0.010 
+0.011 
+0.011 
+0.010 
+0.012 
+0.013 
+0.012 
+0.012 
+0.012 
+0.013 
+0.014 
+0.015 
+0.015 
f0.014 
f0.015 
C0.017 
+0.018 
M.017 
+0.016 
+O . 0084 
0.0050 

D 

PIE 

+o .0002 
+0.0004 
+0.0008 
+0.0005 
+0.0011 
+0.0022 
+O ,001 5 
+O . 001 6 
+o. 001 0 
+0.0011 
+0.0022 
+o. 0021 
+O ,003 1 
+O. 0031 
+O ,0036 
+0.0051 
+O ,0049 
+0.0048 
+0.0037 
+O ,0036 
+0.0077 
+0.0058 
+O .0066 
+0.0066 
+0.0070 
+O .0091 
+o ,0090 
+0.0095 
+0.0080 
+0.0083 
+o. 0105 
+0.0110 
+0.0114 
+0.0115 
+0.0116 
f0.0144 
+O. 01 46 
+O .014 7 
f0.0141 
M.0141 
+0.0181 
+O. 01 84 
+O . 01 86 
t0.0183 
f0.0176 
t0.0195 
+0.0210 
+O .0216 
t0.0215 
t0.0208 
t0.0090 
0.0068 

+0.001 
+0.003 
+0.001 
+0.001 
+0.001 
+0.002 
+0.003 
+0.004 
+O ,003 
+9.004 
+O .005 
+0.006 
+O ,005 
+0.005 
+O ,004 
+0.007 
+0.007 
f0.007 
+O ,008 
+o ,008 
+0.011 
+0.012 
+0.011 
+0.011 
+0.010 
+0.014 
+0.015 
+0.014 
+0.015 
+0.015 
+0.019 
+0.019 
+0.018 
+0.018 
C0.018 
+0.024 
+0.023 
+O ,024 
+0.024 
+0.023 
+0.031 
+0.031 
+O ,030 
+0.029 
+0.029 
+0.034 
+0.035 
+0.034 
+0.036 
+O .036 
+0.0150 
0.0111 

Face E v Fa Robot 

+0.001 
+0.001 

0 

0 

0 
0 

+0.002 
+O ,003 
+O .005 
+O ,003 
+0.001 
+0.002 
+0.002 
+0.002 
+0.003 
+O .003 
+O .005 
+O ,006 
+O ,006 
+0.005 
+0.004 
+O ,004 
+O .003 
+0.005 
+O .004 
+O ,004 
+0.007 
+0.013 
+O .009 
+0.007 
+0.006 
+O ,006 
+O .006 
+0.007 
+O ,008 
+0.007 
+O .009 
+0.011 
+0.012 
+0.011 
+0.013 
+0.010 
+0.010 
+0.013 
+0.012 
+0.012 
M.013 
+0.014 
+0.0058 
0.0042 

tn.noi 

+0.001 

F 

PIE 

+o ,0001 
+o ,0001 

0 
+0.0001 

0 
+o. 0002 
+O. 0003 
+O. 0003 
+0.0009 
+0.0009 
+0.0018 
+0.0019 
+0.0012 
+O. 001 4 
+o. 001 0 
+0.0025 
+O ,0030 
+0.0028 
+0.0032 
+0.0033 
+0.0055 
f0.0052 
+O. 0047 
+0.0048 
+0.0040 
+O ,0065 
+O ,0073 
+0.0076 
+0.0079 
+O. 0077 
+O. 01 08 
+0.0104 
+o. 01 02 
+0.0115 
to.  0092 
t0.0130 
t0.0152 
t0.0138 
t0.0140 
t0.0136 
t0.0172 
tO.0181 
+O. 01 81 
KI. 01 83 
t0.0171 
t0.0207 
t0.0215 
M.0214 
to. 0209 
M.0194 
kO.0080 
0.0071 
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Face (b)  

A - D  

B - E  

C - F  

Meas. 

P r e  I 

Robot 

PIE 

PIE-CC 

cc (d) 

P r e  I 

Robot 

PIE 

cc (d) 

PIE-CC 

P r e  I 

Robot - 

PIE 

PIE-CC 

1 CC(d) 

Mean 
S t d  Dev. 

Mean 
S t d  Dev. 

Mean 
S t d  Dev. 

PIE-Pre I Mean 
S t d  Dev. 

TABLE 4-7 
FSV FUEL ELEMENT 1-0743 

DISTANCES ACROSS FLATS 
( i n c h e s )  ( a )  

\ 

1 - 2  

14.147 
14.148 
14.151 
14.157 

14.153 
14.150 
14.154 
14.154 

14 .150  
14.157 
14.159 
14.151 

PIE-Pre I (% s t r a i n )  

I P r e  I 

14.1525 
0.0043 

1 4 . 1 5 4 3  
0.0032 

N D ( ~ )  

ND 

3 - 4  

14.150 
14.156 
14.151 
14.156 

14.150 
14.150 
14.154 
14.153 

14.151 
14.154 
14.157 
14.152 

14.1518 
0.0026 

1 4 . 1 5 3 8  
0.0023 

ND 

ND 

i n .  = 25.4 m. 

(b)See F ig .  2-5. 

("Cordax. 

(d)Cordax c o r r e c t e d  (CC). 

(e)Not determined.  
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5 - 6  

14.1772"' 
14.1730 
14.149 
14.155 
14.154 

-0.01 90 

14.1756 
14.1714 
14.152 
14 .150  
14.154 

-0.01 74 

(d)  

(d)  

14.1 7 6 9 ( d )  ( c  1 
1'4. 1714 
14.154 
14.153 
14.154 

-0.01 87 

14.1522 
0.0023 

1 4 . 1 5 4 0  
0 

14.1724 
0.0008 

-0.01 8 4  
0.0009 

-0.13% 

Mean 

14.1525 

14.1538 

14.1508 

14.1538 

14.1532 

14.1546 

S t d  Dev. 

0.0044 

0.0028 

0.001 3 

0.0005 

0.0025 

0 .0034  



TABLE 4-8 
FSV FUEL ELEMENT 1-0743 LENGTH 

(inches) (a) 
~~ 

Meas. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
Mean 

Std. Dev. - 

Location (b) 
~ 

C-324 
321 -322 
S-319 
316-31 7 
C-314 
275-289 
293-294 
296-297 
288-301 
5-259 
257-272 
237-254 
251 -252 
233-249 
246-262 
S-244 
190-209 
192-21 1 
195-21 4 
203-221 
206-224 
208-226 
C-171 
165-1 66 
"-163 
"-200 
"-1 98 
"-1 27 
"-1 25 
"-162 
159-1 60 
C-154 
99-1 17 
101-119 
104-1 22 
1 1  1-1 30 
114-133 
116-135 
S-81 
63-79 
76-92 
73-74 
71-88 
53-68 
5-66 
24-37 
28-29 
31 -32 
36-50 
c-11 
8-9 
S-6 
3-4 
c-1 

Pre Char 

31,2345 

N D  
ND 
31 ~ 2330 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
31.2330 
ND 
ND 
ND 
ND 
ND 
ND 
N D 
ND 
31.2330 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
IJD 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
31.2315 
ND 
ND 
ND 
31.2320 

N D ( C )  

Rob0 t 

31.150 
31.154 
31 .147 
31.148 
31 .147 
31.147 
31 .155 
31 .154 
31.163 
31 .163 
31 .164 
31 .162 
31 .160 
31 .156 
31 .153 
31 .155 
31.156 
31 .162 
31 .162 
31 .166 
31 .168 
31.166 
31 .164 
31 .163 
31.169 
31.161 
31 .164 
31.166 
31 .167 
31 .162 
31 .165 
31 .159 
31.173 
31.174 
31 .171 
31 .167 
31 .173 
31.169 
31 .174 
31 .173 
31 .171 
31.172 
31.178 
31.179 
31.175 
31 .183 
31 .178 
31.180 
31 .177 
31.182 
31.180 
31 .182 
31.185 
31.182 
31.1662 
0.0103 

PIE 

31.170 
31.169 
31.168 
31.168 
31 -167 
31 .170 
31 .171 
31.173 
31 .173 
31.175 
31 .176 
31 .178 
ND 
31.178 
31 .175 
31 .173 
31 .178 
31 .179 
31.181 
31 .181 
31 .180 
31.179 
31 .182 
31 .182 
ND 
ND 
ND 
ND 
ND 
ND 
31.184 
31 .182 
31.185 
31 .189 
ND 
ND 
31.189 
31.186 
31 .190 
31 .192 
ND 
ND 
ND 
31 .193 
31.190 
31 .192 
31.196 
31.197 
31 .193 
31.197 
31.196 
31.191 
31 .196 
31 .197 
31 .1824 
0.0095 

Corners 
Only 

31.169 

31.165 

31 .180 

31.180 

31 .196 

31 .195 

PIE - 
Robot 

+o. 020 
+0.015 
+0.021 
+o. 020 
+o. 020 
+0.023 
+0.016 
+o. 01 9 
+o. 01 0 
+o. 012 
+0.012 
+O. 01 6 
ND 
+0.022 
+0.022 
+0.018 
+o. 022 
+0.017 
+0.019 
+O. 015 
+0.012 
+0.013 
+O. 018 
co.019 
ND 
ND 
EJD 
ND 
ND 
N D  
+o. 01 9 
+0.021 
+0.012 
+0.015 
ND 
ND 
+0.016 
+0.017 
+0.016 
+0.019 
ND 
ND 
ND 
+0.014 
+0.015 
+o. 009 
+0.018 
+0.017 
+0.016 
+0.014 
+0.016 
+o. 009 
+0.011 
+0.013 
+O. 01 65 
+O. 0037 

in. = 25.4 nun. 
(b)C = corner of element; S = side of element; HH = handling hole. 

(')?ID = not determined. 

For example, C-324 = between corner and hole number 324. 
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TABLE 4-9 
FSV FUEL ELEHENT 1-0743 

DISTANCES BETWEEN CENTERLINES OF COOLANT HOLES 
( i n c h e s )  (a) 

Hole to Holi 

259 - 222 
222 - 181 
181 - 144 
144 - 103 
103 - 66 
259 - 66 
312 - 270 
270 - 219 
219 - 106 
106 - 55 

55 - 13 
312 -. 13  

319 - 295 
295 - 267 
267 - 235 
235 - 199 
199 - 126 
126 - 90 

90 - 58 
58 - 30 
30  - 6 

319 - 6 
303 - 264 
264 - 216 
216 - 109 
109 - 61 
61 - 22 

303 - 22 
244 - 213 
213 - 180 
180 - 145 
145 - 112 
112 - 81 
224 - 81 
1 7 0  - 167 
167 - 164 
164 - 161 
161 - 158 
158 - 155 
170 - 155 

13 - 22 

22 - 170 

170 - 312 

312 - 305 

303 - 133 

133 - 13  

Mean 
Std. Dev. 

Pre I 
TOP 

ND(~) 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

3.3200 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

1.6620 

I. 661 0 

1.6590 

8.6610 

.6600 

.6630 

P r e  I 
Bottom 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

13.3245 

ND 
ND 
ND 
ND 

, ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
N D  
ND 
ND 
ND 
ND 
ND 

6.6610 

6.6615 

6.6590 

6.6590 

j .6620 

j .6615 

Robot 
TOP 

2.5601 
2.5657 
2.5570 
2.5636 
2.5602 

12.8051 
2.2185 
2.2181 
4.4394 
2.2181 
2.2201 

13.3149 

1.2710 
1.2900 
1 .2640 
1 .2930 
2.5722 
1 .2750 
1 .2830 
1 .2740 
1.2840 

12.8063 
2.2130 
2.2147 
4.4437 
2.2113 
2.2130 

13.2947 
2.5561 
2.5762 
2.5570 
2.5534 
2.5555 

12.7975 
2.2110 
2.2150 
4.4510 
2.2180 
2.2151 

13.3091 
6.6545 

6.6520 

6.6490 

6.6496 

6.6516 

6.6490 

4.2731 
3.8059 

PIE 
TOP 

2.556 
2.561 
2.563 
2.562 
2.556 

12.797 
2.214 
2.220 
4.436 
2.217 
2.217 

13.304 

1.277 
1.283 
1 .279 
1.279 
2.562 
1.280 
1.283 
1.277 
1.281 

12.801 
2.217 
2.217 
4.437 
2.216 
2.216 

13.303 
2.558 
2.561 
2.564 
2.558 
2 .558 

12.800 
2.216 
2.214 
4.439 
2.216 
2.216 

13.301 
6.655 

6.645 

6.647 

6.651 

6 .650 

6.654 

4.2720 
3.8047 

~~ 

PIE 
Bottom 

2.566 
2.576 
2.561 
2.556 
2.563 

12.821 
2.215 
2.220 
4.442 
2.225 
2.219 

13.321 

1.282 
1.284 
1.279 
1.298 
2.547 
1.287 
1.280 
1.274 
1.287 

12 .818 
2.220 
2.222 
4.447 
2.221 
2.217 

13.327 
2.562 
2.567 
2.560 
2 .570 
2.568 

2.216 
2.219 
4 .440 
2.220 
2 .218 

13.312 
6.665 

6.663 

6.656 

6.657 

6.657 

6.665 

12.827 

PIE - 
Pre I 

+0.0160 (top) 
-0.0035 (bot) 

-0.0070 (top) 

-0.0160 (top) 
i 4 . 0 0 4 0  (bot) 

+0.0015 (bot) 
-0.0120 (top) 

-0.010 (top) 

-0.010 (top) 

-0.009 (top) 

-0.0030 (bot) 

-0.002 (bot) 

-0.005 (bot) 

10.0035 (bot) 
rop. bottom 

% 
;train 

-0 .12  
-0.03 

-0.11 
+O .06 
-0.24 
+o. 02  
-0.18 
-0.05 
-0.15 
-0.03 
-0.15 
-0.08 
-0.14 
H . 0 5  
-0.16. 
t0.01 - 

in. = 25.4 nun. 

( b ) N D  = not determined 
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Hole 
Pre I 
3ottom 

ND 
0.625 
0.625 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.624 
ND 
ND 
ND 
ND 

0.624 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.624 
0.624 
ND 

0.6243 
0.0006 

6 
13 
22 
30 
55 
58 
61 
66 
81 
90 

103 
106 
109 
112 
126 
144 
145 
155 
158 
161 
164 
167 
170 
180 
181 
199 
21 3 
21 6 
21 9 
222 
235 
244 
259 
264 
26 7 
270 
295 
303 
31 2 
31 9 

Mean ( c  
Std. Dev. 
Mean (dl 
Std. Dev. 

Robot 
Top 

0.625 
0.625 
0.626 
0.624 
0 .623 
0.625 
0.625 
0.624 
0.624 
0.624 
0.624 
0.624 
0.624 
0.625 
0.499 
0.500 
0.499 
0.623 
0.623 
0.623 
0.624 
0.624 
0.624 
0.500 
0.499 
0.499 
0.623 
0.624 
0.624 
0.624 
0.624 
0.624 
0.624 
0.623 
0.622 ' 

0.623 
0.625 
0.623 
0.624 
0.622 
0.6242 
0.0012 
0.6239 
0.0009 

TABLE 4-10 
FSV FUEL ELEMENT 1-0743 
COOLANT HOLE DIAMETERS 

(inches) (a) 

Pre I 
TOP 

ND (b) 
0.625 
0.625 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.625 
ND 
ND 
ND 
ND 

0.625 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.625 
0.625 
ND 

0.625 
0 

PIE 
TOP 

0.6227 
0.6228 
0.6224 
0.6227 
0.6225 
0.6228 
0.6224 
0.6234 
0.6227 
0.6231 
0.6232 
0.6228 
0.6228 
0.6222 
0.4975 
0.4974 
0.4976 
0.6227 
0.6230 
0.6229 
0.6224 
0.6229 
0.6229 
0.4970 
0.4976 
0.4973 
0.6232 
0.6226 
0.6228 
0.6226 
0.6228 
0.6225 
0.6232 
0.6228 
0.6218 
0.6222 
0.6227 
0.6224 
0.6227 
0.6222 
0.6227 
0.0002 
0.6227 
0.0003 

PIE 
Bottom 

0.6237 
0.6234 
0.6234 
0.6232 
0.6235 
0.6235 
0.6236 
0.6232 
0.6234 
0.6236 
0.6237 
0.6232 
0.6232 
0.6235 
0.4978 
0.4982 
0.4981 
0.6227 
3.6233 
3.6236 
3.6232 
3.6229 
3.6225 
3.4976 
3.4980 
3.4979 
3.6235 
3.6234 
3.6231 
3.6229 
3.6231 
3 .  6222 
1.6227 
3.6231 
1.6232 
1.6230 
3.6228 
3.6225 
3.6232 
3.6256 
3 .  6230 
1.0004 
1.0233 
3.0001 

in. = 25.4 mm. 

(b)ND = not determined. 
= 6 .  

(d)n = 34. 
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, 

Robot vs PIE(a) 
Number of Accuracy, la Bias f Idd) 
Comparisons ( in. ) (c) (in.)(c) 

42 M.004 0.011 2 0.001 

5 P e  
of 

Measurement 

Robot vs QC(b) 
Number of Accuracy, la Blas(e*f) 
Comparisons (in.)(c) (in.)(c) 

324 50.005 0.007 Fuel-element length 
Distance between fiducial holes 
Distance between coolant holes 

f- Distance across flats 
I 
N 
w Coolant hole diameters 

Side face bow 

18 

30 

TABLE 4-11 
ACCURACY OF METROLOGY ROBOT MEASUREMENTS 

M .007 0.000 2 0.002 

M.007 0.002 +_ 0.001 

15 
40 
270 

0 .ooo 20.003 

ND ND 
ND ND 

3.003 0.000 f 0.001 102 
3 .001 -0.001 5 0.000 -- 
3 .001 0.000 i- 0.000 -- 

(a)Comparison of robot and hot cell measurements for surveillance element 1-0743. 

(b)Comparison of robot and QC measurements for calibration element 8-0182. 
("1 in. 25.4 mn. 
(d)Bias = PIE-Robot . 
(e)Bias = QC-Robot. 
(f)Uncertainty on bias is less than %.0005. 
(g)ND not determined. 



TABLE 4-12 
CALCULATED AND MEASURED IRRADIATION-INDUCED STRAINS 

AND BOW FOR FSV FUEL ELEMENT 1-0743 

Parameter 

Element average 
axial strain 
( % >  

Axial strain 
Distribution 
( 2 )  
Corner 1 
Corner 2 
Corner 3 
Corner 4 
Corner 5 
Corner 6 

Element average ( c, 
radial strain 
(%I  

Bow (mm) 

Mea sur ed 
~~ - 

Metrology Robot 

-0.182 f 0.014 

-0.239 
-0.244 
-0.205 
-0.129 
-0.127 
-0.189 

-0.103 * 0.042 

0.30 

Hot Cell ( a) 

-0.170 

-0.220 
-0.218 
-0.170 
-0.118 
-0.114 
-0.170 

-0.130 

0.28 

Calculated(b) 

-0.158 

-0.145 
-0.148 
-0.160 
-0.169 
-0.166 
-0.153 

-0.075 

0.05 

(a)No error estimates made. 

(b)Obtained from SURVEY/STRESS calculations based on irradiation 
conditions from SURVEY analysis of FSV cycle 1 (36-time-interval SURVEY 
based on results from detailed GAUGE analysis of FSV cycle 1). 

(C)Actually, the average radial strain at the top of the element. 
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Plenum Depth (in.) (a) 

P I E -  
Pre I PIE . Pre I 

1.630 1.7290 M.0990 

2.453 2.5619 M.1089 

1.649 1.7772 +0.1282 

1.645 1.7534 +0.1084 

1.654 1.7647 M.1107 

1.661 1.7965 +0.1355 

1.782 1.8971 +0.1151 

0.329 0.3265 +0.0138 

st: 
Pre I 

29.140 

27.177 

29.121 
29.125 

29.116 

29.109 

28.798 

0.7942 

TABLE 4-13 
PLENUM DEPTH, FUEL STACK LENGTH, AND PUSH-OUT FORCE 

MEASUREHENTS FOR FSV FUEL ELEMENT 1-0743 
1 

Push-Out 
Force lb)(a) k Length ( 

PIE 
~ 

I n i t i a l  PIE-Pre I Hole Sustaining 

0 
4 
1 

2 

1 

3 

29.0216 

27.1 108 

(b 1 
29.0206 

29.0129 

28.9455 

-0.1184 

-0.0662 

(b) 

-0.1044 

-0.1031 

-0.1635 

0 

0 
2.5 
0 

1 

0 

(b 1 

12 

47 
157 
189 

278 

285 

28.6223 

0.8455 

-0.11 1 1  

0.0351 

0.58 

1.02 

1.83 

1.47 
Avg . 

Std. Dev. 

1.5 

1 

18 

2 

22 

86 
121 

160 

194 

231 

8.90 

10.24 
Avg . 

Std. Dev. 

1.80 

1.79 

( = ) l  in.'= 25.4 mm; 1 l b  = 4.448 N 

(b)A1l 15 rods broken in stack during unloading. 
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TABLE 4-14 
BROKEN FUEL PARTICLES OBSERVED ON SURFACES OF 

SEVENTEEN FUEL RODS FROM FSV FUEL ELEMENT 1-0743 

Rod I D  

12-2 

12-7 

12-13 

47-2 

47-7 

47-8 

47-14 

189-2 

189-7 

189-14 

278-2 

278-8 

278-13 

285-2 

285-7 

285-8 

285-13 

T o t a l  

Mean 

N o .  of B r o k e n  
P a r t  i d e s  

16 

9 

12 

14 

16 

9 

8 

2 1  

10 

15 

9 

21  

17 

9 

9 

11 

11 

217 

13 

- 

A 
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Fue 1 
Stack 
ID(a) 

1 2  

47 

189  

278 

285 

TABLE 4-15 
MEASURED STRAINS FOR FUEL RODS 

IRRADIATED IN FSV FUEL ELEMENT 1-0743 

~~ ~~ 

Time and 
Fuel Stack 
Averaged 
Temperature 

(“C> 

645 

645 

67 5 

690 

695 

Stack Averaged 
Fast 
Fluence 

(1025 n/m2) 
(E > 29 fJ>HTa 

0 .84  

0 .83  

1 .oo 

1 .10  

1 .10  

Stack Averaged 

Radi 

Strain 
(% 1 

-0 .31 

-0.34 

-0.34 

-0.43 

-0.39 

+1 u 
( % >  

0.05 

0.02 

0 .02  

0.02 

0.05 

iel Rod Strain 

h i  

Strain 
( % >  

-0.47 

-0.44 

-0.47 

-0.50 

-0.59 

0.06 

0.03 

0.03 

0 .04  

0.03 

(a)These fuel stacks contained only fuel rods that had been 
dimensionally characterized prior t o  irradiation. Fuel stack 157 also 
contained precharacterized fuel rods, but all were broken during unloading 
from the element. 
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ROD 
NO. 

1 
2 
3 
4 

6 
7 
8 
9 
10 
11 
12 
13 
14 

AVG 

c 

c. - 
I 
N 
co SeD, 

TABLE 4-16 
DIMENSIONAL AND STRAIN DATA FOR FUEL RODS IRRADIATED I N  FUEL STACK 32 OF FSV FUEL ELEMENT 3-0743 

PRE-IRRADI AT I O N  ( A )  
MEASUREMENTS ( I N )  

DIAM 1 D I A M  2 DIAM 3 LENGTH 
,4880 -4884 ,4885 1.9490 
,4885 .48a7 ,4885 1.9410 
,4897 e4901 ,4897 1.9380 
+4886 ,4886 e4885 1.9510 
,4898 ,4900 ,4897 1.9410 
44881 44887 ,4886 1.9390 
,4889 ,4895 ,4090 1.3610 
,4884 e4886 ,4885 1.9390 
,4805 ,4900 e4894 1.9430 
,4089 e4896 ,4896 lr9410 
,4896 ,4897 ,4897 1.9390 
,4883 ,4882 ,4882 1.9360 
,4085 ,4881 ,4888 1.9440 
e4882 ~4887 ,4891 1,9410 .............................. 
,4887 e4891 e4890 1.9431 

( X )  ANISOTROPY 

( A )  PRE- IRRADIATION A I R  GAUGE MEASUREMENTS WERE INCREASE11 
BY 0*0014 I N C H  TO MAKE MEASUREMENTS COMPATIBLE WITH THE 
POST- IRRADIATION MICROMETER TYPE MEASUREMENTS (REF.  17)  

1 IN. = 25.4 NN 



ROD 
NO 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

AVO 
* -. 
I 

h3 
rD S.D. 

TABLE 4-1 7 
DIMENSIONAL AND STRAIN DATA FOR FUEL RODS IRRADIATED I N  FUEL STACK 47 OF FSV FUEL ELEMENT 1-0743 

PRE- I R R A D I  AT I O N  ( A  1 POST- IRRADIATION 
MEASUREMENTS ( I N )  MEASUREMENTS ( I N )  

DIAM 1 D I A H  2 D I A M  3 LENGTH D I A M  1 OIAM 2 ITIAM 3 LENGTH 
,4893 e4302 e4899 1.9370 ,4877 ,4800 ,4875 1.9310 
,4884 ,4879 ,4087 1.9300 ,4867 ,4869 ,4866 1.9278 
e4886 ,4890 ,4883 1,9390 ,4079 ,4068 ,4066 1.9279 
,4090 ,4097 ,4098 1.9410 ,4800 ,4077 -4862 1.9297 
,4801 ,4896 ,4837 1.9430 ,4087 ,4879 ,4866 1.3341 
s4891 ,4891 e4890 1.9420 ,4867 ,4883 ,4867 1.9331 
,4881 ,4886 ,4888 1e9420 ,4867 ,4876 ,4850 1.9314 
e4889 ,4897 ,4895 1.3390 ,4080 ,4889 ,4866 1.9319 
,4081 ,4887 ,4807 1.9420 ,4077 ,4045 ,4846 1.9340 
,4809 ,4891 ,4894 1.9400 e4871 ,4073 -4866 1.9349 
-4882 ,4889 e4887 109380 e4879 ,4877 ,4871 1.9299 
a4891 ,4096 ,4096 1.9570 .4887 ,4800 ,4068 1.9462 
,4086 ,4888 ,4807 1.9400 ,4871 ,4873 ,4075 1.9330 
,4084 e4834 04896 1.9390 ,4881 ,4079 e4882 1.9339 ........................................................... 
,4886 ,4091 ,4092 109412 ,4876 ,4079 .4868 1.9328 

DIAH 1 
-, 327 
- 340 
- 143 - 204 
,123 

-e491 
- 287 
- *  184 
- ,002 
- ,368 
- 143 
- ,082 
- -307 
- e 0 6 1  

- * 208 
---------- 

RADIAL S T R A I N  ( X )  A X I A L  STRAIN ( X  ) ANISOTROPY 

( A )  PRE- IRRADIATION A I R  OAUGE MEASUREMENTS WERE INCREASED 
BY 0.0014 I N C H  TO MAKE MEASUREMENTS COMPATIBLE WITH THE 
POST- IRRADIATION MICROMETER TYPE MEASUREWENTS (REF. 17)  

1 I N . =  25.4 HH 



TABLE 4-18 
DIMENSIONAL AND STRAIN DATA FOR FUEL RODS IRRADIATED IN FUEL STACK 389 OF FSV FUEL ELEHENT 1-0743 

PRE- IRRADIATION ( A )  POST- I R R A D I A T I O N  
ROD MEASUREMENTS ( I N )  MEASUREMENTS ( I N )  
NO. DIAM 1 DIAM 2 DIAM 3 LENGTH D I A M  1 DIAM 2 O I A M  3 LENGTH * * 1: ROU 1 IS BROKEN * * * 

2 ,4885 e4885 ,4886 1.9410 ,4869 ,4868 ,4858 1.9324 
3 ,4886 ,4093 ,4893 1.9380 ,4882 ,4872 ,4863 1,9289 
4 ,4880 e4895 ,4090 1 ,9470  ,4867 ,4872 ,4063 1.9367 
5 ,4885 ,4899 ,4890 1.9470 ,4870 .4882 ,4863 1 ,9298  
6 ,4883 .4889 e4888 1.9420 ,4870 ,4873 ,4063 1,9328 
7 ,4881 ,4884 e4883 1,9420 ,4880 ,4878 ,4063 1.9348 
8 ,4893 44891 ,4095 1.9390 ,4872 .4877 ,4063 1.9305 
9 ,4883 . 4 w w  . 4 8 w  1.9400 ,4884 ,4879 ,4872 1.9309 

i o  . 4 ~ 3  ,4884 ,4883 1.9490 ,4881 ,4872 . m 6 3  1.3409 
11 ,4884 ,4888 ,4889 1.9390 e4863 a4874 a4863 1,9306 
12 e4884 ,4891 44899 1.9380 e4882 ,4878 ,4871 1.9297 
13 e4887 ,4880 ,4807 1.9460 ,4888 .4868 e4858 1,9384 
14 44881 ,4084 ,4802 1.9460 ,4875 ,4065 ,4860 1,9384 

I 15 ,4886 ,4897 .4899 1.9410 ,4873 e4879 ,4078 1.9335 

DIAM 1 

- * 3 2 8  
- t 082 
- + 430 
- + 307 -. 102 
- ,020 
- .429 

t 020 
-4041 
- + 430 
-.041 

t 020 
- t  123 
-e266 

RADIAL STRAIN ( X )  

DIAM 2 DIAM 3 AVG D I A H  

- ,348 
w.429 
- 470 
- .347 
- -327 
- t  123 
e.286 
-a408 - 246 
- 286 - + 266 
-a409 
- t 389 
- 368 

- * 573 
- .613  
- t 552 
- t 552 
- .511 
-e410 
- 654 
-4450 
-e410 
- + 532 
- 572 
- ,593 
- t 287 
-a429 

- + 4 1 6  -. 375 
- * 484 
-e402 
- + 3 1 4  -. 104 -. 456 
- ,279 
- 232 
-e416 
- + 293 - 327 
-a266 
- ,354 

AXIAL STRAIN ( X )  

- ,443 
- 470 
-e529 
- + 883 
- ,474 
-e371 
- ,438 
-*469  
w.416 
- .433 

-e391 
-a391 
- 386 

- ,428 

ANISOTROPY 

(AX - RAD) 

-SO27 
- 095 

045 
- ,481  

160 -. 186 
,018 

- t  190 
- t  184 
-+017  
- *  136 
-e063 
- 4  124 
-e032 

( A )  PRE- IRRADIATION A I R  GAUGE HEASUREMENTS WERE INCREASEU 
BY 0.0014 I N C H  TO MAKE MEASUREMENTS COMPATIBLE WITH THE 
POST-IRRADIATION MICROMETER TYPE MEASUREMENTS (REF.  17) 

1 IN.= 25.4 NN 



E- 
l 
w 
P 

NO. lDIAM 1 DIAH 2 DIAM 3 LENGTH . DIAM 1 DIAM 2 DIAH 3 LENQTH 

TABLE 4-19 
DIMENSIONAL AND STRAIN DATA FOR FUEL RODS IRRADIATED I N  FUEL STACK 278 OF FSV FUEL ELEMENT 1-0743 

DIAH 1 DIAH 2 DIAH 3 AUG DIAH 

1 PRE- IRRADIAT I O N  ( A )  . POST- IRRADIATION I RADIAL STRAIN ( X )  
I 

2 i ,4009 ,4099 -4096 1.9400 I ,4071 ,4075 ,4869 1.9204 ~ -0360 -a490 -a551 -'e470 
3 ,4009 ,4097 ,4890 1,9430 ,4073 ,4074 ,4064 1.9315 ' -e327 -e470 -.694 -e497 
4 ,4000 ,4096 ,4095 1.9410 I ,4076 ,4073 ,4867 199306 
5 4005 
6 I ,4097 
7 . 1 ,4001 
8 ,4880 
9 t ,4080 
10 1 ,4800 
11 I ,4805 
12 I ,4006 
13 ,4097 
14 .4004 --------- 
AVO , -4800 
S.D. 

e 4004 
s 4096 
4092 
4000 
4000 

* 400s 
4096 

e 4004 
4095 
4000 

e 4092 
------- 

e4006 1.9400 
,4036 1.9430 
,4007 1.9410 
,4091 1.9460 
,4004 1.9440 
*4004 1.9930 
,4900 1.9390 
e4004 1.9470 
,4090 le9400 
,4005 1.9360 

e4091 1.9416 
------------_- 

t 4009 
e 4071 
4062 
4077 
4076 
4076 
4069 
,4071 
4067 
4071 

.------_ 
4073 

e 4865 
4073 
4067 
4065 
4067 

t 4069 
4070 
4070 
4079 
4069 

.------ 
e 407 1 

,4058 1.9200 
,4067 1.9320 
,4055 1.9290 
,4096 1.9327 
,4052 1.9360 
,4062 1.9311 
,4075 1.9302 
,4065 1.9435 
,4069 1.9322 
,4065 1.9321 -------------- 
,4863 1.9319 

. -  

-. 590 
-.592 ' -- ,095 
- 536 -. 107 
- .577 -. 204 

- e 035 - 
d.610 -. 100 
- e 603 - 213 
-e412 s 032 
-*612 - 326 -. 454 -. 092 -. 100 140 
- e 402 ,100 
- 9 201 * 153 

566 

............................. 
- ,497 - e 066 
.152 ,147 

( I ) )  PRE-IRRADIATION A I R  GAUQE HEASUREHENTS WERE INCREASED 
BY 0.0014 INCH TO HAKE HEASUREHENTS COHPATIPLE WITH THE 
POST-IRRADIATION MICROMETER TYPE HEASUREHENTS(REF. 17 )  

1 IN.= 25.4 NN 



ROD 
NO + 
1 
2 
3 
4 
5 
6 
7 

9 
10 
11 

a 

12 
13 

TABLE 4-20 
DIMENSIONAL AND STRAIN DATA FOR FUEL RODS IRRADIATED I N  FUEL STACK 285 OF FSV FUEL ELEMENT 1-0743 

( h )  PRE-IRRADIATION AIR GAUGE MEASUREMENTS WERE INCREASED 
BY 0.0014 INCH TO MAKE MEASUREMENTS COMPATIBLE WITH THE 
POST-IRRADIATION MICROMETER TYPE MEASUREMENTS ( R E F .  1 7 ,  

1 IN.= 25.4 HH 

DIAM 1 

-. 205 
+ 164 

-.512 
-e717 
246 -. 347 

-.409 
t 451 
164 -. 471 

-e512 

- ,368 

- .oa2 

AXIAL STRAIN ( X )  ANISOTROPY 

(AX - RAD) 
- t  130 -. 298 - 403 
195 

-.102 
- ,002 

,-.125 -. 121 
-e382 
-e764 -. 442 
,213 
033 



TABLE 4-21 
COMPRESSION TESTING OF FUEL RODS FROM 

FSV FUEL ELEMENT 1-0743 
FAILURE LOAD AT RUPTURE 

Uni r r ad ia t ed  Rods 

Fue l  Rod 
I D  

1 

' 2  

3 

4 

5 

6 

7 

8 

9 

10 

Mean 

Standard  d e v i a t i o n  

S tandard  d e v i a t i o n / &  

lb = 4.448 N 

Force 
(lb)(a) 

113 

95 

100 

110 

95 

114 

102 

103 

124 

102 

105.8 

9.3 

2.9 

I r r a d i a t e d  Rods 

Fuel  Rod Force 
ID (lb) (a)  

70-1 

70-2 

70-3 

70-4 

70-5 

70-6 

70-7 

70-8 

70-9 

70-10 

70-11 

70-12 

70-13 

70-14 

70-1 5 

125 

155 

139 

136 

118 

121  

123 

1 5 1  

127 

100 

122 

102 

125 

124 

110 

121.8 

13.3 

3.7 

A 
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TABLE 4-22 
FISSION GAS RELEASE MEASUREMENTS FOR FUEL RODS IRRADIATED IN FSV FUEL ELEMENT 1-0743 

I' 

Fuel Rod 
ID 

12-2 

12-7 

12-1 3 

47-2 

47-7 

47-14 

189-7 

285-2 

285-7 

285-14 

47-8 

278-8 

285-8 

189-2 

189-14 

278-12 

278-13 

Average 

Time- 
Aver aged 

Maximum Fuel 
Temp. 
("c)(a) 

690 

660 

625 

685 

660 

625 

695 

750 

720 

680 

655 

745 

710 

720 

655 

745 

670 

690 

~~ 

Fa s t ( a) 
Fluence 

(1025 n/m2) 
(E > 29 ~J)HTGR 

0.8 \ 

0.8 

0.8 

0.8 

0 .8  

0.8 

1 . 0  

1.1 

1.1 

1.1 

0.8 

1.1 , 

1 .o 

1 .o 

1 .0  

1.1 

0.9 

Fission Gas Release(b) 
Preirrad. 

1.3 10-4 

Postirrad. 

Burnup(a) 
( %  FIMA) 

Fi ss i le 

6.1 

6.2 

6.2 

6 .1  

6.2 

6.2 

6.2 

6 .1  

6.2 

6.2 

6.2 

6.2 

6.2 

6.1 

6.2 

6.2 

6.2 

6.2 

Fer t i le 

0.3  

1 
0.3 

(a)From SURVEY analysis based on detailed (335 time intervals) GAUGE analysis of 

(b)R/B of Kr-85m at 1000°C. 

(C)t4easured on group of five rods including rods 47-8, 278-8, and 285-8. 

cycle 1 and axial power and flux profiles from FEVER. 

Bod 
157-8, one of the five rods, was broken during disassembly and could not be measured 
for fission gas release. 
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, 

I 

Total 
Coati ng 

0 

0.6 

0.3 

0.2 

0 . 3  
0.1 < F < 0.5 - -  

c 
I 
w 
v1 

IPyC 

(%) 
Debonding 

11.1 

17.5 

14.4 

11.1 

15.0 

Fuel Rod 
ID 

189-2 

189-1 4 

278-2 

278-8 

Average 
95% confidence 

6.1 

6.2 

6.2 

TABLE 4-23 
FISSILE PARTICLE RESULTS OF METALLOGRAPHIC EXAMINATION OF FUEL RODS IRRADIATED IN FSV FUEL ELEMENT 1-0743 

333 0 

52 1 0 

1507 0 
(total) 

Irradiation Conditions 1 

0.3 

0.2 

0.5 
0.3 < F < 0.9 - -  

Maximum 
Time- 

Aver age d 
Temp. 
( "C) 

1.2 

0.4 

0.7 
0.4 < F < 1.2 - -  

720 

655 

745 

705 

705 

Fluence 
x 1025 n/m2 

(E > 29 ~J)HTGR 
1 .o 

1 .o 

1 .o 

1.1 

1 .o 

Fissile Particles 
I 1 

Number of Failure ( X )  

IPyC I sic O W  

0 

0.6 

1.2 

0.2 

0.5 
0.2 - -  < F < 0.8 



h 

Number of 
Particles 
Examined 

266 

186 

267 

204 

923 
(total) 

I w m 

. 
Buffer IPyC 

ND(a) ND 

2.7 0.5 

1.9 2.6 

ND ND 

2.2 1.7 
ND ND 

TABLE 4-24 
FERTILE ANALYSIS RESULTS OF METALLOGRAPHIC EXAMINATION OF FUEL RODS IRRADIATED IN FSV FUEL ELEMENT 1-0743 

0.4 

0 

0.2 
0.0 < F < 0.7 - -  

Irradiation Conditions 

6.0 

ND 

7.3 

Fuel Rod 
ID 

0 

0.5 
0.2 < F < 1.2 - -  

Maximum 
Time- 
Averaged 
Temp. 

( " C )  

0 

1.1 
0.6 < F < 1.8 - -  

189-2 

189-14 

278-2 

278-8 

Average 
95% confidence 

720 

655 

745 

705 

705 

(*)ND 0 not determined. 

1 .o 

1.0 

1.1 

1 .o 

Burnup 
( X  FIMA) 

0.3 

0.3 

0.3 

0.3 

0.3 

Fertile Particles 
Failure ( X I )  -1 Coating Total Deii:ing 

O S 4  0 I 
I 

Matrix 
Macro- 
porosity 

(XI  

36.4 

21.6 

ND 

20.5 

26.2 

I 



* 

Fig.  4-1. FSV f u e l  element 1-0743, s i d e  f a c e  A:  v e r t i c a l  and h o r i z o n t a l  
s c rapes  observed i n  v i c i n i t y  of ser ia l  number 
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Fig.  4-2. FSV f u e l  element 1-0743, s i d e  f a c e  B: long  s c r a t c h  observed 
s t a r t i n g  nea r  t op  c e n t e r  and ex tending  down f a c e  
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Fig .  4 - 3 .  FSV fuel element 1 - 0 7 4 3 ,  side face C :  rub marks observed down 
both sides of element 

4 - 3 9  



Fig .  4-4. FSV f u e l  e lement  1-0743, s i d e  f a c e  D: rub marks and s c r a p e s  
observed on s u r f a c e  of  e lement  

4-40 



F i g .  4-5. FSV fuel element 1-0743, side face E: numerous dark smudges 
(most l i k e l y  s o o t  d e p o s i t s )  observed on s u r f a c e  of e lement  
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Fig. 4-6 .  FSV fuel element 1-0743, side faces E (on left) and F (on right); 
numerous horizontal markings (most likely scrapes) observed on 
face F 
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Fig .  4-7. FSV f u e l  element 1-0743, top surface: f u e l  handling machine 
extension s leeve  is a t  top of photograph 

Fig.  4-8. FSV f u e l  element 1-0743, close-up of fue l  handling hole:  small 
chip observed a t  edge of hole  
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Fig.  4-9. Coring t o o l  

4-44 



Fig. 4-10. Coring t o o l  i n  ope ra t ion  

F ig .  4-11. Close-up of  cor ing  t o o l  in opera t ion  
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8 

Fig .  4-12. Plenum depth measurement at top surface of fuel element 
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\ 

Fig. 4-13 .  Push-out d r ive  i n  opera t ion  

. 

Fig. 4-14. Dual-tube rece iv ing  trough f o r  f u e l  rod s t acks  
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Fig. 4-15.. Fuel rods i r r a d i a t e d  i n  FSV f u e l  element 1-0743. 
end cap cracking observed a t  ends of rods: 
of rod is  chipped (S8020-1); (b) rod 278-13: 
end cap (S8020-34); rod 47-14: 
f u e l  p a r t i c l e s  observed (S8020-77). 

Chipping and 

cracks i n  matr ix  
chipping a t  end of rod,  f a i l e d  

(a) rod 12-2, end 
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Fig.  4-16. Fuel rods irradiated in FSV f u e l  e l e m e n t  1-0743. 
observed on surfaces of rods: (a) rod 278-2 (S8020-20); (b) 
rod 278-8 (S8020-27); (c )  rod 189-7 (S8020-56); s t r ia t ion  
resul t ing  from ihteraction of loose particles or graphite 
debris (from coring operation) with f u e l  rod during removal 
from element a lso  observed. 

Debonding 
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Fig.  4-17. Fue l  r o d s  i r r a d i a t e d  i n  

u 
500 

FSV f u e l  e lement  1-0743. Broken - 
p a r t i c l e s  observed on end s u r f a c e s  of  f u e l  r o d s :  (a)  rod  12-2 
(S8020-8); (b)  r o d  12-7 (S8020-11). 
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A 

Fig .  4-18. Automated f u e l  rod  dimensioning d e v i c e  used f o r  metrology of 
f u e l  r o d s  i r r a d i a t e d  i n  FSV f u e l  e lement  1-0743 

4-51 



-0.4 

-0.8 

z - 
2 -1.2 
I- m 
0 
W 
0 
2 
0 

-1.6 I 
0 
5 
a 
a -2.0 cr 

l- 

0 

FUEL RODS 

0 
8 0  
B 0, 

U 

0 1 .o 2.0 

FAST NEUTRON FLUENCE n/m2)(E >29 fJ)HTGR 

Fig .  4-19. Comparison of c a l c u l a t e d  and measured s t r a i n  f o r  f u e l  rods  
i r r a d i a t e d  i n  FSV f u e l  e lement  1-0743 

4-52 

3.0 



1 

100 

80 

t 60 
m 
J 

O 
- 
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F i g .  4-20. Load d i s t r i b u t i o n  d u r i n g  s t r e n g t h  t e s t i n g  of a t y p i c a l  i r r a d i a t e d  f u e l  r o d  from FSV f u e l  

e lement  1-0743 



20 urn 

Fig.  4-21. Photomicrographs r e p r e s e n t a t i v e  of matrix phase: ( a )  u n i r r a d i -  
a t e d ;  (b) i r r a d i a t e d  i n  FSV f u e l e l e m e n t  1-0743 a t  72OOC t o  a 
f l u e n c e  of  1 . 0  x The m a t r i x  phase  
is  d i f f i c u l t  t o  d i s t i n g u i s h  i n  (b) because  t h e  p o l i s h e d  s e c t i o n  

w a s  e t ched .  

n/m2 (E > 29 fJ)HTGR. 
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' Q' 

L7923-89 through -93 

Fig. 4 - 2 2 .  Representative photomicrograph of composite of r a d i a l  c ross  s e c t i o n  of f u e l  rod i r r a d i a t e d  i n  
The matr ix  FSV f u e l  element 1-0743 a t  705°C to a f luence of 1.1 x 1025 n/m2 ( E  > 29 fsJ)HTcR. 

phase is d i f f i c u l t  t o  d i s t ingu i sh  because t h e  polished s e c t i o n  w a s  etched. 



a 

Fig.  4-23. Photomicrographs of f i s s i l e  ( sma l l )  and f e r t i l e  ( l a r g e )  p a r t i -  
c les :  ( a )  and (c) u n i r r a d i a t e d ;  (b)  and (d) i r r a d i a t e d  i n  FSV 
f u e l  element 1-0743 t o  a f l u e n c e  of 1 .0  x 1025 n/m2 (E > 29 fJ)HTcR 
a t  a tempera ture  of 720°C. ( a )  and (b) b r i g h t  f i e l d  i l l u m i n a t i o n ;  
(c) and (d)  p o l a r i z e d  l i g h t .  

Y 
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100 urn L7923-82 

Fig. 4-24. Photomicrographs of examples of as-manufactured defective 
particles in irradiated fuel  rods: (a) tota l  coating fai lure,  
(b) S i c  coating fai lure 
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MR80052-9 (a) 

20 urn 

Fig. 4-25. Photomicrographs of TRISO (Th,U)C2 p a r t i c l e s  apparent ly  
exh ib i t i ng  s l i g h t  f u e l  d i spers ion  i n  b u f f e r  coat ing:  
( c )  un i r rad ia ted ;  (b) and (d) i r r a d i a t e d  i n  FSV f u e l  element 
1-0743 a t  72OOC t o  a burnup of  6.1% FIMA. 
IPyC coa t ing  . 
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Note t h e  low-density 



5 .  SUMMARY AND CONCLUSIONS 

FSV fuel element 1-0743 was irradiated for 174 EFPD in core location 

17.04.F.06, experiencing an average fast neutron exposure of about 0.95 x 

1025 n/m2 (E > 29 fJ)HTGR, a time- and volume-averaged fuel temperature in 

the vicinity of 680°C, fissile and fertile fuel particle burnups of about 

6.2% and 0.3% FIMA, respectively, and a total burnup of 12,210 MWd/tonne. 

The element was removed from the reactor during the first refueling in Feb- 

ruary 1979. After undergoing nondestructive examination in the hot service 

facility at FSV in July 1979, the element was shipped to the GA hot cell for 
extensive PIE. 

The PIEs of fuel element 1-0743 at FSV and at GA were performed as part 

of the DOE-sponsored surveillance program for FSV. The purpose of these 

examinations was to verify the good performance of the fuel element and t o  

acquire in-pile data for verification of core design methods. 

the examination of the element at GA was designed to verify the techniques 

developed for nondestructive examination of core components in the hot ser- 

vice facility at FSV. The results of the PIEs of fuel element 1-0743 are 
summarized below. 

In addition, 

5.1. FUEL ELEMENT PERFORMANCE 

The performance of the fuel element was excellent. Specific 

observations are as follows: 

1. The graphite fuel body was in good condition. No cracks were 

-observed on any of the surfaces. A l l  observed blemishes were sur- 

face markings only and had not etched the graphite to a harmful 

extent. 
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2. The graphite fuel block was dimensionally sthble. The average 

shrinkage in the block was only 1.3 mm in length and 0.5 mm across 

flats. The maximum observed bow was only 0.3 mm. 

3 .  No evidence of mechanical interaction between the fuel rods and 

fuel body was found. A clearance of at least 37 mm was observed 

between the top fuel rod and the fuel hole plug in six fuel holes 

for which plenum depth measurements were made. Except in a few 

cases, very little force was required to push the fuel rods out of 

the block. Misalignment of the fuel rod receiving trough, and 

debris from the coring and removal of the fuel hole plugs and 

graphite containment are believed to be causes of the occasionally 

high push-out forces. 

4 .  Although minor cracking in the matrix end caps and some surface 

debonding were observed, the fuel rods were in good condition. No 

more than 2 1  broken fuel particles were observed on the surface of 

any rod. About 3% of the rods were broken, but the majority were 

broken during unloading, and the evidence indicates that the 

remainder were broken prior to assembly of the element. 

5. Irradiation-induced dimensional changes in the fuel rods were 

small and slightly anisotropic. The average radial and axial 

strains were -0.36% and -0.49%, respectively. The matrix 

porosity, which is composed of voids >50 pm, increased from 19% 

prior to irradiation to 26% after irradiation. 
- 

6 .  The fuel rod compressive strength increased by approximately 15% 

as a result of irradiation. 

7 .  The results of fission gas release measurements and metallography 

indicate no in-pile fuel failure. Approximately 1500 fissile and 

925 fertile particles were examined during metallography. 

(Th,U)C2 and ThC2 particles, respectively, the OPyC coating 

- 
For the 
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failure was 0.5% and 1.1%) the Sic coating failure 0.7% and 0.5%) 

and the total coating failure 0.3% and 0.2%. However, the evi- 

dence indicates that the failed coatings were as-manufactured 

failures which occurred during coating or fuel rod fabrication. 

8. The chemical behavior of the particles was acceptable. No 

chemical attack on Sic coatings was observed, and no kernel migra- 

tion was seen. A small amount of a dense phase, attributed to 
fuel dispersion in as-manufactured particles, was observed in the 

buffer coating of some (Th,U)C2 particles. The fuel dispersion 

did not detrimentally affect the performance of the particles. 

5.2. VERIFICATION OF HTGR CORE DESIGN METHODS 

HTGR design codes used to calculate irradiation and performance 

parameters for fuel element 1-0743 are summarized below: 

GAUGE : column average power, neutron flux, and nuclide 

inventories. Radial power distributions, neutron flu- 

ences, and fuel burnup can be obtained from GAUGE out- 

put using the appropriate axial distributions obtained 

from another source. Two GAUGE analyses were performed 
for FSV cycle 1, a "detailed" GAUGE for-which the power 

history was represented by 335 time intervals, and a 

"short" GAUGE for which the power history was repre- 

sented by only 11 time intervals. 

FEVER: :. axial power, neutron flux, and nuclide inventory 

distributions. 

BUG-2 : axial power, neutron flux, and nuclide inventory 

distributions for fuel elements influenced by control 

rods in neighboring elements. 
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GATT : 

SURVEY: 

axial and radial 

and fuel burnup. 

temperatures and 

0 
power distributions, neutron fluence, 

fuel performance. SURVEY also 

calculates neutron fluences and fuel burnup by bringing 

together GAUGE, FEVER, and BUG-2 results. SURVEY 

analysis for FSV cycle 1 is based on the "detailed" 

GAUGE. 

SURVEY/STRESS: stresses, strains, and deformation for the graphite 

fuel body. 

Verification of HTGR core design methods cannot be accomplished from 

comparisons of experimental observations and design code calculations for 

one element. Instead, many such comparisons for core components which have 

collectively experienced a wide range of irradiation conditions are 

required. One of the primary objectives of the FSV surveillance program 

to provide the in-pile data required for these comparisons. The results 

comparisons between measurements and design code calculations for fuel 

element 1-0743 should be reviewed with this in mind. The results are as 

follows : 

- 
is 

of 

1. Radial power distribution: The observed tilt in the time-averaged 

power distribution was 9% (relative to element average power), and 

the calculated tilts were 13% from SURVEY-detailed GAUGE and 4% 

from the short GAUGE. At EOL, the observed tilt was 8% and cal- 
culated tilts were 4% from SURVEY-detailed GAUGE, 3% from GATT, 

and 4% from the short GAUGE. The agreement between calculated and 

measured local to block average power factors was within 7.5% for 

all local points. This is well within the ?lo% (la) uncertainty 
for GAUGE calculations. 

n 
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2. Axial power distribution: At EOL, the agreement between 

calculated and measured local to block average power factors was 

within about 3% at all axial positions. The time-averaged distri- 

butions were also in good agreement except near the bottom of the 

block, where the axial power was underpredicted by about 10%. The 

reason for this discrepancy is that the FEVER model cannot account 

for the control rod in region 34, which was partially inserted 

during much of cycle 1. The effect of this control rod was to 

tilt the axial power toward the bottom of the element. 

3 .  Neutron fluences: The agreement between measured and calculated 

fast fluences was within 6% for all comparisons. Calculated flu- 

ences were obtained from SURVEY-detailed GAUGE, GATT, and short 

GAUGE-GATT. The predicted thermal fluence (from short GAUGE-GATT) 

is 11.9% smaller than the thermal fluence determined from V-Co 

dosimeters and 39.9% greater than the fluence determined from pure 

V dosimeters. The fluence determined from the V dosimeters is 

believed to be in error. 

4. Temperature: The calculated temperature for each temperature 

monitor was approximately 25°C- greater than the measured temper- 

ature. In all cases, the calculated temperature was within the 
95% confidence limits for the measured temperature. 

5 .  Fuel burnup: The relative differences between measured and 

calculated composite burnups (indicative of total power genera- 

tion) were 3.5% f 2.0% (la) for SURVEY-detailed GAUGE, 9.9% f 1.9% 

( l a )  for GATT, and 17.6% f 1.7% (la) for FEVER. In all cases, 
calculated burnups were less than measured burnups. The fissile 

particle burnup was slightly better predicted than the fertile 

burnup. 
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6. Isotopic composition: The atom % concentrations of U-234, U-235, 

U-236, and U-238 in the UC2 particles irradiated in the burnup 

monitors were measured and calculated. The relative differences 

in the measured and calculated atom % concentrations are 0.4% 2 

0.2% (la) for U-234, 3.7% f 0.0% for U-235, 18.9% 2 0.2% (la) for 

U-236, and 10.5% * 0.1% (la) for U-238. The concentrations of 

U-234 and U-235 were overpredicted; the concentrations of U-236 

and U-238 were underpredicted. 

7. Fuel body strain (H-327 graphite): A comparison of measured and 

calculated strains and bow for all 49 segment 1 fuel elements 
examined at FSV is presented in Ref. 1. 

8. Fuel rod strain: The radial strain was predicted to be 

approximately 1 . 3 % ,  but strains of only about 0.4% were measured. 

Axial strains were also overpredicted by about a factor of 3 .  

One possible explanation is that the model used to predict the 

strain was developed primarily from design data in the fast flu- 

ence range 4 to 10 x 1025 n/m2 (E > 29 fJ)HTGR and extrapolated 

to low fluence. This extrapolation may have introduced some error 

into the model. 

9. Fuel performance: In-pile failure was calculated to be 0.32% for 

the (Th,U)C2 fissile particles and 0.07% for the ThC2 fertile par- 

ticles. These failures were attributed to manufacturing defects. 

The conclusion from the fuel rod examination was that no in-pile 

failure occurred. The model for failure due to manufacturing 

defects therefore appears to be conservative. 

5-6 



A 

5.3. VERIFICATION OF NONDESTRUCTIVE EXAMINATION TECHNIQUES 

Techniques for performing visual, metrological, and gamma spectroscopic 

examinations of core components in the hot service facility at FSV using 

automated data acquisition systems were verified. The results are as 

follows : 

1. A visual examination of the fuel block was performed in the hot 

cell. Nothing of significance was observed that had not been 

observed during the earlier examination at FSV using the metrology 
robot TV camera system. 

2. In order to verify the results of the metrological examination 

performed at FSV using the metrology robot, the metrological exam- 

ination was repeated at GA using conventional hot cell measuring 

techniques. A comparison of the results of these measurements 

with the results obtained with the metrology robot, and compari- 

sons of robot measurements and QC measurements on a calibration 

fuel block established that the accuracy of the metrology robot is 

k0.18 mm (0.007 in.) (la) or better for each type of robot mea- 

surement after corrections are applied for observed measurement 

biases. 

3.  The element average composite burnups determined from gamma 

scanning and from destructive measurements agreed to within 

2.8% 5 2.1% (la). 

4 .  The gamma scan robot currently being developed for gamma scanning 

core components at FSV was successfully employed (in a preliminary 
state of development) to examine fuel element 1-0743 in the hot 

cell at GA. 
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Three mon i to r  packages removed f rom Stacks 12 and 278 o f  FSV-Survei l-  

lance Element No. 1 conta ined f i s s i l e  p a r t i c l e s  which were analyzed i n  

accordance w i t h  procedure ACD;RC-001, "Atom Percent F i s s i o n  i n  F i s s i l e  

and F e r t i l e  Fuel P a r t i c l e s . "  Since these mon i to r  packages had n o t  been 
designed t o  i n c o r p o r a t e  f e r t i l e  p a r t i c l e s ,  t he  f e r t i l e  p a r t i c l e s  we d i d  

use f o r  assay had t o  be s e l e c t e d  from f u e l  rods. Lie separated the  Th/U 
f i s s i l e  and Th f e r t i l e  p a r t i c l e s  based on Cs-134/Cs-137 e n d - o f - l i f e  ra -  

t i o .  A f t e r  s e l e c t i o n  o f  the  Th f e r t i l e  p a r t i c l e s  an abbrev ia ted  burnup 
a n a l y s i s  was performed r a t h e r  than t h a t  s p e c i f i e d  i n  ACD:RC-001. 

The f i s s i l e  f u e l  p a r t i c l e s  were cleaned t o  remove e x t e r n a l  contami- 
na t i on ,  atid a f t e r  t h i s  c lean ing  o p e r a t i o n  each p a r t i c l e  was measured f o r  

promineti t  f i s s i o n  products.  F i s s i o n  p roduc t  r a t i o s  were c a l c u l a t e d  f o r  

each sample t o  revea l  any abnormal f u e l  - p a r t i c l e s ,  i .e., e i t h e r  damaged 

o r  p a r t i c l e s  f o r e i g n  t o  s e t  t ieing analyzed. 

The ASTM radiochemical  method was used i n  t h e  a n a l y s i s  o f  t k e  f i s s i l e  
fue l  p a r t i c l e s .  

t o r .  
c l e s  were analyzed by a mass spec t romet r i c  uranium i s o t o p i c  a n a l y s i s  

method. 

compos i t ion  and can be a p p l i e d  o n l y  t o  f u e l  p a r t i c l e s  t h a t  do n o t  c o n t a i n  

t h o r i u m  o r  U-233 b e f o r e  i r r a d i a t i o n ;  thus  i t  i s  n o t  a p p l i c a b l e  f o r  f e r t i l e  

Th is  method uses f i s s i o n  p roduc t  Cs-137 as burnup moni- 

I n  a d d i t i o n  t o  t h e  f i s s i o n  p roduc t  method, the  f i s s i l e  f u e l  p a r t i -  

Th i s  method measures .burnup through changes i n  u ran i  urn i s o t o p i c  

f u e l  p a r t i c l e s .  

Rep1 i ca te  analyses were preformed on t h e  f i s s i l e  p a r t i c l e s  pass ing  

These ' s o l u t i o n s  c o n t a i n i n g  f i s s i o n  

t h e  s e l e c t i o n  c r i - t e r i a .  

so l ved  i n  p e r c h l o r i c  a c i d  m ix tu re .  

p roduc ts  and uranium were separated by an an ion  exchange method. 

p o r t i o n  of the U f r a c t i o n  f rom each o f  t h e  samples was analyzed mass 

s p e c t r o m e t r i c a l l y  f o r  ho th  uranium concen t ra t i on  and uranium i s o t o p i c  

composi t ion.  

I n i t i a l l y ,  t h e  p a r t i c l e s  were crushed and d i s -  

A 

Resu l ts  f rom i s o t o p e  d i  l u t i o n  mass spec t romet r i c  analyses 
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are  compared w i t h  c o l o r i m e t r i c  r e s u l t s  i n  Table 1; and the  f i s s i l e  f u e l  p a r t i -  

c l e  atom percent  uranium i s o t o p i c  composi t ion r e s u l t s  (bo th  a rch i ve  and i r r a -  
d i a t e d )  a re  i n  the  a t tached r e p o r t .  6 

The mass spec t romet r i c  data from the  LFE r e p o r t  was t r e a t e d  i n  accordance 

w i t h  ASTM procedure E244, "Atom Percent  F i s s i o n  i n  Uranium and Pluton ium Fuel  
(Mass Spect romet r ic  Method)." 

t he  a t tached computer p r i n t o u t .  
m e t r i c  f i s s i l e  burnup w i t h  t h a t  measured rad iochemica l l y .  

c- 

Burnup determined by t h i s  method i s  shown i n  

Table 2 p rov ides  a comparison o f  mass spect ro-  

F e r t i l e  burnup ana lys i s  by the  abbrev ia ted  case b a s i c a l l y  took advantage 

o f  t he  f a c t  t h a t  due t o  elapsed t ime s ince  end o f  i r r a d i a t i o n ,  no Pa-233 ac- 

t i v i t y  remained i n  these f e r t i l e  p a r t i c l e s .  

TRIGA) these p a r t i c l e s  a long w i t h  bare ke rne l  Tho2 standards and generated 

Pa-233 a c t i v i t y .  By v i r t u e  o f  t h e  pCi Pa-233/mgm Th i n  the  bare kerne ls ,  we 

computed the  Th we igh t  i n  the  FSV p a r t i c l e s  on the  bas is  o f  t h e i r  respec t i ve  

Pa-233 a c t i v i t i e s .  \le made an es t imate  o f  t he  e n d - o f - l i f e  U i n  these p a r t i -  

c l e s  by comparing f i s s i o n  produc t  Ce 143 i n  the  FSV f e r t i l e  p a r t i c l e s  w i t h  t h a t  
produced i n  some bare ke rne ls  enr iched U02 p a r t i c l e s .  

t he  d i f f e rences  between U-233 and U-235 f i s s i o n  c ross-sec t ions  and f i s s i o n  

produc t  y i e l d s  p l u s  e s t i m a t i n g  U-233 t o  be 85 - 90% o f  t he  f i n a l  e n d - o f - l i f e  

U the  o v e r a l l  e r r o r  i s  rough ly  20%. 

values s ince  the  U represents  on l y  1.3% o f  e n d - o f - l i f e  heavy metal  con ten t .  

The f e r t i l e  FIMA's shown i n  Table 3 were computed by the  f o l l o w i n g  equat ion:  

ltle then proceeded t o  i r r a d i a t e  ( i n  

A f t e r  cons ide ra t i on  o f  

Th is  has l i t t l e  e f f e c t  upon the  f i n a l  F IMA 

x 100 = % FIMA F F = -  x 1 0 0 =  R R 
Tho Th +-U + F 

Nhere: 
F3 = Heavy element atom percent  f i s s i o n  f rom U-233 (Th-232). 

F = F i ss ions  pe r  t o t a l  sample = N ' /  Y. 

N '  = Atoms o f  Cs-137 ( c o r r e c t e d  f o r  decay d u r i n g  and a f t e r  i r r a d i a t i o n ) .  

Y = F r a c t i o n a l  f i s s i o n  y i e l d s  o f  Cs-137 (6.80%). 
Tho= I n i t i a l  atoms o f  thor ium. 

UR = Remaining atoms of  uranium. 

Th = Remaining atoms o f  thor ium. R 

One l a s t  i t e m  wor th  n o t i n g  i s  t h a t  t he  ASTM Method generates a f l u x  va lue 

The f i s s i o n  t o  capture  va lue for U-235 (.2238) 
based on the  i s o t o p i c  composi t ion change. 

the  a t tached computer p r i n t o u t .  

was ob ta ined from the  m a t e r i a l s  you o r i g i n a l l y  prov ided.  

cc: D. H i l l  D. Flieshman M. H i a t t  

I have under l i ned  those values on 
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TABLE 1 

SAMPLE I DENT1 TY MASS SPEC* 
MONITOR PARTICLE U PGM. 

* 21 4 10.93 
21 5 8.40 

22 3 
22 4 

81 4 
81 5 

9.53 
10.12 

9.08 
10.11 

* A f t e r  chemical yield correction 

CHEMISTRY * 
u PGM 

10.69 
8.40 

9.57 
9.81 

9.37 
9.52 
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TABLE 2 

SAMPLE 
MON I TOR 

21 
21 

22 

22 

81 

81 

IDENTITY 
PART1 CLE 

4 
5 

3 
4 

4 

5 

RADIOCHEMISTRY 
FIMA 

32.1 
32.2 

31.7 

31.6 

33.7 

31.6 

ASTM MASS SPEC 
F IMA 

30.2 
30.8 

30.3 

30.1 

32.8 

31.1 
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TABLE 3 

. 
SAMPLE 
STACK 

12 
12 
12 

12 
12 
12 

2 79 
2 79 
2 79 

FERTILE FIMA's 

IDENTITY 
ROD PART1 CLE 

11 
11 
11 

3 2 
3 6 
3 8 

F I MA 
% - 
.30 
.31 
.30 

.31 

.32 

.33 

.35 

.33 

.35 
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B3 

B4 

B5 

B6 

B7 

B 8  

B3 

B4 

B5 

B6 

B7 

B8 

Monitor 

21 

2 1  

2 2  

22 

81 

81 

P a r t  

?i 4 

?i 5 

/i 3 

Ii 4 

B 4 

?i 5 

GENERAL ATOMIC COMPANY 
BL-81-99 PR-740855 

URANIUM ANALYSIS 

234 

0.800 
20.004 

0.795 
20.003 

0.795 
20.007 

0.792 
20 ,007 

0.797 
k0.005 

0.7979 
20.0016 

- 
ATOM PERCENT 

236 235 - - 
79.93 10.80 
20.03 +O .03 

79.87 10.79 
20 .04 s . 0 4  

79 .92  10.80 
20.05 50 .04 

79.97 10.788 
+O .04 50.025 

79.29 11.10 
20.05 20.04 

79.39 11.23 
50.06 20 .06 

PARTS PER MILLION 

235 - 234 
7 

0.00773 
+0.00009 

0.00586 
20.00007 

0.00669 
k0. 00009 

0.00708 
+0.00010 

0.00639 
k0.00008 

0.00712 
k0.00008 

0.775 
k0.008 

0.592 
20.006 

0.675 
20.007 

0.718 
fO .008 

0.638 
20.007 

0.712 
20.008 

236 

0.1052 
20.0011 

0.0803 
20.0009 

0.0916 
+0.0011 

0.0973 
20.0011 

0.0898 
20.0010 

0 .lo12 
ko .0013 

- 

238 

8.475 
50 .021 

8.548 
%.022 

8.48 
3 . 0 4  

8.46 
9 . 0 3  

28.81 
9 . 0 4  

8.582 
3 . 0 2 7  

- 

238 

0.0832 
9. 0009 

0.0641 
ko . 0007 

0.0726 
20.0009 

0.0769 
20.0009 

0.0718 
ko . 0009 

0.0779 
ko.0009 

1 
TOTAL 

0 .971  
9 .010 

0.742 
20.008 

0.846 
9 .009 

0.899 
20 . O l O  

0.806 
3 . 0 0 9  

0.898 
s .010 
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GENERAL ATOMIC COMPANY 
BL-81-99 PR-740855 

URANIUM ANALYSIS 

ATOM PERCENT 

238 - 236 - 235 - 234 - Archive 

B9 0.6421 93.202 0.2701 5.886 
50.0015 +O .006 +O .0014 k0.005 

WEIGHT PERCENT 

238 - 235 236 - 234 - 
B9 0.6389 93.133 0.2711 5.957 

f0.0015 f0.006 +O .0014 +O .005 
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