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1. INTRODUCT ION

Remote metrological and visual nondestructive examinations were per—
formed on 62 irradiated fuel and reflector elements removed from the High Tem—
perature Gas Cooled Reactor (HTGR) core of the Fort St. Vrain (FSV) Nuclear
Generating Station® following the January 1984 refueling operation. The
examinations of these core segmen® 3 elements were performed in the hot ser-
vice facility (HSF) at FSV from Jume 2 through Jume 23, 1984,

The standard fuel and reflector elements are 793 mm lomg graphite
bodies with a hexagonal cross section of 359 mm (across—the-flats) and a total
weight of 128 kg (Figures 1-1 and 1-2). Examinations of these large
irradiated elements were performcd by a metrological robotic device and an

‘ experimental gamma robotic device both developed by GA Techmologies (GA). The
inspected elements included all 42 fuel elements and 9 reflectors elements
from region 18, a side reflector and 4 fuel elements including FTE-2 from
region 22, a fuel element from regiom 3, 2 reflector elements and 3 fuel
elements from regiom 13. All of the selected elements from regioms 13 and 3,
and 2 of the selected elements from region 22 were surveillance elements.
Surveillance elements, easily recognized by the fiducial holes drilled in
their corners, were extensively characterized prior to insertion into the ccre
(Ref. 1).

The nondestructive examination included the following:

1. Dimensional measurements (all fuel elements, selected reflector ele-

ments) on the following:

*The Fort St. Veaim Nuclear Gemeratiom Statiom is owned and operated by the
‘ Public Service Company of Colorado (PSC).
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a. Across—flats dimensions

b. Lensth

¢. Coolant hole diameters

d. Distances between coolant holes

e. Distances between fiducial boles (surveillance eleaments and FTE-2
only)

f. Bow

2. Gross gamma activity (selected elements) and neutron activity (selected

elements) measurements.
3. Visual inspections (all elements) for the following:

8. Cracks

b. Graphite oxidation

¢. Any other structural damage (chips, scrathces, etc.)

d. Evidence of mechanical interaction between elements

e. Other features of interest (discoloratioms, corrosion, flow marks,

ete.)

4. Fission product isotopic distributions (selected elements)
(NOTE: This data will be reported im early 1985),

Table 1-1 summarizes the surveillance of FSV core segment 3.

These nondestructive examinations were performed under the FSV Fuel
Surveillance Program spomsored by the Department of Energy (DOE). Previously,
51 fuel and reflector elements from core segment 1 were similarly examined in
July 1979 (Ref. 2), and fifty-four fvel and reflector elements from core seg-
‘ ment 2 were inspected im April 1982 (Ref. 3).

Page 7
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The nondestructive surveillances are intended to accomplish the fol-

lowing objectives:
o obtain graphite element strain and bow data over a raange of irradiatiom
temperatures and fast fluences for comparisom with large high-temperature

gas—cooled reactor (HTGR) design code calculations

o verify the structural integrity and dimensional stability of the graphite

elements

o obtain gross gamma and neutrom activity data for comparisom with HTGR
‘ shielding code calculations

v obtain fission product isotopic distributioms in fueled elements for cal-

culating fuel burnup for comparisom with HTGR design code calculations

o abtain fission product isotopic distribution om reflector elements for

comparison with plateout code calculations,
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Table 1-1

SUMMARY OF FSV SEGMENT 3 CORE SURVEILLANCE(®)

In
spec— Nuclear
tion |Element Core Measurement | Measure-
No. | Ser. No.| Location(b) Element Type Sequences(c) | ments(d)
1 42-1005 | 13.05.R.03 | Top Reflector L,1,2,3,4,5
(Surveil lance)
2 42-1008 | 13.05.R.10 | Bottom Reflector L,1,2,3,4,5
(Surveillance)
3 1-2606 | 13.03.F.06 | Fuel (Surveillance) L,1,2,3,4,5 | GG, GS
“+ 1-0335 13.03.F.09 | Fuel (Surveillance) £:3.3.0.4.,5 GG, GS
5 2-2781 | 13.01.F.C3 | Control Rod L.1,2,3,4,5 | GS
(Surveil lance)
6 1-2943 03.06.F.09 | Fuel (Surveillance) L,1,2,3,4,5 | GG, GS
7 41-1004 | 22.10.R.06 | Side Reflector £:3.3.3,8
‘ (Surveillance)
& 5-2104 | 22.04.F.06 | Fuel (Surveillance) L,1,2,3 GG, GS
9 8-0206 | 22.06.F.06 | Fuel (FTE-2) L.1,2,3.,4,5 | GG
10 5-2191 22.03.F.06 | Fuel (Surveillance) £.1,3.%.8 GS
11 5-0751 | 22.02.F.06 | Fuel L,1,2,3.,4 GG, GS
12 1-1805 | 18,.06.F.09 | Fuel A,1,2,3.4
13 1-0530 | 18.04.F.09 | Fuel A,1,2,3,4 GG, GS
14 1-1018 | 18.04.F.04 | Fuel A,1,2,3,4 GG, GS
15 1-2640 | 18.05.F.09 | Fuel A,1,2,3.4 GG
16 1-1049 | 18.03.F.09 | Fuel A,1,2,3,4
17 1-2563 | 18.02.F.09 | Fuel A1,2,3.4
18 1-1397 | 18.05.F.06 | Fuel A1,2,2.4 GG, GS
19 4-0463 | 18.03.F.04 | Fuel A, 1,2,3,4
20 1-2351 | 18.04.F.06 | Fnel A,1,2,3,4 GG, GS
21 1-2447 | 18.02.F.06 | Fuel A1,2,3 GS

(8)Visual examination were performed for all elements (Sectiom 5.0)
Region*Column+Element type (F = fuel element,

(b)

Core location is given as:

R = reflector element)
(el = full-length vesiony A = abbreviated version; 1 = across-the-flats
measurements, 2 = Side face measurements, 3 = top surface measurements, 4

= goolant hole measurements,

3.2)

5 = fiducial hole measurements (see Section

(d)N = Neutron measurement performed; GG = gross gamma activity measurement
performed; GS = gamma scanned.
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Table 1-1 (con't)

SUMMARY OF FSV SEGMENT 3 CORE SURVEILLANCE(®)

In-
spec— Nuclear
tion (Element Core Measurement Measure-
No. |Ser. No. | Location(b) Element Type Sequences(c)| ments(d)
22 1-1228 18.03.F.06 Fuel A,1,2,3.4 GS
23 1-0684 18.02.F.04 Fuel A,1,2,3,4
24 307187 18.01.F.08 Control Rod A,1,2,3.4
25 1-0715§ 18.07.F.09 Fuel A,1,2,3.4
26 2-1707 18.01.F.03 Control Rod A,1,2,3.4
27 1-1612 18.07.F.04 Fuel A,1,2,3.4
28 1-0647 18.06.F.04 Fuel A,1,2,3
29 1-2282 18.05.F.04 Fuel A,1,2,3.4
30 1-5217 18.06.F.07 Fuel A,1,2,3.4
3 1-2939 18.04.F.07 Fuel A,1,2,3,4 GS
' 32 1-2396 |18.04.F.08 | Fuel A1,2,3,4 GS
33 1-4304 18.05.F.07 Fuel A1,2,3.4 GG
34 1-1817 18.03.F.07 Fuel A,1,2,3,4
3’ 1-0443 1..02.'.07 P..l Anano’n‘
36 2-1120 18.01.F.05 Control Rod A,1,2,3,.4 GS
37 1-0091 18.03.F.08 Fuel A,1,2,3,4 GG
38 1-1918 18.07 .F.06 Fuel A1,2,3.4 GS
39 1-1621 18.02.F.08 Fuel A,1,2,3,4
40 1-0873 18.06.F.06 Fuel A,1,2,3 N,GG,GS
41 2-0265 18.01.F.06 Control Rod A,1,2,3 N, GG, GS
42 1-1773 18.07.F.07 Fuel A1,2,3
43 2-1950 18.01.F.07 Control Red A,1,2,3
44 1-0536 18.07.F.08 Fuel A,1,2,3
45 1-1337 18.06.F.08 Fuel A1,2,3
46 1-1796 18.05.F.08 Fuel A1,2,3
47 1-199%0 18.02.F.05 Fuel A1,2,3 N. GG
48 1-0192 18.03.F.05 Fuel A1,3,8 N, GG
49 1-1555 18,05.F.05 Fuel A,1,3,8
50 1-1410 18.06.F.05 Fuel A,1,2,3

(8)yisual examination were performed for all elements (Section 5.0)

(®)core location is given as: Region-Column-Element type (F = fuel element,
R = reflector element)
(el = full-length vesion) A = abbreviated version) 1 = across-the-flats
measurements, 2 = Side face measurements, 3 = top surface measurvments, 4
. = goolant hole measurements, 5 = fiducial hole measurements (see Section
3.2)
(d)N = Neutron measurement performed; GG = gross gamma activity measurement

performed; GS = gamma scanned.
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Table 1-1 (con't)

SUMMARY OF FSV SEGMENT 3 CORE SURVEILLANCE(s)

In~
spec~ Nuclear
tion Element Core Measurement Measure—
No. | Ser. No.| Location(bd) Element Type Sequences(c) ments(d)
51 1-0974 | 18.07.F.05 Fuel A1,2,3
52 2-2815 | 18.01.F.04 Control Rod A,1,2,3
53 1-0305 | 18.04.F.05 Fuel A1,2,3 N, GG, GS
54 17-1394 | 18.04.R.03 Top Reflector A1,2,3 N, GG, GS
55 17-1371 | 18.07.R.03 Top Reflector N.M*
56 17-1388 | 18.07.R.10 Bottom Reflector N.M*
57 18-1008 | 18.01.R.09 Bottom Reflector N.M®
58 17-1412 | 13.05.R.10 Bottom Reflector N.M.*
59 17-1409 | 18,06.R.10 Bottom Reflector N.M.*

‘ 60 17-1270 | 18.04.R.10 Bottom Reflector A1,3 GS
61 17-1128 | 18.03.R.10 Bottom Reflector N.M*
62 17-1182 | 18.02.R.10 Bottom Reflector N.M*

(8)yjsual examination were performed for all elements (Section 5.0)

(®)core location is given as: Region:Column-Element type (F = fuel element,
R = reflector element)

() = full-length vesion) A = abbreviated version) 1 = across-the-flats
measurerents, 2 = Side face measurements, 3 = top surface measurements, 4
= goolant hole measurements, 5 = fiducial hole measurements (see Section
3.2)

(d)N = Neutron measurement performed; GG = gross gamma activity measurement
performed; GS = gamma scanned.

.
NN = Not Measured
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2. IRRADIATION CONDITIONS

The time-and-volume-averaged graphite calculated (via the SURVEY code)
irradiation temperatures for the core segment 3 fuel elcments examined in the
HSF at FSV ranged from 380°C to 670°C at the element midplane. The fast
neutron fluences ranged from approximately 0.96 to 2.82 x 1025 n/m? (E > 29

£J) grGR-

The following HTGR codes were used to simulate the irradiation condi-
tions:

o GAUGE (Ref. 4). 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.

o FEVER (Ref. 5). A one-dimensional, multigroup neutron diffusion and de-
pletion program for calculating nuclide densities as a function of axial

core location.

o BUG-2 (Ref. 6). A two-dimensional, multigroup neutron diffusion and de-
pletion program for calculating nuclide densities as a function of axial
core location for fuel assemblies influenced by partially inserted con-
trol rods.

o SURVEY. A computer program for the thermal and fuel performance analysis
of fuel elements, T.e code performs coarse mesh survey analyses for
large numbers of spetial positions, calculating & 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 distribution obtained from FEVER and BUG-2.
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The reactor operating power is logged hourly. However, because of the
numerous changes in power durimg cycles 1, 2, and 3, a simulation of the ac~
tual reactor operatinmg history would be prohibitively expemsive. Consequent-
ly, the reactor power history for the cycles was represented by 651 time in~
tervals of approximately uniform power. Cycles 1, 2, and 3 were simulated
with the GAUGE code using this detailed power history. A SURVEY analysis of
the segment 3 elements was then performed based om the GAUGE results., The
number of time intervals was further reduced from 651 to 100 for this anal-
ysis, Figure 2-1 shows the reactor power history used for the SURVEY anal-
ysis. The time- and volume—averaged graphite irradiation temperatures for the
segment 3 elements were obtained from the SURVEY code results.

The temperature uncertainty is primarily due to the uncertainty in the
power. Based on the results of nuclear and thermal design verification
studies performed with data from the Peach Bottom HTGR (Ref. 7), the uacer-
tainty inm the power (and fast neutron fluemce) calculated for a given core
location is ~+10% (lo). The uncertainty for a given temperature is therefore
approximately 10% of the difference between the calculated temperature and the
gas inlet temperature (~3359C, time averaged).
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3. METROLOGICAL EXAMINATIONS

Metrological examinations were periormed om 55 of the 62 elements in-
spected. Seven reflector elements from region 18 were not measured but were
examined visually. The dimensional measurcments were performed in the HSF at
FSV with the GA metrology robot. The strains and bow data obtained from these
measurements were compared with the HIGR design code strain and bow predic-

tions,

3a Description of Metrology Robot System

The metrology robot (Figure 3-1) comsists of a structural frame, rotary
table, probe, and instrumentation, Irradiated core components are placed on
the rotary table by the FSV fuel handling machine. The rotary table permits
all points on the top and sides of a component to be positioned within the
operating range of the probe. The two-finger probe (Figure 3-2) moves in the
+x, +y, and +z directions (Fig. 3-3). Upon contact with the test object, the
probe head undergoes a displacement which activates a microswitch and termi-
nates probe movement., The probe head has a primary and backup microswitch for

each direction of displacement (+x, +y, #+z2).

Programmable stepping motors power the four drive systems of the robot.
The stepping motors are coupled with free-wheeling d.c. motors which serve as
suxiliary drive systems. The motor drives are modularized for guick replace-
ment. Each ful! motor step is equivalent to 0.025 mm (0,001 in.) movement in
the z and y directions, 0.032 mm (0.00125 in.) in the z direction, and 0.03~
degree rotation. The coordinates of a point omn the surface of an element are
determined by running the probe into the element and recording the position
and displacement of the probe. Magnetic encoders (Sonmy Magnescales) and
rotary potentiometers (backup) measure the position of the probe. Linear

potentiometers and linear varisble differential transformers (backup) measure
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the displacement of the probe head. A resolver measures the position of the
rotary table. A second resolver serves as & backup. Resistivity thermometer

devices (RTD's) momitored the temperatures of robot components.

The robot is controlled by a Nuclear Data 6620 process computer. The
computer operates under the Nuclear data MIDAS operating system. The computer
controls the robot and processes the data. A set of custom designed and fab-
ricated circuit cards collects the raw data from the instrumentation systems
of the robot. The cards are wired directly to the computer memory system so
that a simple program subroutine cam collect the robot data inm a very short
time (~1 millisecond) and deposit it directly into main memory. This more
efficient method of data collection and transmission reduced the time for a
full length inspection (approximately 600 data points) from 4-1/2 to 2-1/2

hours.

The robot operates inm a fully automated, closed-loop mode. This in~
cludes computer verification of proper movement and corrective actions without
any, or minimum, operator interface. Comparison of redundant measurement de~-
vicen, as well as on-line data reduction, is done by the computer. This
allows the system to automatically overcome potential malfunctions, usuch as
motor stalling or missing an intemded hole or surface. System redundancy is

used to maximize data output and minimize downtime.

3.2 Description of Metrological Examination

The dimensional examination of an irradiated fuel or reflector element
may consist of up to five types of measurements. The measurement type and

order of performance (if selected) are as follows:
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1. Across—the-flats measurements: measure the across—the-flats dimensions

of the hexagonal element to determine radial strainm (Fig. 3-4).

2. Side face measurements: map the element bow at the side faces of the

element at up to 55 points per face (Fig. 3-5).

3. Top surface measurements: map the element height at the top surface of
the element at up to 54 points to determine bulk length change for
axial strain (Fig. 3-6).

4., Coolant hole measurements: measure the distance between and diameter
of 40 coolant holes at the top of the element to determine the incre-
mental radial strain (Fig. 3-7).

5. Fiducial hole measurements: measure distances between predrilled fidu-
cial holes located along the cormer of preselected elements only (sur-
veillance elements and FTE-2) to determine incremental changes in axial
lengths and axial strain (Fig. 3-8).

The measurement sequence and length of inspection are selective. The
side face, top surface, and coolant hole measurements have both full length
and abbreviated versions. The full length versions sre used for the surveil-
lance and test elements, The abbreviated version is generally used for all

other elements. The abbreviated version is shorter by approximately one hour.

3.3 Metrology Robot Quality Acceptance

The metrology robot was accepted by GA's Quality Assurance Department

for shipment to FSV. The acceptance was in accordance with requirements
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specified for the calibration of the robot (Ref. 8). The detailed calibration
data and a discussion of the metrology robot calibratiom are presented in Ap~
pendix A,

3.4  Results of Metrology Robot

Fifty-one B-327 graphite and one H-451 graphite fuel elements were
metrologically examined. An infrared thermometer temperature gun was setup to
perform the surface temperature measurements; however, it failed after eight
inspections. A resistivity thermometer device located on the probe was then
used to measure the surface temperatures. The measured element surface
temperatures ranged from 33°C to 48°C. The metrological results along with
the calculated results are presented inm Tables 3-1 and 3-2. The core segment
3 maximum element average shrinkages in length and across—the-flats dimensions
were 5.80 mm (0.23 in.) and 2.05 mm (0.08 in.), respectively. The maximum
observed bow (see Fig. 3-9) was 0.69 mm (0,027 in.). The axial and radisl
dimensions of nearly all of the fuel elements shrank as a result of the irra-
diation. Onme B-327 graphite fuel element expanded slightly 0.03 mm (0.001
in.) scross-the-flats (radial). This element was located in region 18 core
layer 9. This phenowens was slso noted in the core segment 2 surveillance
where one fuel element and a side reflector also expanded slightly in the
radial direction (Ref. 3). The core 2 fuel element was also located one layer
sbove the reflector elements (layer 9). No core segmunt 3 fuel elements ex-
panded axially. However, there was measured axial expansion in the examined
reflectors (ome top, ome side and ome bottom). The maximum expansion measured
was 0.48 sm (0.02 in.) in the bottom reflector.

All of the fuel elements in region 18 were included in the core 3 sur-
veillance. Figure 3-10 shows the axial strain and bow distributions measured
for these fuel elements. The intra-element axial strains tended to be lower
on the E face side and on the sides adjacent to the E face, the F and D faces,
The bow in region 18 corresponded with the axial strains. The sides with
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lower (less negative) axial strains, faces E, D and F, had small bow or had
negative bow (comvex). The opposite sides, A, B and C, tended to have greater
bow or positive bow (comcave). The bow and axial strains in the other exam—
ined regions did not follow these tremds. See Figures 3-11, 3-12, and 3-13.
The radial strains tended to peak im core layer 5. This was also true of the
axial strains. Figures 3-14, 3-15, and 35-16 show the intra-element measured
radial strain for regiom 18, 22, and 13 and 3, respectively.

Each core surveillance provide additionmal in-pile data. These data are
used to gain a better perspective of the ranmge of potemtial strains in HTGR
fuel elements®. The fast neutron doses received by the core segment 3 ele-
ments [<2.8 x 1025 n/a? (E ¢ 29 fJ) grgr] were less than the expected lifetime
doses that would be received by most fuel elements in a HIGR. Since the fast
fluences were low, the measured strains were relatively small (<1.0%). Fig-
ures 3-17 and 3-18 show the envelopes of measured strains for core segments 1,
2 and 3 surveillances as compared to the range of potemtial strains using the

B-327 graphite design curves.

3.5 Comparisons of Messured and Calculated Strains and Bow

Strain and bow predictions were obtained using the SURVEY/STRESS (Ref.
9) code. SURVEY/STRESS calculates stresses, strains and deformatioms (bow) in
an HTGR fuel element based on viscoelastic beam theory. It is the simplest
and most efficiemt of three codes used to calculate stresses in HTGR fuel
elements., It is used to survey the emtire core to identify potemtial critical
elements which can be further studied by more refined analysis. Since
SURVEY/STRESS models all the important physical effects and structural

*The measured strains (AL/L) inmclude the creep strain and elastic strain as
well as the irradiatiominduced strain. However, the creep strain and elas-
tic strain for these elements were small, so the measured strain is approxi-
mately eqaal to the irradiatiom-induced strain (at room temperature).
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interactions, the results should correlate reasonably well with the more

refined anmalyses. Tables 3-1 and 3-2 compare the measured axial strain and
bow, and radial strain with the SURVEY/STRESS predictions.

Figures 3-19 and 3-20 show the differences between calculated and mea-

sured element-average axial and radial strains for the segment 3 elements

versus fast neutrom fluence. The results of core segment 3 surveillance

strain comparisons are givem below:

1.

Axial Strain

The calculated axial strains were conmsistently lower for sll tem—
perature and fluence ranges. The disagreement between measured and

calculated strains increased with higher fast fluences.

b. The agreement between measured and calculated axial strain was
within the +0.0001 mm/mm to 0,002 mm/mm range for fluences lower
than 2.0 x 102’ n/w?, Whereas, the agreement between measured and
calculated axial strain for fluences greater than 2.0 x 1025 n/ml
ranged from 0.002 mm/m to 0.0045 mm/mm.

Radial Strain

a. The calculated radial strains were consis®ntly lower than the
measured strains.

b. The agreement between calculated and measured strains was within
40.003 mm/mm for all elements.

¢. The agreement between calculated and measured strains varied with

fast fluence. The lower the fast fluence the better the agreement.
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The polynomial expression used in SURVEY/STRESS code to represeat the
design data for irradiation induced dimensional change of H-327 graphite has
been revised (Ref. 10) since the core segment 2 surveillance. The revised
polynomial expression no lomger exaggerates the rate at which the B-327 graph-
ite shrinks with fast neutrom exposure (Ref. 3). The revised expression does
not exaggerate the strain im the low temperature, low fluence ranges. At
fluences between 2.0 snd 3.0 x 102’ n/m? the revised expression underpredicts
the strain by a ratio of 2 to 1.

3.6  FIE-2 Metrological Results

FTE~2 underwent very little dimemsional change as & result of irradia-
tien. The element average axial and radial strains were measured to be
~0.,262% (0.9 mm shrinkage) and -0.099% (0.4 mm shrinkage), respectively. The
maximum bow was 0.10 ms. The radial and axial strain distributions, (from
across—flats dimension and element length measurements), for FTE-2 are shown
in Figures 3-11 and 3-15. The maximum bow for each side face is also showa in
Figure 3-11.

The measured strains were compared with the calculated strains (via the
SURVEY/STRESS code). The differenmces between calculated and measured axial
and radial strains were ~0.018% and -0.112%, respectively (see Tables 3-1 and
3-2). The polynomial expression used in SURVEY/STRESS to represent the design
data for irradiation-induced dimensional change of H-451 graphite slightly
overpredicted the strains (see Tables 3-1 and 3-2).
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Fig. 3-1 Metrology robot in HSF at FSV
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Fig. 3-2 Side view of metrology robot probe

Page 25




6A TECHNOLOGIES INC.

TITLE: NONDESTRUCTIVE EXAMINATION OF 62 FUEL AND REFLECTOR ELEMENTS FROM FORT
ST. VRAIN CORE SEGMENT 3

Im NO. 907785 :ua- NO./LTR., N/C

ZUup
i

-X
RIGHT

Y

IN
Y
ouTt X

LEFT

-2
OOWN

REFERENCE POINT
(0,09

CALISRATIQN w—eemee—s
CUBE

\
PLATFORM

OIRECTION OF PROBE
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Fig. 3-4 Across-the-flats measurements
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Table 3-1

RESULTS OF DIMENSIONAL INSPECTIONS OF FSV SEGMENT 3
CORE COMPONENTS AXIAL STRAIN AND BW

Axial Strain'® (%)

rrad. Comditioms(n)
Element Messured + Bow (mm)
Serial Cors fl'o.. Fast F1 Cale.(®) |Difference
Nember | Loeation  {°C) |[(x10¥%w/wd) |(Bp), |t1e (Bz)g | (Bg)o=(Bz)y | Meas. | Cale, (@)
01-4304 | 15.05.F.07 592 .21 ~0.349 | +.008 | -0.130 0.219 0.20 0.04
01-5217 18.06.F.07 560 2.13 ~0.378 | +.015 | -0.145 0.23%0 0.25 0.08
01-1773 | 18.07.F.07 543 2.04 ~0.342 | +.008 | -0.15 0.186 0.13 0.07
02-19%0 18.01.F.07 596 1.46 ~0.184 | +.008 | -0.119 0.065 0.08 0.04
01-1621 18.02.F.08 | 5%3 1.64 -0.220 | +.007 -0.130 0.0% 0.20 0.02
01-0091 18.03.F.08 602 1.72 -0.223 |+.008 | -0.121 0.102 0.20 0.02
01-239% 18.04.F.08 | 649 1.82 ~0.204 [+.012 | -0.124 c.o80 0.20 0.13
01-179% 18.05.F.08 | 638 1.7 -0.228 | +.008 | -0.112 0.116 0.23 0.07
01-1337 18.06.F.08 | 602 1.711 ~0.237 | +.007 -0.112 0.125 0.20 0.03
01-053¢ 18.07.F.08 | 5m2 1.63 ~0.220 | +.007 -0.172 0.048 0.13 0.03
030187 i8.01.F.08 | 613 0.9 -0.052 [+.012 -0.087 -0.0358 0.08 0.03
01-2563 18.02.F.09 | 601 1.08 -0.106 | +.012 | -0.100 0.006 0.08 0.02
01-1049 18.03.F.09 |21 1.14 ~0.103 | +.008 | -0.093 0.010 0.1% 0.03
01-0530 | 18.04.F.09 | 671 1.21 ~0.096 |+.0158 -0.101 -0.008 0.15 0.15
01-2640 | 18.05.F.09 | 6% 1.19 ~0.129 | +.008 | -0.0% 0.039 0.15 0.08
01-180% 18.06.F.09 | s21 1.13 ~0.095 [+.012 | -0.086 0.009 0.10 0.02
01-071% | 18.07.F.09 | 598 1.07 -0.106 |+.015 | -0.09 0.00% 0.08 0.02
090206 | 22.06.7.06 512 1.07 ~0.262 | +.005 | 0.2 -0.018 0.10 0.08
(FTB-2)
05-2191 | 22.03.F.06 | 484 1.54 0,244 [+.008 | 0107 0.0%57 0.61 0.38
05-0751 22.04.7.06 | am 1.92 ~0.361 |+.012 | -0.199 0.162 0.69 0.36
05-2104 | 22.04.F.06 | 493 .07 -0.373 |+.008 | -0.217 0.15 0.53 0.27
01-2943 3.06.F.09 | 639 1.43 -0.122 |+.007 ~0.09 0.026 0.18 0.02
02-27Tm1 13.01.F.03 | » 1.63 ~0.376 |+.008 | -0.3% 0.026 0.18 0.01
01-2606 13.03.F.06 35 2.8 -0.637 |+.011 -0.233 0.404 0.46 0.06
U1-0335 | 13.03.F.09 | 644 1.20 ~0.108 |+.011 | -0.08% 0.023 0.25 0.06

“"l’nunnn and Zast fluemees wore obtained from SURVEY code calomlatioms based om the GADGE
code depletion emalysis of FEY cyeles 1, 2, and 3. Temperstures are time and volume averaged.
The temperature umcertainty (1o) is estimated by 108 of the differemce betwees the temperature
ond the gas-inlet temperature (~335°C, time aversged). The fast nesutrom fluemces (B > 29
7 grg are volume averaged. The uscertainty is the fast fluemce is *10% (10).

() gxtal straine are sloment sverages.

(o)rne ealonlated axial straims vere obtainmed by subtractiag the thermal strais at 177°C (350°F)
(0.027 z 1072 ma/mm) from the end-of-1ifs shutdowa strains,

(@)Bow salenlated st the element midplane by SURVEY/STRESS,

Page 34



6A TECHENOLOGIES INC

TITLE: NONDESTRUCTIVE EXAMINATION OF 62 FUEL AND REFLECTOR ELEMENTS FROM FORT

ST. VRAIN CORE SEGMENT 3

:m NO. 907785 :xuu NO./LTR. N/C

Table 3-1

RESULTS OF DIMENSIONAL INSPECTIONS OF FSV SEGMENT 3
CORE COMPONENTS AXIAL STRAIN AND BOW

v

Axial Strain' @ (W)
Irrad. Conditioms(s) .

Element Measured Bow (mm)
Serial Core Temp. | Past Fluence Cale.(®) | Difterence

Number | Loeation [(°C) Kx102%w/wd)  [(Bp), | tle (Bg)g | (Bp)g=(Bz)g | Mess. |Cale.(d)
41-1004 |22.10.R.06 | Nc(e) NC 0.024 | +.008| NC NA 0.20 e
17-1394 | 18.04.R.03 | NC NC 0.070| +.020| NC NA ~0.08 NC
17-1270 | 18.04.R.10 | NC N 0.043 | +.020| NC NA ~ NC

(‘)Tc-onmu and fast fluesces were obtained from SBURVEY code cslomiaticus besed on the GADGE
code depletion amalysis of FSV oyeles 1, 2, and 3. Temperatures are time and volume averaged.
The temperature uneertaisty (le) ie sstimated by 10% of the difference between the temperature
sad the gas-imlet temperature (~335°C, time averaged). The fast meutrom fluemces (E > 29
) gy are volume averaged. The uwacertainty im the fast fluwemce is +10% (l0).

(®)asial strains are element averages.

(0)The calonlated axial straims were obtaimed by subtractiag the thermsl straism at 177°C (350°F)
(0.027 x 1072 ww/mm) from the end-of-1ife shutdown straims,

(d)gow caloulated at the element midplame by SURVEY/STRESS.

(0)NC = Not Caleculated NA = Not Available; NM = Not Measured
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('I' TITLE: NONDESTRUCTIVE EXAMINATION OF 62 FUEL AND REFLECTOR ELEMENTS FROM FORT
ST. VRAIN CORE SEGMENT 3

:m NO. 907785 :nau NO./LTR, N/C

Table 3-2

RESULTS OF DIMENSIONAL INSPECTIONS OF FSV SEGMENT 3
CORE COMPONENTS, RADIAL STRAIN

Irradiation
Conditioas(a)

Radial Strain(b) (%)

Ten- Fast .

Element pera—- | Fluence Measured | Calcu- ‘

Serial Core ture | (x1025 v lated(®) Difference
Number | Locatiom |(°C) n/m?) | (Ex)g +1o | (Ex)e (Ex) c-Ex)m
02-1707 |18.01.F.03 387 1.67 ~0.274 0.046! -0.208 0.066
01-0684 [18.02.F.04 381 3.71 ~0.271 0.014 | -0.220 0.051
04-0463 [18.03.F.04 386 1.69 ~0.334 0.008 -0.219 , 0.115
01-1018 [18.04.F.04 398 1.87 ~0.357 0.016; -0.244 ‘ 0.113
01-2282 [18.05.F.04 296 1.88 ~0.303 0.017 | -0.249 0.054
01-0647 | 18.06.F.04 384 1.72 ~0.311 0.013: -0.227 0.084
‘ 01-1612 |18.07.F.04 | 379 | 1.67 |0.241 | 0.025 -0.217 0.024
02-2815 [18.01.F.04 457 2.20 ~0.420 0.081 -0.189 0.231
01-1990 |18.02.F.05 448 2.37 ~0.480 0.008 -0.211 0.269
01-0192 | 18.03.F.05 457 2.42 ~0.479 0.039 -0.220 0.259
01-0305 | 18.04.F.05 482 2.62 -0.491 0.006 -0.221 0.270
01-1555 |18.05.F.05 476 2.59 ~0.513 0.014 | -0.227 0.286
01-1410 | 18.06.F.05 456 2.45 -0.569 0.042 | -0.230 0.339
01-0974 | 18.07.F.05 446 2.36 -0.502 0.061{ -0.220 0.282
02-1120 | 18.01.F.05 517 2.25 -0.325 0.030| -0.121 0.204
01-2447 | 18.02.F.06 506 2.50 -0.344 0.013| -0.140 0.204
01-1228 | 18.03.F.06 519 2.60 -0.401 0.068| -0.144 0.257
01-2351 | 18.04.£.06 554 2.76 -0.336 0.023| -0.125 0.211
01-1397 | 18.05.F.06 546 2.74 -0.425 0.027! -0.130 0.295
01-0873 | 18.06.F.06 518 2.63 -0.406 0.013| -0.152 0.254
01-1918 | 18.07.F.06 504 2.51 ~0.356 0.021] -0.150 | 0.206
A 3

(‘)Tc-po:nturon and fast fluences were obtained from SURVEY code calcula-
tions based on the GAUGE code depletion anmalysis of FSV cycles 1, 2, and
3. They are time— and volume—averaged temperatures for axial point 3,
the mid-plane cof the block. The temperature uncertaianty (lo) is esti-
mated by 10% of the differemce between the tempreature and the gas—inlet
temperature (~335°C), time averaged).

(b)Radial strains are element—averaged strains at the mid-plane of the ele-
ments.

(¢)The radial strains were obtained by subtracting the thermal strain at
177°C (350°F) (0.056 x 102 mm/mm) from the end-of-life shutdown strain

. calculated by SURVEY/STRESS for axial point 3, the mid-plame of the

element.
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Table 3-2

RESULTS OF DIMENSIONAL INSPECTIONS OF FSV SEGMENT 3
CORE COMPONENTS, RADIAL STRAIN

Irradiation ]
‘ Conditions(a) |
Radial Strain(d) (w)

h‘u— Fast

Element bor.- Fluence Measured Calcu~

Serial Core ‘ture (x1025 lated(®) |Difference
Number | Location <KSF) n/w?) | (Ex)g #lo | (Ey), (Eg) c~Ex)m
02-0265 |18.01.F.06 4{557 ’ ~0.135 0.021 -0.073 ! 0.062
01-0443 |18.02.F.07 | 545 . ~0.164 0.015/ -0.084 | 0.080
01-1817 |18.03.F.07 | S62 . ~0.182 | 0.002| -0.080 ‘ 0.102
01-2939 |18.04.F.07 602 . .201 0.014| -0.057 . 0.144
01-4304 |18.05.F.07 592 ~-0.164 0.019 -0.057 ' 0.107
01-5217 |18.06.F.07 560 ~0.231 0.011 -0.081 | 0.150

01-1773 |18.07.F.07 @ 543
02-1950 |18.01.F.07 596
01-1621 |18.02.F.08 | 583
01-0091 (18.03.f.08 602
01-2396 |18.04.F.08 | 649
01-1796 |18.05.F.08 | 638
01-1337 |18.06.F.08 '602
01-0536 (18.07.F.08 |58

.210 0.011 -0.089 . 0.121
119 0.003] -0.042 . 0.077
137 0.026] -0.049 0.088
.104 0.028{ -0.042 0.062

tg.oso 0.020, -0.024 0.036

B bt bt bt e e b D b b b b e e M RN NN NN
-
COMMMNMOOVWANIRINAIOHNNMHOO®
N WOH RO WHONNLEOSL WHLMMWO

074 0.012, -0.019 0.055

l

.113 | 0.013) -0.037 | 0.076

.109 | 0.014| -0.050 | 0.059
|

03-0787 |18.01.F.08 |613 011 0.019 -0.021 -0.010
01-2563 |18.02.F.09 601 . .041 0.029 -0.025 0.016
01-1049 |18.03.F.09 621 . .005 0.014| -0.018 -0.013
01-0530 |18.04.F.09 |671 . .028 0.023| -0.003 - 0.025
01-2640 (18.05.F.09 |659 . .052 | 0.017) -0.000 | 0,052
01-1805 |13.06.F.09 621 . .047 | 0.007] -0.014 , 0.033
01-0715 [18,07.F.09 [5S98 1. 0.009 i 0.015| -0.026 - =0.035

2. ~=0.099 | 0.012) -0.211 ' =0.112

08-0206 (22.06.F.06 |512

‘le.i) | | | 1

“)To-porltlrot and fast fluences were obtained from SURVEY code calcula-
tions based on the GAUGE code deplotiom anmalysis of FSV cycles 1, 2, and
3. Tiey are time-~ and volume-averaged temperatures for axial point 3,
the mid-plane of the block. The temperature uncertainty (lo) is esti-
mated by 10% of the difference between the tempreature and the gas—inlet
temperature (~335°C), time averaged).

(b)lldlll strains are element-averaged strains at the mid-plane of the ele-
ments.

(¢)The radial strains were obtained by subtracting the thermal strain at
177°C (350°F) (0.056 x 102 mm/mm) from the end-of-life shutdown strain
calculated by SURVEY/STRESS for axial point 3, the mid-planme of the
element.
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Table 3-2

RESULTS OF DIMENSIONAL INSPECTIONS OF FSV SEGMENT 3
CORE COMPONENTS, RADIAL STRAIN

Irradiation
Conditions(a) |
Radial Strain(®) (%)
Tem— Fast
Element pera—- |Fluence Measured Calcuo-
Serial Core ture |(x1025 lated{®)| Difference
Number | Locatiom [(°C) n/m?) | (Ex)y | #lo | (Ex)e ‘ (Ex) c~Ex)m
-
05-2191 |22.03.F.06 | 484 1.54 ~0.186 0.024| -0.148 lr 0.038
05-0751 |22.02.F.06 | 497 1.92 -0.243 0.032| -0.155 | 0.088
05-2104 |22.04.F.06 | 493 2.07 -0.311 0.032| -0.165 | 0.146
01-2943 |03.06.F.09 | 639 1.42 -0.082 0.022| -0.025 l 0.057
02-2781 [13.01.F.03 | 380 1.63 -0.298 0.034 -0.228 | 0.070
01-2606 [13.03.F.06 | 535 2.82 ~0.455 0.019| -0.180 ‘ 0.275
01-0335 [13.03.F.09 | 644 1.20 ~0.048 0.024| -0.013 | 0.035
41-1004 [22.10.R.06 | Nc(d)| NC -0.038 0.018| NC 1 NC
17-1394 (18.04.R.02 | NC NC | 0.016 0.092| NC i NC
17-1270 [18.04.R.10 | NC NC 0.071 0.026| NC 1 NC

(‘)Tc-pOtlturos and fast fluences were obtained from SURVEY code calcula-

tions based on the GAUGE code depletion analysis of FSV cycles 1, 2, and
3. They are time- and volume-averaged temperatures for axial poinmt 3,
the mid-plane of the block. The temperature uncertainty (lo) is esti-
mated by 10% of the difference between the tempreature and the gas—inmlet
temperature (~3359C), time averaged).

(b)Radial strains are element-averaged strains at the mid-plane of the ele-

menis.

(¢)The radial strains were obtained by subtracting the thermal strain at

1779C (350°F) (0.056 x 10”2 mm/mm) from the end-of-life shutdown strain

calculated by SURVEY/STRESS for axial point 3,

element.
(d)NC = Not Calculated.

the mid-plane of the
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TOP CHAMFER

BOTTOM CHAMFER

Fig. 3-9 Bow of FSV core components. BRow is defined as the displacement

of the side face relative to a straight line connecting the top

and bottom (below and abeve the chamfers) of the side face
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4. GAMMA AND NEUTRON ACTIVITY MEASUREMENTS

4.1 Gamma Dose Rates

Gamma dose rates at 91 cm (3 ft) and at 100 cm (39.5 in.) were measured
for selected segment 2 elements with a Reuter—Stokes, Model RS-C4-1606-203,

gamma iomizetion chamber.

Figure 4-1 shows the geometry for the gamma dose rate measurements.

The PATH (Ref. 11) gamma shielding code was used to calculate the gamma
dose rate at the above specified distances. The PATH analysis calculated
nuclide densities of the major gamma contributors. Dose rates calculated by
the PATH model were then scaled according to the nuclide densities of the
major gamma contributors to give the calculated dose rate for each fuel ele-

ment.

Table 4-1 shows the results of the measured and calculated gamma dose
rates. The measured gamma dose rate for a tup reflector was 76 mR/h. The
meacured gamma dose rate for fuel elements ranged from 605 to 2815 R/h. The
ratio of calculated to measured gamma dose rate for examined fuel elements
ranged from 0.78 to 2.11 with an average of 1.04., If the worst case ratio of
2.11 is omitted (see Table 4-1), the average ratio of calculated to measured
gamma dose rate is 0.99. The previous surveillance (Ref. 3) had an average
calculated to measured gamma dose rate of 1.7. The better agreement for the
ccre 3 segment can be attributed to more precise source terms used in the PATH

calculations.

4.2 Neutron Count Rates

Neutron count rates for selected segment 3 fuel elements were measured

using a SNOOPY-type detector system equipped with a Reuter-Stokes, model RS-
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P6-085-134, fission counter. The measured counts are not believed to be cor-
rect because the detector indicated higher counting rates for the background

than for a fuel element. The system is believed to have degraded due to elec-
tronic noise. Therefore, the neutron counts will not be presented in this

report.
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Table 4-1

COMPARISONS OF CALCULATED AND MEASURED GAMMA
DOSE RATES FOR FSV SEGMENT ? ELEMENTS

Gamma Dose
Distance (R/h)

Element from Center
Serial Core of Face Calcu-| Mea- (Calec./
Number | Location | (cm) lated sured Meas.
1-2606 | 13.03.F.06 91 2497 2664 0.94

' 100 2141 2370 0.90
1-0335 13.03.F.09 100 1275 605 3.12
1-2943 | 3.06.F.09 | 91 1632 | 1227 1.33

i 100 1398 | 1076 | 1.30
5-2104 | 22.04.F.06 91 2669 | 2462 | 1.08
8-0206 | 22.06.F.06 91 2924 | 2387 | 1.22

I | 100 2507 2462 1.02
5-0751 | 22.02.F.06 91 2895 | 2815 1.03

100 2482 | 2521 0.98
1-0530 | 18.04.F.09 100 1285 | 1471 0.87
1-1018 | 18.04.F.04 | 100 1404 | 1630 0.86
1-2640 | 18.05.F.09 | 91 1438 | 1471 0.98
11397 { 18.05.F.06 100 2162 | 2546 0.85
1-2351 18.04.F.06 100 2223 2622 0.85
1-4304 | 18.05.F.07 | 91 2118 | 2303 0.92
1-0091 18.03.F.08 | 91 1948 | 2487 0.78
1-0873 18.06.F.06 | 91 2562 | 2555 1.00
2-0265 18.01.F.06 91 1566 1462 | 1.07
1-1990 | 18.02.F.05 91 2493 | 2479 | 1.01
1-0192 | 18.03.F.05 91 2286 2513 0.91
1-0305 18.04.F.05 91 2223 2345 | 0.95
100, 1905 | 2311 | 0.82

17-1394 | 18.04.R.03 104 NC* 0.076 ] -
Average 1.04

.
NC

= Not Calculated

*
Detector was moved
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5. VISUAL EXAMINATION

The visval examinations were performed concurrently with the metrologi-
cal examination. A core component (element) was lower into the HSF by the
fuel handling machine (FHM). The element was placed on the turntable of the
metrology robot. During the metrological examination, the turmtable rotated
the element so that each side face (Fig. 1-2) could be viewed through the HSF
window and by the camera system.

The 62 segment 3 fuel and reflector elements were visually examinmed
using four remotely controlled television cameras equipped with pan/tilt units
and zoom lenses. Lighting was provided by the HSF lighting, by remotely com
trolled camera lights, and by three light banks. All surfaces of each element
were thoroughly inspected and recorded on videotape. In addition the element
side faces were photcgraphed through the HSF window with a 35-mm camera equip-
ped with a telephoto lemns. Two photographs (the top half and bottom half) of
each face were takenm to give a composite picture of the entire face. Polaroid

photographs were taken from the television monitors of features of interest.

The visual examinations were hampered by numerous camera and peripheral
equipment malfunctions resulting from the high dose rates (<2900 R/h at 1
meter). The dose rate for segment 2 elements { 500 R/h at 1 meter. However,
all 62 elements were videotaped.

The inspected elements were in good condition. No cracks were detec-
ted. Three dowel pins on an element were damaged. Another element had ex-
terior damage in one dowel socket. Little evidence was observed of graphite
oxidation or erosion, Most blemishes observed on the elements were typical

strains of scratches, scrapes, rub marks, interface marks and flow marks (Fig,
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5~1). These were similar to the observations of the first two segments (Refs.
2 and 3) and of the inspection of core region 35 in March of 1979 (Ref. 12).
The results of the visual examinations of the regular and surveillance fuel
and reflector elements are discussed in more detail below, The fuel test

element, FTE-2, is also discussed below in a separate subsection.

5.4 Regular and Surveillance Elements Visual Results

The regular and surveillance fuel and reflector elements were fabrica-

ted from H~327 graphite. The observed blemishes are discussed below.

5.1.1 Stains

Dark stains were observed on many side faces of the elements, However,
stains were seen most frequently on the control rod elements (column 1) and on
the E face of elements (Iig. 5-2). The E face was always toward the control
column., The general appearance of a typical stain was as if liquid had
trickled down the element face leaving a dark residue. In general, there was
no consistent staining pattern., Some stains were very prominent; others were
barely visible. Some stains could be traced down a column, while others
started or ended abruptly. The paths of a few stains were disrupted by the
top edge of the adjacent element leaning against it which caused the staining
liquid to run horizontally and disperse or continue downward at an offset
(Fig. 5-3).

Similar stains were observed on the fuel and reflector e¢lements during
previous inspections. During the inspection of region 35 (Ref. 12), samples
of the staining material were collected and subjected to gamma spectroscopic

analysis. A high concentration of irom and silicon and lesser amounts of
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aluminum, copper, and silver were detected. The presence of iron may have
come from the unplanned water ingresses into the prestressed concrete reactor
vessel (PCRV), The silicon and aluminum are believed to have come from the
Kaowool insulation used in the core. The copper apparently came from alloys
used for resctor or water system components. These material were apparently

carried down the elements by the water, and was left behind as a residue.

Figure 5-4 shows avother observed stain., These localized stains were
seen on several elements., The appearance is circular with a darker central

area which may contain contaminants,

5.1.2 Scratches and Scrapes

Numerous scratches and scrapes were observed on the surfaces of many of
the elements, Most of these markings were insignificant; however, some are

notable and are listed below.

o A continuous (sometimes discontinuous) vertical scratch of some depth

down the center of face C of an element (Fig. 5-5).

Four of the core segment 3 elements were observed to have this scratch.
This scratch was also noted during the previous two inspections, but is

not believed to be of & depth to cause any structural problems.

o Vertical scrapes and scratches on the left and/or right sides of face D

of the eiement (Figs. 5-6).

This type of marking varied in length and degree of scraping and scratch-
ing, Some elements only had a scrape or scratch for only a few vertical
inches on the left or right side, while other had marking extending the
length of the block. Forty-five elements were observed to exhibit these
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markings on face D. Elements from the segment 2 surveillance were ob-

served to have similar markings.

o Vertical scratch on right and/or left side on face F of an element (Fig.
5-7).

Twenty one segment 3 elements exhibited this scratch on the right and

some time left side of face F. This particular marking was noted only on

one element during a previous surveillance.

Since the above mentioned scratches and/or scrapes were nearly identi-
cal in location and appearance, they are believed to have been made during
handling and are not believed to be of sufficient consequence to cause any

. future structural problems.

5.1.3 Oxidation

Iron, which is a catalyst for graphite oxidation, was found on the
residue of the evaporated stains (see Section 5.1.1). This suggests that
oxidation may have occurred due to contamination by irom which seeped into the
graphite., Therefore, darkened areas in the vicinity of stains or on conmtrol
elements and face E of regular elements are possible sites for localized
graphite oxidation, Figures (5-8, 9) show two suspicious darken areas which

may have a little oxidation,

5.1.4 Rub Marks

Light vertical bands and/or columns of short, horizontal marks were
observed near the left and/or right edges on some side faces (Fig. 5-10).

Twenty of the examined elements showed this type of burnishing indicating some
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contact with adjacent elements. The rubbing highlighted the machining marks

on the side faces, but did not removed them. Since the degree of abrasion

appears to be about the same as observed in surveillances 1 and 2, the ob~-
served rub marks probably are the results of earlier core movement (Ref. 2, 3
and 12)., This observation represents evidence that the core restraint devices
installed at the start of cycle 3 were effective in reducing fuel element

movement.

5.1.5 Elow Marks

Dark horizeontal bands, approximately 45 mm wide, were observed om near-
ly all faces of the control-rod elements (Fig. 5-11) and on face E of the
regular fuel elements (Fig. 5-12). Face E of the regular elements always
faced the column of control-rod elements. In the FSV core, the control-rod
columns are vertically offset from the surrounding colummns of reguler fuel
elements by one-quarter of a block length. The dark bands appeared at the
axial locatiomns corresponding to the top and bottom chamfers of the adjacent
fuel elements. Two chamfers are a total of 45 mm wide, the same width as the
dark bands.

The dark appearance of these areas is indicative of surface roughening
due to graphite erosion caused by particulates in the coolant flowing through
the flow paths formed by the sides of elements and the top and bottom chamfers
of the adjacent elements, The horizontal displacement of stains (Subsection
5.1.1) at these block interfaces suggests that substantial coolant flowed
through these flow paths. On several blocks, there were dark areas above or
below the dark bands (Fig. 0-13). These are thought to have been scot depos-
its formed by the graphite abraded from the elements,
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5.1.6 Chips, Nicks and Debris

There were a few small nicks and chips on the elements., Mcst of these
were very minor and insignificant. However, element serial number 1-1228
(core location 18.03.F.06) had minor damage to all three of its dowel pins.
The two E face dowel pins were more chipped than the B face dowel pin. Figure
5-14 shows the damage to the E face dowel pins. The elements located above
and below this element appeared to be free of dowel pin or socket damage.

Element serial number 2-1707 (core location 18.01.F.03) had damage to
the B face dowel socket. A small chip of the graphite web between the dowel
socket and the central coolant hole (319) on the B face edge was missing (Fig.
5~15). The element located above this element appeared to be free of dowel
socket damage. The element located directly below element 2-1707 had debris
around both E face dowel pins, but was free of debris near the B face dowel
pin (Fig. 5-16). This indicates that probably all three dowel sockets of
element 2-1707 had minor scaping ard chipping. Since only the exterior of the
E face dowel sockets of element 2-1707 could be viewed with the failing camera

system, only the damage to the B face socket wus observed.

A few dowel pins also hed wear debris, which came to rest on the top of
the dowels (Fig. 5-17). Apparently, material was shaved off dowel sockets in
the bottom of one element by the dowel pins on the top of an element stacked

below, and the shavings tended to accumulate on the upper dowel pin surface.

5.2 Fuel Teost Element FTE-2 Visual Results
Fuel test element FTE-2, one¢e of eight precharacterized elements with

fuel test arrays (Ref. 13) was inserted in the FSV core during the first
reload in March and April of 1979, Unlike the regular FSV fuel elements which
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were cured-in-bed, the fuel rods in FTE-2 were cured-in-place. Also, FTE-2

was fabricated from near isotropic H-451 grade graphite instead of the needle-
coke H-327 grade graphite used in the initial core elements. Elements fabri-

cated from B-451 grade graphite are designated for FSV refueling segments and
advanced HTGR designs. The visual examinations .f the test elements provide
observable and concrete evidence of the H-451 graphite structural integrity

and performance.

FTE-2 was in excellent condition. There were small scratches but no
significant structural damage. No cracks were observed on any of the sur-

faces. There was no evidence of graphite oxidation.

The side faces of FTE-2 are shown in Figures 5-18 through 5-23. There
was a discontinuous ve-tical scratch running nearly the length of face C (Fig
5-20). Face D had vertical scrapes and scratches onm the left side (Fig. 5-
21). The upper right side of face F also had vertical scratches (Fig. 5-23).
Similar markings were observed on the regular FSV elements during this and

previous surveillances, and are believed to have been caused during handling.

The photographs and video tape of some of the side faces had darkened
areas which had the sppearance of build-up of some substance (Figs. 5-20, 21,
23, 123). However, the darkened areas disappeared when the element was
rotated., A possible expianation is that particulate matter from the coolant
fior or outgassing from the cure-in-place caused a change in the surface
finish which altered the reflectivity. Some of the darkenmed areas on the E
face did not disappear upon rotation and are thought to have been soot dep-
osits formed by the graphite abraded from the elements (Fig. 5-22).
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The top surface of FTE-2 is shown in Figure 5-24. A few dark markings (Fig.

5-25) were seen on this surface. These markings were located around fuel
holes, coolant and adjacent burnable poison holes. These markings also were
observed in FTE-1 where it was demonstrated that the darkened areas were not
build~up of substances, but most probably stains caused by outgassing from the
graphite cement used to cement the fuel hole plugs in place (Ref. 14).

None of the observed regular FSV elements showed these types of markings.

The bottom surface of FTE-2 was in excellent condition and was relativ-

ely free of blemishes.
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Possible Surface Oxidation
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Fig. 5-13 Top half of face E of element 1-1817

showing dark areas
above and below band

Page 82




GA TECHNOLOGIES INC.

TITLE: NONDESTRUCTIVE EXAMINATION OF 62 FUEL AND REFLECTOR ELEMENTS FROM FORT
ST. VRAIN CORE SEGMENT 3

|DOCUMENT NO. 907785  |ISSUE NO./LTR.
I l

o/
s 9 - 1 " .0 -
= - . p .~ l amo 1 Q h 74 ] ame >
2 - surriace eilement ol I ¥ 4 snowing camage Wi

ninea - P donainl i Tss asd ) g 3
pins: d daowe.l in located between faces i
ad A P dewsal nd las i Yo S T r
and (D) E dowel plin located between aces an ;

Page 83



GA TECHNOLOGIES INC,

TITLE: NONDESTRUCTIVE EXAMINATION OF 62 FUEL AND REFLECTOR ELEMENTS FROM FORT
ST. VRAIN CORE SEGMENT 3

| DOCUMENT NO. 907785 | ISSUE NO./LIR.
| |

Fig. 5-15 Bottom surface near the B dowel socket

2=1707

of element
showilng a missing chip between the dowel
o o) & | ~ - i } 114 C

socket and the centril coolant hole (319) on the
B face edge

Page 84



G A

TECHNOLOGIES INC.

TITLE:

NONDESTRUCTIVE EXAMINATION OF 62 FUEL AND REFLECTOR ELEMENTS FROM FORT

ST. VRAIN CORE SEGMENT 3

Debris

Fig.

5-16

/o~

| DOCUMENT NO. 907785 | ISSUE NO./LTR. /.
I |

o)

,’b‘/

[op surface of element 2-2815 (located directly below
element 2-1707) showing (a) B dowel pin free of debris

and (b) both E dowel pins showing debris from the dowel
Page 85

5 ,~,—J<

sockets of element 2-17



GA TECHNOLOGIES INC.

TITLE: NONDESTRUCTIVE EXAMINATION OF 62 FUEL AND REFLECTOR ELEMENTS FROM FORT
ST. VRAIN CORE SEGMENT 3

| DOCUMENT NO. 907785 | ISSUE NO./LTR.
| |

Page 86



GA TECHNOLOGZIES 1INC.

. TITLE: NONDESTRUCTIVE EXAMINATION OF 62 FUEL AND REFLECTOR ELEMENTS FROM FORT
ST. VRAIN CORE SEGMENT 3

;nocvm NO. 907785 | ISSUE NO./LTR. N/C
|

Fig. 5-18 Side face A of element 0206 (FTE=2
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Fig. 5-20 Side face C of element 8~0206 (FTE-2). (Notice the
central scratch).
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5-21 Side face D of element 8-0206 (FTE-2), (Notice the scrapes
and scratches on the left edge of the face)
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Fig. 5- Side face E of element 8-~0206., (Notice the interface

mark)
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6. SUMMARY AND CONCLUSIONS

Sixty-two fuel and reflector elements from FSV co-e segment 3 werc non-
destructively examined in the HSF at FSV during Jume, 1984, These examina-
tions were performed by GA at FSV as part of the DOE-sponsored surveillance
program. The time- and volume-averaged graphite irradiation temperatures and
volume-averaged fast neutron fluences for the elements ranged from approxi-
mately 380° to 67¢’C and from 0.96 to 2.82 x 10°° n/m?, respectively. The
examinations were intended to verify the structural integrity and dimensional
stability of the elements and to obtain dimensional change data and gamma dose
rates to verify HTGR design code calculations.

The results and conclusions of the nondestructive examinations are

summarized below.

6.1  Core Componment “erformance

The axial and radial dimensions of nearly all the inspected H-327
graphite fuel elements shrank as a result of irradiation, but the dimensional
changes were relatively small. The maximum element-average axial (AZ/Z) and
radial (AX/X) strains were -0.73% and -0.57%, respectively. The maximum bow
was 0.69 mm. The examined reflector elements underwent very little dimen-
sional expansion (less than +0.48 mm). The measured strains in segment 3 ele-

ments were reasonably close to or greater than the calculated dimensional

changes. The measured bow was conmsistently higher than the calculated bow.
The visval examinations of the elements showed the elements to be in

good condition. No cracks were observed. There was little evidence of graph-

ite oxidation., The evidence of mechanical interactions (rub marks) was no
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more severe than in the two previous surveillances which suggested that the
core movement was very minimal or had stopped. Minor dowel pin and dowel
socket damage was observed on two elements, but the damaged aress did not af-
fect the handling, storage nor core performance of the zlements. A few chips,
nicks and other handling scratches were noted, but these blemishes did not

affect the performance of the core components.

6.2 Code Verification

Strain calculations were performed with the HIGR code SURVEY/STRESS and
the results compared with measured strains. The results of the comparison
showed the calculated (SURVEY/STRESS) strains to be underpredicted in almost
every case. The differences between the calculated and measured axial strains
were less than 0.16% for fast fluences less than or equal to 2.0 x 1025 n/me,
For fast fluence greater tham 2.0 x 1025 n/m2 the maximum difference was
0.45%. The differences between calculated and measured radial strains were
0.12% and 0.34% for less than and greater tham 2.0 x 1025 n/m?, respectively.
The polynomial expression for the H-327 graphite irradiation induced strain
calculations models the strains better at lower fluences. The measured bow
was consistently higher than the SURVEY/STRESS calculated values.

Gamma dose rates were calculated with the gamma shielding code PATH and
compared with measured dose rates. The maximum measured dose rate at a dis-
tance of 36.0 inches (91 cm) for the examined elements was 2815 R/h. The cal-
culated to measured ratio for gamma dose rate ranged from 0.78 to 2.11 with an
average ratio of 1.04. If the worst case of 2.11 is omitted, the range is
from 0.78 to 1.33 with an average of 0.99, These results are considered to be

quite good for gamma dose rate calcvlations.
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6.3 FTE-2 Performance

The visual examination of FTE-2 provided observable and concrete evi-
dence of the H-451 graphite structural integrity and performance. There were
small scratches, but no significant structural damage, A few darkened areas
were observed on the top surface, bnt these discolorations were not considered
significant, No cracks were observed on any of the surfaces, There was no

evidence of graphite oxidation.

The measured strains were slightly lower than the calculated strainms,
The differences between the calculated and measured axial and radial strains
were -0.018% and -0.112%, respectively.
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APPENDIX A

METROLOGY ROBOT CALIBRATION

Eight full-length inspections of calibration element 8-0182* were per-
formed prior to shipping the metrology robot to FSV for the surveillance of
core segment 3. The accuracies of the robot measurements were determined and
found to satisfy the accuracy requirements specified in Ref. 8 (Table A-1).
The results were reviewed and approved by GA Quality Assurance (QA). Quality
Assurance approval of these results constituted QA acceptance of the metrology
robot for shipment to FSV (Table A-1).

Five more inspections of calibration element 8-0182* were performed at
FSV prior to the inspection of the first irradiated element. The results of
the first four of these inspections (Table A-2) demonstrated that the quality
of the robot measurements had not deteriorated after shipping and established
the measurement biases to be used inm processing the robot measurement data
into fuel or reflector block dimensions. Run 5 included the biases and was
used to verify calibration rums 1 through 4 (Table A-3). The robot calibra-
tion procedure (Ref. 8) specifies that a final inspection of calibration
element 8-0182 be performed after the last irradiated element of a surveil-
lance campaign has boen examined, this was dome and the results are in Table
A-4,

*Element 8-0182 is a fully-machined graphite fuel element om which quality
control measurements, corresponding to those performed onm irradiated core
components by the metrology robot, have been performed using calibrated mea-
surement equipment traceable to the National Bureau of Standards. GA Quality
Assurance has certified element 8-0182 as a special calibration standard for
the metrology robot.
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Notations in this ¢o'scm indlwp'o changes have been r “de

@A TECENOLOGIES INC.
f‘\"‘“ !mmrr NO. 907785 !xsm NO./LTR. N/C .
TABLE A-2 e
Across Flat Dimensions = Calibration Element 8-0182
(inches)
. INSTRUMENTATION
Probe Table Position
Probe Displicement
Faces/ N Test.Combination = | wean Sei. B,
Corner 1 -2 s = 4 5=06
A -D Q. C. .175 | 14.176 | 14.175 : ‘
E c — »1 :4 & gt - - ’E o E
2 lobot - Qo C- -4 » .
e < - 37
A - D Q. C. 16.176 | 14.176 | 14.176 e !
‘Robot 2125 | 14 174 ) jé 174 . ¢ :
5 lobot - Q.TO e ’ { N - l i
> . - r - :
B~-E Q. €. | 16.175 | 14.174 | 14.174 |
!OTOt | 4 1 22 | ;4 7 3 — |
B~-E - " 164.174 | 14.174 | 14.174 P .
[Robot g /7 2 14 | /2 ;
cC=-F 2. C. 14.176 | 14.176 | 14.176 s -
EBOC -——gw 73
1 ‘Obot X Qo C- - t
b - » ]
C~F s 8, 14.176 | 14.176 | 14.176 o
) gggoc 4 4 3 2
4 Robot - Q. C.
Robot = Q. C.|[Mean L - . { P
Std. Dev. L '
Page oy
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6A TECHNOLOGIES

INC,

lmmtr NO. 90778S

:xsm NO./LTR. N/C

TABLE A-2 ccong

_/\
i .
SIDE FACE Bow(a) — CALIBRATION FLEMENT 8-0182
(iaches)
INSTRUMENTATION
Probe Table Position e
Probe Displacemen: b e -
Axial Face | Face | Face | Face | Face | Face
Leve1(®) | Ate) | gle) | ¢le) | ple) | gle) | ple) | Mean | St.Dev.
z > .
E i A 2
—_— - - - - - - - - —— - - - Tl - -.-;‘_-.b -—--..—.J,
4 )
Pr—— L doy I 1 S 3w e ad = > - o [ i i il
[} _ v
e Sooam slhe e s & S A, - - 50 Phdralih o s 7ol v e -
6 ‘
-——— Jl— —- = ol T P —— e — - — - N . . e :-;1
1 v -3
8 _
- - —— —— e — pu— _l. »— - —--:-—L-_—- RS -
, .
10 .
s 4o 5 G ;.-‘:: - (SR S =gl S ——— SPTE—. A-——‘—h——_.——é——!
Mean
PR L‘V .;. ._-‘A.'L'.. - L'———-—t — ——
St.Dev. ‘ o .

definition.

(8)Average for 5 points.
b)Both measured and actual bow are O at levels 1 and 11, by

(e)The measured bow represents a measurement error si- e the

sctual bow (determined from GC measurements) is zero

(<0.0005 in.,) at all axial levels for all faces.

ﬁun 105




€A TECHENOLOGIES INC

!mmrr NO. 907785 :xssun NO./LTR. N/C

TABLE 4-2 Cow) o

Clesent Length ~ Calibraction Llesenc $-0132
(imches ) -

Probe Table Positiom
Froba Disp Lacement

Locacion Q. C. Robot dobot = Q. .|

L 31.223

- 3 ..'-H.i _]
Jl‘” h .- —
-3l p ) P
27 5= 28 ) P
S33-134 ) PP o 4
S 296=29 N.i22
- 255~ 39 19 !
E —ss Il.o88
23i=27q p ) PPo >4
=2 p)opn .
' et - She G
1 . Y )} ¥ io 4
13 e asad
2 L > e
| f 0= 209 Y PEES ]
© 92 L .2:4
s 9 98=214 sde add
= g 203~ b3 PP
E =0 ) Py eey
o 22 2 s 1. 222
E aely ‘e
3 26 165=166 3.2
< - | PP
- =100 b} e
= 138 )Y oo d
= o sy
£ ';—-_§ 1o
-4 30 53w 15 1. o8
2 31 L35=1o0 30, 224
= Sehoe L) B #h
z i oy
8 ’.’J ‘u .‘«
-8 - .

i

Y =78 1 .o
. L. 1 J1.222
— e
s _—) Jleesd ]
Te=17 ) Wk
sl ———23 T o
48 J3-32 5 W3- 1 |
- 5= .42 1 Ty
50 C=il 11,232 !
-9 1 228 Y |
s e 31,228 1 1
b3 —_— henas L i
4 C-l 11.22 |
Mesn .
Std. Dev. "

b’ dee mb !




AENOLOS

TRBLE A-2 (conr.)

Distances Between Coclant Holes - Calibration Element 8-0182

Probe Table Position
Probe Displacement

INSTRUMENTATION

!noammr NO. 907785 :ISSU! NO./LTR. N/C

} Fblc to Hole Q. C. Robot Robot - Q. C.
i ‘31_2 to 270 1.595 [ -
270 to 219 1.59 S
S 219 to 106 3.814 -
106 to 53 [ 1,534
i 55 to 13 | 1.593
312 to 13 T 12.593
319 to 295 | 0.656
‘ ’23}_50_267 { 0.657
267 to 235 0.636
A ! 4.500 j
! 0.636_ |
| 0.655
| 0.655
i 12.189
1.595 '
i 1.594 | -
3,314
- 1.593 .
£ 1.593 ;
12.693 n ¢ o
; 1.594 ;
‘ 1.395 ’
3,815 |
1.59 »
| 1.59
T 12.695
6.034
6.933 |
70 to 312 5,033
312 to 303 6.034
303 to 155 . 5.034
I;ss to 13 6.033
* ch. Dev. N\
>

Rge Jo7




Notaions in this cotumn indicotdfye changes have been mace

TECENOLOGIES

TRABLE

!nocnlzur NO. 907785

h-2

CCONTINUED)

Ccolant Hole Diameters - Calibration Element 8-0182

TRUMENTATION
Probe Table Position

Probe Displacement

| ISSUE NO./LTR. N/C
|

Hole Q. C. Rdbot Robot - Q. C.
s .627
627
. 527 :
| 30 627
55 626 &
[ 58 .62 :
61 .627
66 .62
81 626
90 626 s
103 526 g
106 526
109 626
(112 626
126 L498
144 478 é
145 ,498
155 626 :
158 526
161 625
164 626 2
28/ 1626
170 626
11_130 . 498
1 L498
199 498
213 625
216 .626 -
219 6256
222 .626
(235 1626
244 626
259 626
264 626 %
| 267 .626 -
270 625
295 626

Fage /08




!noamm NO. 907785 |ISSUE NO./LTR. N/C

TABLE A -2 (conr)

R
/

Distances between Fiducial Holes - Calibration Element 8-0182

(inches)
INSTRUMENTATION
Probe Table Position
Probe Displacement _ 4
-s u;‘;‘f‘ Measurement L Dim ¥ Dim N Dim R Dim
£ 1 jee 9.003 9.002 9.000 27.005
[ Robot , . z & 3 :
i Robot - Q. C. g
2 Q. C. 9.003 9.001 9.000 27.004
1°b°t = 7 5 ) " ) &
R.Dbot - Q- C. &3 S ~
= 3 Q. €. 9.003 9.001 9.001 27.005 |
% RObOC ’ '{ & - - * ? ¢ - &5
= RObOC - Qo C. : -' / “ - e =
_g 4 Q. C. 9.004 9.001 9.001 27.007
Robot - - : : .
-ﬂ - . ™ =
3 Robot - Q. C P , —
- F Lk 9.004 9.002 9.001 27.006
g |_Robot _ - 737 : - '
RObOC - Q- C- - =57
= — -
5 g & 9.002 9.002 9.001 _27.005
Robot = P :
Robot - Q. C.
obot - Q. C. Mean - S ¥ ¥ S * e <
Std. Dev. _ ~ 34

Fage 109




Notsions in his column inuicate lfffchanges have basn macde

Distances Between Coolant Holes - Calibration Element 8-0182

TABLE A2 ((,ONT.)- -

ECENOLOS

IES

Pocnm NO. 907785 :xsm NO./LTR. N/C

INSTRUMENTATION
Probe Table Position
Probe Displacement

[Hale to Hole

Qc C.

Robot Robot - Q. C.

12 to 270

1.395

270 to 219

1.594

219 to 106

3‘814

106 _to 55

1.394

33 to 13

1.593

12.693

12 to 13
19 to 295

0.6356

257

0.657

0.656

4.300

0.656

0.655

0.655

12.189

1,395

1.594

3,814

1.593

1.393

12.€93

"1, 59

1.3595

. TS -

3,815

1.594

1. 59“

12.695

6.034

£.033

5,033

6.034

6.034

6.033




changes have been made

Notations in this columsa

:nocnlzur NO, 907785

TRBLE -2 (ConT,)

Coolant Hole Diameters - Calibration Element 8-0182

STRUMENTATICON
Probe Table Position

Probe Displacement

| ISSUR NO./LTR. N/C
|

Hole 2 &. Robot Robot = Q. C.
6 5627
[ 13 .627
|22 527
[ 30 627
55 626 i
58 627
61 .627
66 626
[ 81 626
90 625 <
103 2526 =
(106 624 g
109 .526 .
112 526
126 L 498
144 . 498
145 ST
(155 624
158 6526
161 525
164 626
167 626 -
170 625
%0 L4098
1 . 498
199 ,498
(213 525 ”
(216 626
219 6265
222 .626
2 626
264 .626
259 626
264 526
267 .626
0 625
295 .6526
303 .626
312 6526
319 626
Mean 4
Std. Dev
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6A TECHEHNOLOGIES

INC

luocnmn' NO. 907785

:xsm NO./LTR. N/C

TABLE A-200m) )

Distances between Fiducial Holes - Calibration Element 8-0182

(inches) :
TRUMENTATION
Probe Table Position
Probe Displacement
b";ﬁf’ Measurement L Dim ¥ Dim N Dim R Dim
' § __g. C. 9.003 9.002 9.000 27.005
[Robor - ’ ,
Robot = Qo GCe -
2 Q. C. 9.003 9.001 9.000 27.004
—iOBOC ‘ . - - 2
—bbot - Q- C. 7
3 Q. C. 9.003 9.001 9.001 27.005
Robot : o A ,
Robot = Q. cC. F
4 Q. C. 9.004 9.001 _9.001 27.007
Robot < : ' 4
Robot - Q. C.
s p9.C 9.004 9.002 9.001 27.006
Robot ' g ; > y *
Robot - Q. C. . -
6 a & 9.002 9.002 9.001 _27.005
Robot - " A g
-EFot - q. Ce
hobo: - Qo c. Hun
Std. Dev.

[Rye /2




S e®a TEREECEREROLO®SIE®ES ABRSES.

:nocnm NO. 907785 :ISSUB NO./LTR. N/C

TABLE -2 (Cow.)“""*'

Across Flat Dimensions - Calibration Element 8-0182

(inches)
INSTRUMENTATION
Probe Table Position

Probe Displacement

pacu/ Test Combination =
‘ hosuas Measurement 1= 2 T=54"15-6 Mean Std. Dev.
§ A - D Q. c. 14.175 | 14.176 | 14.175
; 2 Robot - Q. C. :
A - D Q. C. 14.176 14.176 14.176 o
'Robot 7.4 _ W= 3 o
5 ‘650: - do Co E
B - E Q. C. 14.175 14.174 14.174
ybot g z : 7 ] 5
! 3 bot - Qo Co
B~-E s Co 14.174 14.174 14.174
i bot ] :
£ 6 Robot - Q. C.
iIC-F Q. C. 14.176 14.176 14.176
1350: b — . L
1 Robot = Q- c. - S
rC - F s Co 14.176 14.176 14.176 g
o < & i .
4 Robot - Q. C.
bbot - Qo c. m
Std. Dev

Page 113
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—*——W

!nocnmr NO. 907785 !xsm NO./LTR. N/C

g TRBLE A-2 (Conr C——

A SIDE FACE Bow(a) - CALIBRATION ELEMENT 8-0182
(inches)

INSTRUMENTATION
Probe Table Position : - T

Probe Displacement __ . _ -/ - - . -

Axial Face | Face | Face | Face | Face | Face
Level(®) | afa) | gle) | gle) | ple) | gle) | Fle) | Mean | St.Dev.

- — 3
— = - 4 -7 -l - W - S el s - i @ o . - a—
3 -
PRETT—— S . R B B D T . il — |
L e M L DT - N B - T — e e s e s
. : . ». L. ¢ " ‘ . e
..o Wisapsn ofhe = » o 5 - B e T I o il et
———- - — -{ . . T s e R ol = S——

IPRTNN . o~ L Pl Mok SO B PRSI e - feibiine =S e
- . i | R Gell R T Rl ,L.-< = - —
L . / ~ 4 :
¢ — —— — o - . —— [ o———— o ] - - —

S % CC e B e e i st s T i el <
St.Dev. - ,
— e bl Lectobiccp LooizhocoRocc BLOO LA S 0T

4)Average for 5 poiats.

b)Both measured and sctual bow are 0 at levels 1 and 11, by
definition, =

(¢)The measured bow represents a measurement error since the
actual bow (determined from QC measurements) is zero
(<0.0005 in.) at all axial levels for all faces.

d




muumw-‘mmmm

6A TECENOLOGIES INC.

:mmn' NO. 907785

:xsm NO./LTR. N/C

ThELE A-2onT) J
Klesent Length ~ Calibracion Llesesc 0182
(1sches)

Probe Table Position
Probe Displacsmenc

/
‘
[Messsrement| Locaciom | 4. C. tobot Tobot = Q. C.
C-324 1.
‘ 32i-132. !z% i |
- ;4 -
4 16=317 bo o
C~314 Jheond
275=239 1.223
93=254 Jleoaa
2 236w (37 Ji.249
43-301 Jl.ead
| tg S=.59 | PP z
2 =27 b+ eae
| § 1372w Lo oas
5.':‘ 34 b -
idg=lay ho and
13 sao=ls sade
. Seisn g
A7 190=209 31,2
A; 3i2-21 sonn
19 S8=214 Jhe can
ﬁ 203-221 s ae
206=224 Jl.idd
2 108-126 . add . 1
LIV 1= :
4 L65=160 31.22
':‘.2‘:.6 Jhe bhra
‘w4 Jl.eda
do=i38 Jledaa 1
e Y0 A ) ¥R 0 .
23 S3eil3 ) ) PP '
30 Za=i0d 31,422 s |
te=iod | Tl.ioo -
ﬂ Cefzd ! J1,33)
. %=Ll | -
34 101-119 | b i
08«122 | 31 22 £
18 ISR 0 -
31 —— el 31,222
| —_— 1 AMe=id3 31,22
13 -3l 31.233
L] 53=79 34,242
[ =il Jl.ead
Jie74 Loads
7 =43 L2 r.
Pr A:‘}-‘M 3 2.4
S=b0 34,223

Sed. . P

Rye /15
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€A TECHENOLOGIES

gnowmrr NO. 907785

:xssu: NO./LTR. N/C

TRBLE A-2 (Conr. )=

———,

Across Flat Dimensions - Calibration Element 8-0182

(inches)

Probe Displacement

INSTRUMENTATION
Probe Table Position

Faces/ Test Combination -
b ssnas Measurement =2 T8 5=6 Mean Std. Dev.
A - D _LC. 14.175 14.176 16.1L75
2 Robot - Q. C. e
r -D Q. C. 14.176 14.176 14.176
'lEBot : 72 p ; :
5 Hobot - Q. G- .
B -E Q. C. 14,175 14,174 14.174
Robot WEE ‘ :
3 EE‘ - Q- C. y - 4 v,
B~-E Q. C. 14.174 14,174 14.174
Eibot 2 _
6 lObOt - Q- C. e
IC~-F Q. C. 14.176 14.176 14.176
loboc ——————
1 ‘Robot - Q. C. oT
rc -F g c. 14.176 | 14.176 | 14.176
4 TRobot - Q. C.
Robot = Q. C.[Mean
Std. Dev.

Rge /e




lm NO. 907785 :xsm NO./LTR. N/C

A}
TRBLE A-2 (Cowr, o
\\
Dlasest Lengch = Calibracion Clesesc $-0182 i
(dnshes) -
JESTROMENTATION
Probe Table Positiom
Prebe Displecement
location | Q. C. Robeoe Tobot = Q. C.
C=324
321-332. 2
=119
- 7 h
| C=314 31,223
275299 31,221
293294 Lo and
1 %Fl 7 Jh.
4 pm Lo 4ad
‘ ‘-" e
23i=174 I o anba .

b
[

sl

mhumw‘mmuu

BLBB# isLmtouqumrzpsLLLcLL:m-LwLu[ [ gl .

[t [ o33
G198 | JL.32% o
E‘lzr Jl.424
[, 222
aB=161 » i
T==150 oy
C=1% [ 223
," 1 llb’
101=1. [
ng- o
i ags
u‘_\i .: ~
Ad 3 222
k:u : :% ;
’J" ’ 4..111
T6=92 Y. 22q
7‘. }o.:‘
Fimai T
a4 S 3mhé 31,222
80 ..IJ
16=37 -

c-1 Ji.222 g

Ll I:[
[RASERRARAR
"

Vlefele

:
i
+




uoutmmmmmu-‘-mmmm

!m NO. 907785 :ISSUI NO./LTR. N/C

TABLE A-3
Calibration Kun 5 ai F'S\/ yﬁ
Across Flat Dimensions - Calibrat14 gement 8—0182
(inches)
INSTRUMENTATION
Probe Table Position j&N /f »
Probe Displacement‘gf'gém 70 f;
E:E::: Measurement 1 fe;t (:Zm;bfni:ions-- 3 Mean Std. Dev.
A - D Q. C. 14,175 | 14.176 | 14.175 | /.1 28] 4’“&
Robot [9.4 LY. (Ze| 14./2 Y- X ‘
2 Robot - Q. C.
006 = 00| .005| 003 0233 |
A - D 2 & 14,176 | 16.176 | 14.176 | /4,176 &~
Robot {1551 19077 141721 /4. 080, 20449 |
5 Robot - Q. C.
L0091 .00l .002| .009| .009Y
B~-E Q. C. 14,175 | 14.174 | 14.174 | 19,/
Robot X W AT Z AT N & AW A el Y, :
3 Robot = Q. C. i
212 ,ﬁz‘t___-m;_heoj . 00%4
B~-E Q. C. 14.174 14.174 14.174 e
Robot [ 4.125 191211 14179 ﬁ.lgg - 0037
6 Robot - Q. C.
D0l 0ol 0¢8] 004 | 003y
C~F q. . 14.176 | 14.176 | 14.176 o
Robot 7. .72 | [ Wy ZAWENE LS S0 3 |
| Robot - Q. C.
~.002 X2 -—.QIZ",QQ[ . J023
C~-7 Q. C. 14.176 | 14.176 | 14.176 A & _
Robot 7.7 NL/ZI'_'ZZIZ%:M,
4 Robot = Q. C.
0l | 006! 00| .004| .0029
Robot = Q. C.[Mean (003 | 0032 .0035| 2035 -
Std. Dev.
L0054 . 0030 0033 e
/ijc e




Notations in this column Indicate where !anps have been made

@A TECENOLOGIES

INRC,

!locnmn' NO. 907785

lxsm NO./LTR. N/C

—THABLE A"3 @ont. )

INSTRUMENTATION

Probe Table Position .SQN Y S
Probe Dis:lccuutm /D&T S

(inches)

M QMS 0.1’ Fsy
VW?W

SIDE FACE BOW(8) - CALIBRATION ELEMENT 8-0182

Acial [ Faos T Fecs [ F1e3 | 5tes | 5263 | £163 | weus |se.muv.
. e | & &= lo.00 [10.001 ool 10-9”.5 O.o008
X o | & | @ |oeollecel loool ‘o.mui 0.0008_ |
f & |p.001| o | & lowol l0.00f .L.ooos ,0065 |
X e | o | o lpoelp.ool ool L}.mﬁ_é.w.e#m
" o | & |ooof| & | & | & |oooe2|0.000f
T |oeei]oeetlo.col e le | o 0. 0005\ 0. 0005
' € |op.00||0.00l| & | & | & p.eeoihée_o,s_
9._. la.sol| . & |0-v02)0.00] | & 0-001,l?;0_e¢l{o,-.0_‘08__
" ace|l e |o.oellv.oelle.col]| & L”ﬂl’ 0005
Hean | 50030.000310,000 7\0,00040,0004 0,00042,0005{0.0002.

e p.ooosiﬂ msL.mn ,ooo.‘io.mi{fMS{!.en;‘ 2,000 L

T'7Avu-qo for § points.

(b)Both measured and actual bow are O at levels 1 and 11, by
definition,

(¢)The measured bow represents a measurement error since the
ectual bow (determined from QC measurements) is zero
(<0,0005 in.) at all axial levels for all faces,

L

fage N9
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lm NO. 907785 :ISSUI NO./LTR. N/C

TABLE R-3 (Conr.)-
i
.
Codid Rem 5 at RV cfr 294
At ;.5‘ ol P,
. ? (' /’ ?“ .
Element Length - Calibraticn Elemenc 80182
(inches)
INSTRUMENTATION
- .
Probe Table Position "/OM Y P .
. Probe Displacement _Cincog 1 CT S
|Measur ment Location Q. C. Robot Robot - Q. C.
C-324 223 .
321-131 1,223 "
=319 S 23 P2
0 316-317 L33 -
s C- 14 31.223 P
. 175-179 35,223
] 193104 1. 223 -
296=297 1. 224 w1
! 223- 301 3. o239 -
) $=259 31,222 -
L 1%7-272 L. ond
2 37-2%4 [ 223 = <
3 35i=154 3. 2208
% V=143 "+ .
T ih=2r3 ABeE. .
16 [ 1222
17 90-209 31.223
28 FTS TV ) P2 4 j
19 95-214 1.2 006
% 0 93-221 31,422 P
21 20m344 L. 222 ‘
. 22 208-226 31.22¢ -
23 C-171 2eedd £
24 165=1:4 31,288 Cr)
28 wH=161 31,222
26 FH=200 Ii.228
-z T-197 ) O
o8 Biela] | J.io -
8 29 Wa-125 | V1,223
30 WM=152 | 31.324
155150 . 222 )
; . C=154 31,323 )
g 39-117 e e
& 10i=1.9 413 -
10s=122 °1, 273 )
a8 Mi=130 11,223 -
Al é-131 31333 o
i Li6=135 223 - ‘o
19 3-41 1,432 ”
4Q 63=73 31.22 )
al Tom32 eeed
42 3«74 5 i v 4
%) J1-c8 4242
T $3-43 b
(3] 3=48 o -
“h 2a=)7 |
4l 23.29 | 31 233
Wt %32 1 3l 228
Jo=%u | il..2
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S ’W¢QJ“;§.GE>24~4\¢
Distances Between Coolant Holes - Calibration Element 8-0182

€A TECHNOLOGIES

TABLE A-3 (ConT)

INC,

DOCUNENT NO. 907785 :xssn NO./LTR. N/C

TaAD

s v
| -4

Celd RumS (@ AEF

INSTRUMENTATION -
Probe Table Position SoONY s

\ f
Probe Displacement Lm.:._q Pot's

|Hole to Hole Qe Cs Robot Robot = Q. C.
12 to 270 __1.595 1.592 100 2
270 to 219 1.594 Ls9% . Qo%
219 to 106 3.814 2. 222 -
106 _to 55 1,594 1.;% 20 Y4
| 55 to 13 1,593 Lo o
312 to 13 12.693 [2.623 o
319 to 295 0.656 eS8 .00 2
295 to 267 0.657 158 Lol
2 0.656 A -
235 _to 99 4.500 Y. 5es" ooy
L 90 to 358 0.656 b5 . 002
58 to 30 0.655 ""2 - .0
[ 30 to © 0.850 : 1 &3 4 -
319 to 6 12.189 12 19l 0 °2
03 to 264 1,595 L: -, 00
264 to 216 1,594 4%%’? "o
216 to 109 3,814 . ¥ .all
109 to 6l 1,593 /.12.}_ -
6l to 22 1.593 /.59 £ 00/
303 to 22 12,693 a6
170 to 167 1,59 - 00l
167 to 164 1,595 [ = .00 [
164 to 161 3,815 | 3.8 -~ 002
61 to 1358 1.594 X 1 -oesi
158 to 155 1.594 ' [.57 - .00
170 to 153 12,695 | 7 [2) L O OS5
13 to 22 6.034 Lo .Of Q1Y
22 to 170 6,033 n -
170 to 312 6.033 | G.° - .19
312 to 303 6.034 [ & 032 - ol B
303 to 155 6.034 b .023 ——-AN
155 to i3 6,033
bvel . 030
Mean \ , 0024
Std, Dev. X \)( . 007 ¢

Age 12/
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@A TECHNOLOGIE: -

DOCUMENT NO. 907785 :xsm NO./LTR. N/C

TABLE A-3 (ConT) ™|

Qalib Rem 5@ Fsv of 8y
Wd}ﬁu‘w | =y /J/

Coolant Hole Diameters - Cal.ibution Element 8-0182
INSTRUMENTATION
Probe Table Position _Sawt J
Probe Displacement _ Limea, P75

Hole Q. C. Robot Robot - Q. C.
6 . 627 L 625 - 00 2
[ 13 627 ¥ = - .00 2
| 22 627 e - OO0 2
30 . 627 b Ro- - oo 2.
53 626 [ 623 - .00 3
627 A5 — -
61 627 . 626 - . 0O |
66 626 23 = o3 |
gl 626 Ll e
20 2628 -~  co2
103 2626 fﬁr - ool |
106 626 el? -— 007
109 626 s eas - 00l
(112 626 L 520
1126 498 . 419 IV
144 498 Y- |~ o023
145 498 L Y25 ) z%
%gg 528 L €27 00
626 " -
igi 625 }';52 100 5 |
: 626 2630 T
167 526 Y] Z Aag
170 626 L, 629 0
180 ,498 . 800 ’
81 498 . 49¢ -
199 L4958 e - g % % !
2l 2023 1627 A !
216 626 23 - .nai-
19 526 sl ———
222 626 ) ‘-L!l —— 25 '
235 2626 162 o
244 626 ¥ —_— =1
259 526 NY¥F ~ .ooﬁ
20 626 b as -
270 625 .Jg.%i — ng%"&‘*
29T .64‘.’) * - — [ 4, g.
j03 b6 . ‘ ' CQ l
312 £.16 063,; 4 OOL
319 626 r o A3 " 00 3%
Mean s - 0013 | Age /24,
Std. Dav. Y X ,0ay

|
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TABLE A-3 (conr)

!mm NO. 907785 :xsm NO./LTR. N/C

—

Distances between Fiducial Holes - Calibration Element 8-0182

(inches)
Probe Table Position (an/7 )
Probe Displacement (incar f07)
c°§2“ Measurement L Dim M Dim N Dim R Dim
1 __Q €, 9.003 9.002 9.000 27.005
Robot 3 000 V) 7.co? FYNA
Robot = Q. C. -.003 ﬁ-oo,L & ”_t
2 Q. € 9.003 9.001 9.000 27.004
—Robot — 9 09 5977 7.0/ 272.005
Robot.-‘fc. Y - 002 Leo/ Qd
3 Q. C. §.003 9.001 9.001 27.005
Robot 3.003 2.003 : AL00e ]
Robot - Q. C. R +002 - 002 00/
4 Qa C. 9000‘0 -OOL » 01 127-QQ7__
Robot g 007 %?ﬂ ;‘dvé 2.0l
Robot = Q. C. ‘00! ~ . ooY ’09; I!t
5 e Co 2.004 2.002 %&QL —2l.006 ]
Robot q,005 2.g02 o2 22,400 |
Robot - Q. C. 000, &~ o0 [ 22!
6 Q. C. 9.002 9,002 9.0C1 27.005
Robot ‘ %. 996 7.007 9,0¢0 2 .00f
obot = Q. C. - 004 oS~ - .00/ - 00l
- 00067 Q0007 o000 7 lz
obot - Q. C. Mean 00
R . Std. Dev. 00323 ,003% o003y .000
Gramd —miom &.000 b
S0 10 © , C
Mye. 123




INC

€A TECHENOLOGIES

| ISSUZ NO./LTR. N/C

DOCUMENT NO, 907785

N
X
MP;\\ ainyeudys pue duwis 2O "
/
1 < LY
o £
. e WG e
v UEON |
< 2[°H I2IonPl4
. Q160 - 4 Q00" 1 ulIINI2q AdULISIY
ueay
4 si1231dwe (g
a1 juz oo
uray
< S21OH uEjOoO)
noo* proo’ 1 ulaaM12q IdULISIQ
. ueal
N »
Syoo- ra 40 1 Yidua] jwowayy’
ueay _
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TRBLE AK-4

lmm NO. 907785 :xsm NO./LTR. N/C

(inches)

Calib Bk @ Fsv /2y sy

Across Flat Dimensions - Calibration Element 8-0182

INSTRUMENTATION

Probe Table Position Jo#'7

Probe Displacement

Comar fo7

.5 :::::i Measurement 1 fe;t ?ogbfnztions-- 3 Mean Std. Dev.
A =D 2. G 16.175 | 14.176 | 16,175 | /Y1757 020 ¢
g Robot 179 m..mHmz 0Q0C |
; 2 Robot - Q. C. .
!’ —.po|l=—.00] - poll=.pol| &
A =D 9. £ 14.176 | 14.176 | 14.176 | 14,176 o
- [Robot H.179 N7l —
. 5 Robot - Q. C. '
140_3 o& el
, B~E 2. €. 14.175 | 14.174 | 14.174 ¢¥¢z% %25&
ObOt I L Ol l 1 ‘17 £
3 Robot - Q. C.
5 00 001! 007! .op30l .03 &
- BR=-E Q. £. 14,174 | 14,174 | 16,174 | ¢ o
£ Robot 11,769 LY.169 =
& 6 Robot = Q. C.
-'oé’ -0’05 S—— il
g C~-F Q. C. 16.176 | 14.176 | 14.176 [jgg o
2 Robot W71 A UL {ANTN v & AN Y X R
1 Robot = Q. C. Lk
- - 008 002! ,005 Q'”i 005-[
C=F Q. C. 14.176 | 14,176 | 14.176 /}’./écl o~
Robot L1Y.! LY —_—
4 Robot = Q. C.
. - =00 —
Eobot - Q. C.[Mean - 022! ,0007!.0037!+,000% gy = -
Std. Dev.
0037 . 00,5 .0042| 0031 =
= o Rye /25
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NOLOGTIES

IN

DOCUNENT NO. 907785

:xssux NO./LTR. N/C

TRBLE A-¥ Conr)

| Colibo. Sloc k

s -~ 7

A /,1 ?/‘37

SIDE FACE BO'(‘) - CALIBRATION ELEMENT 8-0182
(inches)

INSTRUMENTATION

Probe Table Position

Probe Displacement

Jort'y

CINEAL poT7')

Axial Face | Face | Face | Face | Face | Face
Level(®) | Ale) gle) | cle) pe) | gle) | ple) | Mean |St.Dev.
2 |
o | e |.00] o | .004|.0007]. 0008
3
. |0 .00] 001l ,001|.004 kooo8|. 0004 |
4
X 0o l| | poal 001 201l & |.0008)|.0008 |
5 =
) ool & l.ool) & | €7].004 ,0005|, 0005 _
5 4
- .
8
9
10
Mees | 18 |.ooed|. 0010l 0019, 0008|0008 000 .
St.leve | voes| .0008|.0008| 0008 .0000|. 0005 .aa?_dA s

(8)Average for 5 points.

(b)Both mesasured and actual bow are O at levels 1 and 11, by
definition.

(¢)The measnred bow repressnts a measurezent error simce the
sctua! bow (determined {rom QC measurements) is zero

(<0,0005 in.) at all azial levels for all faces.

| ——




have been made

LU neaiCate

| DOCUIENT 50. $077

SSUE t9./LTR, N/C

TRBLE A-4(conr)

(ol Blsck f@_‘/z"a 7

Element Leagth - Calibration Element 3-0182

(Laches)

INSTROMENTATION

Probe Table Position
Probe Displacemest

Location Q. C. Robot =~ Q. C.
1 C=324 31.22) Aan |
F4 321-322 31.22)
3 =319 31,22 i)_
4 316-317 31,223 AN ‘
) C-3ia 31.229 - o O
[ 275-289 33,243
9= Jl.add p—
: S6=297 .73 i
‘ 28-30 31,223
p) 5-159 31443 D
H g 7o 273 ' P4 4
2 217=15 31,42 -0
3 351-452 o2y £ -
5 %143 3L 13T -
15 2.6=282 i -
. S=iie 2223 1=
‘ L/ =009 31,22 -,
AE =111 31,22 —
13 95214 31.232 -
20 203-221 } 1 4 v
21 206224 Jh.son ——
22 208204 33+ 448
23 C=1i1 3.323 Lﬁm
26 148-166 | 31,222 =g
2 b= 16 1,222 -
26 ¥H= .00 ~Il.3a —
27 el 31.233 —
Edeio7 31,322 -
2 H4=12% 31,da8 -
30 EH=-162 31.222
L3180 Jl.ded
C~154 31,223 piem
b] 93117 il.e2
a4 101~119 31.42 -
ad jos=i,2 11,228 =5
s _Jli=130 11,222 poe
il Lls=133 11,222
JA Ais=133 31,223 —
12 §-81 31,222 -
-O 5]';” jl-::: -
& T4l Jhedad -
4 L) 3. 222 -
- T1=24 31.42
44 5 jend Jh.e82 -
a5 S=nb 33,243 -
“h A4=37 1l asd
al al=s - . - a0
W4 1332 1 3.22 -
49 b 5) 21, 22
1) - c-1] | . P -
51 | “e3 E_31 258 —
2 ! =5 ] 11222 -
G T T L 1l.aa?
‘- Cel ! }.d

-

Rye 127
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TABLE A-9(owr)

Radd CalilodZen CE @ FsV € 723]77

Summary of Robot Measurement Accuracy - Calibration Element 8-0182

SONY - L. Pot SONY - LVDT R. Rot - L. Pot R. Pot - LVDT Mean
Type of Neasurement Test Accuracy Bias | Accuracy| Blas | Accuracy Bias Accuracy| B ias
BT _ bl B T 41 2410

Distance Across 1 +. 0007 | .003]
Flats 2

Mean
Side Face 1 .0007 | -0000
Mcasurements 2

Mean
Element Length 1 —.00¢ 'oo‘f

| 2

Mean .
Distanuce between 1
Coolant Holes 2

Mean
Coolant Hole 1 i
Diamerors 2

Mean
Distance between 1 E
Fiducial Hole 2

l Mean

-
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QC Stamp and Signature L ‘(‘f/j3

ith Teled |

J/N “ZLT/°ON 2a5SI|

*oR XLl

LCG

SSL




