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ABSTRACT

The Fort St. Vrain (FSV) Nuclear Cenerating Station, owned and
operated by Public Service Ccapany (PSC) of Colorado, is a plant employing
the high-temperature gas-cooled reactor (HTGR) concept. Initial eriti-
cality was achieved in Jenuary 1974 and cycie ! operation continued through
February 1979. Throughout cycle ' operation the maximum power was limited,
by license restrictions, to 589 MW(t) or 70% of full power, Cycle ! core
performance was, in general, close to predictions. One exception to this
§00d agreement with expected performance was the reglon exit gas tempera~
ture fluctuations which were detected eariy in the cycle. At the end of
cycle 1 operation, the cause of the fluctuations was not positively
identified but the most ikely explanation was small movements of reactor
components such as fuel elements, reflector elements, and/or core support
floor.

The first refueling was completed in April 1979, and {nitial
criticality of the cycle 2 ocore occurred in May 1979. The core was then
operated at power levels up to 708 of rated power until October 1979 when
the plant was shut down for installation of region constraint devices
(RCDs). These RCDs were installed to stabilize gap flow areas at the top
of the core to near nominal values 8o as to minimize block movement and,
therefore, eliminate the temperature fluctuations, Cycle 2 operation
continued at power levels up to 708 of rated power with core performance as
predicted and no fluctuations were detected. In March 1381, the Nuclear
Regulatory Commission (NRC) issued a release to test above 703 power.
These tests demonstrated successful operation up to 90% of rated power
before the testing was terminated for plant maintenance and for the se:wond
refuelirg.
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Initial eriticality of the cycle 3 core occurred in July 1981,
Testing in the fall of 198! demonstrated successful ocperation, without
fluctuations, at power levels up to 1008 of rated power and at pressure
drops up to 5.0 pesid. Results of these tests led to the NRC release, in
Octover 1982, for 1008 rated power operation. Cycle 3 operation continued
until January 1984 when the plant was shut down for the third refueling.
Throughout the cycle the core performance was, in general, as predicted,

This report discussas the core performance during cycle 3 operation,
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1. SUMMARY

Initial critiesi.cy 4f the cycle 3 core occurred in July 1981, Prior
to January 1984, when . ic plant was shy® ~ w~ for the third refueling. the
cycle 3 ore nad operated for a total of 295% eifusiive full powsr duys
(EFPUs ). The cumulative burnup for fuel segments 3 through 6, at the end
of cycle 3 was 658 EFPDs*,

During the initial cycle 3 rise to power, tests were conductcd by PSC
to verify that the core performance was as predicted. In addition, core
performance data have been monitored throughout the cycle. Although much
of these data have been previously reported (Refs. ' through 8), this
report summarizes the overall cycle 3 core performance,

The nuclear performance was, in general, as predicted. Reasonable
agreement between measured and calculated data was obtained for the
temperature coefficient and for control rod worths. Initial criticality
and reactivity behavior with burnup was also predicted with reasonable
accuracy.

The thermal/flow performance was basically unchanged from previous
cycles., Significant region peaking factor (RPF) discrepanciss continuad to
exist in the northwest boundary regions, the result of region exit tempera-
ture measurement errors due to cool gas flowing inside the thermocouple
sleeve. In order to compensate for these measurement errcrs, Technical
Specificaticn Limiting Condition for Operation (LCO) 4.1.7 was revised to
include special operating procedures,

*Throughout this report the burnup (in EFPDs) s given to the nearest
whole number.,




The fuel performance for previous cycles grossly overpredicted fuel
failure., Therefore, the models were refined and all three cycles were
re-evaluated resulting in generally goocd agreement detween measured and
calculated fuel performance data.

Further fluctuation testing demonstrated that the region constraint
devices (RCDs) were successful in preventing temperature fluctuations at
power levels up to 100% of rated power and at core pressure drops up to
5.0 psi. As a result of these tests, confirming resolution of the
temperacture fluctuations observed 3Juring cycles | and 2, the NRC approved
unrestricted full power operation.

The overall core performance of cycle 3 was, in general, as expected,



2. CORE DESCRIPTION

The active core consists of six layers of fuel elements with 247 fuel
elements per layer, The fuel elements are grouped into 37 separate
refueling regions surrounded by a graphite reflector as shown in Fig. 2-1.
Each of the 37 refueling regions consists of either five or seven fuel
columns and contains an orifice flow control assembly and a pair of control
rods.

The freah fuel materials are high enriched uranium (HEU)* and fertile
thorium in carbide form. The uranium and thoriuw carbide particles are
coated with ldyora of pyrocarbon and silicon carbide and bonded into fuel
rods within the hexagonal graphite elements. The particle coatings provide
the prime bdarrier for fission product retention. The core (s designed to
produce 842 MW(t) at a power density of 6.3 kwW(t)/liter.

The thorium/uranium fuel cycle specifies that approximately one=-sixth
of the core be replaced with fresh fuel at each refueling cycle. This
means that six refueling regions are reloaded at each refueling except for
the fifth relcad, at which time the central relueling rcgion is also
replaced. Each reload segment consists of 204 standard fuel elements and
36 control rod fuel elements, except as noted for the fifth reload. In

#lsotopic content of uranium:

U=234 - 0.0073
J=235 = 0.931%
U=-236 - 0.0028
U=-238 - 20,0584

1.0000



. I L0 0ETECTON

E [ TRE
v !
g -1,
\ \
o, AL ¢ \
‘ A
n » » 0
\ «( o “a
\ .
» " " 1 n
.« x » u \
\!
\
» n H ? ¥ n
P’ 40 2 n « ®
wm
"e-113n
- “n M ' | : 0 “n - o
A
.08 0ETECTON 4 0 oy o .
v n " ] i " M
INE-1104) “ n 7Y ] o«
"
» " n 7 P ConTROL 00
. % » - "l GACUP IDENTIFICATION
. \J «0 “
3 Xy . .:’ n UL Aee108
IOEATIFICATION
; \ o, v
cont )%
mm/
(L]
| =)
=-l- L08 DETECTOR
™ peTecTON
LOCATION
Fig. 2-1 FSV core layout and locations of ex-core detectors

2=2



each reload segment five of the refueling regions contain seven fuel
columns and one contains five columns, The refueling region sequence was
chosen so that fresnhly refueled regions are never adjacent to each other,
except when the central region [s refueled,

The reactor is controlled by a pair of cylindrical control rods in
each of the 37 refueling regions, each with an independent control rod
drive. A reserve shutdown system, in the form of B,C graphite dalls, is
provided for backup shutdown capability.

The core power level (s measured by six wide-range neutron flux
detectors located symmetrically around the core, in the prestressed
concrete reactor vessel (PCRV), at adbout the core midplane.

The core contains 84 region constraint devices (RCDs), installed in
the core In late 1579 as a means of eliminating the temperature fluctua-
tions. These RCDe mechanically interlock fuel regions at the top plenum
layer of the core to prevent development of nonuniform clearance gaps
Detween the (rternally keyed refueling regions. Details of the RCD design
are given in Ref. 9.

Instrumented control rod drives (ICRDs) are located in refueling
regions 5 (8/N 20) and 35 (S/N 43) to provide in=core data as an aid in
understanding the fluctuation phenomenon, These ICRDs are standard control
rod assemblies in which one control rod of the pair was removed and
replaced with an instrument package. (These ICRDs were removed from the
core at the end of cycle 3 and replaced with a standard control rod pair.)

Scratcher plenum elements are located above refueling regions 18 and
35 to permit measurement of relative motion between adjacent refueling
regions. [These scratcher elements were removed at the end of cycle 3 (see
Section 7.8).]
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During the loading of segment 7 (reload 1), eight fuel test elements
(FTEs), FTE=! through FTE-8, were loaded into layer six of regions 25, 22,
30, 27, 24, 10, 5, and 5, respectively. (Details of the FTEs are given i(n
Ref. 10,) Thesc FTEs are intended to demonstrate acceptable performance
and safety of proposed future FSV fuel and processes prior to full=-scale
application (see Section 7.5).

At the end of cycle 2 operation, segment 2 fuel was replaced with
segment 8 fuel in refueling regions 4, 8, 15, 25, 32, and 36, i.e., the
cycle 3 core contained fuel segments 3 through 8., The reloaded regions are
shown a8 the shaded areas in Fig., 2-!., A detalled description of the
segment 8 fuel design is given in Ref. 11,

Qther differences between the cycle 3 and cycle 2 cores are discussed

below:

0 Segment 8 fuel fabrication differed from previous segments in
that (1) leftover segment 7 fuel rods were used in some fuel
elements, (2) several fuel rod lots contained high microporosity
particles loaded in the bottom layer of the core, and (3) several
elements with fuel rods containing uranium loadings nigher than
specified were loaded into speclal core locations (Ref. 12),

0 Fuel elements with a "thin" bduffer were replaced with a "thick"
buffer, l.e., the entire fuel element (Ref, 11),

0 A new concept for the lumped burnable poison (LBP) design was
used in segment 8, This new concept used a single LBP type for
all reloads., The LBP rods used in this new approach are shorter
in length (=2 in.) than the previous designs which used 28-in,
long LBP rods., The shorter length LBP rods are stacked along
with "dummy" graphite spacer rods in a specified order {nto each
LBP noie. (This design was modified slightly for segment 8 so
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that leftover segment 7 LBP rods cou.d be cut into approximately
2=in, lengths and used.) A description of the segment 8 fuel
design and predicted performance is given in Refs, 1! and 13,

T™he control rod withdrawal sequence was changed to maintain the
maximum control rod worth and the region peaking factor require=-
ments within LCO 4,1.3 limits, The withdrawal sequence is given

in Table 2-1,

o



TABLE 2+

CONTROL ROD WITHDRAWAL SEQUENCE

Control Rod

Group Regions
2B 3,9.,7
NA 20,26,32
e 22,28,34

1 (0 =115 in,) 1

LE 24,30,36
uF 25,31,37
2A 2,4,6
4D 23,29,3%
3A 8,12,16
3C 10,14,18
4B 21,27,33
3D 11,15,19
3B 9,13,17

1 (115 = 190 {n.)

1

2=6



3. POWER AND ENERCY HISTORY

Cycle 3 operation dbegan in July 1981, Prior to January 1984, when the
plant was shut down for the third refueling, the cycle 3 core had operated
for a total of 295 effective full power days (EFPDs). The cumulative
burnup for fuel segments 3 through 6, aL the end of cycle 3 was 658 EFPDs.
The thermal energy generation for cycle 3 was 5.95 x 10* Mwh(t) for a total
of 13.3 x 10* MWh(t) since the beginning of life (BOL). The gross electri-
cal energy generated during cycle 3 was 1.96 x 10% MWh(e) for a total of
4,29 x 10* Mih(e) from BOL. During cycle 3, 100% of rated power was
achieved for the first time. The thermal power history throughout cycle 3
operation is shown in Fig. 3-1.

The thermal energy and EFPDs as a function of time i{n cycle 3 (s shown
i, Jig. 3=2, and Fig. 3-3 shows the thermal and electrical energy
throughout cycle 3. The thermal energy and EFPDs, as a function c¢f time
since the BOL, is shown {n Fig, 3-4, Figure 3-5 shows the thermal and
electrical energy history from BOL.
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4., NUCLEAR PERFORMANCE

The following sections discuss the nuclear performance of the cycle 3
core.

4.1, INITIAL CRITICALITY

Inftial erirti~ality at the deginning of cycle 3 (BUC3) was schieved on
July 15, 1981. e critical rod position was 99 in. on control rod group
4F, The averay: temperature was estimated to be about 230°F,

Initial "cold" criticality was calculated with the two=dimensionrl
CAUGE model (Ref. 14), The effective multiplication factor calculated with
the 4=group version was 0,9992, and with the 7-group version was 1.0060, A
review of CAUGE model calculational reactivity bias* for the 7-group
version at the end of cycle 2 indicated that the bias was 0.0065 ¢ 0.001%
Ak (Ref. 15). The calculatlional reactivity bias at the beginning of cycle
3 was essentially the same as during cycle 2 operation, indicating that the
core behavior was as expected.

4.2, CONTROL ROD GROUP REACTIVITY WORTH

Surveillance specification SR 5.1.5 requires measurement of the
reactivity worth of control rod groups as they are withdrawn from low power
to the operating conditions at the beginning of each refueling cycle., The
method used for measurement of control rod reactivity worth during cycle 3

*Reactivity bias 1s defined as the difference between the calculated

k.rr and unity (the measured koff)'



was the same as that used during the (nitial rise to power for cycles !

and 2. The calibration technique, partially ceveloped during the operation
of the Peach Bottom HTGR, is referred to as the doudble~bump technique. An
extension of the method was developed during FSV cycle ! operation and {s
referred to as the substitution technique.

These calidration techniques have made use of an analog reactivity
computer with i{nput from the average of three cof the plant nuclear
detectors located outside the core at the midplane in the PCRV, The
double~bump technique makes use of data obtained from the reactivity
computer (and rod position indication) as any control rod is steadily
withdrawn a distance of approximately 5 in. (or a reactivity worth of
between five and ten cents)® and then mmediately reirserted the same
distance. The opposite motion was also used. The double-bump technigue
essentially eliminates the effect of temperature feedback on the measure=-
ment and can thus bde performed during operation., These measurements
prcvide dirferential rod (or group) reactivity worths (Ap/inch) at various
control rod positions. A least squares polynomial fit was then made to the
measured data to cdtain the differential worth as a function of withdrawal
distance.

Reactivity worth measurements, for control rod groups 4F, 2A, 4D, and
3A were made by PSC during the initial cycle 3 rise-to=-power, i{.e., from 2%
to 65% power., Calculated control rod group worths were obtained using the
CAUGE code where control rod groups were withdrawn, in sequence, at the
veginning of cycle 3. The calculated data are reported in Ref. 16,

Table 4~1 shows a comparison of the measured and calculated integral
reactivity worth for the four control rod groups measured. It |s seen that
the agreement between the measured and calculated integral worth i{s within

*One cent (1 §) is equivalent to a 4p of ~5.5 x 10”* at BOC3 and
~4.8 x 107" at EOC3.



TABLE 4+
COMPARISON OF MEASURED AND CALCULATED
CONTROL ROD GROUP REACTIVITY WORTH

Integrai Worth (Ap)

Control Rod Qroup Measured Calculated $ Difference®

uF 0.0220 0.0237 7.2
2A 0.0187 0.0183 2.2
4D 0.0063 0.0064 1.6
3A 0.0170 0.0183 T

0.0640 0.0667

e{(a - 4 )1/ 80

1
Poale meas 00,

%
cale! '




approximmtely 7% for any single group, while the difference between the
measured and calculated cumulative worth i8 only approximately 4%
(0.001 4p).

These data are conaistent with cycle ' and 2 data {n that the cumula~
tive integral worths are predicted within a few percent while Individual
rod groupa are predicted with somewhat less accuracy (Refa, 17 and 18),

All measured rod group worths are, however, within the acceptance criterion
specified Jor the test,

4.3. TEMPERATURE DEFECT

Surveillance requirement SR 5.1.3 specifies that a measuremant of the
reactivity change as a function of fuel temperature be made at the
beginning of each refueling cycle. These peasurements were performed Dy
PSC during the initial cycle 3 rise-to-power,

The temperature defect was calculated using the 7-group GAUGE model as
described in Ref. 16,

Filgure U= shows a compariso. of the measured and calculated tempera-
ture defect. It 1s sesen that .nhe measured temperature defect, from 220°F
to 1500°F, (s approximatelv 6% lower than the calculated. This is
consistent with cycle | and 2 data and within the expected range.

4.4, NUCLEAR DETECTOR DECALIBRATION

Power=range nuclear detector signals are used to monitor core powar

during steady state and transient conditions and in the automatic control
system to initiate plant protection (PPS) action.

During cycle 1 and 2 operation, significant decalibration of these
power range detectora, due to motion of control rod groups, was predicted

and measured. This decalibration results from the location of the 8ix




G=h

TEMPERATURE DEFECT (6p)

CYCLE 3 TEMPERATURE DEFECT AS A FUNCTION
OF FUEL TEMPERATURE

0.06

0.05

0.04 -

0.02

0.01

§4

200 400 600 800 1000 1200 1400
FUEL TEMPERATURE (°F)

Fig. 4-1



detectors symmetrically around the core, in the PCRV (see Fig, 2-1)., This
means that each detector "sees" neutrons from principally a few fuel
columns near the core boundary. Thus, changes in the distridution of power
throughout the core, due to control rod position changes, can cause the
detector signal to change more or less than the corresponding actual change
in total core power. As a result of this detector decalibration, a
"floating" trip peint was recommended tO assure the reactor trips at or
below 140% thermal power (Ref. 19). The floating trip point hardware {8
not yet installed 80 the detector decalibration is accommodated by a
reduction in the fixed PPS trip setpoints and frequent calibration of the
nuclear channels, The fixed PPS setpoints are intended to activate a rod
withdrawal pronibi. (RWP) at 1208 of rated power and to ensure that a
reactor trip is always initiated bdbefore true power reaches the trip point
of 1408 rated power as required by the Technical Specifications.

Because of the different control rod withdrawal sequence in cycle 3
and the different core fuel loading distridution, it was necessary to
re-evaluate the detector decalibraticn. Results of these detector
decalidration analyses are reported in Ref, 16, Basically, the detector
decalibration, i.e., the ratio of the detector indicated power level to the
crue power (heat balance), is calculated using the GAUGE code (Ref, 14)
along with .nfluence coefficients representing the contribution of adjacent
columns to each detector response. Fixed PPS trip setpoints as a function
of power were specified for cycle 3 operation, based on these analyses.

Measurements made by PSC during December 1983, using test procedure
T=174, provided data on the measured detector decalibration for verifica=
tion of these fixed trip setpoints. The voltage to each of the six linear
channels was measured and this voltage is propertional to reactor power,
Valid measured data were obtained for only two control rod groups (3C and
kB) as the groups were fully withdrawn, A re-calibration of the detectors
was performed both before and after each rod group withdrawal., The
measured decalibration factors were then defined as the ratio of the
voltage before calibration to the voltage after calibration.



Table 4-2 gives a comparison of the measured and calculated detector
decalidbration factors for sequential withdrawal of control rod groups 3C
and 4B, It {s seen that the measured detector decalibration factors are
generally lower than the calculated for rod group 3C and higher than the
calculated for rod group 4B.

The worst case decalidbration factor (decalibration which most delays
the PPS trip) is typically calculated to occur when a control rod group (s
inserted after a control rod pair runs out. The calculated decalibration
factor for the rod pair out was combined with the measured decalibration
factor for the group insertion to determine the worst case decalidration
factor for control rod groups 3C and 4B. Then, assuming opposite detectors
are grouped and the signals auctioneered, and assuming that one channel
fails in a nontripped mode (a conservative assumption since this (s a
two=out=of~-three channel logic) the worst case decalibration factor
determines the fixed PPS setpoint which will ensure a trip before the true
power exceeds 140% of rated power, Comparison of this worst case decali-
bration with that using all calculateq data indicated only a slightly lower
setpoint for control rod group 4B. However, the specified reduced PPS
fixed setpoints were determined from rod groups which cause significantly
more decallibration than groups 3C and 4B,

Therefore, based on the limited valid measured data, there {s no
indication that the PPS setpoints based on calculated data are not valid,
However, the vaild measured data are for control rod groups which do not
cause a significant delay in the PPS trip and, therefore, do not determine
the PPS fixed reduced setpoints,

4,5, FUEL ACCOUNTABILITY
Fuel accountaoility calculations are done semiannually using the

three-dimens ional, 4-group CATT model (Ref. 20). These analyses provide
fuel composition accountability information on a fuel element bdasis,



TABLE 4-2
COMPARISON OF MEASURED AND CALCULATED
DETECTOR DECALIBRATION FOR SEQUENTIAL CONTROL ROD
GROUP WITHDRAWAL

Control Rod Group 3C Control Rod Group 4B
Nuclear#
Channel Meas.** Calc. Meas,/Calc. Meas.®*®®* (Calc, Meas./Calc.
111 0.70 0.81 0.86 1.04 1.07 0.97
Iv 0.73 0.81 0.%80 1.09 1.00 1.09
v 0.82 0.82 1.00 1.1 1.04 1.07
VI 1.12 1.17 0.96 0.95 0.98 0.97
VII 1.06 1,18 0.90 1.19 0.99 1.20
VIII 1.01 1.23 0.82 1.01 1.03 0.98
Ave, 0N 1.00 1.07 1.02

®See Fig. 2=! for nuclear channel location
##sing linear channel voltage - variation in linear channel power too
large to be valid.
##%Using linear channel voltage - linear channel V power not valid at
190 {n.



including accountability information for the fuel in the fuel test elements
(FTEs). Since GATT calculations are quite costly, the actual operating
power history is modeled with only a few time steps, (The modeling of the
complete cycle 3 power history is giver in Ref. 21.) Then, a 7=-group,
two~dimens ional CAUCE model is used to model the power nistory and to check
the more complicated CATT analysis. Comparisons of the end of cycle (EOC)
"total core" results from the two calculations models are discussed i(n

Ref. 22 and summarized belcw. [The detailed information for each fuel
element (s stored on magnetic tape (Ref. 23).)

4.,5.1., Heavy Metal Inventory

The heavy metal inventory of the core at the end of cycle 3 (EOC3)
from the two calculational models is gisen in Tidle 4=3. The inventory
from the GATT model is slightly (0.01%) less than that from the GAUGE
model. This is primarily because the CAUGE model does not model the FTEs,
whereas the GATT model represents them explicitly., Note that with about
the same T™h=232 and Pa=233 inventories in both models, the GAUGE model {s
consistently higher in U-233 content but s lower in U=-235 content by about
the same amount., Furthermore, the inventory of U=234 is higher in the CATT
model as {f the capture cross section of U=233 is also higher. The reason
for this discrepancy is not known, but since U-233 {s more reactive than
U=235, the lower inventory of U-233 explains the lower reactivity of the
GATT model (see Section 4.5.3). The difference between the total core
inventory calculated with CAUGE and GATT is essentially the same as during
the previous cycles,

4.5.2. Region Peaking Factors (Two- versus Three-Dimensional Calculation)

Comparisons of the region peaking factor (RPF) distridbution from the
GAUGE and CATT calculations were made throughout the cycle and, in general,
the differences were small (approximately 43 to 5%). Somewhat larger
differences may occwr in partially rodded regions, due to the inability of
the GATT model to represent control rods in any position other than by



TOTAL CORE HEAVY METAL INVENTORY AT THE EOC3 (kg)

TABLE 4-3

Nuclide GAUGE CATT

Th=232 14,509.35 14,508,58
Pa=233 17.09 17.01
U=233 215,27 208,36
U=234 21.86 23.04
U=235 §10.3% 615,84
U=-236 89.02 87.92
U=-238 $1.128 51.06
Pu 3.15 3.23
Total 15,317.20 15,315.04




integer number of fuel layers, and to the apparent difference (. the
"S-ocurve" used in the CAUGCE calculations and the one implicit in the GATT
calculationa. The "S=curve" used in CAUGCE (s based on meaaurcments made at

the beginning of cycle 3 and, therefore, does not acdtount for the dburnup
effect throughout the cycle,

A discussion of the comparison of ihe RPF distridbutions from CAUGE and
CATT {8 given in Ref. 22.

4,5,3, Fractional Absorptions and Excess Reactivity

The fractional absorptions by the major absorbers, the effective and
{nfinite multiplication factors, and the total neutron leakage from the
core calculated with the GAUGE and CATT models at the end of cycle 3 are
compared in Ref. 22. The results were, in general, as pred.cted.

The total neutron leakage in GATT was somewnat higher than in CAUGE
throughout the cycle. At the end of cycle 3 the difference reached about
0,003 Ak, Since GATT calculates the total leakage dir.otly, while GAUGE

relies on an estimated input value for the axial leaikage, .% 18 reasonable
to conclude that this difference i{s real.

4.5.4, Particle Burnup

The maximum fisaile particle fissions per (nitial heavy metal atom
(FIMA), as a function of active core layer and reload segment, is given In

Table &~4, As previous analyses have shown, the maximum FIMA generally
occurs in the fourth layer of the active core. The maximum dburnup of any
segment (3 about 658 EFPDs out of a potential total of approximately

1750 EFPDs, with the maximum fissile particle FIMA of 14,18 cut of a

projected 20% for the initial core segments, The maximum fertile particle
FIMA was calculated to be 2.3% out of a projected 78, The GATT results
indicate that, in general, FIMAs increase somewhat faster with burnup than




TABLE 4-4
MAXIMUM FISSILE PAKRTICLE FIMA (%)

Segs. 3~6

10

12

13

14

13

10




predicted with .ae CAUGE results based on the precalculated axial dis =i:
tion profiles. However, for the present level of burnup the discrepancy .
not significant,.

4.5.5, Axial Power Data

The end of cycle CATT calculations were cdone with the control rod shim
group 3D 66% withdrawn., The power frac.!on in the top half of the core, at
the end of cycle, is shown in Table 4=5 for each region of the core, These
results indicate that the power fraction in some of the olde~ fuel regions
is lower than the desired range of 0.55 to 0.60, However, this does not
create a problem since the Technical Specification LCO 4.1.3 limits the
magnitude of the axial power factor® (APF) {n the bottom fuel layer, These
APFs, also given in Table 4=5, indicate that the maximum unrodded region
APF (region 30) is approximately 6% lower than the LCO limit of 0.90.

Although these data indicate a significant flattening of the axial
power distribution with burnup and partial rod insertion, the fuel in the
bottom core layer was depleted to such an extent that the power tiltin,
toward the core bottom wae mitigated and thus the LCO limits are met (r
every region with a substantial margin, However, by comparing the present
results to those earlier in the cycle when the shim bank was 50% withdrawn,
It is noted that the APFs at EOC3 are somewhat higher. This is contrary to
the earlier projection that APFs had reached their highest levels, ind that
in the subsequent burnup an lmprovement in the core response to a partial
control rod bank insertion would result, Therefore, a close monitoring of
APFs (n the next cycle is essential.

*Axial power factor (s defined as the relative power in the bottom
layer of a region to the relative power in the region.

4=13



TABLE &~§

AXIAL POWER DATA AT EOC3

Power Fraction

Regilon Control Rod in Top Fuel APF in
No. Insertion® Zone Bottom Block
1 2 0. 464 0.836
2 0 0.518 0.765
3 0 0.516 0.788
“ 0 0.543 0.724
-] 0 0.550 0.738
6 0 0.611 0.781
7 0 0.514 0.776
8 0 0.564 0.678
$ é 0.543 0.726
10 0 0.563 0.707
" P 0.472 0.818
12 0 0.527 0.743
'3 6 0.545 0.72%
14 0 0.522 0.758
195 e 0.490 0.808
16 0 0.522 0.748
17 6 0.580 0.686
18 0 0.539 o.721
9 2 0.476 0.817
20 0 0.540 0.713
21 0 0.58¢ 0.645
22 0 0.548 0.706
23 0 0.532 0.740

®0 - Control rod fully withdrawn,
2 =~ Control rod inserted two core layers, {.e,, withdrawn

from four core layers.

6 =~ Control rod fully inserted.

=14



TABLE 4=5 (Continued)

Power Fraction

Control Rod in Top Fuel APF in
lnsertion Zone Bottom Block
24 0 0.519 0.769
25 0 0.572 0.6%2
26 0 0.537 0.72
27 0 0.543 0.728
28 0 0.579 .67
29 0 0.534 0.730
30 0 0.502 0.80%
3 0 0.506 0.798
3 ¢ 0.586 0.626
33 Q 0.549 0.701
EL 0 0.551 0.703
3% 0 0.578 0,648
36 0 0.579 0.632
3 0 0.526 0.T47
Average 0.53% 0.733

4=15



5.6, r n ors for F. T en

The axial power distridution in the columns containing fuel test
elements (FTEs) was compared to the reglon average axlal power distridbution
at BOC3. These cata are shown in Figs, 4~¢ through 4=5 for the columns
containing F15s 2 through 5. (The axial power distridbution for the columns
containing FLE~6, FTE~7, and FTE-8 are nut given since these FTEs are
essentially the same as the elements they replaced, (.e,, only the type of
graphite was changed and, therefore, the axial power d‘stridbution is
essentially unchanged.) These results indicate thy ) the power
generation of the FTEs is about 103 to 158 lower thea in the element they
replaced, and (2) the presence of FTEs has only a smel) effect on the axial
power distridbution In reglons in which they are located and essentially no
effect on the power distribution in adjacent regions, These data also
fllustrate the flattening of the axial power distridution and the increase
in the APF in the bottom fuel layer that was discussed above,

4.5.7. Burnup Data for Cycles 1, 2, and 2

The heavy metal core loadings and the fractional flssions at the
beginning and end of cycles 1, 2, and 3 are given in Tables 4=6 and 4~7,
respectively., These data show that at EOC3 t!e net enrichment is approxi=
mately 808 with approximately 413 of the fissions ocourring in U=233,

Table 4~8 shows the segment burnup at the end of cycles 1, 2, and 3.
From these data [t {s seen that at EOC3 the maximum segment burnup was
36,417 MWd/tonne, and the core average burnup was 31,278 MWd/tonre,

4.6. REACTIVITY DISCREPANCY
1he reactivity discrepancy, at any time during operation, is the

reactivity difference dbetween the critical position of the control rods and
the critical position predicted for the specific operating conditions.

=16
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TABLE 4=6
HEAVY METAL CORE LOADING

BCOY B0 BOCe EOC2 BOC3 EOC3
Th=232, kg 16,908 15,785 15,276 15,18 14,697 14,510
U=233%, «g 0 103 87 168 139 232
V=235, kg T2 552 655 498 62U 410
Uranium, g 774 ThO 629 78% 881 804
Plutonium**, kg 0 1.0 0.9 1.8 1.6 3.2
U=233 enrichment, § 0 14,0 10.5 21.% 15.8 28.9
U=235 enrichoent, § 934 74.5 79.0 63.5 70.9 §1.0
NelL enrichment®** § 9341 88.5 89.5 du.9 86.6 79.9

*Asaumes full decay of Pa=233.
*opssumes full decay of Np~21%9.
#80(Mass of U=235 + U=233)/mass of uranium,



TABLE &7
FRACTIONAL FISSIONS

BOCY D ola) BOC2 E0Ce BOC3 EOC3
U=233 0.0 0.196 0.150 0.303 0.22% 0.408
U=235 1.0 0.798 0.346 0.6€8 0.769 0.580
Pu=239 0.0 0.004 0.002 0.006 0.003 0.007

4=22



TABLE 4-8
SEGMENT BURNUP

Burnup (MWd/tonne)*

Fuel Segment E0C! E0C2 E0C3

1 6. 352 - g

e 6,496 13,000 o

3 8,398 17,312 29,400
“ 10,750 21,134 36,267
5 10,396 21,024 34,383
6 10,622 20,975 36,017
1 .e 12,345 30,308
8 e on 20,895
Core Ave,** 8,836 17,632 31,279

*Megawatt days per initial metric tonne of thorium plus
uranium,
®fAssumes all segments are equal volume,

U=2s
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The reactivity discrepancy is monitored throughout the cycle (see
Refs. ' to 8)., Calculations are done using the T-group CAUGE model and
during cycles ' and 2 these calculations, in general, overpredicted the
core reactivity by approximately 0.0065 4k ¢ 0.0015 Ak, This 0.006%5 sk is
the calculational reactivity blas, Then, the reactivity discrepancy is
defined as the difference between the calculated Kgpp and 1.0065, {.e., the
deviation from the calculational dlas,

re

Figure 4=6 shows the valculated Kepp Dinus the measured Kett (L.0.,
1.00) as a function of EFPDs for cycle 3. These results indicate that the
prediccion of the initial cold criticality was as expected (i.e., con=
firming that the “as-built" segment 5 fuel and LBP loadings were very close
Lo the design values). However, with burnup, the variation of the cold
eritical predictions has a larger spread than in previous cycles,
especlally near the middle of the cycle. The cause for the larger spread
in the precictions can de at least partially explained by larger uncer~
tainties in the measured data., A review (by PSC and GA) of the measured
data recorded for the cold critical conditions throughout nycle 3 indicated
that there were significantly larger uncertainties in the measured data
recorded near the middle of the cycle than at the beginning and end of the
cycle. Aaditionally, the uncertainties in the measured data (in
particular, uncertainties in the recorded core inlet and outlet
temperatures) for the middle of cycle cases were sufficient %o cause the
observed deviations from the dias. Therefore, it {8 concluded that the
calculational reactivity bilas of 0.0065 4k is still valid for cold
eriticalities,

The data in Fig. 4=6 show that the calculational blas for the hot
operating conditions s increased to approximately 00,0090 Ak with an
uncertainty, except in a few cases, of approximately 0,0015 Ak.

The increase in reactivity discrepancy (i.e., the deviation from the
calculational dias) at about 50 EFPDs was shown to be due to the i(nadver=
tent re.ease of the reserve shutdown material into region 27, and the
increase at about 140 EFPDs was due to an actual core power that was up to

=24
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108 higher than the officlal power level reported. At 200 EFPDs the
decrease in reactivity discrepancy was the result of including the overbdurn

in the calculation.

It 18 concluded that the cold reactivity bilas for cycle 3 is unchanged
from the previous value of 0.0065 4k ¢ 0.0015 Ak, but the hot reactivity
bilas Increased to approximately 0.0090 4k ¢ 0.00'5 Ak, This increase (s
due, in part, to uncertainties in core temperature. Since dboth the cold
and hot reactivity bias remained relatively constant throughout cycle 3,
the reactivity discrepancy remained small.

4.7, CONTROL ROD MANAGEMENT

The irradiation history of control rod pairs was calculated based on
the flux distributions calculated with the GATT model (Section 4.5). The
cumulative fast neutron fluence of the abscrber clad (canister) s given in
Table 4=9, the cumulative thermal neutron fluence of the clad is given (n
Table 4~1C, and the dburnup of absorber compacts {8 given in Table 4=-11,

The calculated results are in good agreement with the predictions dbased on
the CAUCE model given in Ref. 24. Note that the lrradiation history was
compiled based on the assumption that individual rod pairs have remained in
the same core region since the beginning of the initial cycle. It is
known, however, that some rods have been interchanged within the core and
some rods have been exchanged with spare rods. Therefore, until a clear
record of all such rod exchanges {8 avajladble, it s not possidble to make
realistic assumptions about individual rod history. However, at this stage
of irradiation, parameters are 80 much lower than the limits that the exact
knowledge of the exposure of each rod (s not necessary.
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TABLE %9

FAST NEUTRON EXPOSURE OF crap(!)
(TOTAL POR 3 CYCLES)

CONTROL ROD SEGMENT'Z)

Control
Rod Pair » B c ) E F avg'd) Max (%)

: 0.00 0.00 5.27+18 2.86+20 9.20+20 1.89+21 N.843+20 1.49+21
2 0.00 0.00 0.00 0.00 0.00 3.00+20 5.00+19 3.00+20
3 0.00 0.0¢ 0.00 0.00 2.13+18 2.83+20 475419 2.83+20
4 0.00 0.00 0.00 0.00 0.00 2.86+20 §.77+19 2.86+20
5 0.00 0.00 0.00 0.00 1.73+18 3.03° 9 5.08+19 3.03+20
6 0.00 0.00 0.00 0.00 0.00 2.97+20 5.95¢19 2.97+20
7 0.00 0.00 0.00 0.00 2.81418 3.07+20 5.16419 3.07+20
3 2.83+20 3.87+20 3.96420 3.24+20 2.80+20 3.56+20 3.31420 3.96+20
Rl §.62+20 6.09+20 6.22+20 5.39+20 4.63+20 5.36+20 5.38+20 6.22+20
10 1.97+20 3.02+20 812420 825420 §.08+20 5.17+20 3.77+20 5.17+20
1" 6.43+20 8.98+20 9.48+20 8.49+20 8.93+20 9.29+20 8.60+20 9.48+20
12 3.21420 §.26420 §.32420 3.55+20 2.67+20 3.71+20 3.62+20 8.32+20
13 N.22420 5.56420 5.83+20 8.92+20 K.19+20 4.70+20 4.90+20 5.83+20
18 1.69+20 2.61+20 3.54+20 3.82420 3.67+20 .99+ 20 3.39+20 ®.99+20
5 6.23+20 8.68+20 9.34420 8.%2+20 8.84+20 9.06+ 20 8.43+20 9. 3820
16 3.11420 N.20420 §.80+20 3.56+29 2.66+20 3.78+20 3.62+20 8.40+20
17 5.16+20 6.91+20 7.02+20 5.56+20 §.72+20 5.11+20 5.75+20 7.02+20
18 1.57+20 2.40e20 3.37+20 3.55+20 344020 §.51+20 3.15+20 051420
19 6.554+20 9.09+20 9.53+20 8.54420 8.95+20 9.30+20 8.66+20 9.53+20
20 7.15+19 1.02+20 1.08+20 8.59+19 7.47419 2.05+20 1.08+20 2.05420
21 1.92419 2.53+19 3.39+19 5.83+19 1.07+20 §.32+20 1.13+20 N.32420
22 1.60+20 2.28+20 2.46420 2.01+20 1.78420 3.12+20 2.20+20 3.12¢20
23 2.82418 4.19+18 N.28+18 3.01+18 1.98418 1.60+20 2.93+19 1.60+20
2k 2.86+19 5. 4419 5.83+19 6.65419 8.43+19 3.38+20 1.03+20 3.30e20
25 0.00 0.00 0.00 0.00 0.00 2.37+20 3.95+19 2.37+20
2 7.83+19 1.12420 1.19420 9.59+19 8.46419 2.06+20 1.16420 2.06+20
2 1.65419 2.10+19 3.00+19 5.82¢19 9.50+19 3.91420 1.02+20 3.91+20
2t 1.34+20 1.92420 2.10+20 1.75+20 1.58+20 3.26+20 1.98+20 3.26+20
29 2.83418 4.20418 28418 3.01418 1.98+18 1.48+20 2.74+19 1.48+20
30 3.284019 4.99+19 6.46+19 7.27+19 9.17+19 3.38+20 1.08+20 3.38+20
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TABLE %9 (Continued)

Control

Hod Pair 5 B c D £ F avgld) Max (V)
3 0.00 0.00 0.00 0.00 0.00 2.58+20 §.29+19 2.58+20
32 6.70+19 9.60+19 1.03+20 8.26+19 7.26+19 2.05+20 1.08420 2.05+20
33 1.53+19 2.00+19 2.81+19 5.34+19 9.60+19 3.78+20 9.75+19 3.78+20
3 1.72+20 2.45420 2.65+20 2.18+20 1.90+20 3.41+20 2.38+20 3.41+20
35 2.60+18 3.86+18 3.93+18 2.75+18 1.82+18 1.66+20 3.02+19 1.66+20
36 2.20+19 3.44419 u.41+19 5.80+19 5.73+19 2.84+20 8.17+19 2.8%+20
37 0.00 0.00 0.00 0.00 0.00 2.57+20 4.29419 2.57+20
(1)

(2) Flux > 0.18 MeV (exposure in rvt).

(3)‘ + F = top segment to bottom segment.

(.)Average exposure of all 6 segments.
Max imum segment exposure.
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THERMAL NEGTRUN EXPOSURE OF ciap(?)

TABLE &-10

{TOTAL PUK 3 CYCLES)

CONTROL 20D SEGMENT(2)

Contro!} .

Rod Pair A B c D E F avg'd) max (V)
1 0.00 0.00 0.90 1.59+19 6.87+20 1.13+21 3.05+20 1.1321
2 0.00 0.00 0.00 0.00 0.00 0.00 G.00 0.0
3 0.00 0.00 0.00 0.00 0.00 7.36+18 1.2318 7.36+18
4 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 .00 0.00 0.00 7.16+18 1.18+18 7.19+18
6 0.00 0.00 0.00 .00 0.00 0.00 0.0 0.00
7 0.00 0.00 0.00 6.00 .00 9.25+18 1.50418 9.25+18
8 1.95+20 2.64420 2.89+20 2.81+20 2.18420 1.63+20 2.3420 2.89+20
9 2.77+20 3.56+20 8.03+20 4.18420 3.50+20 3.32+20 3.56+20 . 184420
10 8.27+19 1.14+20 1.83+20 2.28+20 2.36+20 2.38420 1.79+20 2.36+20
1" 3.62+20 879420 5.23+20 5.51+20 5.89+20 6.27+20 5.22420 6.27+20
12 1.76+20 2.36+20 2.60+20 2.58420 1.97+20 1.49+20 2.12420 2.60+20
13 2.72+20 3.52+20 4.00+2¢ §.25+20 3.61+20 3.35+20 3.58+20 N.25+20
14 9.17+19 1.26+20 2.00+20 2.39+20 2.50+20 2.42+20 1.91420 2.50420
15 3.69+20 4.89+20 5.28+20 5.52+20 5.75+20 6.03+20 5.19+20 6.03+20
16 1.72+20 2.33+20 2.56420 2.53+20 1.96+20 1.51+20 2.10420 2.56+ 20
Vi 2.55420 3.31+20 3.81+20 §.23+20 3.53+20 3.33+20 3.46+ 20 8.23420
18 9.38+19 1.32+20 2.10+20 2.58420 2.63+20 2.52+20 2.01420 2.63+20
19 3.73+20 492420 5.37+20 5.62+20 6.00+20 6.39+20 5. 38420 6.39+20
20 5.91+19 7.69+19 8.55+19 8.39+19 7.44+19 6.82¢19 7.47419 8.55419
21 8.44+18 1.11+19 1.25+19 3.02¢419 . 3.26+19 1.12420 340419 1.12¢20
22 9.31+19 1.21+20 1.36+20 1.80+20 1.18+20 1.08+20 1.19+20 1.840+20
23 2.02+418 3.03+18 3.11+18 2.75+18 1.98+18 1.28+18 2.36+18 3.11418
24 1.49419 1.93+419 2.82419 3.43+19 465419 6.49+19 3.47+19 6.49419

25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

26 6.55+19 8.53+19 9.56+19 9.46+19 8.52+19 7.93+19 B.42+19 9.56+19
27 9.81418 1.25+19 1.38419 3.69+19 812419 1.25+20 3.99+19 1.2%+20
28 1.05420 1.37+20 1.55420 1.62420 1.39+20 1.25+ 20 1.37+20 1.62+20
29 2.14418 3.20+18 3.29+18 2.91418 2.09+18 13518 2.56+18 3.29+18
30 1.69+19 2.20419 3.14+19 3.80+19 5.10+19 7.17+19 3.85+19 7.17+19
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TABLE %-10 (Continued)

Control

Rod Pair 5 B c D E F avg'3) Max (V)
31 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00
32 6.84+19 8.90+19 1.00+20 9.88+19 8.83+19 B.17+19 8.77+19 1.00+20
33 9.37+18 1.20+19 1.32+19 3.54+19 3.93+19 1.47+20 §.27419 1.47+20
34 8.94+19 1.16+20 1.31+20 1.35+20 1.15+20 1.02+20 1.15+20 1.35¢20
35 2.29+18 3.42418 3.52+18 3.10+18 2.23+18 1.48418 267418 3.52¢18
36 1.71+19 2.23+19 3.16+19 3.78+19 §.76419 6.32+19 3.66+19 6.32+19
37 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00
(1)

2) Flux < 2.38 eV (exposure in nvt).

‘3)1 + F = top segment to bottom segm:nt.

(”Averace exposure of all 6 segments.
Max imum segment exposure.
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TABLE %-11
CONTROL ®OD BurNupil)
(TOTAL FOR 3 CYCLES)
CONTROL ROD SEGMENT(2)
Control Bottom'®’
Rod Pair A B c D E F avgid) Max (Y Compact
1 0.00 0.00 8.50-04 §.12-02  B.26-02 1.32-01 §.28-02 i.32-01 1.32-01
2 0.00 0.60 0.00 0.00 0.00 5.08-02 8.%¢-03 5.04-02 B.4%-02
3 0.00 0.00 0.00 0.00 3.00-04 §.77-02 8.01-03 8.77-02 7.95-02
u 0.00 0.00 0.00 0.00 0.06 8. %6-02 7.43-03 8_86-02 7.50-02
5 0.00 0.00 0.00 0.00 2.85-04 8.51-02 7.57-03 8.51-02 7.95-92
6 0.00 0.00 0.00 0.00 0.00 8.95-02 8.25-03 §.95-02 8.31-02
7 0.00 0.00 0.00 0.00 3.78-08 5.10-02 8.56-03 5.10-02 B.46-02
s 2.48-02 3.37-02 3.57-02 3.24-02  2.86-02 N.63-02 3.29-02 8.63-02 6.68-02
9 3.68-02 4.78-02 5.15-02 8.94-02  4.32-02 5.99-02 §.81-02 5.99-02 7.59-02
10 1.31-02 2.06-02 2.67-02 3.268-062  3.19-02 5.66-02 3.06-02 5.66-02 7.60-02
" 4.92-02 6.77-02 7.41-02 7.45-02  7.44-02 8.07-02 7.01-02 8.07-02 8.43-02
12 2.42-02 3.24-02 3.43-02 3.12-02  2.80-02 4.66-02 3.21-02 2.66-02 6.75-02
13 3.52-02 §.61-02 5.01-02 4.89-02  8.27-02 5.79-02 §.68-02 5.79-02 7.32-02
1 1.29-02 2.03-02 2.81-02 3.16-02  3.15-02 5.63-02 3.01-02 5.63-02 7.56-02
15 4.95-02 6.77-02 7.39-02 7.44-02  7.31-02 7.85-02 6.95-02 7.85-02 8.20-02
16 2.37-02 3.22-¢2 3.43-02 3.11-02  2.80-02 8.72-02 3.21-02 §.72-02 6.84-02
17 3.68-02 4.83-02 5.19-02 5.05-02  84.37-02 5.77-02 §.82-02 5.77-02 7.28-02
18 1.27-02 2.03-02 2.84-02 3.20-02  3.17-02 5.59-02 3.02-02 5.59-92 7.49-02
19 5.07-02 6.91-02 7.53-02 7.56-C2  7.54-02 8.16-02 7.13-02 8.16-02 8.53-02
20 5.45-03 7.58-03 8.19-03 7.40-03  6.36-03 3.73-02 1.20-02 3.73-02 5.82-02
21 1.16-03 1.53-03 2.62-03 3.88-063  9.06-03 3.89-02 9.53-03 3.89-02 5.57-02
22 1.00-02 1.40-02 1.54-02 1.38-02  1.19-02 3.59-02 1.68-02 3.59-02 5.35-02
23 2.03-04 2.99-04 3.06-04 2.43-08 1.69-04 3.82-02 5.90-03 3.42-02 5.67-02
2% 1.69-03 2.55-03 3.47-03 8.27-03  5.35-03 3.89-02 9.37-03 3.89-02 6.08-02
25 0.00 0.00 0.00 0.00 0.00 3.26-02 5.43-03 3.26-02 5.89-02
26 6.02-03 8.40-03 9.18-03 8.35-03  7.27-03 3.60-02 1.25-02 3.60-02 5.55-02
27 1.19-03 1.52-03 2.86-03 §.37-03 9.10-03 3.92-02 9.70-03 3.92-02 5.62-02
28 1.01-02 1.41-02 1.58-02 1.44-02 1.2%-02 3.45-02 1.69-02 3.45-02 5.09-02
29 2.11-04 3.10-0%4 3.18-04 2.53-04 1.75-04 3.27-02 5. 66-03 3.27-02 5. 8202
30 1.92-03 2.88-03 3.86-03 4.70-03  5.87-03 3.89-02 9.69-03 3.89-02 6.08-02
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TABLE 8-11 (Continued)

Control .ottu“’

Rod Pair A B c D E F avgld) Max (V) Compact
3 0.00 0.00 0.00 0.00 0.00 3.47-02 5.78-03 3.47-02 5.84-02
32 5.87-03 8.20-03 8.93-03 8.21-03  7.19-03 3.46-02 1.22-02 3.46-02 5.35-02
33 1.13-03 1.47-03 2.69-63 $.15-03  9.10-03 8.08-02 9.82-03 §.08-02 5.67-02
34 1.01-02 1.80-02 1.55-02 1.39-02  1.20-02 3.62-02 1.70-02 3.62-02 5.81-02
35 2.13-08 3.12-08 3.19-04 2.56-08  1.78-08 3.23-02 5.60-03 3.23-02 5.38-02
36 1.67-03 2.52-03 3.33-03 3.96-03  4.66-03 3.52-02 8.56-03 3.52-02 5.55-02
37 0.00 0.00 0.00 0.00 0.00 3.88-02 5.80-03 3.48-02 5.86-02

:;;Burnnp in fraction of initial boron.

(3)A + F = Ltop Lo bottom segment.
(.)Averqe burnup of ail segments.
(5)lhxl-. segment bdurnup.

Bottom boron compact of bottom segment.



. THERMAL/FLOW PERFORMANCE

5.1, REGION PEAKING FACTOR

Throughout cycle 1, 2, and 3 operation, the distridution of power
generation among the 37 refueling regions of the core was menitored, The
power distribution is characterized by the region peaking factor (RPF),
which is the ratio of the average power in a region to the core average
power. The KPFs are monitored to demonstrate that the power distributions
are within the limits stated in the bases of Technical Specification
LCO 4.1,3.

Analyses of measured and computed RPF distridbutions during cycles 1,
2, and 3 have shown significant RPF discrepancies® (>10%) for the northwest
(NW) boundary regions 20 and 32~37. The discrepancies in these regions are
typically negative (indicating a measurement lower than the calculation)
and increase with core pressure drop. Other regions exhibit smaller dis~-
crepancies and are essentially independent of core pressure drop., The
major cause of the RPF discrepancies in the NW bouncary regions i{s a
transverse flow of relatively cool helium from the core-reflector interface
along the region exit thermocouple sleeve (Type II flow), This flow passes
over the region exit thermocouple assemblies of these regions and depresscs
the indicated region exit temperature., The driving potential for Type Il

*The RPF discrepancy is defined as the percentage difference betwer.
the measured and calculated RPF, {.e.,

meas. 0 RPFCIlC.)

RPFcalc.

RPF
RPF Discrepancy = 100



uniform fuel tempersture. (See Ref. 3 for details of this
calculational procecure,) This calculation was done for each
control rod group, as the groups are withdrawn in sequence,
These data were then interpolated to determine the RPF distridbu~

tion for any specific operating control rod group configuration,
This procedure ws repeated throughout the cycle as required dy
”5!1.7!

The measured RPF distribution, used in determining the RPF
discrepancy distribution, was generated with the FSVCOR code
(Ref., 29) using the calculated region exit temperature for
regions 20 and 32+~37 and the measured exit temperature for all
other regions, as discussed in Ref., 28. This measured RPF
distridution is then compared to the calculated distridution to
determine the RPF discrepancy distribution., The calculated RFF
distribution was generated with the 7-group GAUGE code, uaing
fuel temperatures generated above with the FSVCOR code and atom
densities from the most recent CAUCL ruel acocountability
calculations. Detalls cof these caloculational procedures are
described in Refs, 28 ang 60, This calculation {s repeated as
required by SR 5.1.7.

A typlcal measured and calcu.ated RFF distribution and the RPF

discrepancy distribution is shown in Fig. 5=1 for a power level
of ~70% and a cycle 3 burnup of 264 EFPDs.

5=3






6. FUEL PERFORMANCE

Fuel performance calculations were performed to provide predictions of
fission product activity using the SURVEY and TRAFIC comp.ter ccodes
(Refs. 62 and 63). Comparisons of measured and calculated fission product
release have gignificant implication since they validate, either directly
or indirectly, many of the methods currently used in FSV reload fuel
segment design and core performance monitoring. These methods i(nvolve
calculation of core power distridbuticons, fuel temperature distridbutions,
fuel particle faillure, and fission product release. Cycles ' and 2 were
reanalyzed, along with cycle 3, since significant lmprovements have
recently been made to the fuel fallure models,

6.1, CALCULATIONAL METHODS

The fuel performance models defined in Refs, 62, 63, 65, 66, and 67
were used in trese analyses. These models differ significantly from the
ones (essentially the FUDM/B models) used in the previous cycle | and 2
analyses (Refs, 68 and 69). The main differences are discussed below.

° F, (the prodbability of an OPyC coating failure upon a SiC coating
failure) is now explicitly modeled. It is given in FODM/E as a
function of burnup and temperature. This mocdeling of partially
failed particles has a significant impact upon fission product
release, since {t allows for retention of fission gases for
particles with failed SiC dut intact OPyC coatings. In previous
analyses, bounding values for F, (F, = 0 and F, = 1) had to de
assumed,



° The model for fission gas release from as-manufactured heavy
metal contamination was revised sv ihat ocontamination fractions
for thorium and uranium are now input, and temperature dependence
of the release from contamination {8 now decoupled from the one
for falled particles., The thorium and uranium contamination
fractions used in this analysis were taken from QC records for
various service-limit fuels and reload segments (Ref., 59).

° The model for fission gas release frox falled fuel particles was
completely revised in FODM/E. Separate formulations were
provided for hydrolyzed and unhydrolyzed fuel, also allowing for
different temperature dependence of the release. The analysis
was first performed by assuming that failed fuel particles were
completely hydrolyzed as this corresponds to the standard design
practice. However, since this assumption may be too conserva-
tive, the analysis was also performed for the unhydrolyzed
condition,

(<] Fission product SiC corrosion was not considered in previous fuel
performance analyses since this reaction has been assumed to be
nonexistent in the FSV fuel., However, recent recxamination ¢’
the FSV fuel samples indicated some presence of this reaction
(Ref 45). For this reason it was recommended, in Refs, 66
and 71, that this failure mode be included in FSV fuel perfor-
mance analyses. This recommendation was followed In these
analyses.

In order to predict nominal fuel particle fallure, all the calcula=-
tions were performed at 50% confidence level. The calculated flssion gas
release, based on the FDDM/E fuel performance models, substantially
exceeded the measurements. A review of the FODM/E fuel performance models
indicated that there was excessive conservatism in the f e model for
particles with missing dbuffer coatings. In the FODM/E mo the proba-
Dility of failure for particles with missing buffers increased linearly



from zero at zero burnup tO one at a relative burnup (FIMA/FIHA..x) of 0.2.
In order to provice a more realistic appraisal of fallure in fuel with
missing or defective buffers, the FODM/E model was revised in Ref, 7! for
the FSV fuel., The revised model gives the failure probabdbility as a
function of the relative burnup, fuel temperature and kernel porosity; the
physical assumption is that kernel porosity provides a limited reservoir
for the storage of fission gases., As recommended in Ref, 71, a kernel
porosity of 7% was used, and the analysis with the revised model was
performed.

Tre metallic release calculations were performed for the key nuclides
Sr=90, Ca~134, and Coe~137. Direct release calculations for Sr-90 and
Co~137 were done with the TRAFIC code. In the previous analysis (Ref. 69),
which was based on the FDDM/B performance models, a constant transition
concentration (from Henrian to Freundlich sorption isotherms) was used,
while in this analysls, based on FDDM/E models, the transition concen~
tration {8 a function of temperature., Also, the sorptivity of grapnite for

metals (s now calculated as a function of fluence.

For Sr=90 and Cs=137, the contribution from precursor decay was
determined by calculating the R/Bs for Kr~90 and Xe~137 from the predicted
R/Bs fcr the reference [(sotopes Kr-85m and Xe=138.

6.2. RESULTS

6.2.1. Fuel and Craphite Temperatures

Figures 61 and 6~2 show the volume distributions of the peak and time
averaged fuel Lemperature for segment 6, which (s assumed to be a typlcal
segment, The maximum and time-averaged fuel temperatures of 1262¢C
(2304°F) and 918°C (1684°F) were predicted. For the entire core the peak
and time-averaged maximum fuel temperatures of 14U0°C (2624°F) and 1128¢°C
(2063°F) were predicted. These maximum temperatures were predicted to
occur in segment 7, region 28, column 5, local point 5, which {8 in a
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thin=buffered column., Previous analyses of such partially buffered >olumns
have indicated that the predicted (ntercolumn power tilts can de excas~
sively conservative, resulting in large overpredictions of fuel tempera~
tures, as was the case for the adove point, Even though the above maximum
temperature (8 considered excessive, it was not discarded from the analys!s
since it (8 & result of the current methodology of analyzing the partially
buffered colums. The peak graphits temperature, predicted to oncur at
that location, was 1354°C (2542°F) and 1092°C (1998°F) on a time~averay?
basis. These high graphite temperatures have a large impact on the
predicted cesii'm release as discussed in Section 6.2.4,

6.2.2. r!* Particle !Il;!.

At the end of cycle 3 the maximum fissile and fertile dburnups were
caloulated to be less than 153 and 2.5% FIMA, respectively., These values
are lower than the design values of 20% and 7% FIMA for segments 1-6,

Fuel volume distribution of fast neutron fluence for segment & (s shown
in Fig., 6~3, The maximum fast fluence at the end of cycle 3 was less than
3,85 » 10?! n/em®, wnich is lower than the design value of 8 « 10*' n/¢m? for
segments 1-6,

Time histories of fuel particle failure by different mechanisms are
shown in Figs. 6~4 and 6~5 for the fissile and fertile fuel, These
fallures are based on the revised manufacturing defects failure modnl.

The maximum predicted fissile fuel particle fallure from all mechanisms was
0.072% with 83% of the total fallure from the manufacturing defects. For
trie fertile particle the maximum predicted fallure from all mechanisms was
0.023% with 483 of the total failure from the SiC~fission product inter~
action. This failure {8 due to high fuel temperatures in some parts Jf the
core and particularly in the buffered fuel blocks, which cdominates the
manufacturing defects failure as the latter is strongly burnup-dependent
and dburnup was rather low in the fertile fuel during the first three
cycles., It should bu noted that in the earlier analyses the SiC-fission

6-6
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product interaction was assumed to de nonexistent i(n the FSV fuel
particles, The fissile particle failure, wnich ls far more dominant than
the fertile failure, is predicted to dbe rather low up to approximately the
middle of cycle 2 as a result of the revised manufacturing defects model
where, due to low burnup, the failure due to missing buffers (s low,
However, during the remainder of cycle 2, the burnup in most of the fissile
fuel (in conjunction with fuel temperature) exceeds the threshold value
beyond which a rapid increase in manufacturing defects fallure is predicted
according t© the revised model for missing buffera,

6.2.3. QGaseous Fission Product Release

A comparison of the predicted and measured fission gas release for the
key nuclide Kr-85m i{s shown in Figs. 6~6 and 6~7, Figure 6-6 shows the
predictions based on both the original FDOM/E and the revised manufacturing
defects models with the assumption of completely hydrolyzed failed fuel., A
comparison of the predicted release rate-to-dbirth rate ratio (R/B) with
measured data (Ref. 32) indicates that the R/B based on the original FDDM/E
manufacturing defects model exceeds the data early in cycle ! due to large
predicted manufacturing defects failure, due primarily to missing buffer
layers, As discussed earlier, this large overprediction prompted the
revision of the manufacturing defects model. With the revised model, there
is good agreement between the predicted R/B and measured data up to
approximately the middle of cycle 2 when the predictions start to exceed
the data, resulting in a factor of five overprediction at the end of
cycle 3. This ovarprediction can be the result of either or dboth of the
following two effects: (1) in spite of the revision in the particle
failure model, the fallure fraction is still overpredicted at moderate and
large burnup, and (2) the in-pile effect of fuel hydrolysis i(s less than
observed in tests; although hydrolysis has been shown to dramatically
increase the R/B from failed carbide fuel in laboratory tests and in
short-term TRICA tests (Ref. 72), irradiation and thermally (nduced
sintering mitigates substantially the long-term in-reactor consequences,

In order to assess these two effects, the analysis was performed for
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(1) the case with no particle failure where the only contridution to
fission gas release (& due t0o as-manufactured heavy metal contamination,
and (2) the unhydrolyzed condition, The results, shown {n Fi;, 6-7,
indicate that excellent agreement with data was obtained throughout the
first three cycles for both cases. Consequently, the cause of the
overprediction remains ambiguous. Long=term in-pile hydrolysis tests with
carbide fuel would be required to resolve this issue,

6.2.4, Metallic Filssion Product Release

The results of the metallic flssion <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>