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e During the period from December,1987, through mid-February,1988.- stepwise ,
.

. :

increases in the Oskarshamn 2 offgas and primary coolant. water activities '

. indicated that fuel.' failures had occurred.' Subsequent evaluations performed
since that time have established that four fuel rods in separate assemblies ;

t

failed because:these fuel rods were operated for stee period of time under, .

dryout conditions. The resulting overheating of the cladding led to local 1

breaching of the rods which resu tad in the leakage of radioactive material
<

1~ from the fuel rods to the primary coolant. This document contains an
.

'

overview describing the event, the investigations to date establishing the
.

;

'

failure mechanism, and'the causes of the failures.~
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iThe dryout condttion occurred for these rods because they were ope $ rated at an
actual power which was substantially higher than that reported by the Plant
Process Computer which monitors the core thermal Ilmits. The four failed -

'

fuel rods were located in the corner of fresh SVEA 64 type assemblies ,

' ~ adjacent to the control rod gaps containing nonboiling water. These fuel a

rods were o>erating at higher powers than ertected'primarily because the .;
1

widths of t to control rod water gaps were su1stantially greater for-the -
assemblies'containing these four fuel rods-than assumed in the Plant Process '! >Computer calculations. The increased neutron moderation ~ associated with the ,

increased control rod gap widths led to the increase in fuel rod powers.

There is no direct relationship between the Oskarshamn 2 fuel failures and
the SVEA-64 design. Traditional BNR fuel designs without the watercross are 1

affected in the same way as the watercross design with respect to this type
! of failure.

'

The control rod gap widths were underpredicted in the input to the Plant .

iProcess Computer primarily for two reasons. The major cause was failure to
account for the accelerated excessive channel bow which had occurred for

i assemblies adjacent to those containing the fuel rods which failed. The
assemblies containing the rods which failed were located adjacent to 8X8
assemblies with reused fuel channels which had expertenced exceptionally

i high radiation exposures. These channels had experienced a relatively
large channel bow away from the control rod gap which had caused the width '

of the control rod gap to increase. Following the normal practice in the
United States and Europe, the effects of channel bow were not included in

L the preparation of the input to the Plant Process Computer. A second- |
icontributing factor involved an oversimplification of core lattice-geometry1

in the,1nput to the Plant Process Computer which led to a further
L underestimate of power in the fuel rods adjacent to the control rod gaps in,-

the absence of channel bow.'

The failure of these four fuel rods in the Oskarshamn 2 reactor was no more
serious from a plant safety star.dpoint than failures which have occurred in
commercial reactors in the past due to such mechanisms as Pellet-Clad
interaction and debris fretting. The Oskarshamn 2 failures did not represent
a massive failure mechanism, compromise plant safety, or represent a threat
to the environment in any way.

The circumstances which led to the failures are unusual and would be e'xpe:ted ,

to occur with a very low frequency. However, observation of this type of
failure in an operating commercial reactor has r.ot previously been reported
and must be thoroughly understood to avoid future occurrences. Furthermore,
the failure mechanism is not. specific to a given fuel type.

. .
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The failures were not related to the SVEA watercross design. )
Misrepresentation of the interassembly gaps provides the potential for
causing fuel damage independent of the specific assembly design.

'Therefore, it is considered important to disseminate this information to
: OWR utilities'and appropriate authorities regardless of the fuel design ;

t' jthey are currently operating with. .

'ABB Atom and the OKG utility performed sufficient poolside and het cell.
.'

examinations to definitely establish the failure mechanism as dryout during
' and subsequent to,the 1988 shutdown. Furthermore, ABB Atog has performed
analytical studies which demonstrate that the observed channel bow and the

L . cversimplification-in the preparation of Plant Process Com> uter input in
l the absence of channel bow.are sufficient to account for tie dryout of the ,

'

| failed fuel rods using ABB Atos methods. The ability of the AB8 Atom
' methods to predict the dryout-of these fuel rods when applied to the actual
assembly geometry in the'0KG' core when the failures occurred also .

I demonstrates that these methods when used consistently are effective in !

predicting dryout even in extreme situations.: ,

L
The overview of the Oskarshamn 2 failures provided in this document
represents a summary of information available up to June 1989.' ABB Atom t

and 0KG are performing additional examinations of channels and fuel rods ,

still in the core in conjunction with the 1989 refueling of Oskarshamn 2.
Analysis efforts are also under way to describe the phenomena associated
t:ith the failures in still greater detail.y

$CHRON0 LOGY OF THE EVENT

In August of 1C37, a reload of ABB Atom's SVEA-64 assemblies was installed
.

in~the Oskarshamn 2 core replacing discharged ABB Aton 8X8-1 fuel.|

'SVEA 64" is the designation of ABB. Atom's 64-rod watercross fuel bundle'

! design. Following this refueling the Oskarshamn 2 core contained 270 ABB
L Aton 8X8-1 bundles and 174 SVEA-64 bundles. Following start-up in August
? of 1987, the plant was operated untti a brief shutdown from December 28 to

December 30, 1987. During the 6 week period insnediately following this
cutage, stepwise increases in activity were measured in the off gas and
. primary coolant water. These increases occurred in four discrete steps
occurring on December 31, January 6. February 3, and February 8, 1988.
0peration of the core continued at full power without further indication of

|.

failures until shutdown for annual refueling in August,1988.
P

| DETERNINATION OF THE FAILURE NECHANISM

Investination and Failure Mechanism*

Investigations were performed during and subsequent to the August, 1988,
refueling shutdown which established the nature and the cause of the fuel.

--
.
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L j
j : failures. .The scope of these investigations and their. scheduling were' s

I' established to minimize any' impact on the plant refueling and startupL
1

' ; schedule. -

-
,.

: Sipping was performed to detemine the location of the leaking fuel.
|'

Leaking fuel was identified in assemblies 14311, 13544, 13543, and 14312 ,

Ishown 'n Figure 1. While initial sipping results indicated the. possibility
!

,
of a failure in assembly 13535, subsequent examination of the fuel showed [i
that all rods in that assembly were intact. The minibundles in each of.the

. failed fuel rods mere identified as shown in Figure 1.pected, and the four
SVEA 64 assemblies shown in Figure I were visually ins

|
^Assemblies 10223 and 10232 were removed from the core, and the channel bow

l- tas measured.. A summary of the existing channel bow measurements and
,

'

L exposures as of 9/88 for the six 8X8 assemblies adjacent to the assemblies
'

L tith failed fuel. is provided in Table 1. All of the 8X8 assemblies
adjacent to the assemblies with failed corner rods were highly depleted
eith highly exposed channels in their second bundle lifetime. Since'the

L SVEA-64 assemblies containing the failed fuel rods had been inserted into *

L the reactor as fresh assemblies in August of 1987, their average burnup at i

L -the time the rods failed was. about 4 MWD /Mtu. Additional channel how
measurements on the remaining four 8X8 assemblies identified in Figure 1
are planned for the 1989 shutdown in August, 1989.

'

t

| Gasmia-scan :neasurements in nine of the fuel rods in assembly 13536 were |
performed during the shutdown. Power distributions in these rods atL

end-of-cycle were inferred from these measurements.
i

In addition to the poolside examinations, four fuel rods were removed from 1

L .the core for post irradiation examination in a hoteell. These rods are
'

identified in Table 2 which contains a summary of the hoteell results. The
convention for numbering the rods is shown in Figure 2. The hot cell
examinations provided information on fission gas release, clad
oicrostructure, cladding collapse, and burnup of the rod.

The major results of the visual, pool side, and hot cell examinations for
the assemblies shown in Figure 1 can be sunniarized as follows:

1. The failures occurred in corner rods adjacent to the control rod
w gap in fresh SVEA-64 assemblies.

.

2. The assemblies adjacent to those with the failed fuel were
1 relatively highly depleted BX8 assemblies with reused channels

with exceptionally high exposures. Specific measurements on the
8X8 channels adjacent to two of the assemblies containing failed
fuel rods confirmed excessive channel bowing (7.3 ;o 7.4 mm, i.e., ,

0.29 inches) away from the control rod gap.

1 ABB
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3. The failures occurred just below the top spacer on the tide of the
'

rod facing the control rod gap. Based on extensive dryout-tx t 1

idata, this is the axial location where dryout is most likely to P'occur.

' 4. . The surfaces of the failed rods facing the control rod gaps were !

~ heavily oxided indicating operation at elevated temperatures. p
5 .- Microstructure measurements in the vicinity of a failure revealed 'i

a zircalsy phase change indicating temperatures in excess of 860 !
!

deg. C.

6. Profilometry measurements showed cladding collapse onto the |
pellets just below the top spacer in a failed rod as well as in e

one intact corner rod adjacent to the control rod pap in one
SVEA-64 assembly. This collapse implies that the roos operated at .

*

[
very high temperatures in these locations.

7. Cesium migration measurements in an intact SVEA-64 rod adjacent to ;

the control rod gap indicates operation at elevated temperatures.
;

8. Gama-scan and fission product release measurements demonstrated
that the power generated in the SVEA 64 rods adjacent to the '

control rod gaps in the assemblies shown in Figure I was'

| substantially higher than predicted by the calculations which ,

|
formed the basis for the Plant Process Computer input. The :

gamma-scan measurements also demonstrated that the powers in the'

rods adjacent ~ to the narrow gaps were lower than expected. These|-
measurements demonstrated that the radial power distribution
across the assembly was severely skewed toward the control rod
gaps' for these SVEA-64 assemblies.

9. Examination of the interior of the channels adjacent to the failed
rod locations showed no indication of rod damage due to contact ,

,

with the channel, y

Secondary failures due to internal (d rods. secondary) hydriding were10.
observed at the bottoms of the faile ,

11. It is estimated that the failed rods were actually in dryout for a
total period of time of between two and seven days. It is possible
that the dryout periods were not contiguous but occurred in a
dryout-rewet cyclic manner. ]

These examinations conclusively showed tF.at the rods failed because of ;
'

operation with excessively high cladding temperatures. The gamma-scan and
fistiion gas release measurements demonstrate that there was a severe power j

l

__
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A tTherefore. 'the CPR values predicted by the Plant. Process Computer were 1

higher than the results predicted by AB8 Atom. design methods in Table 3' I.

The input'to the Plant: Precess Computer was prepared by 0KG using- 1p
E analytica1' methods which are somewgat different than the ABB Atos design<

,'

methods. :0KG;and A88 Atom are' currently working together to resolve this 1
*

-
.

'discrepancy.
'

1
+

.' :

. |EFFECT 0F ASSEMBLY DESIGN ON OSKARSHAlti t' TYPE FUEL FAILURES
;

[ .ThereLis no direct!relationsh'ip between the SVEA watercross design and the
|- |0skarshasn't fuel failure mechanism. . The Oskarshamn 2. fuel' failures- :

occurred'because significantly nigher powers occurred in'relatively
undepleted fuel rods than were predicted by the-Plant Process Computer used

< to monitor the plant thermal'Ilmits. .It occurred in SVEA-64 fuel simply "'

.because the'SVEA bundles.were relatively undepleted and occupied locations |

|-
tin which the control rod gap widths were substantially larger than assumed :

L lin'the Plant Process Computer input. , Fuel failures did not occur in the -

h .SXS assemblies adjacent to these control rod gaps because the assemblies !
p were relatively highly depleted as shown in Table 1. |

The SVEA' design is no more susceptible to this type of failure than other
designs which do not contain a watercross. In fact, there are some

|~
.

| features of the design which can'be expected to reduce its susceptibility :
to this type of failure.

For' example :tho'watercross increases the neutron moderation in the center
|; of the assembly; The improved neutron moderation in the center of the |- assembly leads to lower fuel rod relative powers than the traditional j

designs without-a watercross. The Oskarshamn 2 fuel failures demonstrate
| that considerable care must be taken in the selection of the fuel rod

, Lenrichments adjacent to the water gaps to assure that their relative power,|

L .or local power peaking, does not become excessive. Since relative fuel rod
L : powers are generally somewhat lower in .the watercross fuel than other

designs with the same number of fuel rods, the constraints required on the i
,

selection of enrichments for fuel-rods adjacent to the water gaps to -

accommodate the effects of the water gaps should be more easily'

accommodated in the watercross design.
x

The second factor which tends to reduce the susceptibility of the SVEA fuel
.tu the Oskarshamn 2 type failure is the extensive experimental and
analytical work which has led to the capability to reliably predict
dryout. The division of the assembly into four subchannels reduces the
problem to a more tractable two-step process. The first step involves the
use of test' data to predict the occurrence of dryout in a subchannel. The

'' limited variability in the subchannels relative to the entire assembly-

makes it more practical to obtain sufficiently extensive test data to

1
1 A_._B.B_

4_ __
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assure that the entire operating range is covered. The second step' l
involves the application of.the CPR correlation derived.from the data to >

~ the entire' assembly in a manner which ensures that dryout is conservatively ,

predicted considering subbundle power mismatch,
_

o

The dryout behavior _of the SVEA-64 design'has been established by extensive *

' testing of sixteen rod subbundles at the A88 Atos FRIGG Loop in Sweden and l. :the Westinghouse Canada facility in Hamilton, Ontario. Data were obtained
| cver the entire range af core flow, system pressure, inlet subcooling and

local power expected'in. steady-state or transient operation. The data base .

for the sixteen-rod subassembly'in the watercross design is based on over ,

| thirty-five 16-rod local power distributions with corner rod relative
powers up to a value of 1.7. The relatively small size of the sub-bundles-

allowed the thorough understanding of the CPR behavior as a function of
fuel rod position and relative power. This extensive CPR data base ensures

! that the'A88 Atos methods can predict the occurrence of dryout in the '

Oskarshamn 2 case when the appropriate geometry is used in the analysis. ;

The CPR correlation for the sixteen-rod test data is applied to
the SVEA-64 assembly in a manner which conservatively predicts dryout. .

.Dryout is' predicted at a slightly lower power than the test data would
L :actually predict. Flow communication holes are provided in the SVEA |

assembly to equalize. pressure between the sub channels. A conservative
'

u

estimate of dryout power is accomplished by assuming in the CPR-'

calculations that there is no flow communication between the minibundles.
Extensive subchannel analyses using the computer codes COBRA-IV and G0BLIN ,

.have confirmed that the assumption of no flow connunication between the ,

a sub-channels leads to a conservative prediction of dryout power. In,

addition, ABB Atom has performed full-scale comparative 64-rod and 16-rod t
t:stercross assembly tests which confirm the results of the subchannel |

h . analyses. >

L The Oskarshamn 2 failures demonstrate that the uncertainties in the power
level of the rods adjacent to the control rod gaps can be somewhat greaterr' than for the interior rods. It is expected that the susceptibility for the ,

,

! Oskarshamn 2 type failures will be greater as the dryout sensitivity to
changes in corner rod relative peakinc increases. ABB Atom has performed a
comparison of SVEA test data with full-scale 8X8 assembly test data using a
similar spacer grid, which demenstrates, that the change in critical bundle

|; power as the corner rod local peaking factor is changed is about equal for.
,

a the SVEA design and the 8X8 design. Thus it has been shown that the SVEA
design is not more sensitive to changes in corner rod peaking than fuels"

without a watercross.

:

~ __ _ ___ _ _ _
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- CONCLUSION
'

'

qe
.

_ ,

E,' The following conclusions regarding the fuel failures at Oskarshamn 2 can
.

w be drawn: 1 i

q 1.1 The Oskarshamn 2 fuel failures occurred due to overheating of the
cladding associated with operation under dryout conditions. ]!

''

!' - 2. The dryout of the failed rods occurred because of unanticipated
't' channel bow in assemblies adjacent to those containing the failed

'
J fuel rods and an oversimplified treatment of cross sections and,

H fuel rod power distributions in the input to the Plant Process
'

Computer.

|- 3. The fuel failures were not related to any design features specific -

to t;ie SVEA-64 assemblies. The failures cccurred in the SVEA 64

assemblies because the assemblies were fresh and were located
adjacent-to water gaps which were not accurately represented in. ,

the Plant Process Computer used to monitor thermal limits.
Traditional BWR fuel designs without the watercross are.affected

l' in the same way as the watercross design with respect to this type
of failure.'

f

4. Analysis of the Oskarshamn 2 cycle in which the fuel failures
|: occurred with ABB Atom analytical methods confirm that the ABB
f Aton methods are reliable for predicting this type of failura.
1
' 5. The overall conclusion is that current methods can predict this

phenomenon without any added uncertainties, provided that the
Plant Process Computer input is based on realistic best-estimate
type data. ;

|

|- 6. The ongoing investigations might provide additional refinements.
| For example, the analytical methods might predict rer.ults in even -

closer agreement with the actual operating conditions. These
refinements are not expected to change the conclusions presented
above. -

,8

1

i,
I

I.< ABB
,

L
_ _ _ _ _ _ _ __.
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During.the period from December,1987, throegh mid-February,1988i stepwise i
-

increases in the Oskarshamn.2 offgas.and primary coolant water activities,

'iindicated that fuel' failures had occurred. Subsequent evaluations performed
u^r since that time.have established that four fuel rods in separate *.ssemblies ;

,,

xfailed because these fuel rods were operated for some ' period of time under' ;

+ dryout: conditions. The resulting overheating'of the cladding led to: local-
breaching of the rods which resu ted in the leakage of radioactiu natorial

,-

'~

from the fuel rods to the primary coolant. This document contains an t

.

overview describing the event, the investigations to date establishing the,. '

failure mechanism,: and.the causes 'of the failures.
'
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The dryout condition occurred for these rods because they were ope $ rated at an i

oactual power which was substantially higher than that reported by the Plant
m

Process Computer which monitors the core thermal limits. The four failed
fuel rods were located in the corner of fresh SVEA 64 type assemblies .j

: adjacent to the control rod gaps containing nonboiling water. These fuel . 1

rods were o prating at higher powers than expected primarily because the |
widths of tw control rod water gaps were substantially greater for the '

0

T assemblies containing these four fuel rods than assumed in the Plant Process ,

Computer calculations. The increased neutron moderation associated with the I

increased control rod gap widths led to the increase in fuel rod powers. ;

'

There is no direct relationship between the Oskarshamn 2 fuel failures and
the SVEA-64 design. Traditional BNR fuel designs without the watercross are :

.

"

affected in the same way as the watercross design with respect to this type f

of failure.
'

The control rod gap widths were underpredicted in the input to the Plant
Process Computer primarily for two reasons. The major cause was failure to |

account for the accelerated excessive channel bow which had occurred for
assemblies adjacent to those containing the fuel rods which failed. The
assemblies containing the rods which failed were located adjacent to 8X8
assemblies with reused fuel channels which had experienced exceptionally
high radiation expocures. These channels had experienced a relatively i

|large channel bow away from the centrol rod gap which had caused the width *

of the control rod gap to increase. Following the normal practice in the
9 United States and Europe, the effects of channel bow were not included in

the preparation of the 11put to the Plant Process Computer. A second I

contributing factor invfIved an oversimplification of core lattice geometry ,

in the input to the Plar.t Process Computer which led to a further
underestimate of power in the fuel rods adjacent to the control rod gaps in

~

the absence of channel bow.
*

n

The failure of these four fuel rods in the Oskarshamn 2 reactor was no more
serious from a plant safety standpoint than failures which have occurred in
commercial reactors in the past due to such mechantses as Pellet-Clad
interaction and debris fretting. The Oskarshamn 2 failures did not represent-

a' massive failure mechanism, compromise plant safety, or represent a threat
to the environment in any way.

The circumstances which led to the failures are unusual and would be e'xpected
'

to occur with a very low frequency. However, observation of this type of
failure in an operating commercial reactor has not previously been reported
and must be thoroughly understood to avoid future occurrences. Furthermore,
the failure mechanism is not specific to a given fuel typa.

.

. _
.
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The failures were not related to the SVEA watercross design.1

. Misrepresentation of- the interassembly gaps provides the potential for
causing fuel damagrindependent of the specific assembly design. ,

'Therefore, it is considered important to disseminate this information to ;
'

OWR utilities and appropriate authorities regardless of the fuel design
they are currently operating with.

[i
|ABB Atom and the 0KG utility performed sufficient poolside and hot cell
examinations to definitely establish the failure mechanism as dryout during
and-subsequent to.the 1988 shutdown. Furthermore, AB8 Atos has performed ,

>analytical studies which demonstrate that the observed channel bow and the
oversimplification in the preparation of Plant Process Computer' input in ,

L the absence of channel bow are sufficient to account for tte dryout of the,

L failed fuel, rods using ABB Atos methods. The ability of the ABB Atom
methods-to predict the dryout of these-fuel rods when applied to the actual
assembly geometry in the 0KG core when the failures occurred also

:1 demonstrates that these methods when used consistently are effective in
.

>

predicting dryout even in extreme situations.

The overview of the Oskarshamn 2 failures provided in this document
'

represents a sunnary of information available up to June 1989. ABB Atom
and OKG are performing additional examinations of channels and fuel rods

:still in the core in conjunction with the 1989 refueling of Oskarshamn 2. -

. Analysis efforts are also under way to describe the phenomena associated
with the failures in still greater detail. :g ,

CIRON0 LOGY OF THE EVENT |

In August of 1987, a reload of ABB Atom's SVEA-64 assemblies was. installed
| in the Oskarshamn 2 core replacing discharged ABB- Aton 8X81 fuel."

*SVEA-64''is the designation of ABB Atom's 64-rod watercross fuel bundle
design. Following this refueling the Oskarshamn 2 core contained 270 ABB

L Aton 8X8-1 bundles and 174 SVEA 64 bundles. Following start-up in August
of 1987, the plant was operated until a brief shutdown from December 28 to'

L ' December 30, 1987. During the 6 week period immediately following this
. outage, stepwise increates in activity were measured in the off gas and

;

| , primary coolant water. These increases occurred in four discre,e steps '

occurring on December 31, January 6, February 3, and February 8, 1988.
Operation of the core continued at full power without further indication ofum failures until shutdown for annual refueling in August,1988.'

I.

DETERMINATION OF THE FAILURE MECHANISM
L+

.* Investination and Failure Mechani g

Investigations were performed during and subsequent to the August, 1988,
.

refueling shutdown which established the nature and the cause of the fuel'

__-
l _, - - - _ . . . . . . . . _ _ . . _ _ - , , _ , _ _ _ _ _ _ , _ . _ _ . . . . _ _ _ _ _ _ . . , _ _ _ , , . . . _ . , - . _ _ _ . , , _ _ . . _ , _ . . . , _ . _ _ , _i
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failures. The scope of these investigations and their. scheduling were |
'

established.to minimize any impact on the plant refueling and startup |
schedule. -

'

-

. ,
'

$1pping was performed to determine the location of the leaking fuel. ;

a ; Leaking fuel was identified in assemblies 14311, 13544, 13543, and 14312
shown <n Figure 1. While initial sipping results indicated the' possibility
of a failure.in assembly 13535, subsequent examination of the fuel showed [ ;;.

that all rods in.that assembly were intact. The minibundles in each of the >

, SVEA 64 assemblies shown in Figure 1 were visually inspected, and the four f

failed fuel' rods mere identifled as shown in Figure.1.

Assemblies 10223 and'10232 were removed from the core, and the channel tiow -
'

tas measured. A sumary of the existing channel bow measurements and"

exposures as of 9/88 for the six SX8 assemblies adjacent to the assemblies
i tsith failed fuel is provided in Table:1. All of the 8X8 assemblies "

adjacent to the assemblies with failed corner rods were highly depleted-
cith highly exposed channels in their second bundle lifetime. Since the ;

.SYEA-64 assemblies containing the failed fuel rods had been inserted into
'

the reactor as fresh assemblies in August of 1987, their average burnup at i

| the time.the rods-failed was about 4 MWD /MtU. Additional channel bow
measurements on the remaining four 8X8 assemblies identified in Figure 1e

' are planned for the.1989 shutdown in August, 1989.
! >

*

L Gamma scan measurements in nine of the fuel rods in assembly 13536 were
O performed during the shutdown; Power distributions in these rods at

,

end-of-cycle were inferred from these measurements.

I In addition to the poolside exaeinations, four fuel rods were removed from ;

|. the core for post irradiation examination in a hoteell. These rods are ,

L identified in Table 2 which contains a summary of the howell results. The
'' convention for numbering the rods is shown in Figure 2. The hot cell

examinations provided information on fission gas release, cladi

cicrostructure, cladding. collapse, and burnup of the rod.. o.

The major results of the visual, pool side, and hot cell examinations for
. .the assemblies shown in Figure I can be sumarized as follows:

'

1. The failures occurred in corner rods adjacent to the control rod
gap in fresh SVEA-64 assemblies.

2. The assemblies adjacent to thosa with the failed fuel were
'

relatively highly depleted 8X8 assemblies with reused channels
with exceptionally high exposures. Specific measurements on the
8X8 channels adjacent to two of the assemblies containing failed
fuel rods confirmed excessive channel bowing (7.3 to 7.4 mm, i.e..

0.29 inches) away from the control rod gap.

'

- _ ___
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The failures occurred just below the top spacer on the s[de of the i

3.
rod facing the control rod gap. Based on extensive dryout test
data, this is the' axial location where dryout is most likely to ;

=.'occur. ,

4. The surfaces of the failed rods facing the control rod aps were
heavily oxided indicating operation at elevated tempera ures, g

'

5. Microstructure measurements in the vicinity of a failure revealed
. a zircalsy phase change indicating temperatures in excess of 860
deg. C.

6. Profilometry measurements showed cladding collapse onto the
pellets just below the top spacer in a failed rod as well as in
one intact corner rod adjacent to the control rod gap in one -

$VEA-64 assembly. ' This collapse implies that the rods operated at
very high temperatures in these locations.

,

1

7. Cesium migration measurements in an intact SVEA 64 rod adjacent to
the control rod gap indicates operation at elevated temperatures.

.

8. Samma-scan'and fission product release measurements demonstrated
that.the power generated in the SVEA 64 rods adjacent-to the
control red aps in the assemblies shown in Figure I was
substantia 11 hi her than redicted by the calculations which
formed the basis for the P ant Process Computer input. The

gamma-scan measurements also demonstrated that the powers in the '

,

rods adjacent to the narrow gaps were lower than expected. ' These
measurements demonstrated that the radial power distribution
across the assembly was severely skewed toward the control rod
gaps for these SVEA 64 assemblies.

9. Examination of the interior of the channels adjacent to the failed
rod locations showed no indication of rod damage due to contact
with the channel. ,

10. Secondary failures due to internal (secondary) hydriding were
observed at the bottoms of the failed rods.

11. It is estimated that the failed rods were actually in dryout for a
total period of time of between two and seven days. It is possible
that the dryout periods were not contiguous but occurred in a
dryout rewet cyclic manner.

These examinations conclusively showed that the rods failed because of
operation with excessively high cladding temperatures. The gamma-scan and
fission gas release measurements demonstrate that there was a severe power

__
. a

,,-,nn.m-. - - -- - - _ - . - - , - . - - . - - . - ..._,--w , . , - . - ,,,,-c.,,---. . - - , . - - .- - - - _ - . - . . - - - - - . - - - - - - - - - - - - - . . - - . . _ - . - - _ . . - - ,
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tilt'to'the ' rods nearest the control rod gap. The failures are located
precisely where dryout would be expected to occur with the observed power .Itilt. Therefore, evaluation of the visual, poolside, and hot cell data ;y

. leads to the conclusion that the four rods failed because of excessively
'

|high temperatures associated with operation under dryout conditions. A
. severe power tilt toward the control rod gap side of the assembly was also
: established by these measurements.. IJ

4 . The examinations also showed that rods near the control rod' ap.in ?
assemblies 13535 and 13536 which did not fail operated at si nificantly '

higher powers than predicted by the core management calculat ons input to
, ,

'- - the Plant Process Computer. It is likely that rod H8 in assembly 13536 ,

actually experienced dryout but did not operate in a dryout condition for
sufficient time for the clad to fail.

!

Alternate Failure Mechanisms Considered
.

I While the examination results themselves are considered sufficient to !

establish dryout as the failure mechanism, alternate potential causes for
the failures were evaluated and eliminated as possible causes.

,

| The possibility of a manufacturing or core loading error which could lead
'

to a fuel rod with an inappropriate enrichment for the position it occupies *

in the core was. thoroughly investigated. The identification numbers for !

the minibundles and assemblies containing the failed rods were checked to,

confirm that the bundles occupied the correct locations. The'

| identification numbers for fuel rods H8, G8, and E7 of assembly 13536, and
| H8 of assembly 13544, were compared with manufacturing records ~to confira

. that the correct' rods occupied these locations. The orientation of the
;. cinibundles and' assemblies were confirmed to be correct.. The gamma-scan
|- and hot cell information was used to confirm the enrichments of the rods <

-

for which the measurements were made. A review of the pedigree of the i
failed rods revealed that they were not manufactured in a common lot. For 4

example, assemblies 13543 and 13544 were delivered to the plant in 1986,
f- and assemblies 14311 and 14312 were delivered in 1987. Based on these

evaluations, manufacturing or positioning errors were eliminated as a
potential cause for the failures.

,.

H Elevated activity levels were initially detected in the off gas and primary
coolant water at about 90% power during the start-up on December 30, 1987, i

,

Since this plant evolution involved the movement of control rods at
relatively high power, Pellet Clad Interaction (PCI) was immediately

. suspected as a possible failure mechanism. However, the subsequent
investigation of plant operating records coupled with the relative 1) low,

burnup of the fuel demonstrated that the chances of a PCI failure were
extremely remote.

- . - , .,-,,~,.,--,-.....--,.,,,_,,,,-..._,m---... .---_..._ _- __-_--_ _ __ __ --- --
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! The plant was taken critical at a relatively low pressure during the j
; December 30, 1987, startup, and the return to full twer was re atively i

1
i rapid. Therefore, the possibility of the combined effects of relatively

Ihigh local power peaks associated with the movement of coe. trol rods and low , |
system pressure leadinp to dryout at low reactor power was hypothesized. A4

| subsequent review of p ant o rating data, however, eliminated this as a
likely mechanism for the fat ures..'

The plant operating data were thoroughly revfowed for the possibility of a*

:
power transient in the start up or operating range leading to fuel
failures. It was concluded from this review that there were no plant
transients which could have caused the failures.

I ine elimination of other aotential causes for the fuel failures provides
i further confirmation of tte conclusion that the failure mechanism was ..

!dryout.
,

f40 SIT 10N$ CAU$ING DR70UT AT OSKAR$HAMN 8 f
Dryout of the rods in Oskarshamn 2 occurred because the Plant Process
Computer predicted a value of the Minimum Critical Power Ratio (MCPR) of
the core wMeh was higher than that which actually existed. The Plant

-Process Computer predicted values of MCPR in excess of 1.35 for the entire
period between plant startup in September,1987, and the final increase in
coolant activity in mid February, 1988. However, examination of the
failures showed that the failed rods operated under dryout conditions, or
at an assembly MCM of about 1.0 to 1.06, for a period of about two to
seven days.

ThePlantProcessComputerwouldmispredictthecoreMCPRifeitherthe
input to the computer m6dels were incorrect or the com> uter models
themselves were inadequate. ABS Atom has established tsat the primary cause
for the mi; prediction of MCPR by the Plant Process Computer is that the
input did not accurately describe the assembly configuration in the core as
it actually existed. As e matter of fact, the ABB Aton methods predict
that the dryout would have a high probability of occurrence in the failed
fuel locations when applied to the geometric situation as it actually
occurred in the reector.

Innenrooriate Assumetions Renardina the Geometric Core Confiauration in ihg_
Plant Process Comuuter Inout

The failed fuel rods were operating at higher powers than expected
primarily because the widths of the control rod water gaps were
substantia 11;' greater for the assemblies containing these four fuel rods

--
.
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than assumed in the Plant process Computer calculations. The increased {'

: neutron moderation associated with the increased control rod gap widths |f
i

led to the increase in fuel rod powers. The control rod gap widths were p] iv
|

vnderpredicted in the Plant process Computer input for two reasons. ;

(r ',

I. The assemblies containing the rods which failed wore located adjacent to i
'

,

assemblies with reuse) channels which had e:Pertenced exceptionally high 'i
radiation esposures. These channels had esperienced excessive channel bow

| away from the control rod gap which had caused the width of the control
,

| rod gap to increase. Figure 3 shows this effect for the central core t
' ;

, 'supercell" where two of the four failed rods were located. The terV
}*supercell' refers to a four assembly array surrounding the contro Vrod! ,

the Nordic plan $ Aton has performed extensive channel Dow measurements in !

! water gaps. AS .

ts, and the tendency of channels to bow away h on the'

control rod gaps in the interior of D lattice cores has bn n well ;

estab11shed. The rate of change of the channel bow as 5 function of |

| burnup at these higher burnups was, however, somewhWoore rapid than at !

| lower burnups. Channel bow is a manifestation of differences in channel |

growth of opposite sides and is proportional to channel growth. Figure 4 !'

shows ABS Atos channel growth data. As sheen in Figure 4, the measured ;

channel growth shows an accelerated trend above 50 mwd /Kgu relative to the !
roughly monotonic behavior at lower exposure 6. This behavior is also i

|- ref' etted in the channel bow data for assembly 10232 shown in Table 1. i
| Following the normal practice in the United States and Europe, the effects

'

of channel bow were not included in the inttlal core management ;

calculations. |
A wcond'contributt'g cause to the underprediction of the power in the fuel !n
roos adjacert to the control rod gaps in these locations were the !;

'approminations used in the generation of the input to the Plant Process'
.

Computer even if there were no irradiation induced channel bow. When the j
fresh SVEA-34 fuel assemb11es were installed in the reactor in August, i

1987, the inlet pieces of the assemblies were modified to cause the :

assemblies to be shifted toward the center of the control rod gap. This ;

modification is routinely performed in Nordic reactors when SVtA fuel is
!introduced. The purpose of this modification is to achieve a more uniform

lattice when the entire core has been converted to SVEA fuel. The more i

uniform lattice achieved with this improvement provides improved reactivity !
'characteristics and reduces the fast flux differential across the channel,

which should reduce channel oow. This improvement is a routine practice ;

for D-lettice Nordic plants. In the Oskarshamn 2 case, the input to the :
Plant Process Computer was calculated assuming the control rod gaps
adjacent to all of the SVEA Assemblies were reduced as they would be in a '

full SVEA core. Therefore, the control rod gap widths for all supercells i
'containing BX8 fuel assemblies were assumed to be narrower for the SVEA

assem6 lies in the Plant Process Computer predictions than they actually *

'were in the reactor even in the absence of channel bow. This assumption;

caused the power in the fuel rods adjacent to the control rod gap to be.

underestimated even in the absence of channel bow. ,

,

__.
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In order to quantify the i
input to the Plant Process 1emputer ABB Atos performed four sets ofact of the channel bow and the oversimplified(

!

calculations using the PHOENIX /P(LCd system of codes: ,|
. 1anfarence came The reference case was performed with the same i

assumptions utilized in the input calculations for the Plant Process
Computer. A single SVEA cross section set with the reduced width '.

control rod gaps was applied to all $VEA assemblies. POLCA ;

three dimensional core simulatsr calculations for the cycle in which ;

the fuel failed were performed which predicted Minimum Critical Power |
4

Ratie's(MCPR's)between1.30and1.40. j
mde aan SVEA . The CPR calculations won repeated with cross section j
and local power distribution data calculated for a $VEA assembly with
wider control rod gaps than the reference case which approximated the
correct amount of water in the control rod gaps in the bsence of ],

channel bow.
|,.

cuadrunle IHt,h No channel Row The CPR calculations were repeated for i
cross sect'on and 'ocal power distribution data calculated with the ;
geometry shown in Figure 5. This case provides the correct ;

representation for the supercells containing the failed fuel in the
}|

,

'

absence of channel bow. .

r
.

Quadrunle With thannel Row - The CPR calculations were repeated for :
. cross section and local power distribution data for the geometry shown :

in Figure 6. The actual channel bow magnitudes var isomewhat different for each of the SX8 assembles. y axially and will be
'

The geometry shown t4 .

in Figure 6 represents a typical case intended to reflect the effect of i
the observed channel bows on CPR. The 0.5 en (0.02 inch) channel bow r

applied to the SVEA bundle reflects the practice of installing {assemblies with any manufacturing related channel bow oriented away .

from the control rod. |

The results of this sensitivity study are shown in Table 3. The predicted
MCPR of 1.00 means that the ABB Atom analytical methods if used
consistently predict the occurrence of the dryout observed in Oskarshamn 2

.

when the geometric situation as it existed in the reactor is appropriately |
described. The results in Table 3 confirm the hquacy of the ABB Atom :
methods for predicting dryout.

The Plant Process Computer predicted minimum MCPR's of at least 1.35 for :

the cycle in which the fuel failures occurred. As shown by the Reference !

Case in Table 3, a repeat of these calculations using the same a sumptions
and ABB Atos methods predicts a range of MCPR values between 1.30 and 1.40 -

' oith a minimus MCPR of 1.30 fo,r the cycle.

] A_B_B.

.
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Therefore, the CPR values predicted by the Plant Process Computer were
higher than the results predicted by AB8 Atos design methods in Table 3.i.
The input to the Plant Process Computer was prepared b OKG using

)analytical methods which are somewiat different than t e AB8 Atos design -

methods. OKG and A38 Atom are currently working together to resolve this i
i discrepancy. )
, . ;

EFFECT OF ASSDSLY' DESIGN ON OSKAR$HAlti t' TYPE FUEL FAILURES
1

There is no direct relationship between the SVEA watercross design and the )
Oskarshamn 2 fuel failure mechanism. The Oskarshamn I fuel failures ;

occurred because significantly higher powers occurred in relatively ;

undepleted fuel rods than were predicteo by the Plant Process Computer used a
to monitor the plant thermal limits. It occurred in $VEA 64 fuel simply

.Ibecause the SVEA bundles were relatively undepleted and occupied locations
in which the control rod gap widths were substantially larger than assumed 1
in'the Plant Process Computer input. Fuel failures did not occur in the j
PX4 assemblies adjacent to there control rod gaps because the assemblies '

were relatively highly depleted as shown in Table 1.
~

:

| The SVEA design is no more susceptible to this type of. failure than ether i
' designs which do not contain a watercross. In fact, there are some !' ' features of the design which can be expected to reduce its susceptibility i

to this type of failure. i
'

'For example, the watercross increases the neutron moderation in the center
of the assembly. The improved neutron moderation in the center of the |
assembly leads to lower fuel red relative powers than the traditional i
designs without a watercross. The Oskarshamn t fuel failures demonstrate -|
that. considerable care must be taken in the selection of the fuel rod i

I enrichments adjacent to the water gaps to assure that their relative power, !
er local power peaking, does not become excessive. Since relative fuel rod t

powers are generally somewhat lower in.the watercross fuel than other !
designs with the same number of fuel rods, the constraints required on the !

p selection of enrichments for fuel rods adjacent to the water gaps to !
accommodate the effects of the water gaps should be more easily ;
accommodated in the watercross design. :

'The second factor which tends to reduce the susceptibility of the SVEA fuel
to the Oskarshamn 2 type failure is the extensive experimental and i

I analytical work which has led to the capability to reliably predict '

dryout. The division of the assembly into four subchannels reduces the ;,

problem to a more tractable two step process. The first step involves the iI

use of test data to predict the occurrence of dryout in a subchannel. The
L limited variability in the subchannels relative to the entire assembly ;*

'makes it more practical to obtain sufficiently extensive test data to
,

'

;I
AB..BI - . -

,

*
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|- assure that the entire operating range is covered. The second step' !
,

L involves the application of the CPR correlation derived from the data to !
the entire assembly in a manner which ensures that dryout is conservatively

'

| predicted considering subbundle power mismatch. |,

.

The dryout behavior of the SVEA 64 design has been established by extensive i
testing of sixteen red subbundles at the ABB Aton FRIGG Loop in Sweden and ( }jthe Westinghouse Canada facility in Hamilton, Ontario. Data were obtained'

|- ever the entire range af core flow, system pressure, inlet subcooling and !

Iocal power expected in steady state or transient operation. The data base
~

for the sixteen-rod subassembly in the watercross design is based on over j
thirty five 14 rod local power distributions with corner rod relative :

powers up to a value of 1.7. The relatively small siae of the sub bundles-
i

,

allowed the thorough understanding of the CPR behavior as a function of !,

L fuel rod position and reintive power. This extensive CPR data base ensures i

| that the ABB Atos methods can predict the occurrence of dryout in the ;

j Oskarshamn 2 case when the appropriate geometry is used in the analysis. |

The CPR correlation for the sixteen rod test data is applied to !
the SVEA-64 assembly in a manner which conservatively predicts dryout. !

i

Dryout is predicted.at a slightly lower power than the test data would i

1 actually predict. Flow connunication holes are provided in the SVEA .

assembly to equaliae pressure between the sub channels. A conservative !
estimate of dryout Mmer is accomplished by assuming in the CPR ;

,

calculations that ttore is no flow connunication between the minibundles.'

| Extensive subchannel analyses using the computer codes C08RA IV and 408Llh :

have confirmed that the assumption of no flow communication between the !
sub channels leads to a conservative prediction of dryout power. In t

addition ABS Aton has performed full scale comparative 64 rod and 16 rod i
tatercross assembly tests which confirm the results of the subchannel i

analyses. j
,

The Oskarshamn 2 failures demonstrate that the uncertainties in the power |

1evel uf the rods adjacent to the control rod gaps can be somewhat greater
than for the interior rods. It is expected that the susceptibility for the ;

Oskarshamn 2 type failures will be greater as the dryout sensitivity to i

. changes in corteer rod relative peaking increases. AB8 Atom has perfomed a i
comparison of SVEA test data with ful scale 8X8 assembly test data using a ;

.similar spa;;er grid, which demonstrates, that the change in critical bundle t

power as the corner rod local peaking factor is changed is about equal for ,

the SVEA design and the 8X8 design. Thus it has been shown that-the SVEA
design is not more sensitive to changes in corner rod peaklug than fuels
cithout a watercross.

.

__.
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, CONCLUSION |
|

The following conclusions regarding the fuel failures at Oskarshamn 2 can ii
be drawn: *;

|

1. The Oskarshamn 2 fuel failures occurred due to overheating of the '
-

cladding associated with operation under dryout conditions. 'jj
2. The dryout of the failed rods occurred because of unanticipated :

channel bow in assemblies adjacent to those containing the failed -

fuel rods and an oversimplified treatment of cross sections and ;

fuel rod power distributions in the input to the Plant Process !

|_
Computer.

|

| 3. The fuel failures were not related to any design features specific !-

to the SVEA 64 assemblies. The failures occurred in the SVEA 64 |

assemblies because the assemblies were fresh and were located -

adjacent to water gaps which were not accurately represented in ;

the Plant Process Computer used to monitor thermal limits. i

Traditional SWR fuel designs without the watercross are affected |

in the same way as the watercross design with respect to this type ;

of failure. {

4. Analysis of the Oskarshamn 2 cycle in which the fuel failures f
occurred with A88 Atoe analytical methods confirm that the ABB

,

Aton methods are reliable for predicting this type of failure. ;

5. The overall conclusion is that current methods can predict this
phenomenon without any added uncertainties, provided that the |
Plant Process Computer input is based on realistic best estimate

,

type data.
'

6. The ongoing investigations might provide additional refinements.
,

For example, the analytical methods might predict results in even i'closer agreement with the actual operating conditions. These
refinements are not expected to change the conclusions presented
above. ,

,

0
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EXPOSURE OF CHAlelELS Ale A55EM8 LIES ADJACDff
TO AS$DISLIES WITH FAILED ColulER R005 1

*!
l

*9/88 . 9/88 1

80W IIEASURDitNTS CWUtlEL SUNDLE F i

EXPOSURE 80WI EXPOSURE SURNUP ' .i
ff8dD/K,U) ff8dD11nU)m ggg fits /Kau) 51 *

10232 1/84 31.7 1.22 67.9 36 ;

3/M 31.7 +1.132 |
-

6/85 42.9 -0.59 i

j 8/87 59.4 -4.71 !

9/88 67.9 7.31 |i

l
i

| 10230 3/84 19.5 -1.31 55.2 34 ;
-

i

10223 4/83 29.3 0.97 65.5 36!

L 9/88 45.5 -7.43

| 12562 11/84 26.8 -1.21 64.4 26 i

12605 '1/84 26.2 -1.17 53.8 26

10213 1/82 21.5 -1.41 57.1 34 !
'

!

I

|

I

IA negatha valut indicates bow away from the control rod channel. The magnitude !

.of the values is maximum deflection of a channel face ht:ed on several measurements
;

axially, j

IAssembly 10232 bowed away from the control rod while in the reactor prior to !
1/84. It was removed from the reacter in 1/84 and reinstalled 3/84 with the bow :

toward the control rod. The difference in measured values of 0.11 mm is due to -

measurement uncertainty.
i
e

I

i

.

<l
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TABLE 2
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1

^
HOT CELL EXAMINATIONS .

1

\
8 1

.

AMIltLI 20R EMBD
- i

|
'

| 4

13544 H8 -Primary failure occurred just below the
top spacer facing the control rod gap.

'

-Meta 11opraphy revealed a phase change in
the fai ure area demonstrating that a
temperature of 860 deg. C. had been,

exceeded.

-Profilometry revealed a cladding collapse
sa to the pellets just below ths. top
spacer.

|
13536 H8 -The cladding was not breached. ;

-Clad collapse just below the top spacer
indicates elevated temperatures in this

Lc region. j.

Fission gas release measurements indicate
that the rod was operated at significantly

4

higher powers than expected. |

-Cesium migration measurements indicate
h elevated temperatures in the area of

?& top spacer.

E7 B nup measurements provide a reference
fcr gamma scan measurements. ;
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13535 47. This rod contained Gd203/002 fuel, and the e
correct enrichments were confirmed.

.

The cladding was not breached. The rdd had
been suspect based on initial sipping
data.

f'

Fission!asresultsindicatedthat
.

the rod ad operated at siptficantly I
higher powers than expected. |.
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TABLE 3 i
|
.

EFFECT OF SE METRIC REPRESENTATI M Am CHAftlEL 80W M CPR I'

.

INCREMENTAL CUWLATIVE PRBICTD
PERCENT NULTIPLICATIVE CORE

GME CPR DECREASE EFFECT M CPR NcPR

Reference 0 1.0 1.30 - 1.40

Wide Gap $VEA 7 0.93 1.21 - 1.30-

Quadruple - No Channel
tow '3 0.9 1.17 - 1.26

:
Quadruple Channel tow 13 0.77 1.00 1.08

.
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' FIGORE 1 |'-

Oskarshamn 2: Failed Fuel Core Locations
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Figuro 24
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SVEA-64 Fuel Rod Idosi!!fication
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P,ure 3 ' )
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Channel Bow in Oskarshamn 2 Central "Supercell"
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'4 ? - Figure 3

4 Sketch Showing the Displacement of Fresh I,

Assemblies Toward the Control Rod Gap ,.r
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& IHgure 6..
.

Geordetry Osed to Evaluate the Effect of Channel Bow .
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