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SUBJECT: SHIPPINGPORT LWBR EXTENDED BURNUP Z#ﬂ,Aﬁ

I have discussed Admiral Rickover's letter on continued operation of the
Light Water Breeder Reactor with members of the Fuels Section. We have
identified six areas that ought to be consicdered in connection with extending
the fuel burnup:

1. Fission Gas Release

2. Cladding Collapse

3. Pellet/Cladding Interaction

4. Fuel Rod Bowing

5. Crud Buildup

6. Clearance for axial growth

It is probable that Bettis has already performed the evaluation we would
recormend, so our comments will be very brief.

1. Fission gas will accumulate at the higher burnups and contribute to the
internal rod pressure. Since the system pressure is simultaneously
being reduced, a check should be made to ensure that (hot) fuel rod pres-
sure does not get larger than the system pressure.

2. The ea:lier cladding collapse analysis gave marginal results for higher
burnups and should be reevaluated. The reduction of system pressure will
help here.

3. The increased accumulation of corrosive fission products and the relative
thin cladding will cause this fuel to be susceptible to PCI failure. Pocwer
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changes should “tharefore ba gentle. We would recor-end on-line radiation
monitosing for increased activity (fuel failures) o thiz information
couls be cacrplated with the prasr history to aid in post-oneration

diagnostics.

Fuel rod 'cwl"’ incveasss with burnun and affects heat trarsfor correla-
tions., This effect shoula be : xen into account.

Crud buildup on tha fusl could 2lso affect heat transfer. Core pressure

drops and pvevw Shiopinacort experience should be able to indicate
any significance r‘ this effsct,

Irradiation growth of the fucl zssembly must be accommodated.

Gl

Ralph 0. Meyer, Leader
Reactor Fuels Section

Core Performance Branch
Divisicn of Systems Safety
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NRC Question #1

Fission gas will accumulate at the higher burnups and contribute to the internal
rod pressure. Since the system pressure is simultaneously being reduced, a check
should be made to ensure that (hot) fuel rod pressure does not =t larger than the
system pressure.

Bettis Response

Criterion: Maintain fuel rod internal pressure below external system pressure.

gases

A plenum is provided at the top of the fuel stack in each LAER fuel rod for the
purpose of accepting gases released from the fuel pellets without unacceptable
increase in rod internal gas pressure or reduction in fuel-cladding gap conduc-
tance. In addition, a large plenum volume provides space for a large volume of
helium fill gas which dilutes the fission and volatile gases released from the
fuel during irradiation, thereby minimizing the reduction of gas thermal conduc-
tivity.

Assessment

The maximum design rod internal gas pressure at the worst case calculated plenum
.emperature of 650°F has been calculated for the highest depleted fuel rod in
each region. Results are shown in Table 1. The calculational model accounts
for initial fill gas (helium), volatile gas release, helium produced by ternary
fission and fission .5 release, all in a conservative manner. The calculatec
internal pressuras are much lower than the system pressure at any time in life.
This is the result of the rod plenum space having been designed to avoid high
internal pressures during normal operation. The fuel elements are not pre-
pressurized, and fission gas release i; low because of the lcw fuel operating
temperature and because of the low power level.

TABLE 1

Cfalculated Internal Rod Gas Pressure Compared to System Pressuyre - PSIA

Calculated Gas Pressure _ System Pressure

Region T8,000 EFPH 24,000 EFPH 18,000 EFPH 24,000 EFPH
Seed 429 565 1815 1615
PF Blan:et 202 230 1815 1615
Blanket 173 195 1815 1615
Reflector 189 200 1815 1614
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NRC Question #2

The earlier cladding collapse analysis gave marginal results for higher
burnups and should be reevaluated. The reduction of system pressure will

help here.

Bettis Response

Criterfon: Cladding integrity is maintained.
Bases

Large deformation potentially can occur et unsupported lengths of
blanket &nd reflector rod cladding (non-free-standing cladding) which may
be created by relative pellet axial movement within the fuel r de. Geps
were ubserved to occur primarily in the out-of-flux plenum regions of
LWBR irradiation test fuel rods. With auch lesser probability, they can
occur within the fuel rod etack. In the SAR assessment, LWOHR fuel rod
cladding collapse performance vas evaluated ueing the BUSHL analysis
procedure (Reference 1), This procedure was used to calculate critical
lengths for short tube collapse as a functiou of fast fluence and tem~
peratures. These results were used to develop comparisons between maxi-
mum calculated gap between pellets along the rod length and critical gap
length for collapse for the fuel rod with highest fluences in each of
the three blanket regions. Regults indicated that no collapses were
expected,

Cladding deformation over axial japs is preesently analyzed using a much
improved procedure based on the ACCEPT computer program (Reference 2)
which was not available for the SAR assessments., ACCEPT differs from
BUSHL in that it .alculates progressive deformation of the cladding
over axial gaps an.’ accounts for

(a) Progresoive axial gap growth due to fuel densification and fuel
cladding axial extengion.

(b) Pellet-to-cladding radial clearances.
(¢) Foundation deformation (pellet shrinkage and ovalling).

(d) Incremental, time dependent cladding deformation, vice
plastic stability calculations performed in the bUSHL progrem
using perturbation analysis and isochrorous stress~-strain
curves to account for creep.

Time to collapoe is calculated using ACCEPT with léput parsemeters fitted
congervatively to predict both out-of-pile and in-pile test data. The
procedure includes the projected reductions in primary system pressure,
temperature and reactor power.




NRC Question #2 (continued)

Assessment

Plenum Axial Gaps

Cladding deformation over the worst case plenum gap for the standgrq blagket fuel
rod experiencing the highest fluence and assuming worst case cond1t1ons {geomatry,
material creep, etc.) has been calculated using the ACCEPT analysis procedure.
With the planned power, pressure, temperature history, a collapse time in excess
of 24,000 EFPH is predicted for the limiting fuel rod worst case conditions.
Analysis of this behavior to 30,000 EFPH is now in progress.

In-Flux Axial Gaps

Formation of axial gaps within the fuel rod stack of blanket rods is expected to
be a low probability event since formation of such axial gaps requires peilet
h.ngup. Only 2.4% of the representativé LWBR irradiation test rods were found
t« have formed axial gaps within their fuel stacks. In each of these, the gaps
between any two pellets were only a fraction of the total available gap when
surmed over the total length of the rod.

Cladding stability over axial gaps in the fuel stack of blanket rods has been
evaluated statistically. Deformation of cladding over within-stack axial aqaps
was analyzed on several bases. On a best estimate basis (i.e., assuming best
estimate material and geometry parameters), peak ovality of the most limiting
blanket rod was predicted to be only 9 mils after 24,000 EFPH operation. On

a probabilistic basis considering statistical variation of relevant parameters,
the collapse fraction after 24,000 EFPH was predicted to be 0.0003 (about 2 out
of 6815 bianket rods). Analysis of this behavior to 30,000 EFPH is now in
progress.

Effects of Pressure Reduction

The planned sequence of system pressure reductions, from 2000 psia at beginning-of-
life to 1615 psia for operation beyond 18,000 EFPH has a strong effect on reducin:
cladding deformation due to the highly non-linear effect of stress upon creep rate
(about 60% reduction due to fourth power stress dependancy). Cladding creep rates
are decreased further by reduced temperatures and core power later in life.

References

1. A. L. Thurman, "BUSHL - A Computer Program for the Inelastic Buckling of Shell:
of Resolution Under External Pressure and Axial Compress.on,' WAPD-TM-890,
October 1979, ‘

2. D. N. Hytula, 3. E. Wianko, "ACCEPT: A Three-Dimensional Finite Element Proqr-
for Larae Deformation Elastic-Plastic Creep Analysis of Pressurized Tubes,
WAPD-TM-1383, March 1980
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MHC acstion #7 -

The incrensed accuwnulation «f corr wive {issien productu and the relative
thin c¢ladding will cause thiu fuel t. be suseoptible & PCI faliwwe,
Power echanges ghould tiwbkef re bhe pentle, We wiuld ree mmend ne-line
radiation monitorine for inereased activiesy (Guel failuwrov) oo this
infornsation -"uld .u': currelated with the power history L. aid in poate
speruti.n diamiuctics.

Criteriax: Aveld plastic dnutability and halugen stresc corrsgion
eracking of fuel rod cludding

Bases

Up=power trangient capability of LWL fuc! rocs i3 speclicd in taerug

of allownbive operating conditions whi«h will av.id Jdan: whizsend
pelletecladding interaction (PCI).. The PCT eriberin b0 o rlned to
c¢laddin; otress levels which have be u atvam o Leot axjr rlenew 1

lead Lo fuel rod dunage frum either . teecu ¢orr sien o {507 S S T
inctabil ty. Stress corrosiona erack Ltn A8 e Lumdtin, i
acrmel power dnervaces within the raiow of all wable Ope i oo
Levels,  'Thig mectuunism boeomes more dgniticant with excendest Litcuime
as t"e fisaioneproduced iodine, beli ved to by the corr..ive agant,
accumulates in the fuel rods. Plagtic ingtabi ity is tii: limiting

concert in the evaluation of overpiw.: trunsiec LS and becumes more
szwl“zn'.x., with extended xl'et.une. perations in LWT 3ince the peak
Werp wer level inereascs, ofadding tuickness .3 reduced by wear, and
rod=tu-rod ecntact resulting in relatively hig. lucal eladding torpoere
atures bec.omes mure likels

Ascesoment
————

Fuel rod Jdamage oy PCI is avoided in loid fuel rods by rastricticns
nooperating power maneuvers and on Lhe pern oot int lovel, The
augesdmont ot fuel rod capabi Lit.;/ to withictand up-p v transients
wWithoul UV dunase nas ineluded the o LL Wty o UTeets woleh bee. e
ghmatteant with extended Litetime.

(a) Inereaced . werp wer levelu., Whereas the peaX . verp wer level
which must be shuwn v b- acceptutle was 123 to 12,000 EFPY
and 177 ¢ 16,000 EFPH, tne pear wverp wer level which must
be 8t.wn t. be aceeptable i3 incroased t 138 e 21,000 VP4
and ¥+ 130 o 24,000 FEPY A asseossing PCI Jimdtati ns.

. ———— .-
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i . Rod=tu-rod eontact. AS rod bowing inereases with extanied lifse
l time, the clearance between vrodd decrvadead such tliat cuatucr .
' close proximity may ocour. The per buund Cowarat

‘ case fuel rods assumes c.nenct alter 1'?._-.--‘ T reuulting
| highor ¢ladding tempoeratures ang Ldditi onal corrccion bulldup at
the cuntact locatduns are inciud 4 in Lo ap=powe

-
- -
agssecsments., Rodeto=rod cuntacs Lo diziussed figther In &

. "y ' *
LANSLeTiy

- ' subscagucnt section.

E

: It has been shown using the cwne conoecvative analyuls procedics Sed
! in the SAR agsessment that the extended lifetime operating plan ic

' N acceptatila for up-power transient concerny and widl not lead to fud
» rod damage by either PCI mechanisn, Jtrece corrssion cracsing {sce)

or plastic ingtability. Although stiress ll.[uiﬁ.: for 5CC decline with
increasing lifetime due to higher i .ine rolouce and potentially Ligher
cladding temperatures, the planned power reductiond restrict poad
gtresses below design limits with margine equal tu or greater than the
margins priosr to 18,000 EFPH.

Trradiation testing of refercnce Siel r-ds hac incliunded up=-power
, transients. In addition to the tests demribcd in Section #.2.1 =F
» the SAR, aaditicnal up-power trangient testc were pertforued suboe-

quently ut higher depletiin levels. Two seed refercnce rods viperie

enced overpuwer transients ot approximately 1708 at depleticn leveds

close tu 10 x 1020 fissicns/ce. N ruel rod durage roesulted even

- thoug!: predicted stresses exceeded desiim limits, Three blanget raf-
erence r.ds experienced overp wers. ‘Tw» of thece r.ds exgerienced
overpover transienty of 129% and 140y, respeetively, withi.ut cladding
damage. The third test rod experioncod claddizn: otiusges exceedirns the
IMER stroce corrosion cracking stres: lbmwg Jduring a 1579 overpovor

| tranuient and suffered cladding dwni v Lo expee ted.
The overpower experience and depleti n levels t the irradiation test
rods invulved in the up=power trancient teuts are summariced in Tatle

2. Altn ugh the peak depletin lovels at L:‘,"- O BEFPH hiace not teon

bounded by the test rod dupletion levels, the test level. ure oonle

gidered cufficient to provide meaningstal checiie on the miyedis e

cedure. The results of these tests have lwon veed in support o2 o
3 B

stress curresion cracking deoign limitys and hoave _nableu tie ap
caticn of plant operating guideline. whieh will maintain fuel r
integrity under upe-power trancient oonadit oo,

W layed oeute a mond Soring: Lo dote: w2 aer on Lider oaquipment and e cded
e oabrap cvapetas This egaipuent 1o desgeibed Lo Cliptels Oy Jeett n
',-‘5-._'. l' U.Q ;:tmo

r:nﬁ LT I e =l T
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To detuct tuel failures coolant cwnples are tuken ab. utl twice a wock
during power operation. These sunples are analyzed £ .r various
fission proJduet isstopes with euphasis un gross iodine, I-131 and
I-133. An increased number of sanples are tuken during swinsloa.d
vperation. In addition, about oix vamples are tacen Ju:ifiy esch
gtartup as the reactor attaings vari us power levels,
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NRC Questionn #4

Fuel rod bowing increzses with burnup and affects heat transfer correlations.
This effect should Le taken into account.

Bettis Response

Criterion: Bowing minimized to assure that heat transfer is adequate and cladding
temperature does not exceed limits.

o

ases

|

Rod bowing sufficient to cause lccal close proximity or contact between rods can
result in local hot spots on the cladding surfaces and can restrict coolant flow
in the channel between tne bowed rods. The design basis is to minimize rod
bowing (and other effects which can result in reduced rod-rod clearance, e.q.,
cladding wear, diameter shrinkage) so that any potential contacts do not cause
unacceptable thermal/hydraulic performance and do not result in cladding tem-
peratures at the point of contuct which exceed limits based on cladding strength
and corrosion resistance. '

Rod bowing behavior is sensitive to fuel element design parameters, to power leve)
and operating environment, to grid syste- design, and to local fuel-cladding inter-
actions. The fue: element design parameters contributing to bowing are cladaing
wall thickness eccentricity and overall helical variations (wave-length), initial
rod straightness, fuel pellet configuration (fuel pellet dish, chamfer and endface
non-perpendicularity), fuel-cladding gap size, and plenum sriing force. Grid
system design parameters contributing to rod bowing are grid spring force, align-
ment and nonperpendicularity of dimple contacts in the seed.

Assessment

As discussed in Section 4.2.1 of the SAR, fuel element and grid design parameters
were specified to minimize rod bowing. In addition, seed and blanket fuel rods
were selectively located in grid cells such that the rod-grid interaction con-
figurations resuited in reduced bowing potential and/or increased initial rod-

rod clearance. However, extended lifetime operation beyond 18,000 EFPH may result
in reduced rod-rod clearances due to increased bowing and due to increased claddin:
wear and rod diameter shrinkage at grid contacts. On a worst case basis, rod-rod
contact in both the seed and blanket is calculated to occur prior to 30,000 EFPH.
Although the calculated number of accurrences is small, it has been conservatively
assumed that rod-rod contact occurs at 18,000 EFPH at the most limiting seed and
blanket Tc-stions. The power reductions (and the pressure reducticns) specified
for operation beyond 13,000 EFPH assure that thermal/hydraulic performance is
acceptable and that cladding temperatures at contact points do not exceed limits.

e — ———— —— - C e ce—————— e o w Ce———



NRC Question f4 (continued)

The cladding temperature at rod=rod contact points has been calculated
uveing a procedure developed since the SAR was written based on compari~
son to irradiation tests of rods in contact for periods up to 20,000
hours of irradiation &nd to out-of-pile tests in which the cladding
temperature was directly measured. These teot results indicate that
although in the worst cace location accelerated oxide corrosion occurs
at the reduced power and pressure during beyond 18,000 EFFH operation
no more than | mil of corrosion would be expected., The clevated tempere
atures at rod contact points result in reduction of cladding strength,
and this effect has been included in assessucnt of fuel rod perforcance
during overpower transicnts and for stress corrosion cracking. In
addition, out-ofe-pile flow teets which includcd reds intenticnally
boved to contact indicate that frctting wear at rod-rod contact
locations is acceptably ecmall.

The condition of rods touching lcads to a concern for reduced CHF
capability. Rods touching hcat‘Srcnler teeto performed by Bettic and
elsevhere (e.g., see Peference 1) have shown ClF degradations for rods
touching varying from zero to greater thoun 30% depending on fluid
conditions. These data show that at the LWi2 Cil¥ limiting condition
(relatively low flux and high euthalpy) there is no powcr penalty. At
the high flux low enthzlpy region, vhich 1ia the point vhere CHF pover
penalties have been measured, clad tcaperaturcs at the touching point
can be above thoge urder normal heat transfer conditiona., The Bettis
rods touchirg date has been used to defino cledding temperatures and
the onset of CHF in the event of rods touching. In addition, the
allowances for those effects vhich reduce hot subchannel flow area along
the entire length of the fuel region (i.e., rod bow, grid pitch and fuel
rod ovality, shrinkage, and wear) have
been increased for beyond 18,000 EFPH cnalyses. A power penalty of
approximately 17% ie being used to accounr for these effecta. The in-
creascd hot chennel factore and reductiong in core power, plant average
temperature and preesure for operation beyond 18,000 EFPH provide the
necessary margin to ensure acceptable fuel element performance under
rods touching conditions.

Reference

1. ASME Publication 77-HT-91, Auguet 1977.



NRC Question #5

Crud buildup on the fuel could 2loo affect heat transfer., Core preasure
drops and previous Shippingport experience chould be able to indicate
any significance of thio etfect,

Bettis Responce

Criteria: The effect of CRUD deposition muet be included in thermal
per formance evaluations.

Basis

During the latter helf of PWR Core 2 Seed | operation and durlag Fu©
Core 2 Seed 2 operation vhen pH vsa maintaiced st 10.2 2 0.1 volicoo
exmonia chemistry, as io einmilariy opscified for LUDR, the instrus. od
PWR-2 fuel asceablies chowed a stable long~tera flow coudirica witiin
the t2 percent accuracy of the flcw fmstruientation., Dota froa FLU
operations forms part of the basis for the dusign CRUD vodel and for
the specification of LVER primary coolant chemistry countrol.

Assessment

The PWR Core 2 experience tends to support crtrapolation of the cu o ot
LWBR flow base for extecnded operaticn; that Lo, vo radic.l lfloy 2hor-e
due to crud deponition is anticipatad, Measuremants tolon Lo J.to on
LWER ghow that the ceed and blanket flcue havs deerenc by e © oataly
2% while core pressurc drop has gone up approcivutaly 1o, q $len
decrease has been fairly atcady with lifetims and {3 couzl to a rate of
flow decrease of 1% par year, Continued monftoriny of LUI'2 geed cnd
blanket flowrates and core presnurs drep pro.fdoy a esnl v ticn that
core therwal and hydroulic perforusnce capubllity Lo rot dosreded by
crud deposition beyond that provicaed by the erud lloviizon incorporated
fa the LWBR extended 1ifo performance analyv+aia, The 957 piroflerenti 1

crud factor employed for setting operating linity thus {ar will continue
to be usad for extended operationa.
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NHC Ui ti n Jo

Irradiation growth of the fuel ascomb.ly muat be accomnidated,

Bettis Responee

Ao I'\ ]f'.“f E. '\l:p
Criteris: Hod elongation limited t prevent interforence with
baseplate.

A 1limit ig placed on the allowable maxismum rod elungatli a1 fop the LUGH
fuel ruds to engure that thare i3 no rud=tusbuseplate interlesenoee and

that nuo unacceptable floweinduced r.d vitbration will sccur.

The eluigcations of the LWHR fuel rods were cxlculated i1 o w.orit cuse
design tusis using an analysis procedwre ine. rporating the CYGro-

computer progpram which has veen gualified t. the megasuted ¢l nigoti ' ns
of test rods in the LWER irradiation test proosran.

Listed in Tavle 2 are the maximum caleulated elopgaticna of the LWER
fuel rous at 18,000 and 24,000 EFPH. The table also lists the
acsociated ndnimuwa rod-to-baseplate clearances and the free end rod
overhun,” increases at the selected FFPH valucs.

Results indicate no rods interfere .ith the baseplate tiaxouszn 234,000
EFPH. The calculated overhang increagces at the free end grids are
satisfactory also since such overihangs have been includad in £1.w
tests with no indication of unusual floweinduced vibrati n .» acczele
erated riladding wear due to length increases .f thede nu.ndtudes.

B. Fuel Asscwblies

Criterir:s No axial interference between modulea or modile atuu tubes
and the bottom plate structures is pemmitted.

3€8

The criterion of no axial interference io inv ked hecauce colwmn loading
of these modules could induce transverse deflecticn of the modules in
a colunn buckling mode. In this way m-dule t. wm.dule clearances ¢-uld
be reduccd, as well as tuel rod to el rod ~lcarances.

Antgeiens o
————

Table 4 ndicates the larms margin Ur clearwo tnat enicts in (4G
for axint leneth chanme of U varl as g dabe tyvos durine g0 B
of oper:tion., Wop inutuhice, aWuaer Lhe Seod moomiles e 4090 o9
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length increase is .537" as contrasted with a minimum beginning of life
clearance of 2.090". The worst case length increase mode! conservatively
includes maximum creep and growth materials properties and also conserva-
tively assumes that grid spring forces never relax. This imposes the
maximum axial tensile stress in the shell and post retaining structure and
hence the axial extension rate at an unrealistic maximum.
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Puel Ascembly Loansth Tnereage an! Axisl Cleapance at 24,000 E
1 Y . T ae - . LR} s Aurd &9
Worst Case Best Eatimate Mirdmun Axial
Y % 3 3 " ~ T o o» T "N o - o Y
lensth Increasc Length Ducrcase Clearance at s L
o — - ——

Seed 537 L3 2.090"
Blaliket Uy 205 2.901"

Reflect.r L1544 .107 627
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Question

What inservice inspections are being evaluated and planned for late in life
conditions (post 24,000 EFPH)?

Answer

An inservice inspection program was performed for the Shippingport Plant prior
to LWBR core operations. As noted in the SAR, the requirements of Section i
of the 1974 edition of the ASME Code were utilized as a guide in selecting ito~s
for the inservice inspection program. There were no indications found which
required repair as a result of the Shippingport inservice inspection progran.

Bettis is presently ceveloping an inservice inspection proaram for post 24,000
EFPH. This program will include a sampling of the welds inspected prior to
LWBR initial criticality to verify there is no degracation of these welds;
welds of each size used in the plant (these will include welds exposed to
thermal transients such as the pressurizer surge line); branch connections off
main coolant loops; a sampling of welds previously inspected for pipe whip and
dissimilar metal welds; a sampling of coolant loop welds not isolable from the
vessel. .. addition, specific hydrostatic and visual examinations will be
performed.




