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WFIECRANDI™ FOR: B, C, Pusche, Mrector
Cffice of "uclear Peactor Reaulation ]

R. B. “rocue, Mrector {
Nffice of Standards Cevelopment /

FROM - €. Levine, Nrector /|
Pffice of Nuclear Feculatory Pesearch ‘f

SUFJECT - RESTPRCH INFORMATO!N LETTER-O, MIGH TEMPERATURE { ‘
CYITATINN CF ZIRCALNY FUEL CLADDING IN STEAM .

This merorarcur trans~its the results of corpleted researct on the hich
terperature oxidation of Zircaloy fuel claddine in stear. This research
is aonlica™le to EFCS performance calculations for 11ght water reactors
fueled witr 1'-237, The technical surrary civen in Frclosure 1 presents
the mejor findirns of the work completed tn date. The enclosed reports
(Enclesures 2-2) are the pertinent quarterly proocress and topical
reports outlished durine the conduct of the research. A final report

onr the {scthermal and transfert oxfdation data 1s scheduyled to he
publishad in Marchk, 1€77.

The princinal results are the followine:

1. The rew dat» on the isotherral oxidation rate of Zircalov claddine
ir stear shov a rate constarnt at 227M°F that is only 58 of that of
the Later-lust eouatior, producin~ 7FY of the oxidation that 1s
calculated with the Paker-lust ecvation. Contarirants in the stear
such as hvdrocen. nitrocen. and oxyren (fror afr intrudire durine a
LOCA) were found to have no siorificant effects on the oxicaton
hehavier. "“r obseorvatle effects of stear flow rates were fourd over
the rance fror 1 to 07 ft/sec., Particular attartior was nafd to the
protler of precise weasurererts of oxfdaticn rates and reaction ter-
peratures. "ate rwasurererts were rade for tot21 oxvrer consured,

anc for arowth of the oyide and oxycen stabilizecd alnha phese layers
forred on the surface durinc the oxidatior. Statistical error analyses
were rade of the rate data. and 2hsnlute error ar2lyses racde on the
terperature rcasurerents producine the hest characterized. reliakle.
and accuratr oxfdation rate data yet detearrine” or 7ircalev in stear,
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€o " TIGnIRI URILELION ERUSE I EILY WErE CONCUCTED 1N STAAr USINC Transient
tire-tornerature historisrs for postulated LPCA's. The exparirentally
deterrined {sothorral oyiZaticr rate dats were ther used in a corruter

codr to calculate the oxidatinn expected durfne the experirental trancient
tests. The exnerirartal results acreed with thase predictad by the

codr, this yarffvire #he use of the {snthermal pate data in caleulatina

the srourt of cxidaticr durdne postulated reactor accidents.

Lo )

‘v autn-catalytic roactinr of the specirere vae not otserved ir

ary experirent, thouch uncyidiznd specirers were heate” In flowince
stear fror atout ANCCF tn as hich as 27772°T ip as 1{ttle 28 ter secnords
are 1r a feu caces wern plurced ir a fraction of a second irtn flowine
stear 1r a furnace hol at 2007°F, Sore specirer heatine above the
desired reactior terperature was of servad, but pach snecimer uich v
cocled tc the reactior te nerature and {onitinn did net occur,

£. The rate of diffucier of oxveer in Tircalov at hinh terneratires
(heta phase) was founs te ke annroxirately ore Palf that nraviously
recorted fn the T{toratur~ 3ns usad at this tin in hagt egtirate and
avaluaticr modal calculavinne of erlirit*lcrent of fu~ claddine durirs
A rostulated 1702, Particular attention was pafs to the pratlons of
reasiurerente of diffusion rates and terperatures.  Three fnderepans
rothods of deterrirztion vire usad 1n the diffusivity studv, iy
rxcellent arrearent of the data fror the trree {ncenerdert pethale

2s shown in "aferer=ca (, §:cicates that the nov data are free fror
systrratic errore,

{veluation are fpnlicabilfty

“3

1. This procrar and {ts results have hern pevicin? pemnatedly whiln
in procress by the Tircalav (laddire Ceviev Trau~ at cuarterlv Tircalay
Cladcdine Trocrar "avicr mantipns and at the Lrrual Vater Tesctor Safety
Fasearch Inforratfon “ertince, ‘“ntepested verders. rutlic, and scientiste
fror otter orranizatiors have atterded hath, The quarterlv and topical
reports fssuec have roccived PC-3 distritutiorn (327 copirs) end have
heen cbtaired from “'TIC by nurwrens researchers {n both this and
other countries. The corsensus has teern that the work has heer corcuctes
corretently and with sufficient attention to technical detail. rrecister,
ane accuracy. [xtr~e cars wae taker to elirirate the urcertainties
in teroerature rrasure ent characteristic of tho Aatz previously
reportad, ,The ne oxidaticn rate data have beer confirred by rore
1{mited stidies 1r Jarar ar” .'an‘erv.r_\
r\‘ D
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2. The impact of the new data on LNC? analyses was exarined bv cal-
culatina peak claddire termeratures usinec hoth the new data and the
faker-lust correlatior {r a FPAF.T2:RELAF-4 cornuter code sirulation of
ar eydrrirental LOC* *nct conducter spvaral yeers aco. t calculates
claddire terreratures near 2200°F | the new eaurtior predicts a terpera-
ture 177°F Yower ther that predicted usine the Taker-Just correlation. -

3. The reduce rate of hcat gereration as calculated usine the new
data, alone with the experirenta] ofsorvatinns. ircdicate only 2 srall
prota {11ty of rossi' 1e {enitior of the fuel claddine durinc a INCA.
Ir addi{tior, the ayperiments {ndicate that the cxicdr filr forrer on
the fuel rods *y corrosier durina normal cneratior should cause a
sirrificart decrease ir tho total cridatien occurrine durine a

, nostulaten acrident fror that calculate” yeine unexicdized fuel

. claddipre,

A. Tt was ohearves that ar additiaral conservaticr pav soratires occur
ir the anrlication of t~ fsnthe, 21 rate dats to LOC) calculations.

In Instances where (a) thr first terperaturr peat 4r the LOCL e
creatar thar about 1°797°F (%) the followine teinerature minirus 1s

Tess thar ahou* 157°0°T, and (¢) the sncond terperature peak 15 lese

then alout ?2707°F  the exrerir artallv ohsnarved consirrntion of oxvaen

ie sianificantlv lese thar that calenlated usine the {snthorral rate
“a2ta. as 1s th= thictnrss of tre orida F11r. Vovever, the thiclnese

nf the orycen sta*ilize” alcha Yaver anroars to be increace” alrost

es ruch as the thiciness of the gxide laver 1s decreased. so that

tha thiciress of ductile wall loft to sustain loads 1s almast unchaneed,
It 1s thoucht that the "anoraloue evidatine offect {s dur to a recertly
AMscoverr i hystoresis ir ti~ phase transfermationrs of the axide filr at
teperatures Doatwarr ahout 1677 and 2iN0°F,

e

fi. The present TCCC Aceantanes Criteria nlace the 1icitaticns of 22nref
pral claddine ternrratire and 177 equivalernt oxication of the val)
tticiness to Yirit tre doaree of erbrittlerent of the fuerl claddinn
durine anc after a |NCA. Cvalration recels frequently use the present
Titorature data or tha diffusivity of cryarn 1n “eta phase 7ircalov.

in addition to the thiclnesses of oxfue and oxyoon sta“{lizer alpha
phase calculated. to estimate the denth of oxveer penetratior intn the
heta phase fror the alphe-beta intrrface. They ther estirato the wall
thickness of ductile wall rerainine to sustain loads 1 pesed durine

and after reflondinc of the core, The pew diffusivitv data indicate
that there weuld be sfanificantlv less derth of erhrittlorart 1r the fue)

cladine wall ecalevlated for ary ciye .c§§y teg agcidort, and rore wall «
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IeTt capapie OF SUSTRINING 10808 14TEr 1IN TNE ACCICENt Jeouence, IATS,
combined with the rate data determined on the growth of oxide and oxygen
stab114zed alpha layers. wil) produce a more scientific base for
estahlishirc embrittlement criteria for ECCS Accertance Criteria.

These results have been ohtafned 1n response to the snecific directive
efver PFS hy the Comrissioners to ohtain new, better, and better-
characterized data on the oxidation rate of Zircaloy in stear. They
confirr that there 1s a larce decree of corservatisr in the evaluation
model beinn ysed by the Fequlatory Staff for calculatine the oxidation
of Zircaloy durina a LOCA. PFS wil) be hapry to furrish you arv
cooperation and assistance that you may recuire irn plarnin~ for a
chance ir the [CCS accertance criterfa in 1C CFP 57 ’poendiy K,

Original Signed by

Saul Levine

Saul Levire, MNrector

O0ffice of “uclear Pe~ylatery Pesearch

See next pace.
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ENCLOSURE
TECHNICAL SUMMARY
HIGH TEMPERATURE OXIDATIOM OF ZIRCALOY FUEL CLADDING IN STEAM

This summary transmits part of the new informaticn obtained in an RES-
sponsored research program on the rate of oxidation of Zircaloy fuel
cladding in steam and the rate of diffusion of oxygen in beta phase
Zircaloy. We believe the new data should allow quantification of the
conservatism of the required use of the Baker-Just rate constant
equation for calculation of the rates of oxidation of Zircaloy, as
stated (Ref. 1) in the present ECCS Acceptance Criteria.

In Docket No. RM-50-1, Acceptance Criteria for SCCS in LWP, the Com-
missioners of the AEC stated (Pef. 2):

“This equation was derived by Baker and Just from their
measurement of the rate of oxidation at the meltina point
of zirconium, in conjunction with Lemmon's and Bostrom's
datz at lower temperatures. The eauation is a straight
line representation of a plot of the logarithm of the
reaction rate vs. the reciprocal of the absolute tempera-
ture. The slope of this line is the activation eneray,
and depends in an important way on the single point of
Baker and Just at the melting point of zirconium."

"The Baker-Just equation has been criticized extensively, ...

"Until new data are obtained and present doubts are resclved
we believe it best to continue the use of the Baker-Just
equation."

“There is evident need for new and better experimental data to
resolve this issue and to provide a rate equation with a more
representative activation energy...."

1568 109




o2

They also directed (Ref. 3) “...the Director of the Division of Reactor
Seieiy ResearLi LU YiIve PFIOFITY aTTention to study to determine more
exactly the temperature at which clad embrittlement ceases to be simply

a function of oxidation". A confirmatory research prooram sponsored by

RES and nearing completion at ORNL has provided new data and rate eouations

pertinent to these needs.

The principal results(a;e as follows:
a
1. The rate constant , 6?. for total oxygen consumed during
the isothermal oxidation of Zircaloy-4 in steam at atmospheric
pressure has the temperature dependence from 1832°F to 2732°F
(Ref. 4,5)
2

22
s /2 = 01811  exp [-39,940/RT) (g/em ) /s,

For ~omparison, the Baker-Just equation (Ref. 6) in the same
units is

2 22
£, /2 = 2.04% exp [-45,500/RT)  (g/em ) /s.

Equations of the same “orm have been developed (Ref. 4.,5) for
the thicknesses of the(85y9en-stabilized alpha layer, the oxide
layer and the Xi layer'”’. The new data are reported graphi-
cally in Figure 1.

2. The diffusivity of oxycen in beta phase Zircaloy-4 was found
g;ef; 7) to have the temperature dependence from 1832°F to
32°F

-2 2
D=2.63x10 exp [-28,200/RT] cm /s for oxycen-16.

The values of the diffusivity of oxygen in this temperature rance
are approximately one-half those reported previously for Zircaloy-
2 by Mallett, et. al. (Ref. 8). and now used for calculating the
Oxyaen gradients in the beta phase of oxidizine cladding. The
data are compared in Figure 2.

(a) for the parabolic rate equation ¥ = & {T, with W = arams of
Oxygen consumed, t = seconds, and 5 = the parabolic rate constant.

(b) the Xi layer thickness is the sum of the oxide and alpha layer
thickness.
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3. Two computer endes. STMTRAN-T (Ref Q) and RTINS (Raf 1IN) have
been written for calculating total oxygen consumed, alpha and
oxide layer thicknesse:, and the distribution of oxygen in the
beta phase during postulated temperature transients. SIMTRAN-1
will also calculate temperature distributions in the fuel
cladding during the temperature transients, but it recuires
more time to run. Both codes have been verified with experi-
mental data obtained in transient temperature oxidation experi-
ments at ORNL.

The new oxidation rate data are compared in Figure 3 with the iker-Just
(B-J) rate equation and with data recentiy reported by other investigators.
At 2200°F, the new data show a rate constant for oxidation 58% of that
calculated by the B-J equation. The new ORNL data have been essentially
confirmed by data recently reported by Kawasaki (Ref. 11,12) and by
Leistikow (Ref. 13) and the disagreement with the B-J correlation con-
firmed by data reported by Heidrick (Ref. 14) and by Biederman (WPI)

et. al. (Ref. 15). The new data also agree quite well (Figure 4) with

the oxidation data reported by Hobson and Rittenhouse (Ref. 16) as
recalculated by Pawel and Hobson (Ref. 17).

Extreme care was taken in all experiments to be certain of the accuracies
of the temperature measurements and to allow the conduct of statistical
evaluations of the experimental data. The absolute errors in tempera-
ture measurements were within +7,2°F (t 1652°F and within :JO.BEF at
2732°F, The 90% confidence intervals c)for the rate constant 4°/2 as
cal_ulated by the new rate equation are +3.3% at 1922°F, +1.7% at

2192°F and +2.9% at 2732°F. Admission of 5% hydrogen, 10% nitrogen,

or 10% oxygen tc the flowing steam had no definitely measurable

effect on the oxidation rates. Steam flow velocities from about 1

ft/sec to about 90 ft/sec had no observable effect.

An experimental simulated LOCA test, FRF-2 (Ref. 18), has been modeled
using FRAP-T3 and RELAP-4. Calculations were made of peak cladding
temperatures and total oxygen consumed using the B-J correlation

and then repeated with the new Cathcart-Pawel (C-P) correlation
substituted for the B-J equation (Ref. 19). These values were then
used to estimate the thicknesses of the oxide and oxygen-stabilized

{c) The physical significance of the 90% confidence interval is that
if the experimental data were redetermined under the same conditions
by the same techniques as that reported, there is a 90% probability
that the best estimate line for the new data would Tie inside the
intervals specified.
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alpha layers, the Xi thickness, and the thickness of beta phase
remaining, assuming an original wall thickness of 0.025 inches. The
results are given in Table I. At 200 seconds into the calculated
LOCA, the peak cladding temperature was 2335°F using the B-J
correlation and 2232°F using the C-P equation. The reduction in
calculated peak cladding temperat.re using the new data in this model
was approximately 100°F. The wall thicknesses consumed were 10.3%
and 6.5%, respectively. While the oxygen profiles in the remaining
beta phases were not calculated, the new diffusion data (Ref. 7)
show that the depth of contamination would be considerably less (the
diffusion rate is approximately one-half that previously reported by
Mallett (Ref. 8)).

In the determination of the new diffusion rate data, the absolute
temperature errors were within +1.8°F at 1652°F and +3.6°F at 2732°F.
The 90% confidence intervals for the diffusivity, D, of oxygen in beta
phase Zircaloy-4 are +7.8%, -7,2% at 1832°F, +4.2%, -3.9% at 2282°F,
and +10.0%, -3.1% at 2732°F. The new data were obtained by both tracer
and chemical diffusion data (no statistically significant differences)
and the diffusivity was found to be independent of oxygen content in
the beta phase.

A final report on these parts of the ORNL study will be issued by
March 1977,

1568
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ggl:ulation(a) of Damage to Cladding During Simulated LOCA Using New and 01d Oxidation Correlations

Table 1|

Time into LOCA, ;ec
Correlation Equation(b)

Peak Cladding Tenperature °F
Thickness of wall consumed, mils
Thickness of wall consumed, %(c)

Equivalent_oxyge1 consumed,
mg 02/c

Estimated oxide layer thickness,
mils

Estimated alpha layer thickness,
mils

Estimated Xi lay2r thickness,
mils

Estimateg Xi lay2r thickness, %
walllc

Estimated thickr2ss of beta
Zircaloy remaining, mils

25 sec 50 sec 100 sec
B-J c-p 8-J c-pP B-J c-P
1603 1603 2247 2217 2296 2247

0 0 0.633 0.457 1.50 1.02

(a) Using RELAF-4 and FRAP-T3 modeling of FRF-2 (see Ref. 18)

(b) B-J
C-P

Baker -Just correlation

(c) assuming wall thickness of 0.025 inches

Cathcart-Pawel correlation (new data)

150 sec

8-J
2323
2.08

c-p
2247
1.38

200 sec

B-J
2335
2.57
10.3%
13.9

2.75

2.99

5.74

22.9

19.3

‘@

-

12
1.64
6.55%
8.9

1.72
1.87
1.4
14.4

21.4
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