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MEMCRANDUM FCR: B_ C. Rusche, DPirector .
Cffice of Nuclear Reactor Regulation

k. B, Minogup, Mrector
Nffice of Standards Development

FROM- S. Levine, Director
Nffice of lHuclear Reculatory Resezrch

SUFJECT RESCARCH INFORMATON LETTER-2, HIGH TEMPERATURE
CXITATION OF ZIRCALOY FUEL CLADDING IN STEAN

This merorandur transmits the results of completed research on the high
termperature oxidation of Zircaloy fuel cladding ir stear. This research
is applicahle to ECCS nerformance calculations for 1ight water reactors
fueled with 1'-23%. The technical sumrary aciven in Frcliosure 1 presents
the major findiras of the work completed to date. The enclosed reports
(Enclostres 2-2) are the pertinent quarterly proaress and topical
reports published durire the conduct of the research. A final report

on the jscthermal and transient oxidation data is scheduled to he
published in March, 1677.

The princiral results are the followino:

1. The new date on the isotherral oxidation rate of Zircalov claddinc
ir stear show a rate censtart at 2201°F that is only 58% of that of
the Eaker-Just equatior, producine 7€% of the oxidation that is
calculated with the Raker-Just ecvation. Centarinants in the steam
such as hyvdrocen. nitrocen. and oxycen (from air intrudirc durinc a
LCCA) were found to have no sianificant effects on the oxidaton
hehavier. Mo observakle effects of stear flow rates were found over
the range fror 1. to 95 ft/sec. Particular attention was paid to the
protler of precisfe reasurerents of oxicdation rates and reaction ter-
perztures. Rate measurerents were nade for tota2l oxvrer consured,

anc for arowth of the oride and oxycen stebilized almha phase layers
forred on the surface durinc the oxidatior. Statistical error analyses
vere rade of the rate data, and ahsolute error anelyses rade on the
terpereture measurerments. producine the best characterized, reliahle,
and accurate oxidation rate data yet detervined orn 7ircaloy in stear.
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€. Transien. UKIuUELIUN EXLETTEETLS Were CCNUUCTED In Stear usinc transient
time-ternerature histories for postulated LNCA's. The experi{rentally
dpten-innd isothermal oxidation rate date were ther used in a computer
codr to calculate the oxidatinn exprected durinc the experirental transient
tests. The exnerirertal results acreed with those predicted by the

codr, this verifviro the use of the fsotherral rate data in calculatips
the srount of oxidaticr durine postulated reactor accidents.

3. rn auto-cetalytic reactinn of the specfrens vas not observed ir

any experirent, thouch uncyidized specirers were heated in flowinc

stear frorm ahout 40C°F to as hich as 2732°F in as Yittle as ter seconds,
anc 1r. a few cases were plurced in a fraction of a second into flowing
stear: in a furnace h=ld at 2007°F. Sore speciren heatinc above the
desired reactior terperature was chservad, but each spoc1msn cufckly
cocled to the reactior ternerature and 1nn1t10n did nct occur

£. The rate of diffusion of oxveer in 7ircalov at hich terneratures
(hcta phase) was found to be anproxirately one-half that nraviovsly
reperted in the Titeraturc and used at this tiro in hest es tirate and
evaluatior model calculetions of erbrittlcrent of fusl claddinc durine
a Postulated L2CA, Particular attention was pafc to the problers of
reasurenrnte of d1ffusion rates and tevperatures. Three indesperdent
methods of deterriration vere usad in the diffusivity studv, The
excellent acrerrant of the data fror the three indenerdent. rrthods

as shown in Pefermrnce G, incdicates that the now. data are fres fror
systeiiatic errors.

fvaluation ard Applicability

1. This procrar and {ts results have beer revicuad reneatedly while

fr procress by the 7ircaloy (laddire Feview frous at quarterly Zircalov
Claddine Trograr Prview meetipns and at the fLrnual Vater Teazctor Safety
Fasearch Inforration “ectincs. Tnterested verdors. public, and scientists
fror other orcanizations have attended hoth, The quarterly and topical
reports 1ssurd have received i'PC-3 distributian (320 copirg) and have
heen cbtaired from NTIS by nurmrous researchers in both this and

other countries. The consensus has been that the work has heer conducted
corretently and with sufficient attention to techrical detail. precision,
and accuracy. [xtrere care was taker to elirinate the uncertainties

in terperature mrasure:rent characteristic of the data previously
reported. ,The new oxidaticn rate data have been confirmed by rore
limited studies ir Japar ard Cermany.
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2. The impact of the new data on LNCA analvses was exarined bv cal-
culatina pealt claddire temmeratures usinc both the new data and the
Gaker-lust correlatior in a FPAF-T2:RELAP-4 comnruter code sirulation of

ar ex¥prrirental LOCS test conducted sevaral years ano. 2t calculated
claddirc terneratures near 22n0°F, tke new eguatior predicts a termpera-,
ture 173°F lower ther that nrodictnﬂ using the Raker-Just correlation. —

3. The reduced rate of heat generation as calculated usinc the new
data, alonc with the experirenta) okservaticns. indicate only a small, .
protahility of possitle icnition of the fuel claddine during & 10OCA.
Ir 2ddition, the experirents indicate that the exide film forred on

the fuel rods by corrosiern durinn normal operation should cause a -
sierificant decrease ir tho total cridaticn occurring durine a
postulated accident fror: that calculated usine unexidized fuel
claddinc,

. Tt was observed that an additional conservaticri mav sometires occur
ir the aprlication of th~ Jsotherr2l rate dats to LOCH calculations.

In instancas where (2) thr first temperature peat in the LOCA is
creater than about 1207°F, (h) the followinc teirperature minfrur is

less thar akout 1E0N°F, and (c¢) the second terperature peal 1s less
then atout 2207°F, the exrerirantally ahsarved consirrntion of oxvaen

is sianificantly less thar that calculated usine the {sntherral rate
data. as 1s tho thicknoss of the oxide filr. Fovever, the thickpess

of the oxyren stakilized alpha layer anoears to be increased alrost

as ruch as the thickness of the oxfde laver is decreased, so that

the thiciress of ductile wall 1oft to sustain loads is almost unchanced.
It is thoucht that the "anomalous oxidatior effect” s dur te a recently
discovered hysteresis ir thr phase transfermations of the nxide filrm at
tewperatures betweer ahcut 1677 and 2200°F,

5. Thr prescnt TCCE Acesptiance Criteria place the liwftaticns of 22nN°F
pral claddinn terperature ard 175 equivalent oxicdation of the vall
thiciness to 1imit the doaree of enbrittlerent of the fuel claddino
durine anc after a LOCA. CEvaluation rodels frequently use the present
literature data on the diffusivity of exyaen in heta phase 7ircalov,

in addition to the thiclnesses of axide and oxycen statilized alpha
phase calculated. to estimatr the depth of oxveen penetration inte the
hbeta phase fror: the alpha-beta interface. They ther estirete the wall
thickness of ductile wall rerainine to sustairn loads 1rpesed durine

ang after refloodinc of the core. The rew diffusivitv data indicate
that there would be sfanificantlv less depth of erhrittlerert in the fuel
cladding wall calculeterd for any cfver peostulated accident, and more wall «
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| 17T Capapie O7 SUSTATNING 108CS 14TEr 1N TNe aCC10ENT sequence. I1AYS,
combined with the rate data determined on the growth of oxide and oxyaen
stabilized alpha Tayers, will produce a more scientific base for '
estahlishing embrittlement criteria for ECCS Acceptance Criterfa.
These results have been obtained fn response to the specific directive
aiven RFS by the Commissioners to obtain new, better, and better-
characterized data on the oxidation rate of Zircaloy in stear. They
confirr. that there is a large dearee of corservatisr n the evaluation
model beinr used by the Regulatory Staff for calculatine the oxidation
of Zircaloy durinc a LOCA. RES will be hapry te furrish you anv
cooperation and assistance that you may reavire fr planninc for a
chance in the ECCS acceptance criteria 1n 1C CFR 50 ‘Zppendix K.
Original Signed by
Saul Levine
Saul Levine, NMrector
Office of “uclear Peculatory Research
See next pace.
bcc w/Enclosure 1: DISTRIBUTION:
B. Burson, RES SUBJ
R. Foulds, RSR CIRC
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ENCLOSURE

TECHNICAL SUMMARY
HIGH TEMPERATURE OXIDATIOM OF ZIRCALOY FUEL CLADDING IN STEAM

This summary transmits part of the new information obtained in an RES-
sponsored research proaram 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 ECCS in LWR, the Com-
missioners of the AEC stated (Ref. 2):

"This equation was derived by Baker and Just from their
measurement of the rate of oxidation at the melting point
of zirconium, in conjunction with Lemmon's and Bostrom's
data at Tower temperatures. The equation is a straight
1ine representation of a plot of the logarithm of the
reaction rate vs. the reciprocal of the absolute tempera-
ture. The slope of this 1ine is the activation energy,
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 resolved
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...."
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They also directed (Ref. 3) "...the Director of the Division of Reactor

Saieiy Researcn LU yive priority attention to study to determine more
exactly the temperature at which clad embrittlement ceases to be simply

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

RES and nearing completion at ORNL has provided new data and rate eguations
pertinent to these needs.

The principal resu]ts(age as follows:
a

1. The rate constant GT, 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 2 2
st /2 = 0.1811  exp [-39,940/RT] (g/cm ) /s.

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

2 2 2
6; /2 = 2.0496 exp [-45,500/RT] (g/cm ) /s.

Equations of the same form have been developed (Ref. 4,5) for
the thicknesses of the(nygen-stabilized alpha layer, the oxide
layer and the Xi layer'"’/. The new data are reported graphi-
cally in Figure 1. ‘

2. The diffusivity of oxyaen in beta phase Zircaloy-4 was found
(Ref. 7) to have the temperature dependence from 1832°F to
2732°F

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

The values of the diffusivity of oxygen in this temperature range

are approximately one-half those reported previously for Zircaloy-

2 by Mallett, et. al. (Ref. 8). and now used for calculating the

oxygen gradients in the beta phase of oxidizing cladding. The

data are compared in Figure 2.

(a) for the parabolic rate equation W = §{t, with W = grams of
oxygen consumed, t = seconds, and § = 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 codes. STMTRAN-T (Ref. Q) and RTIN-5 (Ref. 1N} have
been written for calculating total oxygen consumed, alpha and
oxide layer thicknesses, and the distribution of oxygen in the
beta phase during postulated temperature transients. SIMTRAN-I
will also calculate temperature distributions in the fuel
cladding during the temperature transients, but it requires
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 Baker-Just
(B-J) rate equation and with data recently 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 at, 1652°F and within +10.83F at
2732°F. The 90% confidence intervals c)for the rate constant 67/2 as
calculated 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 to the flowing steam had no definitely measurabie

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 1ine for the new data would 1ie 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 temperature 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%, -9.1% at 2732°F. The new data were obtained by both tracer
and chemical diffusion data (no statistically significant d1fferences)
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.
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Table I

le:u]ation(a) of Damage to Cladding During Simulated LOCA Using New and 01d Oxidation Correlations

Time into LOCA, sec 25 sec . 50 sec 100 sec 150 sec 200 sec

Correlation Equation(b) B-J C-P B-J c-p B-J c-pP B-J c-p B-J

Peak Cladding Tenperature °F 1603 1603 2247 2217 2296 2247 2323 2247 2335

Thickness of wall consumed, mils 0 0 0.633 0.457 1.50 1.02 2.08 1.38 2.57 1.64

Thickness of wall consumed, %(€) 10.3%  6.55%

Equivalent oxygen consumed, ' " 13.9 8.9
mg Oz/cm2 ~

Estimated oxide layer thickneés, _ 2.75 1.72
mils '

Estimated alpha layer thickness, 2.99 1.87
mils

Estimated Xi lay2r thickness, 5.74
mils

Estima?eg Xi layar thickness, % 22.9 14.4
walllc

Estimated thicknass of beta 19.3 21.4

Zircaloy remaining, mils

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

(b) B-J
¢-P

Baker-Just correlation
Cathcart-Pawel correlation (new data)

(c) assuming wall thickness of 0.025 inches
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Figure 3. Arrhenius Plot of Oxidation Rate Data for Isothermal
Oxidation of Zircaloy-4 in Steam, Total Oxygen Consumed.






