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ABSTRACT

This progress report summarizes the Argonne National
Laboratory work performed during April, May, and June 1979
on water-reactor-safety problems. The following research and
development areas are covered: (1) Loss-of-coolant Accident
Research: Heat Transfer and Fluid Dynamics; (2) Transient
Fuel Response and Fission-product Release Program; and
(3) Mechanical Properties of Zircaloy Containing Oxygen.

.

.
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A2014 Heat Transfer Coordination for LOCA Research Programs
A2016 Transient Fuel Response and Fission-product Release -

A2017 Mechanical Properties of Zircaloy
A2026 Phenomenological Modeling and Expe rimenta in Wate r Reactor Safety
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I. LOSS-OF-COOLANT ACCIDENT RESEARCH:
.

HEAT TRANSFER AND FLUID DYNAMICS

Responsible Section Managers:
H. K. Fauske, R. D. Henry, and P. A. Lottes, RAS

A. Transient Critical Heat Flux (J. C. M. Leung and K. A. Gallivan, RAS)

1. Further Verification of Transient Thermal-Hydraulic Code

The present scheme, named CODA, which neglects the acoustic
phenomena as in COBRA-IV-1,1 assumes that density (p) can be evaluated as
a function of enthalpy (h) only. Essentially, this assumption decouples the
momentum equation from the continuity and energy equations. Currently,
homogeneous equilibrium flow is assumed, which is a valid app:oximation,
particularly for high-pressure systems such as PWR's, and an integral mo-
mentum equation is used,2

dU 1

at = t (aP - F), (1)

where
.

5= [ G dz,

2 2G L 2f L

F = (G - - + - G|G|dz + og dz,
DpP out P in a ,

and the other variables have the usual meaning. This technique implies that
pressure is eliminated as an unknown in the momentum equation and is sim-
ply integrated across specified volume boundaries. The continuity and energy
equations are written as

b + bz =0 (2)6t

and

6h 9P
- + G bh - pA p 6t.

h+1BP (3)-

6t p bz x
.

The finite-difference forms of Eqs.1-3 were integrated in stepwise manner
using a predictor-corrector scheme.

,
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** ' ' ' '

The present scheme is compared
against two existing codes as a further ~

- verification run. The standard test prob-
d lem No. I as proposed by Hancox andcoomi ... .roo,,

"
3os . , _ , [^, _ Banerjec considers an instantaneous

- }; heat addition to water flowing in a long
} _ | \

j
-

\,[ 2. r.sa m iourt ,,
_

pipe. Inlet and exit pressures are fixed
[ i at 7.102 and 6.984 MPa, respectively,

I during the transient. The results of
Q2 *

'

CODA are compared with MECA,4'

, a,
,

@ 2< -
- method of characteristics procedure,'

h. '
- - and RAMA,3 a characteristic finite-,,,

j L/ 2.sanmi7,i,,;,.,7;,** diffe rence s cheme. Figure I.I shows
as - ) - close agreement in predicted mass flow

rate between CODA and MECA, whereas
. RAMA appears to smear out much of

the detailed features of the solution.
CODA predicts a slightly lower steady-, , , , ,,

0 2.5 S.O IS state mass flow rate beyond 5 s, and
TIME (5)

this is felt to be caused by the use of a
Fig. I.1. Comparison of Mass Flow 'c.nstant friction factors for the two-

Rate for Hancox Problem. phase fluid (f = 0.00 5) in CODA as op- -

ANL Neg. No. 900-79-367. Posed to the more complicated formula
in MECA and RAMA codes.3 Figure I.2

shows good agreement in enthalpy history between CODA and MECA; the '

slightly higher exit enthalpy beyond 5 s in CODA is a direct result of the
smaller predicted mass flow.

1400 , , , , ,

*

' ' ~ ~,

-
-

} --- 2. r.st m iourLe t i

4
13o 0 - | CODA tentstet .7v07) -

Fig. I.2 {
'

MEcA
at -- - RAMA

Comparison of Enthalpy for Hancox { _
_

Problem. ANL Neg.No. 900-79-3G9. w

72 2.69 m iettingeNG OF ME ATED 1.(NSTM I
(200 -

| -

1 1 1 1 1

0 2.5 S.O 7.5

TIME ( S)
~

In conclusion, the present scheme has been demonstrated to be
comparable to existing codes, but presents itself as a simpler and efficient '

tool in the analysis of safety experiments.
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2. Transient CHF Analysis

The capability of the present code in predicting dryout onset dur--

ing a flow transient is demonstrated in this section. Transient data are se-

lected based on their availability of information, and the four sets chosen in
the present study are described in Table I.l. All the test sections are of

round-tube geometry with both uniform and nonuniform axial heat flux, and
each set of data is analyzed separately below.

TABLE I.I. Test Conditions for Flow Transient

Investigators Test-section Pressure.
Ref. (Labora t ory) Fluid Geometry MPa Transient Type

6 Hoxon & Edwards Water Tube 6.9 Rapid exponential flow
(AEEW) ID = 10.8 mm decay at constant pressure

L = 3.66 m

7 Roumy Water Tube 14.0 Flow halfing in 0.5 s at
(CENG) ID = 10 mm.L = 1.0 m; constant pressure.

ID = 6 mm.L = 1.5 m.

8 Cumo Freon-12 Tube 1.0, 1.8 Exponential flow decay at
(CNEN) ID = 7.8 mm.L = 2.0 m constant pressure.

- Leung Freon-11 Tube
(ANL) ID = 11.7 mm

L = 2.75 m
Uniform flux 2.1. 2.9 Linear flow decay at 4%/s.

with varying system pressure.

*
Outlet peaking 2.1 Inlet-flow blockage

Chopped-cosine
& inlet peaking 2.1 Inlet-flow blockage wfth

, system depressurization.

a. Moxon-Edwards Data 6

Twelve tests were conducted with an inlet exponential flow
decay that can be represented by the equation

Gin = 786 + 1926e-3.64t kg/m .s (1)
2

The onset of dryout was always detected at the exit by the
three-wire thermocouples. Figure I.3 compares the actual inlet velocity and
the assumed inlet velocity of Eq. 4, and the calculated exit velocity using the
CODA (present study) and SLIP code.' Agreement in the latter is satisfactory.
Three steady-state CHF correlations, namely, Bowring,10 Biasi et al.,Il and
CISE ,12 are used with the calculated local mass velocity and quality to predict
when and where dryout onset would occur. The result is shown in Fig. I.4,
where Bowring's correlation gives the best agreement in the dryout times.

- Using the Biasi correlation tends to overestimato the dryout time, whereas
using the CISE correlation yiel?a cie opposite trend. The prediction per-
formed by Whalley et al.18 using the Harwell annular-flow dryout model ' isl

~

also shown in Fig. I.4, and it is interesting to note that Harwell's prediction
is close to the CISE correlation and that both predict dryout times too early
in the transient.
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7b. Roumy's Data

- Only two transient tests conducted at 14 MPa are reported,
and the predicted dryout times for the fir;t test (27.3.1.2) using the Bowring,
Biasi et al., and CISE correlations are 0.79, 0.84, and 0.74 s, respectively,

whereas experimentally dryout was mea-
*

sured near the exit at 0.84 s. However, for
the second test, which was conducted in arest os.r.:

''."*. '*' different test section, the measured CHF at
*

-

[,,
_

Car Co. eurio.. 0.97 s was not predicted at all by any of the
i * | ," "'* *

_

three correlations. The critical-heat-flux,

^ * ' ' 'j ratio (CHFR = CHF/ local heat flux) is
y shown in Fig. I.5 as a function of time, and
j ,, . . the Bowring correlation gives a CHFR value
y of 1.14 at the moment of observed CHF,

@ while the other two correlations yield even__4

i higher values.
~~

r . .a

ONSEr OF CHF MAA614

3 It is of significance to compare the
grggcavro reported steady-state CHF data obtained in

this test section with the CHF correlations.
The result is shown in Fig. I.6 for a masso.. as as er os a, to u or

2velocity of 1500 kg/m .s. All the correla-- ri.e (..ci

tions overpredict CHF values, and at quality
Fig. I.S. CHF Approach in Roumy of about zero, Bowring's correlation over-

' ^"
estimates by about 17%. The calculated exiteg No 0- 62
fluid conditions at :neasured CHF onset are:

2mass velocity of 1200 kg/m s and quality of 0.02. The incapability of pre-
dicting a C'.-lF in this test is felt to be a result of discrepancy in correlating
the steady-state CHF data with the chosen correlations.

4o00 , ,

RouMr CHF DATA .
D 10 mm L . l.O m

\ P a l4 M Pe

\ 0 1500 k g /m's

3ooo . *)4 \NN _

'NN
'N\*.~. ..

Fig. I.6 f \*

S ..
Steady-state CHF Data maooo -

* -
-

of Roumy. A.9L Neg. $
\No. 900-79-622. ; . . \\w

N'. .

c .000. -

.

- 0.6 00 Os or
av ur -
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c. Data of Cumo et al.a

Cumo et al. reported about 150 tests for exponential flow de-
.

cay at equivalent BWR and PWR pressures in a Freon-12 system. Steady-
state CHF data were demonstratedToo

-
' ' ' '''''l ' ' ' ' '- to be well-correlated using the CISE-

400 - 0 7smm L 2.o m -

CNEN Freon correlation;" hence this- cuuo racon-i2 roo. Ta4=s'5"' -

Correlation is used to predict dryoute . Lo - l.8 =Pe
- -

onset during the transient. Only the
2oo - - first 10 tests have been analyzed, the

results being shown in Fig. I.7. Ing ,

O ,,,
_ general, good agreement is obtained

3 : -

for dryout times ranging from about
to - -

1 to 12 s.2 - -

y .

c 44 - -

g - -
d. ANL Flow Transientso

X

[ 28 .* - The first series consists
of fifteen 4%/s flow-coastdown tests,
which were intended to simulateio i . , ,,iiii , iiii

'" '"
,,,,,,,',,,,,],[,,,,,,,3 reactor-coolant-system pump-trip

* '" *"

accidents. Power remained constant
Fig. I.7. Results of CHF Prediction for Curno's to the uniformly heated tube during

.

Data. ANL Neg. No. 900-7S-592. the transient until being tripped by
an overheating protective circuit.

Again the CISE Freon correlation has been shown to correlate the steady-
_

state CHF data well. Figure I.8 shows the results using the local-condition
CHF prediction. The predicted times appear to be slightly conservative, on

50 . . . . . . . . .

I8 -

CISE-CNEN FREON CORRELATION
'

26 | LOC A T IO NS
,*

. 2 2 67 m 1
24 j0 2 241 m O

k I e i0 s o. .R Cw voio. 1

22 -
4

N

Fig. I.8 I g
* 20 - 0

Prediction of CHFUsing tocal-- |
-

# 4, ,
condition Hypothesis in 47o/s S 'o f

-

E I YFlow-decay Tests. ANL Neg.
No. 900-79-372. J '' -

/f f
i. - g a

.

3 L

12 -
,

"

.
_ . .

1
'

,< . . . . . . m. . .

4 10 12 14 16 18 20 22 24 26 26 so

f EMPT1 tert)9,
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the order of I s. Another well-known CHF hypothesis is the boiling-length
or hydrodynamic-condition hypothesis,

_

cCHF = x(L , G, P), (5)b

where Lb is the boiling length. This hypothesis has been shown to yield a bet-
ter prediction of steady-state CHF data than the local-condition hypothesisl6,17

for nonuniform heat-flux data. In
" the present prediction of transient' ' ' ' ' ' ' ' ' '

* -

cise- c=c= racon coaattario=
. CHF, the boiling length is taken

to be the instantaneous, saturated
** -

. Locations
- two-phase region in the tube. The

= . .s r .
2 _

= z =.o =
. results of the boiling-length anal-

* ysis are shown in Fig. I.9, where
_ _ "

- / -

better agreement is observed.
s 8*
- no - -

9 .: The second series consists*

f* - + = -

of five inlet-flow blockage exper-

, _ iments conducted in an outlet-*
, , , _

,

9 peaking test section. Table I.2#

'' -

/3
- lists the measured times to CHF

,, _ /'* _
at the last three heat-flux zones
as well as the predicted times-

* - - using both hypotheses. Note that
dryout occurred first in the next, , , , , , , , ,,

to the last zone (Zone D), ande o in i. . . no a. is as "

'c' - ' " " * " " ' this is predicted by the local-

condition hypothesis to within
Fig. I.9. Prediction of CHF Using Boiling-length

0.3 s. The boiling-length hy-Hypothesis in 4%/s Flow-decay Tests.
ANL Neg. No. 900-79-373 Pothesis, however, predicts dry-

out to occur first nearest to the

outlet and then to propagate upstream. Therefore the use of the local-

condition hypothesis in this case leads to a better prediction in terms of times
to CHF and its propagation. The results are summarized graphically in
Fig. I.10.

TABLE I.2. Comparison of Time to CHF for Flow Transients in
an Outlet-peaking Test Section

Zone C Zone D Zone E

z, ns 2.36 2.57 2.67
g/iii 1.35 1.16 0.81

tCH F,s

'

Run ID EXP LC BL EXP LC BL EXP LC BL

4231 4.3 4.0 4.6 3.7 3.6 4.0 4.6 3.9 3.9
,

4232 3.5 3.3 3.7 2.8 3.0 3.4 3.9 3.2 3.2
4241 4.9 4.9 > 5.0 4.2 4.3 4.8 5.1 4.4 4.6
4242 3.4 3.8 > 4.0 2.3 2.6 3.4 2.6 2.8 3.2
4243 1.9 1.8 2.6 1.4 1.2 1.6 1.8 1.5 1.5

Note: 9/5 = local heat flux to average heat flux; EXP = experimental measurement;
LC = local-condition prediction; and BL = boiling-length prediction.

1756 000
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10 , , , , i i

e4 - / - .

LOCATION LOCAL PF

/ /. a.w m Ls3
2.57 m t.14a74 * a 2.5 7 m &#t [ ~

T. S. N - R CUTLET PE AniNG !
' ' '

- e.0 .

/ / -

i -so s
2 ! /
5 Sa - /,/* -

Fig.I.10

/ [' f' Prediction of CHF Using local-R

g" .o. / condition Hypothesis in inlet-
*g f p flow Stoppage Tests. ANL Neg.

g,
, / p* a . No. 900-79-575.

E a'|/
/a.C .

,b
-

LO -
/a

,f , , , ,

O LO 2.0 3.0 4.0 5.0 6.0 7.0 54 EO
MEASURED f tME 70 CHF (Set)

e. ANL Combined Flow and Pressure Transients

Exit-break blowdown experiments are conducted in both .

chopped-cosine and inlet-peaking heat-flux test sections. The rapid depres-
surization of the heated section is accompanied by an inlet-flow stoppage un-
der constant power input. The prediction of CHF using the local-condition
hypothesis for Tests DB-170 and -315 is shown in Figs. I.ll and I.12, re-
spectively. In general, good agreement is obtained.

(in.1

0 10 to 30 40 SO 60 70 80 90 10 0 iso sto ISO
i i i i i i e i i a

ANL FREON-Is

TEST SECTION E
8.0- SYMME TRIC STEPPE 0 FLUX _,

e TC MEASUREMENTS

- PREDICTION BASED ON
CISE CORREL ATION

Fig. I.11

Prediction of CHF during Out-

,j ,,
_

* * ' 'g
let Break Test DB-170. ANL g
Neg. No. 900-79-586. . x o i.0

a
* 4.0- o, QUAUTY * 8.0 UNE ~

g

*
.

e

e3.0 -
gout -

t i e 1 i
0 08 f.0 16 2.0 2.5 30

A RI AL ELEVATION (m)
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s 40 -

-

5

e
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. . .

x < to
,
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_ Car ./ REwET

,
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O O.5 10 L5 to 2.5 30 3.5
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-

Fig. I.12. Prediction of CHF during Outlet Break
Test DB-315. ANL Neg. No. 900-79-620.

~

In summary, the present analysis using a simple thermal-
hydraulic code in combination with an appropriate CHF correlation can pre-
dict CHF onset during a wide range of flow transient. Future analyses will
be extended to include a combination of flow and pressure transients, with
and without flow reversals, and complex geometries.
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II. TRANSIENT FUEL RESPONSE AND FISSION-PRODUCT
RELEASE PROGRAM

.

P rincipal Inve stigators

J. Rest and S. M. Gehl, MSD

A. Introduction and Summary

A physically realistic description of fuel swelling and fission-gas re-
lease is needed to aid in predicting the behavior of fuel rods and fission gases
under certain hypothetical light-water-reactor (LWR) accident conditions.
To satisfy this need, a comprehensive computer-base model, the Steady-state
and Transient Gas-release and Swelling Subroutine (GRASS-SST), is being
developed at Argonne National Laboratory (ANL). This model is being incor-
porated into the Fuel-rod Analysis Program (FRAP) code being developed by
EG&G Idaho, Inc., at the Idaho National Engineering Laboratory (INEL).

The analytical effort is supported by a data base and correlations de-
veloped from characterization of irradiated LWR fuel and from out-of-reactor

transient heating tests of irradiated commercial ana experimental LWR fuel
under a range of thermal conditions.

- Emphasis in the early stages of the program has been on thermal con-
ditions in pressurized-water-reactor (PWR) fuel that are applicable to antici-
pated hypothetical power-cooling-mismatch (PCM) accidents. Recent efforts
include conditions typical of other types of hypothetical accidents. The pro-
gram is also developing information on fission-gas release during steady-
state and load-following operations.

Recent significant experimental and analytical advances at the end of
this quarter are summarized below:

1. GRASS-SST predictions for high-burnup gas release are in rea-
sonable agreement with the data of Zimmermann.2

2. In-cell installation and checkout of the replacement DEH test
chamber and specimen-preparation containment box have been completed.
The experimental DEH-testing program is now ready to resume.

B. Modeling of Fuel / Fission-product Behavior (J. Rest, MSD)

1. High-burnup Fission-gas Release
.

a. Introduction
-

GRASS-SST analyses this quarter of high-burnup (~ 10 at. %)
ifission-gas release data of Zimmermann for fuel temperatures between
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1250 and 2000 K has demonstrated that the code is unable to predict the mea-
sured releases. Zimmermann's experiments were designed to provide
relatively small thermal gradients across the fuel pellets. (Quantitative in- '

formation on the size of the gradients is not available.) Sensitivity analyses
with GRASS-SST indicate that a reasonable spread in the uncertainties in the
values of the thermal gradients are unable to account for the differences be-
tween prediction and measurement. For example, GRASS-SST predicts <1%
gas release for the 1250 K experiment, whereas, ~ 55% gas release was mea-
sured. In order to best gain a perspective on the nature of the deficiency in
the code, which prevents the prediction of Zimmermann's high-burnup gas-
release data, it is appropriate at this time to review some of the history and
methodology of GRASS-SST code development.

b. Paths for Fission-gas Release

A current problem in the modeling of fission-gas behavior is
identification of the dominant mechanisms of fission-gas mobility in nuclear
fuels. Fission gas (xenon and krypton) is generated through nuclear fission,
primarily within the UO2 (or U-PO ) grains. These gases are relatively in-2

soluble within the UO2 matrix and tend to nucleate into bubbles. The bubbles
can grow by coalescence and gas-atom diffusion, and can shrink by re-
solution. The fission gas can migrate both in atomic form and in bubbles by
either random or biased (in a temperature gradient) motion to the grain ~

boundaries, where the bubbles te id to grow. Grain-boundary bubbles may
also be susceptible to the effects of re-solution. Subsequently, the fission
gas on the grain boundaries can migrate to the grain edges.

In addition, if the grain boundaries become saturated with
gas, channels can form through bubble coalescence, enabling the gas to rap-
idly vent to the grain edges. Gas reaching a grain cdge deforms the edge and
contributes to the degree of interconnection be' ween grain edges. If the grain
edges and corners are interconnected to a free surface, the gas can escape to
the exterior of the fuel. Alternatively, grain boundaries weakened by the ac-
cumulation of fission gases (and other fission products) may fracture exten-
sively under stress and enable the gas to vent directly to the fuel-cladding
gap. Fission gas retained in the fuel contributes to fuel swelling.

The above scenario for gas migration from the interior to
the exterior of the fuel is, in general, widely accepted and is the one upon
which GRASS-SST is based.2 However, an overall understanding of, and ca-
pability to predict, fission-gas behavior in nuclear fuels is hampered by a
lack of detailed knowledge of the various processes involved in this migration.
One is interested in predicting the response of fission gas during normal op- '

eration as a function of fuel properties (e.g., grain size and grain growth),
fuel temperature and temperature gradient, power rating, and burnup; and
during transient or off-normal operation, as a function of irradiation history
(e.g., power rating and burnup) and accident scenario (e.g., heating-rate his-
tory). Consistency requires that, once a set of models has been developed to
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describe the synergistic interplay of the multitude of processes involved in
,

fission-gas behavior, they be applicable under the full range of normal and
off-normal conditions of interest. However, given the current range of un-

certainties in the properties and mechanisms of fuel and fission-gas response,
the ability of any particular model of f'.ssion-gas behavior to predict results
for a broad range of conditions is not obvious.

C. Bubble Diffusivities and Gas-atom Re-solution

For gas to be released from the fuel, it must first be expelled from
its birthplace within the grains. The rate at which the gas is released to the
grain boundaries during normal operation depends, in general, on the atomic
and gas-bubble diffusivities and on the gas-atom re-solution rate. Under
conditions in which bubble mobility is minimal (low-moderate temperature
regime), the forward flux of intragranular gas to the boundaries is composed

* mainly of the atomic species; the relatively immobile gas bubbles act as gas-
atom trapping sites. The average time that a gas atom spends trapped in a
bubble before it is knocked back into solution, either direction or indirectly,

by a fission fragment is given by the inverse of the re-solution rate, b.
Fission-gas bubbles located on the grain boundaries also undergo re-solution,
and this can create a backward flux of gas atoms into the lattice. Clearly, the
rate of fission-gas release to the grain edges, and the overall dependence of

'

this release rate on the value of b, is a strong function of the relative magni-

tudes of the forward and backward fluxes of gas atoms. For example, if the
.

forward and backward fluxes are of the same magnitude, the rate at which

fission gas arrives at the grain edges will be relatively insensitive to the ir-
radiation time. In general, the rate at which fission gas arrives at the grain

edges will be a strong function of b; this rate will increase or decrease with
an increase in b, depending on whether the forward flux is, respectively,

greater or less than the backward flux.

The magnitude of the backward flux is primarily a function of b (as
is the forward flux), intergranular bubble size, and the probability that an
atom ejected from a grain-boundary bubble actually reenters the lattice,
that is, the probability that an atom travels a re-solution distance dR that is
large compared to the grain-boundary gas-atom recapture distance dc. The
latter is the maximum distance a gas atom can move from the boundary be-
fore losing a high-diffusivity path back to the grain surface. (The intergran-
ular atomic and gas-bubble diffusivities are thought to ',2 substantially higher

than those for intragranular fission gas, owing to the existence of ledges on
the grain surface.) For intergranular bubble sin s that are small compared
to dR, the magnitude of the backward flux depends essentially on b and on

'

the relative magnitude between dR and dc. For bubble sizes that are large
compared to da, the magnitude of the backward flux is relatively independent

.
of b; on the average, " knocked" gas atoms do not travel far enough within the
bubble to escape from it and thus remain trapped.
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For the low-moderate temperature environments where the bubble
mobility is low, the rate of gas release will be mainly re-solution controlled, .

and will be relatively insensitive to changes in the intragranular gas-atom
and bubble diffusivities. However, because the ratio between the forward and

backward gas-atom fluxes is dependent on intra- and intergranular bubble
sizes, and since these bubble sizes are, in general, dependent on the irradi-
ation time, fuel temperature, and rating, the overall dependence of the fission-
gas release rate on b will, in general, be a function of the fuel power history
and burnup.

Within high-temperature and high-temperature-gradient environments
(e.g., the column: r-grain-growth region), where the gas bubbles have sub-
stantial mobility, the rate at which the gas reaches the grain edges will be
relatively insensitive to b end strongly dependent on the value of the gas-
bubble diffusivity. On the other hand, the average size of such bubbles will
be dependent on b, and thus the velocity of these bubbles, which is in general
a function of their size, will be indirectly dependent on b. However, within

the high-temperature environment, the bubbles are expected to grow to sizes
much larger than the re-solution distance, and thus the dependence of bubble
velocity on re-solution rate will be minimal.

The above discussion indicates that an accurate (i.e., GRASS-SST)
,

description of intra- and intergranular fission-gas behavior requires quanti-
tative information on the gas-atom and bubble diffusivities, re-solution rate,
re-solution distance, grain-boundary gas-atom recapture distance, and phys- -

ically realistic descriptions of the interactive dependence of fission-gas be-
havior on these parameters.

D. Gas-bubble Swelling, Grain-edge Po-osity Interconnection, and Grain-
boundary Separation

Once the fission gas has reached the grain edges, it remains trapped
there unless a path exists from the grain edges to the exterior of the fuel.

3Experimentally, it has been observed that long-range interconnection of
grain-edge porosity is a function of the strain due to grain-edge gas-bubble
swelling. Thus, to calculate the rate of fission-gas release from the fuel, one
must be able to calculate the evolution of, first, the grain-edge gas-bubble
swelling, and second, the grain-edge porosity interconnection. These calcu-
lations are further complicated by the apparent influence of the as-fabricated4

porosity on the degree of grain-edge porosity interconnection (at least for
fuel densities les s than approximately 90% TD).

The accumulation of fission gas (and other fission products) on grain
.

boundaries and edges tends to degrade the strength of the boundary, and
grain-boundary separation may result if the stresses on the boundary excced
the boundary fracture strength. Experimentally, a change in the mode of fuel
fracture from predominantly intra- to intergranular has been observed' in
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high-burnup fuel irradiated at relatively low temperatures. Extensive grain-
6boundary separation has been observed to occur during the DEH transient

heating tests on irradiated commercial UOz fuel. A correlation has been
noted between the increase in pore-solid interfacial surface area during these
tests and the amount of fission gas released. SEM examination of the tested

specimens indicates that intergranular separations can form by the diffusion-
controlled processes of growth and coalescence of fission-gas bubbles.

In addition, this gradual procesr ~ bubble growth and coalescence to
form channels and channel coalescence o torm separations can be interrupted
by the more rapid process of crack propagation. C rack propagation results
from stresses on weakened grain boundaries. The stresses responsible for
cracking are the result of applied axial load, differential thermal expansion,
solid fission-product swelling, and the pressurization of intergranular fission-

7gas bubbles. Grain-boundary separation has also been observed in fuel tested
in the PBF reactor in Idaho and in commercial fuel that had undergone a power
excursion in the Dresden reactor in Illinois.

Thus, to accurately predict the release of fission gas from ' rain

boundaries and edges, one must be able to calculate not only the evalution of
the grain-edge porosity interconnection, but also the onset and degree of
grain-boundacy separation. These two phenomena are somewhat interdepen-
dent in that they are both precipitated, in part, by the accumulation of fission*

gas. Whether one or the other or both phenomena occur is dependent on fuel
type (e.g., grain size or density) as well as on the particular operating sce-
na rio consideration.

E. Fission-gas Bubble Mobilities during Transient Heating and the Predic-

tion of Fission-gas Behavior under Normal Irradiation Conditions

Several researchers,8'' including the pres ent author,2 have been
forced to the con lusion that bubble mobility during transient heating is

greater than during normal irradiation conditions. However, the present
author concurs with those who think it is rather risky to make model predic-
tions, especially for time scales where little experimental data are available,
without having clarified the basic mechanisms of gas-bubble behavior under

normal irradiation conditions.

Model predictions for fission-gas behavior during normal irradiation

conditions can be compared with many types of measurements, when avail-
able: intra- and intergranular bubble-size distributions, gas release, radial

distribution of retained gas, amount of fission gas at grain boundaries and
'

edges, fuel swelling, and so on. These measurements (and predictions) can
be made for fuels of various types irradiated at different temperatures, power
ratings, and burnups. Comparing predictions with only a small subset of data

~

(for example, only total gas-release measurements) is unsatisfactory in that
information on the particular fission-gas behavioral mechanisms operative is
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not readily apparent and thus is not readily verifiable. Identification of fission-
gas behavioral mechanisms is essential for a thorough understanding of the -

phenomena, and for assuring the applicability of the models to other operating
environments. Unfortunately, verification of model predictions is hindered by

the inadequacy of the available data.

To develop and verify models describing a broad range of phenomena,
one requires specific data spanning the conditions of interest. Unfortunately,
this type of data is not generally available. For example, data from high-
burnup irradiations consist mainly of fission-gas release measurements. Still
lacking are data on the size and morphology of the fission-gas bubbles, fuel
microstructure, etc. In addition, most high-burnup data are from fuel pins of
varying types and power ratings. Thus it is a complex, if not impossible, job
to sort out the specific mechanisms that resulted in the release of the gas
(for example, temperature-dependent versus burnup-dependent phenomena).

Heretofore, GRASS-SST developmer.t and verification was primarily
based on certain specific data which were available at the time; i.e., intra-

granular bubble sizes in, and total fission-gas release from, as-irradiated

relatively low-burnup; low-temperature (H. B. Robinson) fuel; gas release
from as-irradiated relatively low-burnup, high-temperature (Saxton, CVTR)
fuel; and the results of DEH transient testa on the fuel irradiated in the Saxton

.

and H. B. Robinson reactors. Values for the bubble diffusivity, re-solution

rate, and re-solution distance were chosen such that they were compatible
with the uncertainties in the measured values, and the model predictions for -

as-irradiated intragranular bubble size agreed with the data. In addition, a

value for the fraction of intergranular gas undergoing re-solution that re-

enters the lattice was chosen such that when coupled to the models for grain-
boundary-bubble diffusion and grain-edge porosity interconnection, the
calculations for total gas release were also in agreement with the data. Thus,

relative values for the intragranular bubble diffusivity and gas-atom re-
solution rate, and a value for the fraction of intergranular gas undergoing re-

solution which reenters the lattice, were chosen such that when combined with

the models for the evolution of the grain-edge porosity accounted for the ex-
perimental measurements on the as-irradiated fuel.

Note that the GRASS-SST (empirically-based) values for intragranular
bubble diffusion are significantly smaller than those predicted by the theoret-
ical treatment of bubble mobility by surface diffusion. The physical basis for

this apparent discrepancy is as follows. Under equilibrium conditions, the
bubbles may be faceted, and the rate of motion of a faceted bubble is deter-

mined by the frequency of nucleation of steps instead of the time required for .

atoms to move from a step on one side of a bubble to a step on the other side.
That is, the atom attachment and detachment rate is slower than predicted by
surface diffusion. The GRASS-SST values for grain-boundary bubble diffusiv- -

ities are close to the values predicted by the theoretical treatment of bubble

mobility by surface diffusion. This choice is reasonable because of the ledg-
ing along the boundary surface, which should facilitate enhanced diffusion.
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Subsequently, these calculations were used to predict the release of
,

gas during DEH transient-heating tests on irradiated H. B. Robinson fuel

pellets. The results showed that the predictions were significantly lower
than the measured gas-release results and significantly higher than the mea-
sured intragranular bubble sizes. After exhausting all other possibilities,

we reached the conclusion that all the evidence pointed toward enhanced mo-
bilities during transient (nonequilibrium) conditions. A description of the
noninstantaneous rate of growth of coalescing bubbles was initially included,

on the supposition that the absence of this model caused the earlier discrep-
ancies. However, further analyses indicated that, although the inclusion of
this model resulted in acceptable calculated posttransient intragranular bub-
ble sizes, the prediction of transient fission-gas release was still substantially
below the measured values (i.e., the reduction in calculated size of the intra-

granular bubbles did not increase their mobility enough to account for the ob-
served releases). Thus, one was led to the hypothesis that during transient
heating the mobilities are increased beyond their as-irradiated values.

Bubbles intersected by dislocations have higher diffusivities than bub-

bles in a perfect lattice. The bubble diffusivities were satisfactorily de-

scribed by a rate-controlling nucleation mechanism, in which ledges introduced

into the bubble surface by the dislocation rotated about the dislocation, causing

the bubble to migrate. Since dislocations may extend to the grain surfaces,

they can serve as channels that facilitate the migration of the bubbles out of

the grains to the grain boundaries. During steady-state heating, the dislocation

density is relatively small, and the effective diffusivities of the intragranular

bubbles would not be expected to be appreciably altered.

However, during transient heating, differential thermal expansion and
external loads can increase dislocation densities. The stress field around an

overpressurized bubble can lead to additional increases in the dislocation

density near the bubble. Overpressurization is due to a lack of vacancies in
a lattice that is not in thermodynamic equilibrium. If the overpressure in a
bubble results in an equivalent stress that exceeds the yield strength of the
UOz, then plastic deformation of the material around the bubble will result.

Since the bubble surface intersects the resultant dislocations, ledges are pro-
duced that can facilitate atom attachment and detachment.

Since plastic deformation of the UO2 due to an overpressurized bubble
is expected to result in a high density of dislocations around the bubble sur-

face, the diffusivity of such a bubble would be expected to increase rapidly.
In effect, bubble diffusion would depend more on the time required for atoms
to move from a step on one side of a bubble to a step on the other (i.e., surface

'

diffusion) than on the frequency of nucleation of steps.

,
As the lattice approaches thermodynamic equilibrium, the bubbles ex-

pand at a faster rate, as a result of the availability of lattice vacancies, and
lose their overpressurization. When the material around a bubble is no longer
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undergoing plastic deformation, the dislocations quickly anneal out. Under
these conditions, bubble mobility is quickly reduced as the diffusion of the
bubbles becomes once again dominated by the frequency of step nucleation.

,

Subsequently, the above model for the enhanced mobilities of fission-
gas bubbles during nonequilibrium heating conditions was included in the
GRASS-SST calculations; this resulted in satisfactory predictions of fission-
gas release during the transient. We had thus arrived at a " state-of-the-art"

statement about the behavior of fission gas during normal and off-normal op-
erating conditions consistent with the available data.

F. High-burnup Fission-gas-release Predictions

However, as stated in the introduction, analyses performed this quar-
ter have shown that GRASS-SST is unable to account for the substantial re-
leases of fissicn gas from low-temperature, high-burnup fuel pellets; the
calculations result in predictions of fractional fission-gas release that are
significantly smaller than what is actually observed.

Subsequent analyses have resulted in the following observations. At
low temperature, the calculations predict a backward flux of gas atoms into
the lattice due to grain-boundary-bubble re-solution of the same magnitude
as the forward flux of gas from the lattice to the grain boundaries. Thus,
very little gas is available for transport to the grain edges. This situation
is relatively insensitive to the degree of burnup. Several possible remedies
come to mind. The intragranular diffusivities could be increased (at the same
time, the re-solution rate should be increased in order to retain the predic-
tion of intragranular bubble size), or the effectiveness of grain-boundary-
bubble re-solution could be decreased, or both. The prediction of gas re-
lease for the as-irradiated condition would be relatively unaffected by a
decrease in the effectiveness of intergranular re-solution because the irra-
diations were at a relatively high temperature where bubble mobility would
be substantial and/or at a relatively low burnup. Thus, this choice would
perhaps be the most reasonable and, in fact, is the one that has been imple-
mented into the GRASS SST code.

In principle, intragranular bubble diffusivities under irradiation con-
ditions could approach those predicted by the theory of surface diffusion. The
effect of facets on the bubble surface, which appear to be the reason for the
reduced mobilities observed during isothermal anneals, might be obscured
a great degree during irradiation as a result of irradiation damage and as-
sociated vacancy and defect production. In turn, higher values of the re-
solution rate might be more in line with current experimental results. .

The grain-boundary-bubble re-solution rate could be reduced by either
growing larger grain-boundary bubbles such that the bubble size is much

larger, on the average, than the re-solution distance, or by using a re-solution
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distance smaller than the grain-boundary gas-atom recapture distance. The
ejected gas atoms then travel high-diffusivity paths back to the gas bubble so
that, effectively, they have not been lost from the bubble. More definite an-
swers to the questions raised in the above discussion must await further ex-

periments and analyses of the observed phenomena.

Figure II.1 shows GRASS-SST predictions for fission-gas release as
a function of burnup for irradiations at 1250,1500,1750, and 2000 K, respec-
tively, compared with the data of Zimmermann.! As discussed above, the
calculations shown in Fig. II.1 were made after implementing into the code

the assumption that grain-boundary-
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the predicted values for the amount

of retained gas on grain-boundaries and edges and the grain-boundary-bubble
sizes were somewhat increased from their previous values. Thus, since the
predicted initial conditions in the fuel have changed, the predicted behavior
during the DEH transient heating tests is expected to be somewhat modified.
Analyses along these lines are continuing and will be described in upcoming
quarterly reports.

G. Experimental Program (S. M. Gehl, MSD)

1. Replacement DEH Chamber (S. M. Gehl, D. S. Butler, and
D. R. Pepalis, MSD)

All the effort in the experimental program was directed toward
~

in-cell installation and checkout of the replacement DEH chamber and
specimen-preparation containment box. A few minor problems with the elec-

,
trical connections to the test chamber were discovered; these were easily

corrected. More serious difficulties were encountered with the containment

box. For example, the box was found to have several leaks, the location of
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which was hampered by problems with the leak-detection equipment. The dif-
ficulty of correcting the problems associated with the test chamber and con-
tainment box was compounded by the necessity of making all repairs while
the equipment was inside the hot cell.

All these problems resulted in a two-month delay in the DEH test
program. However, by the end of the reporting period, the equipment was in

'rking order and DEH testing was scheduled to resume...
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III. MECHANICAL PROPERTIES OF ZIRCALOY

-

H. M. Chung and T. F. Kassner, MSD

A. Summary

Since diametral-compression data on oxidized Zircaloy cladding were
considered in the establishment of the present oxidation limits in the accep-
tance criteria for emergency-core-cooling systems (ECCS's) in light-water
reactors (LWR's), the compression properties of ballooned and ruptured tubes
were evaluated for comparison with results from ririg-compression tests on
segments of undeformed' and deformed '3 cladding after oxidation in steam.2

Information on the plastic deflection to maximum load, the total deflection to
pellet-cladding contact or fragmentation, and the integrated energies to max-
imum load and fragmentation was obtained from load-deflection curves at

300 K. The results were correlated with various measured and cC 41at ed
oxidation-related parameters and the hydrogen content of the clad <.ing.

Although the tube-compression data were not sufficient to define a

failure boundary for cladding-pellet contact relative to the time-temperature
oxidation conditions, the results conclusively show that the 0.3-J impact-
failure boundary provides a more severe limitation on the oxidation conditions.

.

Several tensile tests were performed to determine the strength and
ductility of ballooned and ruptured cladding after long-term oxidation in

'

steam. The results indicate that the cladding can sustain quite large loads
(100-500 kg); however, the total elongations are small ($3 mm for a
200-mm-long specimen).

Based upon the thermal-shock, impact, and diametral-compression
properties of oxidized Zircaloy cladding and quantitative correlations of this

information with various oxidation-related parameters, embrittlement

criteria that encompass the mechanical response of the cladding under dif-

ferent loading modes have been formulated. Oxidation limits to ensure that the

cladding can withstand thermal-shock and mechanical loads during LOCA
situatio- s in LWR's were stated relative to the minimum cladding wall thick-

ness with a specified maximum oxygen concentration. The criteria are
applicable irrespective of the oxidation temperature, initial wall thickness,

wall thickness that results from deformation under internal pressure, and the

total oxygen content of the cladding.

B. Diametral Tube-compression Properties of Ruptured Zircaloy-4 Cladding
.

The deformed cladding that survived thermal shock and impact loads,
corresponding to energies of 0.15 and 0.3 J, was used to evaluate the diametral-

*

compression properties at 300 K. Figure III.1 is a schematic representation
of a ruptured tube and the sequence of axial locations in which the compression

1 ,' ~F1
I/av
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* t0Cno= 0r mmmuPLt SPOT-stLD tests were performed. The diameter of the
O cladding in each location was measured be- -

f [h fore the test in the directions parallel andO

@7CIm*111b d perpendicular to the axis of compression. The
region of largest diameter, usually near the
rupture location, was compressed first,40 ettui auPfunt

3 PEW followed by other ballooned regions, andu p o0m.

" ' ' " " " "
lastly the regions of small diametral expan-

Fig. III.1. Schematic Representation of a sion adjacent to the ballooned regions for
ZircaloyCladding specimen which the time-temperature history was
afterRupture in steamShowing known. Compression of each location at a
the Sequence of Axiallocations rate of 0.04 mm/s was continued up to the
forCompressionTestsused to moment of cladding fragmentation or cladding-
Determine the Deflection t pellet contact. The time at which the cladding

c ntacted the alumina pellet could easily beP 1 e -Cladd ng o ac . ANL
Neg. No. 30G-79-400 detected as indicated by the abrupt increase

in load in Fig. III.2. When the cladding frag-
mented before cladding-pellet contact, the load dropped abruptly to a small
value as shown on the load-deflection curve in Fig. III.3.
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Fig.111.2. Typical Load-vs-Deflection Curves from Diametral Tube-compression Tests
on Ruptured Zircaloy-4 Cladding Showing an Abrupt Increase in Load due to -

Contact between the Cladding and Pellet. The tube was ruptured at ~1055 K.
oxidized in steam for 1840 s at a maximum temperature of 1419 K, cooled
to ~1100 K at ~5 K/s, and flooded with water. The specimen survived
thermal-shock and pendulum impact at an energy of 0.3 J at 300 K. The
load-deflection curves correspond to the following conditions: (A) ~80 mm
from the rupture center, circumferential strain ~0.06 temperature 1287 K.
and (B) ~35 mm from the rupture center, circumferential strain 0.122

756 09r-3temperature 1353 K. ANL Neg. Nos. 30G-79-410 and 30G-79-395 Rev.1.
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j |
3

| | Fig. III.3
i 'I

4c

- - - Typical Load-vs-Deflection Curve fram Di-
ametral Tube-compression Test on Rupturedsc- m

a
,

7cAoy _ Zircaloy-4 Cladding Showing an Abruptt

5 #U- y, Decrease in Load due to Fragmentation of
,,g,m,E the Tube. The load-deflection curve corre-

" , *
-

| 1
-

sponds to the following conditions: com-
ic -

g
- pression at the rupture center.

I - circumferential strain 0.74, oxidation time
- _ @h ! ! !* I l l ' and temperature 1840 s and 1303 K.o

i 2 3 4
respectively. ANI. Neg. No. 306-70-408

DULECTION (mml

Segments of the cladding were retained after the compression tests

for metallographic evaluation and hydrogen analyses. The thicknesses of the
oxide, stabilized-or, and transformed s-phase layers were determined by
either optical or scanning-electron microscopy. If the local temperature
during the isothermal oxidation period was not constant within 7 K, metallo-

graphic and hydrogen analyses were not performed on the material. The
hydrogen analyses and the measured and calculated oxidation parameters are
tabulated in Sec. III.D below, along with the mechanical-deformation data.

To enable a relative comparison of the capability of the oxidized
lcladding to survive deformation by impact and compressive loads at room-

temperature, the tube-compression data (i.e., the time-temperature condi-
.

tions for which the cladding encountered pellet contact, or a total deflection
of >3 mm and a total integrated energy to fragmentation of >0.3 J in a slow
compression test) are plotted in Fig. III.4. The open symbols denote cladding
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3 hse0
sm0.3-J room-temperature impact as well as the 171 ECR g RATIO
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that met these conditions (i.e., " intact") in contrast to tubes that fragmented
before either a total deflection of <3 mm or a total integrated energy of -

<0.3 J was attained (i.e. , " failed"). For comparison, Fig. III.4 also shows the
best-estimate 0.3-J impact - and thermal-shock-failure boundaries as well as
the calculated 17% equivalent-cladding-reacted (ECR) oxidation limit., for
cladding with two wall-thickness ratios.

Although the tube-compression data are not sufficient to satisfactorily
define a failure boundary for cladding-pellet contact, the time-temperature
oxidation ccaditions in Fig. III.4 show conclusively that the 0.3-J impact-
failure huundary provides a more severe limitation on the oxidation conditions;
i. e. cladding that survives an impact energy of 0.3 J will necessarily with-
stand thermal-shock loads, diametral deflections of ~ 3 mm without fragmenta-
tion, and an integrated energy from the load-deflection curve of ~0.3 J.

In contrast to the properties at fracture, values for the deflection and
integrated energy to the point of maximum load on load-deflection s 'arves
from the tube-compression tests provide a better basis for compa:.ison with
results from compression tests on ring segments of undeformed cladding! and
data from ring segments of deformed cladding obtained by Kawasaki et al.2.3

ISOTHERMAL CxtDATON TEWERATURE Pa In Fig. III.5, the time-temperature
,

g'5mlam 13T J2m um e 9m conditions during oxidation that result in
8H I R I 7 i

an integrated energy of ~0.3 J (calculated6F enEo
4"

ENERGY to the point of maximum load on a load- .

2- j~ 3 j ' , versus-deficction curve) were, in general,3

,0. _ greater for the tube specimens in this
j || 2" investigation relative to the 15-mm-long

Ly4 ring specimens in the work of Kawasaki%

$2L IuliE CCMPRESSiON ,4 ep[ o et al. * This occurs because the extent30 ,,,,

d TEST g'* 0W of oxidation and the hydrogen uptakeo 20 mieig 10 L ee o

|[ f characteristics of the ballooned and rup-c a _ c ,,,* L g o, tured cladding in our experiments varyg 4 o
g

u FRCN ANL ***v with axial position due to a nonuniform2

j g[ '* .'f .' ' M axial temperature profile. Cons equ ently,
^ '

'f ' , ' an axial crack can propagate into regions'

g $%,gc33,0,/4L ./

_ ,

of relatively tough material (i.e., less,

[] TESTS
- 30 s oxidation due to a lower temperature) and

thus sustain a high load. Whereas the~j; , y, ,
10

60 ro 80 90 time-temperature conditions associated
u r i to* ( d with impact and tube-compressior. failure

boundaries of 0.3 J are similar, the
ag. n!.5 0.3-J failure boundaries deduced from

~

Time-Temperature Oxidation ConJitions R ult- ring-compression tests on deformed '32

ing inintegrated EnergiestoMaumumload as well as undeformedl cladding are .

above and below 0.3 J from load-vs-Deflection considerably lower.
Curves duringSlow DiametralCompression of

2Tube (this study) and Ring Specimens ,3 at 300
Figures III.6 and III.7 show theand 373 K, Respectively. The 0.3-J impact-

failure boundary from tests on identical tubes is plastic deflection to maximum load as

shown forcomparison. ANLNeg.No.30G-73-398 functions of the Fphase centerline oxygen

175' 097
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content and the hydrogen content of the cladding, respectively. These data
'

are similar to the results obtained by Kawasaki et al.2.3 from 15-mm-long
ring segments of ballooned cladding, since the maximum load in a tube- or

ring-compression test corresponds to the formation of the initial axial crack.

Although the results in Figs. III.6 and III.7 indicate that the ductility decreases
markedly as the oxygen and hydrogen concentration increase, the combined
effect of these elements is better represented by the three-dimensional plot
in Fig. III.8. For comparison, the figure includes several points calculated
from the results of Kawasaki et al.2.3 The effect of oxygen and hydrogen on
the plastic deflection to the point of maximum load can be more easily
visualized in Fig. III 9, obtained by interpolation of the data in the previous
figu re. The amount of plastic deflection to the point of the initial crack
(i.e. , maximura load) during slow diametral compression decreases rapidly as
the oxygen and hydrogen concentrations in the cladding increase individually
or in combination.

'
I I I I I I I i

8 - -

j r_ .
_

8
|'- Fig. III.6
3

E SH - Plastic Deflection to Maximum Load at 300 K from Diametral.

C Tube-compression Tests on Zircaloy-4 Cladding as a Function of
n S-phase Centerline Oxygen Concentration. ANL Neg.
2r - No. 300-79-414 Rev.1.3
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In contrast to the thermal-shock-failure limit, the various measured

and calculated properties from diametral-compression load-deflection curves
do not provide an a-priori failure criterion t'nat is applicable to Zircaloy fuel
cladding under accident situations in LWR's, but are merely indications of
material toughness determined by different methods.

C. Tensile Properties of Zircaloy-4 Cladding after Rupture and Oxidation
in Steam

Several tests were performed to determine the tensile strength and
ductility of ballooned and ruptured cladding after long-term oxidation in steam.

'

The tests were performed to obtain semiquantitative informa tion on the maxi-
mum tensile strength of cladding that had been oxidized in steam under time-

temperature conditions near the 0.3-J impact-failure boundary.1

1756 099
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i r- T i Figure III 10 is a typical load-
2x- - elongation curve at 300 K for cladding that

was ruptured and oxidized in steam, cooled
-

through the temperature range of the
'5 ~ -

s - o' phase transformation at a rate of

~ 5 K/ s, and bottom-flooded with water.
V Figure III.11 shows that the tensile fractures,

@ im- which occur in the ballooned region, as well
as at locations away from the rupture, are
predominantly circumferential. The oxida-

50 - tion time and axial temperature variation

caoss4aa smo 0043 a for the specimens shown in Fig. III.I1 are

indicated by the horizontal bars in Fig. III.12.

,1, Q The relevant measured and calculatedc i l
g ,g

too. car %, oxidation-related parameters, hydrogen
content of the cladding, and load-elongation

Fig. III.10 data are summarized in Sec. D below. Al-
though the total elongations are smallIoad-vs-Elon;ation Curve at 300 K for a

Zircaloy-4 Sp cimen Oxidized in Steam (s3 mm), the loads are quite large (100-
at 1218-1273 K for 30 min. Cooled to 500 kg) for cladding that was oxidized on
~1100 K at 5 :Us. and Flooded with Water. the inner and outer surfaces at maximum
Crosshead speed, 0.043 mm/s. ANL Neg. temperatures between -1370 and 1420 K
No. 300-79-987. for periods 225 min.,
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D. Tabulation of Impact, Diametral Tube-compression, and Tensile Data foi
Ruptured Zircaloy-4 Cladding

.

Results from room-temperatur e impact, diametral tube-comyression,
and uniaxial-tensile tests on ruptur2d Zircaloy cladding after oxidation of the
inner and outer surfaces in steam are tabulated in Tables III.1-III.3. Table III.1
contains data on the pendulum-impact properties of cladding, wnich was rup-
tured and oxidized in steam, cooled through the temperature range of the
S - od phase transformation at a rate of ~5 K/s, and quenched by bottom-
flooding with water. These data were presented graphically in previous re-
ports. Table III.2 summarizes results from diametral tube-compression
tests on cladding that survived both thermal-shock and impact loads, and
Table III.3 contains data from six uniaxial-tensile tests on ruptured and ox-
idized cladding. The oxidation conditions, phase-layer thicknesses, oxidation-
related parameters, and hydrogen content are specified along with the
deformat'on properties.

E. Recommended Zircaloy Embrittlement Criteria Based upon the Results
of This Investigation

Embrittlement criteria, which encompass the mechanical response of
the cladding under different loading modes, have been formulated relative to
the thermal-shock and impact resistance of material with critical thicknesses -

of the transformed s-phase layer containing maximum oxygen contents.
Recommended embrittlement criteria based upon results from this

4investigation are as follows:

1. Capability to Withstand Thermal Shock during LOCA Reflood

The calculated thickness of the cladding with so.9 wt % oxygen,
based on the average wall thickness at any axial location, shall
be greater than 0.1 mm.

2. Capability for Fuel Handling, Transport, and Interim Storage of
Oxidized Fuel Assemblies

The calculated thickness of the cladding with s0.7 wt % oxygen,
based on the average wall thickness at any axial location, shall
be greater than 0.3 mm.

The above criteria are applicable irrespective of the oxidation tem-
perature, initial wall thickness, wall thickness that results from ballooning
deformation, and the total oxygen content of the cladding. Since local hydrogen
ptake by the cladding depends on a number of factors in addition to the time -

and temperature of oxidation, it is not possible to specify an upper limit that
can be based upon readily controlled independent variables. For a wide range
of experimental conditions of the integral tube-burst / thermal-shock tests, the
influence of hydrogen at concentrations up to ~2200 ppm is incorporated in
the thermal-shock and low-temperature deformation properties upon which the
criteria are based. -

\156 \D\
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TAall 111.1 (%g y

*1epect velocity et si.? m/s at MO 5.
Definittoa of symbols,

a e masteum circumf erential strata of ballooned cladding.
50A * burst opeates arean values of 110 em2 are indicative of a etahole rupture Laduced by a thereocouple spot weld.

Teep. = easteum isschermal esidattom temperature.
t * time at the isothermal osidation temperature.

Egy - asial distance between the end of the burst opening and the point of impset,
&1 = claddlag diaarter et the location of impact, parallel to the appiled load.
D2 * cladding diameter et the location of tepecti perpendicular to the applied load.

b'TS * eal1+thickmese ret to, t.e., fat to of the vsLL thiskaese famediately af ter rupture (i.e., before isothermal enidaties)
to the origtaal wall thicknese.

Is * impact energy that the cledding has survived at 300 E.
ly * ispect energy at which the cladding has failed at 300 E.

FNC = code for the failure mode of the cladding by Lepacts 16 and 33 denote cladding istsct 'af ter impact et se energy of 0.13 and
0.1 J respectively; frt and SIT denote sepact f ailure la a nonballoosed or balloomed region of the tube, roepectively, where
1 sigaf fles the aumber of cladding f rageerts (E * $ denotes 15) and T indicates the crack ortestattom, e.g., predominantly
<trcumfereettal. Og predominantly astsi 13 and sised-wode 2.

Cs * hydro 5ea concentrattom.

C * outer-dtemeter enide-layer thickness.

t* a auter4temeter e-layer thickness.
,

g t, . .. la,.e th .c. .. .

e . e r.41. t.r .1 .e th,. ...

t = inner-diameter oside-layer thidness.

ECR * apivalent cladding reacted.
F = fracticasi thickaese of the transforoud 51ayer beoed on ths original tea 11 thichaese.

C, = esygen concentrattom at the centerline of the 6 layer.3

FES = f ractional esterstica of the 8 phase with ouYE***
L ,, e thickness of 8-phase layer contefalog {0.T wt 1 esygen.o
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TABLE III.3. Tensile Properties of Six Zircaloy-4 Cladding Specimens after Rupture and Oxidation in Steamba

o o I I
C C. C. C,. Cox. 3 g ox'

-2 -2Test Temp., t. BOA, ZBF. L* '* c 10-2 10' 10' 10 10 ECR, C2 m , .No. K s mm m p WIR kg m J ppm mm em mm mm um 1 wt 7
E

CR-2* 1273 1800 46.1 14.4 0.102 0.99 290.2 0.23 3.240 - 6.6 2.6 49.8 2.5 5.3 13.83 0.17
d

BSF-530 1189 1800 325.6 0.0 1.290 0.54 - - - 55 1.0 1.9 29.0 1.9 1.0 5.78 0.13
-534 N1270 1800 - 37.1 0.142 0.92 -

- d - 242 1.6 8.3 40.8 7.5 1.5 6.96 0.17
-539 1422 1800 - 54.2 0.034 1.00 404.2 1.75 3.491 642 1.9 9.6 40.2 8.2 9.5 16.82 0.47

BSF-540 894 3600 164.2 0.0 0.950 0.64 496.5 3.43' 6.810 50 2.0 19.0 0.0 19.0 1.9 13.56 0.14
-541 1423 3600 - 14.9 0.143 0.80 - - - 41 2.7 6.5 35.5 5.8 2.4 11.84 0.47
-542 1123 3600 - 36.5 0.181 0.93 - - - 125 2. 7 5.2 44.0 5.4 3.8 9.65 0.12

KD-20 1215 1900 38.4 0.0 0.655 0.67 182.2 1.74' 1.440 43 2.2 5.0 29.8 4.8 2.5 9.99 0.13
-22 1243 1900 - 9. 0 0.209 0.84 - - - 41 2.1 3.5 43.2 4.0 2.1 7.17 0.13
-24 1203 1900 - 33.4 0.042 0.97 - - - 48 1.8 3.2 52.8 3.4 1.3 5.06 0.13

HD-30 1273 1800 1.7 0.0 0.321 0.83 - - - 134 7.4 5.5 32.2 6.0 6.4 19.65 0.18
-39 1356 1800 - 38.8 0.042 0.99 190.5 0.97 0.705 1725 7.7 8.2 34.0 8.2 12.2 24.57 0.35
-34 1283 1800 - 27.0 0.081 0.94 - - - 24 1.8 2.7 52.2 2.6 1.8 5.72 0.17

HD-40 1248 1800 69.8 0.0 0.709 0.67 149.9 1.27' O.934 31 1.6 2.1 36.0 2.1 1.7 6.80 0.13
-43 1277 1800 - 22.1 0.061 0.97 - - - 228 5.6 5.8 42.8 5.7 6.2 14.78 0.17
-45 1033 1800 - 28.5 0.011 0.97 - - - 45 1.0 30.2 0.0 30.2 1.0 8.56 0.12

aTest temperature and crosshead speed are 300 K and 0.043 mm/s, respectively.
bDefinitions are the same as in Tables 111.1 and 111.2 with the following additions.
cp = average diametral strain due to deformation during ballooning and rupture.
L, = maximum tensile load.
t = total elongation at fracture.

cTest temperature 430 K crosshead speed 0.254 mm/s.
dPredominantly circumferential fracture in a nonballooned region.
'Predominantly circumferential fracture in the ballooned region.
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In comparison with the criterion for thermal-shock failure, the maxi-

mum oxidation limits in the acceptance criteria for ECCS's in LWR's (i.e., peak .

cladding temperature of 1477 K and total oxidation of the cladding less than
0.17 times the total cladding thickness before oxidation) are quite conservative.
However, evaluation models, which are used to calculate the expected perfor-
mance of the ECCS, must properly account for the extent of wall thinning due
to ballooning, the axial temperature profile in the cladding, and the effects of
anomalous oxidation. Otherwise, the calculated critical oxidation times to
achieve the minimum allowable s-layer thickness at a given temperature will
be larger than the experimental values for thermal shock and impact failure
of the cladding. In general, the uncertainty in the calculated performance of
the ECCS will increase as the maximum oxidation temperature increases.
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