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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 researchand
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.

NRC
FIN No. FIN Title
A2014 Heat Transfer Coordination for LOCA Research Programs
A20l6 Transient Fuel Response and Fission-product Release
A2017 Mechanical Properties of Zircaloy
A2026 Phenomenological Modeling and Experiments in Water 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 Thermai-Hydraulic Code

The present scheme, named CODA, which neglects the acoustic
phenomena as in COBRA-IV-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 approximation,
particularly for high-pressure systems such as PWR's, and an integral mo-
mentum equation is used,’

dG 1
¢ A (1)
where
- 1 L
G = Ifo
G? L L
e (_) - (9_.) +f _Z_f. G|Gldz -‘rf pg dz,
P ‘out P /iin J, Dpe 0

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

c -
5 i (2)
and
%h Gdh _97h 1P 3)
d pdz pAyx p Bt

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
1 verification run. The standard test prob-
S Py SEe lem No. 1 as proposed by Hancox and
— WA { Banerjee’ considers an instantaneous
o RAMA
heat addition to water flowing in a long
pipe. Inlet and exit pressures are fixed
at 7.102 and 6.984 MPa, respectively,
during the transient. The results of
CODA are compared with MECA,* a
method of characteristics procedure,
1 and RAMA,’ a characteristic finite-
difference scheme. Figure [.1 shows
{1 close agreement in predicted mass flow
rate between CODA and MECA, whereas
L { RAMA appears to smear out much of
| the detailed features of the solution.
i L ‘ g : ‘ g CODA predicts a slightly lower steady-
° 23 50 'S state mass flow rate beyond 5 s, and
_—. this is felt to be caused by the use of a
Pig. 1.1, Comparison of Mak Plow _“nstant -friction factors' for the two-
Rawe for Hancox Problem. phase fluid (f = 0.005) in CODA as op-
ANL Neg. No. 900-79-367. posed to the more ~omplicated formula
in MECA and RAMA codes.” Figure 1.2
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

:

o2+

\\
T 240,289M (INLET, BEamNiNg OF
WEATED LENGTH)

MASS FLOW RATE (kg/s)

o

1400 T s
- e
° = 2 m32m (ouTLET)
-
3
-
~ 1300 CODA (PRESENT STUDY)
Fig. 1.2 z —— MECA
X _ o RAMA
Comparison of Enthalpy for Hancox .; ! ]
Problem. ANL Neg.No. 900-79-369, “
IR BIM (BEGINNING OF MEATED LENGTH |
1200 + / J
V. ol " L 1 A
0 25 50 75

TIME (8)

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.1. All the test sections are of
round -tube geometry with both uniform and nonuniform axial heat flux, and
each set of data 1s analyzed separately below.

TABLE I.1. Test Conditions for Flow Transient

Investigators Test-section Pressure,
Ref . (Laboratory) Fluid Geometry MPa Transient Type
f Moxon & Edwards Water Tube 6.9 Rapid exponential flow
(AEEW) ID = 10.8 mm decay at constant pressure
L= 3.66m
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=7.8mm,L ~2.0m constant pressure.
- Leung Freon-11 Tube
(ANL) ID = i1.7 mm
L=275m
Uniform flux 2.2, 2.9 Linear flow decay at 41/s,

with varying system pressure.
Outlet peaking 2.1 Inlet-flow blockage
Chopped-cosine

& inlet peaking 2.1 Inlet-flow blockage with
system depressurization,

a. Moxon-Edwards Data®

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

Gin = 786 + 1926~ %% kg/m?.s (1)

The onset of dryout was always detected at the exit by the
three-wire thermocouples. Figure 1.3 compares the actual inlet velocity and
the assumed inlet velocity of £q. 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,!” Biasi et al.,!! and
CISE," 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. 1.4,
where Bowring's correlation gives the best agreement in the dryout times.
Using the Biasi correlation tends to overestimat~ the dryout time, whereas
using the CISE correlation yie s _.e opposite trend. The prediction per-
formed by Whalley et al.' using the Harwell annular-flow dryout model'* is
also shown in Fig, 1.4, 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,

p
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CHF RATIO « PREDICTED CHF/LOCAL NEAT FLUX

40 v -

b. Roumy's Data’

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

o amaenas o T r

TEST 1.3.2.2
DsiOmm LeiOm
Pei4 MPa

CHF CORRELATIONS
* BOWRING
o BIAS!
A CISE

20 \ -

10
ONSET OF CHF MARGIN f

CHF OBSCARVED
in TEST

il ey

o " " A A i
o4 os oe o7 oe 09 Lo " L2

TIME (sec)

Fig. 1.5. CHF Approach in Roumy
Flow Transient. ANL
Meg. No. 900-79-623.

whereas experimentally dryout was mea-
sured near the exit at 0.84 s, However, for
the second test, which was conducted in a
different test section, the measured CHF at
0.97 s was not predicted at all by any of the
three correlations. The critical-heat-flux
ratio (CHFR = CHF/local heat flux) is
shown in Fig. 1.5 as a function of time, and
the Bowring correlation gives a CHFR value
of 1.14 at the moment of observed CHF,
while the other two correlations yield even
higher values.

It is of significance to compare the
reported steady-state CHF data obtained in
this test section with the CHF correlations.
The result is shown in Fig. 1.6 for a mass
velocity of 1500 kg/m?.s. All the correla-
tions overpredict CHF values, and at quality
of about zero, Bowring's correlation over-
estimates by about 17%. The calculated exit
fluid conditions at :neasured CHF onset are:

mass velocity of 1200 kg/m?*-s and quality of 0.02. The incapability of pre-
dicting a C1IF in this test is felt to be a result of discrepancy in correlating
the steady- state CHF data with the chosen correlations.

4000 T T
ROUMY CHF DATA o
™ -
NG 6+1500 kg/m's
» *
o\
3000 & 7N
%
Fig. 1.6 3
Steady-state CHF Data :zooo
of Roumy. ANL Neg. ;
No. 900-79-622. <
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c. Data of Cumo et al.?

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 demonstrated

i s ik T "7 " 7T]  to be well-correlated using the CISE -
[ CUND PREON-IR PLOW TRARSENT 1 CNEN Freon correlation;'® hence this
400 | De78mm L:20m ﬁ . . .
PeLO - 18 WP correlation is used to predict dryout
onset during the transient. Only the
200 4 first 10 tests have been analyzed, the
3 £ results being shown in Fig. [.7. In
L _| general, good agreement is obtained
z m: 3 for dryout times ranging from about
s 1 1to 12 s.
! - —
- 40 - - .
g d. ANL Flow Transients
-
c : : :
g Wre 1 The first series consists
' of fifteen 4% /s flow-coastdown tests,
10 e BT S T + 4+ 1 1.1 which were intended to simulate
ML R TRRC T T . reactor-coolant-system pump-trip
MEASURED TIME TO CHWF (sec) 2 x
accidents. Power remained constant
Fig. I.7. Results of CHF Prediction for Cumo's to the uniformly heated tube during
Data. ANL Neg. No. 900-79-592. 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 1.8 shows the results using the local-condition
CHF prediction. The predicted times appear to be slightly conservative, on

3 r v T Y B Dl B it s
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) S
| Flow-decay Tests. ANL Neg. 1 il
' No. 900-79-372. i | 41 1
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the order of 1 s. Another well-known CHF hypothesis is the boiling-length
or hydrodynamic-condition hypothesis,

ccHF = x(Lp,G,P), (5)

where Ly, is the boiling length. This hypothesis has been shown to yield a bet-
ter prediction of steady-state CHF data than the local-condition hypothesis'®:!’
for nonuniform heat-flux data. In
the present prediction of transient
CHF, the boiling length is taken

to be the instantaneous, saturated

B P e e e e e ———

A

CISE - CNEN FREON CORRELATION

- JLocamions | ] two-phase region in the tube. The
- °z.24im /' | results of the boiling-length anal-
* { ysis are shown in Fig. 1.9, where
- - yd 17 Dbetter agreement is observed.
LI /’ :
- o, J The second series consists
§ " a of five inlet-flow blockage exper-
y of /Z/; | iments conducted in an outlet-
* 3 4 { peaking test section. Table 1.2
. /"j 1 lists the measured times to CHF
" gk . at the last three heat-flux zones
b 7 + as well as the predicted times
“’?’ // j using both hypotheses. Note that
./ e e .. . 1 dryout occurred first in the next
L LY ” - 8 . 20 22 24 26 28 30

to the last zone (Zone D), and
this is predicted by the loczl-

Fig. 1.9. Prediction of CHF Using Boiling-length condxt:or'lrhypot?u?us 10 Withis
Hypothesis in 4%/s Flow-decay Tests. 0.3 s. The boiling-length hy-

ANL Neg. No. 300-79-373, 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

Towe EXPT'L (3£C)

Fig. 1.10.
TABLE 1.2, Comparison of Time to CHF for Flow Transients in
an Outlet-peaking Test Section
Zone C Zone D Zone E
z, m 2.36 2.57 2.67
/% 1.35 1.16 0.81
tCHF.s
Run ID EXP LC BL EXP LC BL EXP LC BL
4231 43 4.0 4.6 3.7 3.6 4.0 4.6 3.9 3.9
4232 3.8 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 kS
Note: 9/% = local heat flux to average heat flux; EXP = experimental measurement;

LC = local-condition prediction; and BL = boiling-length prediction.

" a4 Ir‘J
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Prediction of CHF Using Local-
condition Hypothesis in Inlet-
flow Stoppage Tests. ANL Neg.
No. 900-79-575.

A A
o 0 20 30 40
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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.11 and 1.12, re-
spectively. In general, good agreement is obtained.

Fig. 1.11

Prediction of CHF during Out-
let Break Test DB-170. ANL
Neg. No. 900-79-586.
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Fig. 1.12. 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 analvses 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

Principal Investigators
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 developead by
EG&G Idaho, Inc., at the Idaho National Engineering Laboratory (INEL),

The analytical effort is supported by a data base an” correlations de-
veloped from characterization of irradiated LWR fue' and from out-of-reactor
transient heating tests of irradiated commercial anu experimental LWR fuel
under a range of therma! 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 co:ditions typical of other types of hypothetical accidents. The pro-
gram is also developing information on fission-gas release during s‘eady-
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 ure in rea-
sonable agreement with the data of Zimmermann.

2. In-cell installation and ~heckout 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. %)
fission-gas release data of Zimmermann' for fuel temperatures between

- o~
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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-gs 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 UO, (or U-PO,) grains. These gases are relatively in-
soluble within the UO, 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 tead 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 beiween 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 fo» gas migration from the interior to
the exterior of the fuel is, in general, widely accepted and is the ore upon
which GRASS-SST is based.? 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
fe.3., 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 fission-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 e)ected from a grain-boundary bubble actually reenters the lattice,
that is, the probability that an atom travels a re-soiution distance dR that is
large compared to the grain-boundary gas-atom recapture distance d., 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 > substantially higher
than those for intragranular fission gas, owing to the existence of ledges on
the grain surface.) For intergranular bubble siz s that are small compared
to dr, the magnitude of the backward flux depen.s essentially on b and on
the relative magnitude between dg and dc. For bubble sizes that are large
compared to dg, 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 ove:iall 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 2nd 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 Sweiling, Grain-edge Porosity 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.
Experimentally, 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-fabricated
porosity on the degree of grain-edge porosity interconnection (at least for
fuel densities less than approximately 90% TD).

Tke 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 exc -ed
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-
boundary separation has been observed® to occur during the DEH transient
heating tests on irradiated commercial UQ, 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 processr ~bubble growth and coalescence to
form channels and channel coalescence . 1orm separations can be interrupted
by the more rapid process of crack propagation., Crack 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-
gas 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 fron. 1rain
boundaries and edges, one must be able to calculate not only the evolution of
the grain-edge porosity interconnection, but also the onset and degree of
grain-bounda.y 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 botl. phenomena occur is dependent on fuel
type (e.g., grain size or density) as well as on the particu'ar operating sce-
nario consideration.

E. Fission-gas Bubble Mobilities during Transient Heating and the Predic-
tion of Fission-gas Behavior under Normal Irradiation Conditions

Several researchers,®’ including the present author,’ 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 differen. 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 development 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 tests 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
UQO,, 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 UO; 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; thiz 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 fissicn 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 iarger 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-

8 ®r—r117 “X-0 [ T T T 7T T 1 bubble re-solution is considerably
2 R s ot 1 T - _j less effective than intragranular-
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. 1T — DATA ' grain-boundary-bubble re-solution
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. shown in Fig. II.1, the GRASS-SST
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I 4 R ..

- 0

0 2 4 () 8 10
BURNUP (% U -ATOMS) BURNUP (% U-ATOMS)

Although the reduction in the
strength of the grain-boundary-
bubble re-solution rate had a mini-

Fig. I1.1. GRASS-SST Prediction of mal effect of the predicted gas re-

High-bumup Gas Release lease from the H. B. Robinson fuel,
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.

GRASS - SST PREDICTION OF MIGH-BURNUP GAS RELEASE

G. Experimental Frogram (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
v ‘rking order and DEH testing was scheduled to resume.

10.
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III. MECHANICAL PROPERTIES OF ZIRCALOY

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

A, Sumnurz

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 ring-compression tests on
segments of undeformed' and deformed®® cladding after oxidation in steam.
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 c2 (lated
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
situations 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 IIl.]1 is a schematic representation
of a ruptured tube and the sequence of axial locations in which the compression
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© LOCATION OF THERMOCOUPLE SPOT-WELD

Fig. Ill.1. Schematic Representation of a
ZircaloyCladding Specimen
after Rupture in Steam Showing
the Sequence of Axial Locations
for Compression Tests Used to
Determine the Deflection to
Produce Fragmentation or
Pellet-Cladding Contact. ANL
Neg. No. 306-79-400,

tests were performed. The diameter of the
cladding in each location was measured be-
fore the test in the directions parallel and
perpendicular to the axis of compression. The
region of largest diameter, usually near the
rupture location, was compressed first,
followed by other ballooned regions, and

lastly the regions of small diametral expan-
sion adjacent to the ballooned regions for
which the time-temperature history was
known. Compression of each location at a
rate of 0.04 mm/s was continued up to the
moment of cladding fragmentation or cladding-
pellet contact. The time at which the cladding
contacted the alumina pellet could easily be
detected as indicated by the abrupt increase

in load in Fig. II1.2. 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. lIL.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
o ~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, r \
temperature 1353 K. ANL Neg. Nos. 306-79-416 and 306-79-395 Rev. 1. | 7 56 09
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E T I R i [ SR LR S Fig. I11.3
- -  Typical Load-vs-Deflection Curve from Di-
0b— —{ ametral Tube-compression Test on Ruptured
7 L | Zircaloy-4 Cladding Showing an Abrupt
£ _ | Decrease in Load due to Fragmentation of
” the Tube. The load-deflection curve corre-

sponds to the following conditions: com-
pression at the rupture center,
circumferential strain 0.74, oxidation time
and temperature 1840 s and 1303 K,
respectively. ANI Neg. No. 306-79-408.

DEFLECTION {mm)

Segments of the cladding were retained after the compression tests
for metallographic evaluation and hydrogen analrses. The thicknesses of the
oxide, stabilized-o, and transformed B-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. II1.D below, along with the mechanical-deformation data.

To enable a relative comparison of the capability of the oxidized
cladding 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 ir Fig. III.4. The open symbols denote cladding
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Total Integrated Energy to Fragmentation of >0.3 J,
Shown for comparison are "best-estimate” time-
temperature failure boundaries for thermal shock and
0.3~] room~temperature impact as well as the 17% ECR
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that met these conditions (i.e., "intact") in contrast te 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. I1I1.4 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 limits 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 ceaditions in Fig III.4 show conclusively that the 0.3-J impact-
failure boundary provides a more severe limitation on the oxidation conditions;
i.e. .ladding that survives an impact energy of 0.3 J will necessarily with-
stand the *mal-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 tlie point of maximum load on load-deflection \ n1rves
from the tube-compression tests provide a better basis for compaison with
results from compression tests on ring segments of undeformed cladding' and
data from ring segmeunts of deformed cladding obtained by Kawasaki et al.?:}

—me  axial temperature profile. Consequently,
an axial crack can propagate into regions
of relatively tough material {i.e., less

ISOTHERMAL OXIDATION TEMPERATURE (°C) In Fig. III.5, the time-temperature
P 30000 1300 1200 1100 1000 900 conditions during oxidation that result in
2? T T b an integrated energy of ~0.3 J (calculated
! INTEGRATED ;
& ENERGY to the point of maximum load on a load-
2 :g;j i 1y versus-deflection curve) were, in general,
o , greater for the tube specimens in this
F - investigation relative to the 15-mm-long
f - ' 4 ring specimens in the work of Kawasaki
g i olume €t al?? This occurs because the extent
= —2me  of oxidation and the hydrogen uptake
g —ioms <Ccharacteristics of the ballooned and rup-
g 15“‘ tured cladding in our experiments vary
& \ms  With axial position due to a nonuniform
=

< {mn

™ oxidation due to a lower temperature) and
. thus sustain a high load. Whereas the
90 time-temperature conditions associated
a0t (kY with impact and tube-compressior. failure
boundaries of 0.3 J are similar, the
g g 0.3-J failure boundaries deduced from
Time-Temperature Oxidation ConditionsR  ult- ring-compression tests on deformed?'?
ing inIntegrated Energiesto Ma .imum Load as well as undeformed’' cladding are
abeve and below 0.3 ] from Load-vs-Deflection considerably lower.

Curves during Slow Diametral Compression of

Tube (this study) and Ring Specimens'3 at 300 .
and 373K, Respectively. The 0.3~] impact= Figures II1.6 and II1.7 show the

failure boundary from tests on identical tubes is plastic deflection to maximum load as
shown for comparison. ANLNeg. No.206-79-398, functions of the B-phase centerline oxygen
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contentand the hydrogen content of the cladding, respectively. These data
are similar to the results obtained by Kawasaki et al.?:* 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. II1.6 and II1.7 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.>»> 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
figure. The amount of plastic deflection to the point of the initial crack

(i.e., maximur.i load) during slow diametral compression decreases rapidly as
the oxygen and hydrogen concentrations in the cladding increase individually
or in combination

e r LT rmm

& -1 Fig. 1IL6

@
5
s L

Plastic Deflection to Maximum Load at 300 K from Diametral
Tube-compression Tests on Zircaloy-4 Cladding as a Function of
B-phase Centerline Oxygen Concentration. ANL Neg.

No. 306-79-414 Rev, 1.
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P o ™S STUOY

? * CALCULATED FROM OATA OF

g \T KA E7 A2
n

L] S |

sh_ | |
! % 7 : Fig. 1.8

e !
5 il - Three~dimensional Plot of Plastic Deflection to Max-
g N _A | imum Load at 300 K from Diametral Tube-
e ol LNy PN | compression Tests as a Function of 8- ‘ayer Center~
5 PSR ') o | line Oxygen Concentration and Hydrogen Content

g _emt! g 4 “>~_ | of Zircaloy-4 Cladding. ANL Neg. No. 306-79-8317.

Fig. 1119

Three~-dimensional Representation of Plastic Deflection
to M cimum Load at 300 K Relative to 8-layer Center-
line Oxygen Concentration and Hydrogen Content of
Zircaloy-4 Cladding Obtained from Interpolation of
the Data in Fig. I11.8. ANL Neg. No. 306-79-849,

PLASTIC DEFLECTION TO MAXIMUM LOAD (mm)

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 tnat 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 2fter 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 informatior on the maxi-
mum tensile strength of cladding that had been oxidized in stiam under time-
temperature conditions near the 0.3-J impact-failure boundary.!
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Fig, 11110

i
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Load-vs-Elon jation Curve at 300 K for a
Zircaloy-4 Specimen Oxidized in Steam
at 1218-1273 K ‘or 30 min, Cooled to
~1100 K at 5 iI/s, and Flooded with Water,
Crosshead speed, 0.043 mm/s. ANL Ne;.

No. 306-T79-9817,
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Figure III 10 is a typical load-
elongation curve at 300 K for cladding that
was ruptured and oxidized in steam, cooled
through the temperature range of the
8 = o' phase transformation at a rate of
~5 K/ s, and bottom-flooded with water,
Figure III 11 shows that the tensile fractures,
which occur in the ballooned region, as well
as at locations away from the rupture, are
predominantly circumferential. The oxida-
tion time and axial temperature vaiiation
for the specimens shown in Fig. IIl.11 are
indicated by the horizcntal bars in Fig. I11.12,
The relevant measured and calculated
oxidation-related parameters, hydrogen
content of the cladding, and load-elongation
data are summarized in Sec. D below. Al-
though the total elongations are small
(¢3 mm), the loads are quite large (100-
500 kg) for cladding that was oxidized on
the inner and cuter surfaces at maximum
temperatures between ~1370 and 1420 K
for periods 225 min.

s e NOMINAL ISOTHERMAL OXIDATION TEMPERATURE (°C)
BSF-53 BSF-54 ST
! -
4 4in

BSF-53

0
- 3 -
g h -t 1 .
- ~ )
3 o \ t
g &
> .
= [ 0O mmn
..;:‘ mmn
» N7
2 . §mn
- »
S
‘i
w
= 1y
| i /

4
0 SURVIVE
JIMPACT AT 300K

T

<2 min

-

o
{

60 65 0 7S 80
T 0t (ch
Fig, Ii1.11 Fig, 111.12
Zircaloy-4 Specimens after Oxidation in Steam and Time-Temperature Oxidation Conditions for
Tensile Testing at 300 K. A predominantly circum= Zircaloy-4 Specimens from Integral Tube-
ferential fracture occurs in contrast to fragmentation burst/Tensile Tests Shown in Fig. 111.11. The
under an impact load. ANL Neg, No. 306-79-834, horizontal bars indicate the axial temperature

N

—
|

I~

. variation for each specimen, ANL Neg
| UU  No. 306-79-848.
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D. Tabulation of Impact, Diametral Tube-compression, and Tensile Data for
Ruptured Zircaloy-4 Cladding

Results from room-temperature impact, diametral tube-com ression,
and uniaxial-tensile tests on ruptur2d Zircaloy cladding after oxidation of the
inner and outer surfaces in steam are tabulated in Tables III.1-IIL.3. Table IIL1
contains data on the pendulum-impact properties of cladding, wnich was rup-
tured and oxidized in steam, cooled through the temperature range of the
B = o' 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
deformation 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 thicknesse:
of the transformed 3-phase layer containing maximum oxygen contents.
Recommended embrittlement criteria based upon results from this
investigation® are as follows:

1. Capability to Withstand Thermal Shock during LOCA Reflood

The calculated thickness of the cladding with 0.9 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 <0.7 wt % oxygen,
based on tke 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.
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TABLE IT1.1 (Comed.)

.!.-u wvelocity of “1.7 a/s at X0 K.
definttion of sysbels.
g " saxisum circumferential strain of ballooned cladding.
BOA = bBurst opening arvea; values of (10 smd are indicative of a vinhole rupture induced by a thermocouple spot weld.
Temp. = saxisum isothersal oxidation temperatyre.
t * time at the fsothermal oxidation temperature,
l:-umﬂn.ummn‘ol the burst opening and the point of ilmpact.
= cladding diamrter at the location of impact, parallel to the appited load.
D7 « cladding diameter at the location of impect, perpendicular to the applied load.
WTh = vall-thickness ratio, L.e., ratio of the wall thickness lmmediately after rupture (1.e., before isotheraal oxidation)
to the original vall thickness.
1 = impact energy that the cladding has survived at 300 X.
1y = impact energy st which the cladding has failed ar 30 k.
P = code for the fallure mode of the cladding by impact: 16 and 1) denote cledding fatect after impact st an energy of 0.15 and
0.3 J, respectively; 7XY and 9XY denote impact failure in a nonballooned or ballooned region of the tube, respectively, vhere

X signifies the nusber of claddiag fragmerta (X = 5 denotes 15) and Y Indicetes the crack orientatiom, e.g.,
o=t 3 2

tal, 0; p 1y axial, 1; and sized-sode, 2.
= hydrogen concentration.

= outer-diameter oxide-layer thickness.

-~
FA Y A

* outer-diameter a-layer thickness.
= f-layer thickoess.

* inner-diameter a-layer thickness

-

c:' = inner-diaseter oxide-layer thickness.

ECR = equivalent cladding reacted.
Fy = fractional thickness of the transformed & layer based on the original wall
Cf' - oxygen ration at the line of the ¢ layer.

FBS = fractional saturation of the # phase with oxygen.
I.',':iuhn.otmxmrunmw.?n!mp.

thickness.
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TABLE II1.3. Tensile Properties® of Six Zircaloy-4 Cladding Specimens after Rupture and Oxidation in SteamP

1
St R it s R A
c"o -

Test Temp., % BOA,  Zpp. N fo et, wt 10°2 10?2 10? 10?107 .. <,
No. K s mm mm ) WIR kg mm J ppm n mm mm mm mm 2 wt ¥
cu-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 $:3 1.4 .M
BSF-530 1189 1800  325.6 0.0 1.290 0.5 - - - 55 1.0 1.9 29.0 1.9 1.0 5.78  0.13
=534 1270 1800 - 37.1  0.142  0.92 - - - 2 1.6 8.3 40.8 7.5 1.5 6.96 0.17
-539 1422 1800 - $4.2 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 0.9 0.950 0.64  496.5  5.43° 6.810 50 2.0 19.0 0.0  19.0 1.9 13.56 0.4
-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
HD-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 s52.8 3.4 1.3 5.06  0.13
HD-30 1273 1800 1.7 0.0 0.321 0.83 - -~ - 13 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 3.0 8.2 12,2 2%.57 9.3
-34 1283 1800 - 27.0 0.081 0.9 - E B 2% 1.8 2.7 s2.2 2.6 1.8 5.72  0.17
HD-40 1248 1800 69.8 0.0 0.709 0.67 149.9  1.27° 0.934 31 1.6 2.1 36.0 2.1 1.7 6.80 0.13
-43 12717 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.
bpefinitions are the same as in Tables I11.1 and 111.2 with the following additions.
€p = average diametral strain due to deformation during balloouing and rupture.
l.: = maximum tensile load.

= total elongation at fracture.
CTest temperature 430 K, crosshead speed 0.254 mm/s.

edominantly 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 #-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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