»

e

ot 3
\'v

\.\,‘ ‘ e

>
.

-
o
)
¥
.
W
Y
”
P
*
'
P
) |

- -

WL & < < LS RN S

33

P

-
- - s




b

iy
-

.
-

PP,

o
L gl

L

>

N g S g g

f)

£

A

Nl ‘.l'

-

B

L

PP A A I S

ey -

-

.—~u




NUREG/CR-0828
ANL-79-18

(Distribution wodes:
R-2, R-3, R-4)

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

LIGHT-WATER-REACTOR SAFETY
RESEARCH PROGRAM:
QUARTERLY PROGRESS REPORT
October-December 1978

Robert GG. Sachs, Laboratory Director
Jack A. Kyger, Associate Labo.atory Director

Date Published: April 1979

Previous reports in this series

ANL-76-25 October-December 1977

ANL-78-49 January-March 1978
ANL-78-77 April-June 1978
ANL-78-107 July-September 1978

Prepared for the Office of Nuclear Regulatory Research
U. S. Nuclear Regulatory Commission
Washington, D.C. 20555
Under Interagency Agreement DOE 40-550-75

NRC FIN Nos. A2014, A2016, A2017, A2026

ot

\~ J

0
L




R EEEIINERNRRRER

ABSTRACT. .

L

IL.

111

B e e e — e -

TABLE OF CONTENTS

.....................................

LOSS-OF-COOLANT ACCIDENT RESEARCH: HEAT TRANSFER

AND FLUID DYNAMICS. . ... .... YT T I y
A, TransientCritical Heat Flux. . . . . . v v v v s o v v v o v o o n w s
1. Steady-state CHF in Inlet-peaking Profile. . . . . ... .. ..

a, The Total-power Hypothesis. . . . . ... ...........

b. The Local-conditions Hypothesis. . . . . . ... ... ....

¢. The Boiling-length Hypothesis . . . . .. ... ... .....

d. The Equivalent-length Hypothesis . . . . .. .. ... .. ..

2, Transient Critical Heat Flux. : . « . s v v+ e v v ms s b o2 tn 3

B. Reflood Tests . . v« « v vic b v nmus'nidsawpsipn i novr B 3
Belerdtcod . - s s «.owsfeaa e s arrabedsbsidbrt g eas fag

TRANSIENT FUZL RESPONSE AND FIS' ON-PRODUCT
RELEASY TROGRAM . . o 2o 04 v 0 a5 sasssdmopwsionassnve

A. Introduction and Summary. . . . . . v« v s s a0 v s

B. Modeling of Fuel/Fission-product Behavior. . ... ..... .. :

1. Development of FASTGRASS, A Fast-running Option to
GRASS-88T . . + v c s s mus s omusmabawnsais il

8, Introduction. . . s + s « v 5w % sy o s 4 5 v o

b. Comparison of Code Predictions for Transient Gas

Release with Experimental Results . ., . . ... .......
C. Discussion of REsuItE . . - « o w o ks w'm s wv s «mn 5 &

C. Experimental Program. . . . «+ « v s v n v v s v s e savss3sm

1. Microstructural Cha racterization of DEH-tested Fuel. . . .

2. Development of En »yirical Correlations for Transient

Fission-gas Release . . . . . . ¢« .. s v o v cnmwa o bonnowenw
3. Replacement DEH Test Chamber. . . .. . .. .. .. ... ...

ROFETEREE " o 55 - o 55 % b £ % bk d m d s % ko 5ok B kS N A e N

111

.......

DR

—

—
@ Vv O W W Wy

—

19

19
20

20
20

21
23
24
24
24
26
26

27

27
27



TABLE OF CONTENTS

C. Diametral Ring-compression and Impact-failure Properties
of Undeformed Zircaloy-4 Cladding after Oxidation in
RGBT . v v v nr s hs s R A SR s b d bk b R Fee ¥ N E

D. Correlation of Hydrogen Uptake and Inner-surface Oxidation
of Zircaloy-4 Cladding from Integral Tube-burst/Thermal-
SROCE LOUER ;. + © 1 & 5 F & 02 LTI PR b Bk M R AT R o

ReJEFBACEE . . 2 » v 5.+ 5 4 5 W ns ¢ B X b5 © K4 & B 6 R ¥eae i en TS

iv

Page




ABSTRACT

T'his progress report summarizes the Argonne Natiopal
Laboratory work performed during October, November, and
December 1978 on water-reactor-safety problems The fol-
lowing research and development areas are covered: (1) Loss-
of-coolant Accident Research: Heat Transfer and Fluid Dynam-
ics; (2) Transient Fuel Response and Fission-product Release
Program; and (3) Mechanical Properties of Zircaloy Contain-

ing OUxygen.



I. LOSS-OF-COOLANT ACCIDENT RESEARCH:
HEAT TRANSFER AND FLUID DYNAMICS

Responsible Section Managers:
H. F. Fauske, R. E. Henry, and P. A. Lottes, RAS

A. Transient Critical Heat Flux (J. €. M. Leung and R. E. Henry, RAS)

l. Ste>rdy-state CHF in Inlet-peaking Profile

A total of 72 CHF measurements were obtained using Freou-11 in
Test Section 1V which has an inlet peaking heat flux profile as shown in 1'ig. 1.1
with a peak-to-average of 1.35. CHF was slowly approached by slowly increas-
ing the test-section power while maintaining constant inlet pressure and flow
rate. Considerable inlet throttling was found necessary to eliminate the low-
frequency oscillation, and no CHF data reported were induced by flow oscilla-
tion. CHF indications were detected by wall thermocouples and were identified
by either rapid temperature excursion (mostly under high power and higa
velocity) or oscillation (low power and low velocity) of the wall. In all cases,
CHF was observed to originate near the exit of the heated tube and not in the
highest heat-flux zone. The data fell within the following experiment ranges:

Pressure, P 1.5-2.9 MPa

Mass velocity, G 707-2750 kg/m* s

Critical power. q, 7-15 kW

Inlet subcooling, &h;, 7.7-40 7 /g

Dryout quality, xpo 0.16-0.5

{m)
. 1.0 2.0 3.0
1.5} —
* |
- “ -y
- | AVERAG D
- ] [+] 7
a —~1.16 g (198 / i
: Fig. [.1
S I

e ha Test Section IV with Inlet-skewed Heat-
~N - . - oo -
- flux Profile. ANL Neg. No, 900-78-1029.
_(_, ,‘ 0. 8i 0.80" 13 u C (& O

2.0 4.0 6.0 8.0  10.0

AXIAL LENGTH (11)
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In a previous study,' the CISE Freon correlation’ (hereon designed
as CISE-CNEN correlation) was found to predict CHF very well in a uniformly
heated round tuve, yielding a mean errcr of 0.5% and an rms error of only
3.6%. This correlation has the form

CCHF ¢ A - Bxy, (1)
where
A = In(G.P,D, L),
B = fn{G,P,D, L),
and
Xin - inlet quality.

Note that the critical heat flux increases linearly with inlet sub-
cooling, However, Eq. | can also be written in terms of the exit quality xg,¢
with the use of the energy equation,

_ 4oL
Xout = a—ﬁ'}']?g' + X (2)

Hence Eq. 1 becomes, after substitution,
“cHF = © - Dxgyt (3)
where

C = (G, P, D, L)
and

D = fn(G, P, D, L).

Here the critical heat f* x decreases with exit quality. These two
forms of correlation described abu.e will, of course, give the same answer
when used for predicting CHF for uniform heat flux. However, if they are ap-
plied to nonuniform heat-flux conditions, differ nt values of CCHF will be ob-
ta‘ned. A number of hypotheses have been proposed to predict CHF in the
nonuniform axial heat-flux case. Four such hypotheses that have been tested
using the present data are outlined briefly below.

a. The Total (Overall)-power Hypecchesis’

This hyputhesis suggests that the 1>tal power that can be fed
to the tube with nonuniform heating will be the eume as for a uniformly heated
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tube of the same diameter D and length L, and with the same inlet conditions.
Hence the critical power q. is given by

9c = "DLecyp. (4)

where oy is the critical heat flux predicted using Eq. I|. Here no prediction
of the location of the critical conditions is made with this method.

b. The Local-conditions Hypothesis®

This hypothesis suggests that CHF occurs in the channel where
the unique local heat flux/local quality relationship (i.e., Eq. 3) is first satis-
fied. It can be employed in the following two ways:

(1) Use the measured power in the heat balance to calculate
the local quality, which is subsequently used to calculate CHF uvsing Fq. 3.
The heat balance is written as

4 foz wlz)dz
x{z) = GD + x5, (5)

This method is most convenient to be adapted in a thermal-hydraulic computer
code, which is used to predict local flow parameters in transient situations.

(2) Assume that the test section power is not known, and
therefore we must solve Eqs. 3 and 5 simultaneously. One way is to gradually
increase the power urtil, at some point within the channel, the conditions for
the two equations are vatisfied, thereby giving the CHF (or power) and the
critical location.

c¢. The Boiling-length Hypothesis

Lee anid Obertelli* reported that CHF is independent of tube
length for a given exit quality in uniformly heated tubes This implies that the
tube may be divided into two lengths; over the first subcooled length (1)), the
liquid is raised to saturation [x(}) = 0], and over the second length (Lg), the
quality is raised from zero to the dryout quality. The only function of 3 is to
heat the incoming fluid up to the saturation condition at the appropriate heat

flux.’ In fact, the CISE correlation? was originally proposed in the functional
form

aLp
*out = 3 Lp" (6)
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This suggests that the dryout quality is a function ¢f boiling length Ly, where
the upstream history is contained implicitly. Lahey and Gonzalez-S:ntalo®
show that the Tong-F factor method® in the limiting case of maximum upstream
memory (or influence) reduces to the equation

. N At LRL_
9, = fx o(z)dz. (7

This implies that, Dy the equivalent uniform CHF, is given by the nonuniform
heat-flux profile averaged over the critical boiling length, LB One further

interesting ol ervation is pointed out in Ref. 5, in that, if qu. 3,5, and 7 are
combined, a torm similar to Eq. 6 is arrived at. In other words, the boiliug-
length hypothesis and the empirical methods proposed by Tong® and Silvestri’
are equivalent in the limit. Two methods were used to compare with data:

(1) Compare the experimental average heat flux @, vver the
critical boiling length with the heat flux CcHF Predicted by the CISE
CNEN correlation,

(2) For any CHF location (zcgp = A+ LB.), predict the
eritical power from the formula

2

q nDe Lp + LL)—-GLh- )f ()
C CHE ¢ 4 i/

where

F f CHF (z)dz, (9)

Here F is the ratio of integral power upstream of the CHF location to the total
power, and Fla} 1s the peak-to-average power factor. However, Lp. is unknown
and an initial guess has to be made. Once 4. 18 calculated from Kq. 8, an
updated value for Lp_ is solved for by the equation

ZCHF LB, ( e ) . GD2hy,
U "DL. Plz)dz = 2 . (10)

By successive substitution, the solution is found to converge
rather quickly and the method yields both critical power a.d CHF location using
an iterative process,
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d. The Equivalent-length Hypothesis

Lee® suggested that an equivalent length Leq can be defined
at a CHF point such that

LeqolzcHF) - fozCHF ©(z)dz, (*1)

where ©(zcyy) is the local CHF on the nonuniformly heated tube at a distance
zcyF from the inlet. To predict critical power, the CHF correlation is used
to estimate ©cp using the inlet conditions, tube diameter, and the equivalent
length.

qC = (”DmCHFLeq)/F. (lZ)

In the actual calculation of Leq, Eq. 11 is not used, since © is
unknown. Instead we use

ZCHF  p(s
0 P(zcHF)

With this method, a direct solution is obtained for critical power and critical
location.

Figure 1.2 summarizes the three integral hypotheses graphi-
cally. The results of the comparison, as shown in Figs. 1.3-1.6 give a direct
test of the various hypotheses:

The total-power hypothesis (a) shows little scatter of data, but
underpredicts by about 7% in Fig. 3.

The first approach for the local-conditions hypothesis in
F.g. 1.4 [b(1)] yields large scatter and poor prediction.

The first approach for the boiling-length hypothesis in Fig. 1.5
[c(1)] slightly overpredict the data by about 7%.

The equivalent-length hypothesis (d) shown in Fig. 1.6 is able
to predict th data to within -1.0% in overall error and therefore appears to
be the most satisfactory method,

The reason the local condition method appears to predict so
poorly is that, from Eq. 3, ®cyp is seen to be a strong function of xgut: 1.€.,
a slight variation in xgyut results in a large change in ¢cyp. For the present
system, a 10% increase in Xgyt causes a reduction of more than 30% in ©cyE-
Howeve, this is the approach widely taken to predict CHF conditions during a
transient. The accurate prediction of local flow parameters by the thermal-
hydraulic code plays an important role in the subsequent Claljrv}raluﬁi?q using
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the lecal-conditions hypothesis, and as shown by the comparison here, large
error still prevails. However, if the simultaneous solution of the CHF correla-
tion and the heat balance is sought [i.e., in the method outlined in b(2)|, much
better agreement results, as shown in Fig. 1.7. Here totally different conclu-
sions are arrived at, depending on how we use the local-conditions hypothesis.

b{ A.- - N \ 5
- y
L j‘-
!
s s L,ii 413
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Finally, the cri*ical power as predicted by the second approach
for the boiling-length hypothesis [c(2)] and the equivalent-length hypothesis
(d) is shown in Figs. 1.8 and 1.9, respectively. The error analysis remains
essentially unchanged from earlier plote (Figs. 1.5 and 1.6). Although the
equivalent-length hypothesis is shown to yield the best result, the conclusion
is best made after analyzing the symmetric stepped heat-flux data® and the
exit skewed heat-flux data.

2. Transient Critical Heat Flux

Transient CHF tests have been conc icted with the skewed inlet
power profile shown in Fig. I 1. The results of the high- and low-pressure
tests are shown in Figs. I.10 and 1.11. The low-pressure test (2.21 MPa) dem-
onstrated rapid CHF in the region from the inlet up to 0.5 m; the times to CHF
are shown in Fig. 1.10. The high-pressure tests (2.76 MPa), Fig. 1.11, exhibited
early CHF in the bottom 1.4 m, which includes the two highest heat-flux zones C
and D.

s
ANL FREON-11 CHF DATA .
T.S IV Inlet Skewed Heat Flux J
L=2 75m. D=11. 7mm - :
1504 P=1.8-2 9 NPa , !
G=707-2780 kg 'm°s el g 7
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CISE-CNEN CHF Prediction e
12 54 Mean Error 4 752% F g,
RMS Error 6 - 802% e Jo
8 o S
/n
= 4}0 R
B 10 0 Siar
& ,:?i -4
%
/8 7
3 L
= _— '-6’,«'
= e 4
504 . //"
251 Ve }
o
N
-0 -5 50 795 10 ¢ 12 5 150 ”ms
kW
(@) (kW)

Fig. 1.8, Prediction of Critical Power Using Boiling=-length
Hypothesis. .. Ney. No. 800-70-287,
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As an additional test of the site-deactivation model, another test
w. . conducted at high pressure (2.72 MPa), but in this test, the dea-tivation
was not accomplished at the hot standby condition, ".e., inlet temperature of
113°C and system pressure of 2.72 MPa. Instead, the initial system pressure
was 2.21 MPa, and the test section was brought up to full power and 1l flow
at these conditions. This resulted in a wall-temperature profile similar to
that shown in Fig [.10. Under these conditions, the sites were activated for
the test-section locations above 0.5 m.

Following this activation, ti. > pressure was then increased up to
2.72 MPa in about 15 s, and the system was operated at steady state for about
20 s before blowdown transient was initiated. As can be seen from the times
to CHF shown in Fig. .12, this test experiences early CHF from the test-
section inlet up to about 0.7 m, which i a length considerably less than that
experienced by the other high-pressure test, Since the only difference between
these two high-pressure experiments was the deactivation of the surface cavi-
ties, this set of tests clearly illustrates the impo~tance of such deactivation
on the extended cooling of the fuel-rod surfaces during the LOCA of an inlet-
pipe rupture.
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B. Reflood Tests (Y. S. Cha, R, E. Henry, and P. A, Lottes, RAS)

Several tests were performed with relatively low average inlet velocity
(~2.6 <m/s) and with initial test-section temperature mainta.ned at 702°C
(1295°F). These -sts are supplements to 1hose reported previously which
had approximately the same inlet average velocity but low or initial test-section
temperature (548°C). The operating conditions for these tests are shown in
Table 1.1, vhere T4 ; is the initial tem-
TABLE L1, Gperating Conditions for Runs 48-51  peradture measured by théermocouple 18,

Ros Ty Bovter & [ is the frequency of forced oscilla-
Moo e fHE foedsl (RWE iNe of wrns) tion, Vi is the average inlet velocity to
‘I 01 ks " e the .t;gst section, f'md B¢ is the opening
S . o position of the microm.ter valve between
- N } the test section and the water-supply
s e 5 o§A a4 8% U 4 .50 4 .

! tank for forward flow, For all the tests,
E s ) & e O £1.70

- _ . the inlet water temperature was 65°C

(150°F), the water-supply “ank pressure
for forward {low was maintained at 0.205 MPa (15 psig), the pressure in the
water-receiving tank for reverse flow was 0.1 MPa (1 atm), the cpening position
for the micrometer valve between the test section and the receiving tar was
four turns, and the temperatures at the discharge end of the test section were
heated up to about 121°C (250°F) before each test.

Figure 1.13 shows the variation of AXIAL DISTANCE, 1
guench time with axial distance for these 0 J 4 & 8 0
tests, In general, the differencés in guench- | 1 A A | I
front velocily were small and appeared only Socr— - «e ~1
during the second half of these tests, The I & 4B ' g

! - . O 49 -
guench-frontvelocity increased with the fre- —-" r
quency of forced oscillation, This observa~ i .
tion 13 consistent with those reported = [
previously with the same inlet average veloc- 200 -
ity., The test without forced oscillation
{Run 51) appeared ta have the fastest quench-
tront velocity. This was due to the shightly
higher inlet average velovity for Run 51 as
compared to Run 50.

QUENCH TIME, =

of the change in liguid level in the water-
supply tank 14 £ ¢), the change in liguid level in : " J
the water-receivaing tank (‘:f,). the time re- { !
I.. | |

3

Table 1,2 shows the measured values ’ ® - |

quired to complete the test (4t), and the
change in Llguid level in the recirculation 0 2

tank (£fc). The total amount of ligquid col- ATIAL DISTANCE, m
lected ir the recirculation tank (41 .) for these
tests was slightly larger than for those tests
with the samie inlet average velocity but with Quenich Time v Axial Distapes for

initial test-section temperature eqgual to Rutss 4851, AN Hew. Mo, §06=70-610,

£79 (8

£ i1
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548°C. However, the values of A2, for these tests were much smaller than
those tests with approximately the same initial test-section temperature but
with relatively high inlet average velocities (6.4 and 20 cm/s).

TABLE 1.2, Experimentally Determined Values Up to now, all the forced-

o 4R6 Bty A% WA B, for Buas 23-51 oscillation tests were performed by using
Run  &t; At At ¢1, the solenoid valve and the wave generator
No. {em) (cm) (s) (cm) as the flow-control mechanism. This
< 2846 .09 g 637 System is capable ‘of closgg or opening
49 2683 7.30 468 6 6.98 the flow passages in relatively short time.
50 575 11.59 501.4 710 This fast action created irregular shapes
51 17.94 0 430.0 5.90

- in the flow profiles as measured by the

orifice plates, and it was difficult to de-
termine the average instantaneous flow over a cycle of oscillation. The present
setup was modified by using a ball-valve system so that cleaner flow profiles
can be obtained. A schematic of the new system is shown in Fig. .14,
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The arrangement shown in Fig. L. 14 differs from p.  Jus arrange-
ments in two respects; (1) Two ball valves, driven by a variable-speed motor
instead of a solenocidal valve and a wave generator, control the flow to and
from the test section; (2) an orifice plate is placed between the test section
and the ball-valve system, so that both the forward and the reverse flow are
meast.red by this orifice plate, This 1s different from the previous arrange-
ment, which used two orifice plates to measure the forward and the reverse
flow, respectively.

Typical flow prof.les under cold conditie. * (i »«  without heating up the
test section) are shown in Figs, [.15-1.17 at three different frequencies of
oscillation. The dashed lines in these figures corresponding to zero-flow con-
dition, which has an output of 2.5 V from the differential pressure transducer.

These flow profiles are cleaner than those obtained by using the solenoid valve.
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The orifice plate was calibrated under steady-state conditions in both
the forward and the reverse flow directions. It is important to verify that the
steady-state calibration data can be applied to the oscillatory (transient) con-
ditions in the range of interest of the present reflood tests. To demonstrate
this, we performedcoldtests by closing the throttle valve inthe reverse flow

line so that there was only flow in the forward direction during the entire test.

Water leaving the test section wae collected in the recirculation tank. The
increase in the amount of vater in the recirculation tank, divided by the total
number of cycles of oscillation during the test, gives the amount of flow to the
test section per cycle. This number can be used to check the results obtained
by graphically integrating the ‘low profile using the steady-state calibration
data.

The results are shown in TABLE [.3. Comparison between Vy, and V. at
Table 1.3, where Vrn is the mea~ Three Frequencies of Oscillation
sured increase in the amount of f v v %
m

water in the recirculation tank per (Hz) (cm?/cycle) (em?/cycle) Difference (ar.f)"
cycle, V¢ isthe calculated volume

g 3 2.857 1.149 1.201 4.54 28
flow into the test section per cycle e e o =
obtained by integrating the flow s

0.294 1.2 11,238 0.77 34

profile, and Ar is the time interval
used in performing the integra-
tion. The last column in Table 1.2 indicates the total number of intervals
used in performing the integration during one cycle of oscillation.

As shown in Table 1.3, the maximum error introduced by using the
steady-state calibration data is less than 5%. This error can be reduced by

479 021
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increasing the number of intervals used in the integration of the {low profile.
The results shown in Table 1.1 also indicate that there is a slight increase in
percentage error as the frequercv of oscillation ‘s increase .. However, in
the range of interest of the present reflood tests (f = 0.3 to 3.0 Hz), the errors
introduced by using the steady-state calibration jlata are not considered
significant.

Several tests were performed by using the ball-valve system with
relatively low inlet average velocity (~2.5 cm/s). The operating conditions
for these tests are shown in Tables 1.4 and 1.5, where B, is the opening position
of the throttle valve located between the test section and the receiving tank, Py
is the pressure of the supply tan Py is the pressure of the receiving tank,
Vi is the mean velocity for the forward flow averaged over the half-cycle of
oscillation, and Vy is the mean velocity for the reverse flow averaged over the
halt-cycle of oscillation. The relation among these average velocities is

—

Vl = (Vf - Vr)/'z.

TABLE 1.4, Operating Conditions for Runs 52-58
Using the Ball-valve System

— o

T i Power By By Pg B

Run No. (*C) (Hz) (kW) (turns) (turns) (MPa) (MF.)
52 T04 0.237 0 1.85 2.0 0411 0.10l
33 699 1,111 0 1.80 2.0 0.411 G. 10l
54 702 2.780 0 1.75 2.0 0.411 ool
55 704 0 0 1.1% 0 0.411 0.104
56 707  0.298 0 2.3 3.0 0.411 ¢ 067

- | 713 0.983 0 2,2 3.0 O.411 0 .067

0 2.2 3.0 0.411 0.067

58 707 2.780

TABLE [.5. Measured Quantities for Runs 52-58
Using the Ball-valve System

Aty at, &f. & Vi Vi Vi o _
Run No. (em) (em) (em) (s) (em/s) lem/s) {cm/s) YV /Vg
52 20.64 4.28 5.39 40l 4.58 6.52 1 37 0.210
53 20.64 4.36 5.14 416 247 .29 1,34 0,213
54 2111 4.44 6539 418 2.52 6. 39 1.36 0.2i3
55 15.72 o 514 413 .40 2.40 0 0
56 28.41 11.27 5.51 421 &5 8.57 342 0.400
a7 ~8.26 11.47 5,23 437 2 45 821 3.30 0,402

58 28.73 1119 636 418 2 65 .73 .42 0392
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Quench Time vs Axial Distance
for Runs 52 and 56. ANL Nep.
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Figure .18 compares the quench

time and axial distance for Runs 52-55. The
differences in quench time at the same axial
distance are small (less than 5%). The quench
time at a given axial location appears to de-
crease slightly with increasing frequency of
oscillation. These observations agree with
those tests conducted with the solenoid vaive
system for the same inlet average velocity.

As shown in Tables 1.4 and 1.5,
Runs 56-58 were performed with pressure in
the receiving tank less than the atmospheric
pressure; this increased the mean velocity for
the reverse flow as comparedto Runs 52-54,
Thus, Runs 56-58 have a velocity ratio
(Vr/Vf) nearly twice that of Runs 52-54, even
though they both have approximately the same
inlet average velocity to the test section (Vi).
Figures 1,17-1.21 compare quench times and
axial distances between Runs 52 and 56,
53 and 57, and 54 and 58. Increasing the mag-
nitude of the reverse flow is seen to slow down
the quench process slightly. However, the
difference is again seen to be small in the
range of variables tested.
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II. TRANSIENT FUEL RESPONSE AND FISSION-PRODUCT
RELEASE PROGRAM

Principal Investigators
J. Rest and §. M. Gehl, MSD

A. Introduction and Summary

A physically realistic description of fuel swelling and {ission-gas re-
lease is needed to aid in predicting the behavior of ©.el rods and fission gases
under certain hypothetical light-water-reactor (LW?2) accident conditions. To
satisfy this need, a comprehensive computer-base r .odel, the Steady-state
and Transient Gas-release and Swelling Subroutine (GRASS-S5T), 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
developed from characterization of irradiated LWR fuel and {rom out-of-reactor
transient heating tests of irradiated commercial and experimental LWR fus,
under a range of thermal conditions, '

Emphasis in the early stages of the program has been on thermal
conditions i1n pressurized-water-reactor (PWR) fuel that are applicable to antic-
ipated hypothetical power-cooling-mismatch (PCM) accidents. Recent efforts
include conditions typical of other types of hypothetical accidents. The pro-
gram is alsc developing information on fission-gas release during steady -state
and .ocad-following operations.

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

1. Quantitative stereology measurements have been completed on
four PCM simulations in the high-heating-rate series. High heating rates alter
the relationship between fission-gas release and transient microstructural
change.

2. The replacement DEH chamber is ~50% complete.

3. Models describing the evolution of the bubble-size classes in
FASTGRASS have been developed and implemented into the code. Initial runs
for steady- state and DEH test conditions indicate that FASTGRASS-calculated
fission-gas release is in reasonable agreement with the experimental
measurements.

4. Qualitative differences between the predicted and experimental
results for the raliial profile of transient fission-gas release indi. .e that the




GRASSE model for the rapid, long-range interconnection of gr «in-edge porosity
is too simple to account for the evolution of the grain-edge porosity observed
in DEH-tested fuel.

J. Rest and 5. M, Gehl attended the Fuel Code Program Review on
October 4, 1978, in Silver Spring, Maryland, and gave a presentation titled
"The GRASS Conputer Code and DEH Testing at ANL."

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

1. Development of FASTGRASS, A Fast-running Option to GRASS-SST

a. Introduction

T e most important differences between FASTGRASS and
GRASS-SST are in ..e algoriil.as used for calculating the evolutica of bubble
density and size over tume. In GRASS-SST, the bubble-size distribution is
specified by calculating the densities of bubbles in each of a number of bubble-
size classes. Each bubble-size class 1s characterized by an average number
of atoms per bubble, the value of which differs from that of the preceding size
class by a constant multiplier. (The number of size classes is a variable that
1s determined dynamically during a computer run.) Changes in the bubble-
size distribution, caused by bubble coalescence and re-solution, for example,
are determined by solving a large number of integral-cdifferential equations
for each time step. Solutions are carried out f~r bubbles on grain surfaces,
along dislocations, and in the hulk matrix. Tue iterative solution of a large
number of coupled equations is a major contributor to the contputer run times
of GRASS-SST.

In contrast to the multiclass description of the bubble-size
distribution in GRASS-SS5T, FASTGRASS uses only two classes: ne for single
gas atoms and one for gas bubbles. In addition the description o: bubbles on
dislocations has been deleted. In GRASS-SST, the same delineation of bubble
sizes in terms of *he number of gas atoms per bubble is used for intergranular,
intragranular, and dislocation bubbles., This is possible because enough size
classes are available to fully characterize the distributions, In FASTGRASS,
with only two size classes available for inter- and intragranular bubbles, sep-
arate descriptions of the size classes are necessary for the intragranular and
grain-surface bubbles. The single gas atoms are characterized by their num-
ber density and atomic radius; the gas bubbles are characterized by number
den-ity and average size, expressed as the number of atoms per bubble. The
number densities of atoms and bubbles are determined for both the intra-
granular and grain-surface regions by solving the set of equa :ons

LT -a,ff - bf, + ¢, 1)
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‘d‘%‘l = ~A g - Byg, + Cy, (3) |
and

d

'5%‘ = -Bag, + C,, (4)

where {, and {, are the single-atom and bubble densities, respectively, for the
intragranular region, and g, and g, are the corresponding quantities for the
grain boundaries. The other marameters were defined in ANL-78-77

(pp. 10-16)., The parameters i Eqs, 1-4 are, in general, functions of the av-
erage bubble size, S. In ANL-78-77, S was assumed to have a constant value.
However, any realistic calculation of gas-bubble behavior must account for
changes in the average bubble size that may occur during irradiation,

Work this quarter has culminated in a model for calculating
the evolution »{ S as follows: During each time step, the procosses of bubble
nucleation, gas-atom diffusion t- bbles, bubble coalescence, and bubble re-
solution can lead to changes in the average bubble size. Coalescence increases
S, while re-solution decreases S; bubble nucleation and gas-atom diffusion to
bubbles tend to stabilize S. Let £ be the fractional change in ! Jle density
during a particular time step. Then

where F is the rate at which the bubble density is changing as a result of the
above-mentioned prccesses, y, = f; or g; is the bubble density. and h is the
internal time step of the code (¥ does not depend on time-e¢tep selection, as

F is also a function of h), If 7 is greater than a threshold value ¢ and bub-
ble density is increasing, the bubble size is increased by a factor of 6. Sim-
ilarly, if £ is greater than ¢ and bubble density is decreasing, the average
bubble size is decreased by a factor of 5. Note thai a change in bubble size
leads to a corresponding change in bubble density, since the total number of
gas atoms in bubbles is conserved. The convergence parameters ¢ and & were
determined to have the values 0.05 and 5, respectively, by decreasing them to
the point where further reductions had a minimal effect on calculated results.

b. Comparison of Code Predictions for Transient Gas Release
with Experimental Results

The GRASS-SST and FASTGRASS codes were used to calcu-
late fission-gas release for a series of DEH experiments. FASTGRASS



measurements,
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executed these probleins approximately one order of magnitude faster than
GRASS-85T. The results of these calculations are shown in Figs. I1.1 and 1I.2.
In each of these figures, the solid line indicates the position of perfect agree-
ment between predictions and exreririent. As is evident, the GRASS-SST and
FASTGRASS predictions are 1= reasvnable agreement with the experimental
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Figure 1.3 shows GRASS-SST
resuits for the radial profile of transient
{ission-gas (xenon) release during DEH
Test 33, plotted with laser-sampliag data
for krypton. (The FASTGRASS predic-
tions are similar.) The predicted results
show a gradual decrease in fission-gas
release from 96% at a fractional radius
of 0.16 to about 90% at a fractional radius
of 0.69. The predicted release then de-
creases sharply in a stepwise manner to
about 4% for the rest of the radius. This
behavior is in contrast with the relatively
smnoth decline in the fractional fission-
gas release from 82% at a fractional
radius of 0.48 to 20% at a fractional
radius of 0,90, as shown in Fig. 11.3. The
area under the predicted curve is approx-
umately equal to the area under the ex-
perimental curve; this result is reflected

in the reas nable GRASS-SST prediction of total transient fission-gas release
(~40%) during Test 33, as shown in Fig. .I.1.
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transient fission-gas release would have to include models de scribing the evo-
lution of the intergranular porosityas a functionof the gas-bubble distribution,
the temperature and heating rate, the fuel microstructure, and the local stresses
generated within the fuel pellet. This work is currently in progress,

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

I. Microstructural Characterization of DEH-tested Fuel

Quantitative stercology measurements of the pore volume fraction,
Vy, and pore-solid surfacc area, Sy, were completed {or the fuel specimens
from the series of DEH tests performed at high heating rates. (See ANL-78-49,
pp. 39-40, for a description of these tests.) The changes in Vy and Sy from
their pretest values were used to calculate the volume swelling and the increase
in pore-solid surface area per gram of fuel, S,. The parameters Vg, Sy,
swelling (as a percent of the pretest fuel volume), and S, are reported in
Table II.1.

TABLE 11.1. Summary of Mig rostructursl Exsmination Results
for DEH Tests at High Heating Rates

Fractional Xenon Release
Test Melt Xenon Release reoem Solid,* Swelling Sy, S,
No. Radius % b Vi % mum ™! mof g
37 ¢ 5.9 59 0.093 6.9 24 L6t gt
38 0 38 337 253 0.127 1L éod 211 x 10*
39 U 47 44.0 o8 0.274 336 447 497 x 10t
40 U 38 362 &b ¢ l82 i8¢ 334 3.07 x 100

BAesuming 100% release from the melied fuel

The radii of the melt zones (expressed as a [raction of the pellet
radius) are also reported in Table I1.1 for those tests in which melting occurred.
The fractional fission-gas release for the fuel that did not melt is also given
in Table II.1. This parameter i1s calculated by assuming a 100% gas release
from the melted fuel. Laser sampling of the melted fuel from the Test 33
specimen indicates that this assumption is a good approximation. (See
ANL-~78-25, pp. 16-19, for a description of the laser-sampling resalis.)

2. Development of Enmpirical Correlations for Transient
Fission-gas Release

Empirical correlations for fission-gas release are being sought
in two areas: (1) correlations ol gas release with the thermal history of PCM-
type transients, and (2) correlations of gas release with transient-induced
microstructural changes. The dependence of fission-gas release on tempera-
ture parameters was discussed in ANL-78-107. The present report discusses
recent work on the relationships hetween gas release and microstructural
change.




The initial series of PCM-type tests »xhibited strong correlations
between fission-gas release and the formation ¢ tergranular separations
duting transient heating.' One umportant feature . f these correlations was
that a rapid increase in fission-gas release was observed when a "critical”
amount of microstructural change had occurred. The critical values of swelling
and 5, were 18% and 2.5 x 10* mm#/ g, respectively.'! The existence of critical
values of microstructural change was tentatively ascribed to the onset of inter-
linkage of the intergranular porosity and venting of the entrained [ission gas,
Subsequent tests in which the fuel-center heating rate was between 10 and
50 K/ s followed the pattern exhibited by the initial test series.

However, the series of high-heating-rate DEH tests deviate signif-
icantly from the behavior observed previously, as shown in the graph of xenon
release as a funcrion of Sg (Fig. I1.4). The xenon-release values report only

the gas released from the unmelted
W=7 1" "T T | portions of the specimens. A similar
o <40 graph is oblained when xenon-release

80— o T~ 300%A - is plotted against volume swelling,

' The solid line in Fig, 1.4 follows the
data of the lower-heating-rate tests;
the dashed line indicates the probable
behavior of the high-Leating-rate tests.
Note, however, that the results for
the higher heating rates are tentative
and may change as more data become
avaiiable.

504+

Xe RELEASE (%l

The most important difference
between the two sets of data is that
xenon release appears to reach a
saturation value of ~30% for the higher
P s AR o —— T heating rates; at lower heating rates,
0 020 30 4D 50 80 4 saturation behavior either does not

Sy (0% mirg) pceur or occurs only for gas-release
fractions in excess of 60%. In this
context, saturation means that, beyond
a certain point, additional microstruc-

Fig, 114, Xomon Release as a Funeton of Microcrack
Surfave Aroa for DEVI=tested Spécimens,

Neg. No. MOD-86170. tural change has a negligible effect
on gas release. Future tests in the
high-heating-rate series will be designed to further investigate the saturation
effect and its potential for providing an upper limit in gas release during
PCM transients,
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complete,

3. Replacement DEH Test Chamber (S. M. Gehl and
D. R, Pepalis, MSD)

The design of the replacement DEH test chamber has been com-~
pleted, and fabrication of the chamber in the ANL machine shops is ~50%
Fabrication will be completed, the equipment will be assembled,

and its operation will be checked in the coming quarter,

1.
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[1I. MECHANICAL PROPERTIES OF ZIRCALOY
H. M. Chung, A. M, Garde, and T. F, Kassner, MSD
A. Summary

Since hydrogen uptake as well as oxidauion can occur at the inner sur-
face of Zircaloy cladding after deformation and rupture of internally pressur-
ized tuk s in steam, the effect of hydrogen on the instrumented-impact
properties of Zircaloy is being evaluated., The experimental methods and
dimensions of the subsize-Charpy specimens are the same as those used to
determine the impact properties of Zircaloy-oxygen alloys, Information on
the maximum load, dynamic fracture toughness, and total absorbed energy
was obtained ! temperatures between 373 and 823 K for homaogencous alloys
with «10-1300 ppm hydrogen. The results indicate that ~600-1300 ppm hydro-
gen in Zircaloy has a significant effect on the dynamic {racture toughness at
temperatures <600 K,

The diametral ring-deflection properties of undeformed Zircaloy
cladding, which was oxidized on the inner and outer surfaces in steam at tem-
peratures betweer ~1350 and 1700 K, have been correlated with pendulam-
impact results obtained from the identical tubes. The load-versus-deflection
curves srovide information on the plastic deformation to the point of an initial
crack as well as total deflection to fragmentation of the ring segment., The
deflection values range from ~0 to 0.4 and 0.2 to 1.2 mm, respectively, for
failure-impact energies between ~0.02 and 0.5 J at 300 ii.

Several Zircaloy cladding specimens from integral tube -burst/
thermal-shock tests were sectioned at several axial positions for metallo-
graphic evaluation o. oxide-1 yer thickness and for chemical analysis of
hydrogen. The results indicate that hydrogen pickup by the tubes during
oxidation in steam occurred primarily in regions where tne inner-surface
oxide layer was either quite thin or in locations where a relatively thick po-
rous oxide formed. The hydrogen content of the Zircaloy cladding varied
between ~25 and 2000 ppm,

The information obtained for the therinal-shock, impact, and ring-
deflection properties of Zircaloy containing oxygen and hydrogen will be used
to establish an embrittlement criterion applicable to fuel cladding under hypo-
thetical LOCA situations,

B. Impact Properties of Zircaloy-Hydrogen Alloys

Hydrogen uptake occurs at the inne: surface of Zircaloy cladding after
deformation and runture of internally pressurized tubes in steam and oxida-
tion at temperatures between -~ 1200 and 1400 K.' ™" Consequently, hydrogen as
well as oxygen may influence the mechanical properties of the cladding at
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tempe ratures encountered in the later stag: of a hypothetical LOCA transient
{i.e., 2600 K). Kawasaki et al.' have sl own that the ductility of Zircaloy clad-
ding, as determined by diametral ring-compression measurements at 373 K,
is quite small (i.e., £1.0 mm) when the hydrogen content is 250 ppm. Since
impact behavior of Zircaloy is relevant to the development of embrittlement
criteria for fuel cladding, the effect of hydrogen on the instrumented-impact
properties of Zircaloy is being evaluated for comparison with previously re-
ported results ' for homogeneous Zircaloy -oxygen alloys.

The specimen geometry and experimental methods are the same as
those used in the impact measurements on Zircaloy-oxygen alloys;” however,
the subsize-Charpy specimens were charged with hydrogen and homogenized
in hydrogen-helium gas mixtures at temperatures of 1198 and 1223 K. The
time -tempe rature conditions are given in Table 1.1 along with hydrogen con-
centrations of the specimens, which were determined from weight-gain data
and confirmed by chemical analyses, The specimens, which also contained
~1300 ppm oxygen, were cooled through the 8 - o phace transforma’ on at
~0.3 K{vrﬂ.

TABLE U1, Hydrogen-charging and Homegenization CGonditions for
Lircaloy - & Subsize-Oharpy limpact Spesimens o

Charging and

Honmrogenisation laitial Fresgure
Temperaturs, of My and He, Time Hydrogen Cuntent,
K kFa ks wt pprm

1198 4000, 3.6 600
fahs 6 (He)

1194 1.2 (Hy) 10.8 T
33 (ke

1253 3.6 (M) 8.4 o448
56.7 (He}

1198 8.0 iH,) 54 1600
G e

N V0.0 (H 5.4 L20g
1 3 [He)

1223 20,0 {H,} 4.4 L340

53.3 e

A - - y
5 romn wiude X 5 o thick x 58 mims long with & lungitedmal textyre;
ie | lung disnension is paraiiel to the rolling direchon of the plate

[nformation on the maximum load, dynamic {racture toughness, and
total absorbed energy was obtained as a function of hydrogen content at sev-
eral temperatures between 373 and 673 K. For an impact velocity of 0.75 m/s,
Fig. 1il.1 shows the dependence of maximum 'oad on hydrogen content, The
maximum load is not strongly dependent on temperature and 1s independent of
the hydrogen content for values 2600 ppm (i.e., =0.75 * 0.1 kN). Figure I11.2
shows the depend-nce of the dynamic fracture toughness on hydrogen content,
The fracture toughness decreases as the hydrogen concentration increases at
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Fig. 1.6

Optical Micrograph of a Zircaloy-2 Specimen
with 1000 ppm Hydrogen Which Shows Hydride
Precipitation at the Periphery of *he a Plates,
The specimen was cooled through the B » &
phase-ttansformation region at ~0.3 K/s, Neg.
No. MSD=-66001.,

of the o plates appears to be relatively free of hydride precipitate. This
observation coupled with information on the ductile-to-brittle transition tor
Zircaloy-oxygen (e.g., Figs, [1[.1 and 111.3 of Ref. 6) and Zircaloy-hydrogen
(Fig. 111,2) alloys suggests that a synergistic effect of oxygen and hydrogen on
the impact properties of Zircaloy may result for concentrations 4000 and
600 ppm, respectively, at temperatures £600 K. At low temperatures, higher
concentrations of either element result in a dynamic toughness value of

~10 MPa'm'? and a tota! absorbed 1ergy per unit area of ~2 x 10* J/m?,
These values were ased to establisu impact-failure criteria for Zircaloy-
oxygen alloys relative to the oxygen concentration of the material and

3 0
tempe rature. 110

The results on the instrumented-impact properties of Zircaloy-oxygen
and Zircaloy-hydrogen alloys, and information on the room-temperature im-
pact properties of Zircaloy-4 cladding after rupture and oxidation in steam
will be considered in the development of embrittlement criteria applicable to
fuel cladding under hypothetical LOCA conditions in LWR's.

C. Diamectral Ring-compression and Impact-failure Properties of Undeformed

Zircaloy=4 Cladding after Oxid.:tion in Steam
bi = -

The impact properties of undeformed Zircaloy-4 cladding, which was
oxidized on the inner and outer surfaces in steam at temperatures  tween
~1370 and 1680 K for various times and cooled to 300 i{ at a rate of ~5 K/s,
we re reported previcusly.,” To obtain a quantitative correlation between the
impact-failure and diametral ring-deflecticn properties at 300 K, we ent
6.35-mm-long segments from the tubes adjacent to the impact-fracture loca-
tion. The cladding segments were compressed at 300 K in an Instron testing
machine at a crosshead speed of 0.0423 mm/s. A typical load-versus-
deflection curve is shown in Fig. ill.7. The deflection CD corresponds to the
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amount of plastic deformation t* form
the initial crack. As indicated by the
abrupt decreases n the load, several
additional fractures occu~ before frag-
[ ©oA mentation of the specimen at a total
2 deflection denoted by Al cn the figure.

Wl CRACK

A TR DEFLECTION TO

(0 - PLASTIC DEFORMATION T —T
1 FRAGMENTATION ‘
\

f
\
\

Figure [1I.8 shows the plastic
deformation to the point of the initial
crack and the total deflection to frag-

Nt . mentation as a function of the failure-

_r,__.L@.'. - - - . impact energy, which was obtained from

- : o - the same tube. An impact energy of
0.3 J, which is a factor of 10 greater

than the failure-impact energy for

cladding that survives thermal-shock

loading by a small margin,”!! corre-

sponds to a plastic deflection of

~0.1 mm for the formation of an initial

Fig. 1117

Schematic of Typical Load=vs=Deflection
Curve from a Diametral Ring-compression
Fest on 4 Se~rien? of Oxidized Zircaloy
Cladding. Abrups decreases in load cor-

respond to four sequential fracturcs before crack and to a total deflection of ~0.6-
fragmentation during slow compression. 1.1 mm for fragmentation. The de-
ANL Neg. No, 306-79-73, flection to fragmentation is directly

proportional to the failure-impact
energy. The ring-deflection tests on oxidized cladding that was slow-cooled
through the 8 - @' phase transformation are similar to those of Hobson,'
which were performed on water-quenched specimens.

-

ner E ! : ‘ e Bl
o3 L00) FLASTIC DEFORMATION 10 INITAL CHADK - |
Fig. LS "I T 5 TV SRECTON rufuww'm//'{,,. 1
Plastic Deformation to Initial Crack and rat - /-o» 2
Total Deflection to Fragmentation (C.D and P ~ -t s
AE, respectively, in Fig. I11.7) as a Function - o -~
of Failure-impact Energy at 300 £ for Oxi- 5 08 /; - /”/ |
dized Zucaloy-4 Cladding. The inner and o ael /3,/ s //
onter warfaces of the undeformed tubes were o / > 1
oxidized in steam at 1350-1700 K for vari=- 24} / .‘ 2 / 1
ous times and ceoled through thed - o' . / (.J" |
phase transformation at ~5 K/s. ANL Neg, ”g_, . R " =
No. 386-79-59, MM&""“« - “‘f i |
o4 g3 06

FAILURE IMPACT ENERGY 1))

Figures 111.9 and 111.10 show the maximum load (Lyg in Fig. l1.7) and
total deflection during ring compression at 300 K as a function of the trans-
formed 3-layer thickness of specimens oxidized on the inner and outer sur-
faces in steam at temperatures between 1373 and 1673 K. The load and

deflection curves increase markedly for g-layer thicknerses larger than 0.25,

0.3, 0.35, and 0.4 mm for oxidation temperatures of 1373, 1477, 1588, and
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1673 K, respectively. The failure-impact energy exhibited a similar de-
pendence on the thickness of the transformed-g layer (i.e., Fig. [11.20 of Ref, 6).

| : T T 1 ety

16>

Fig, 1r.g

Maximum Load 4t 300 K as a Function of
Thickness of Transformed 8-pliase Layer for
6.3%-mm=long Scgments of Undeformed
Zircaloy=4 Cladding Oxidized in Steam ar
Inter and Ourer Surfaces ar 1373, 1477,
1588, and 1670 K and Cooled through the
8- «a' Phase Transformation at ~5 K/s,
Ring-compression rate was 0,0423 mm/s.
ANL Neg, Ne, 306<T78-68 Rev,

MEVIMON L0 g
=

*

THICENESS OF THANSFONNED - §-PHASE LAYER [l

Fig. N1.10

l l;'

Total Deflection to Fragmentation at 300 K a5 a e JJ“'W""’-
S

Function ef Thickness of Transformed B-phase

UL BEPLELTION O FRASMENTATION (mam

Layer for 6.35~-mm-long Segments of Undeformed - L /‘ /""" :
Zircaloy=-4 Cladding Oxidized in Steam at Inner & /1

and Outér Surfaces at 1373, 1477, 1588, and - 7. e 7 I
T4 K and Cooled through 3+ «' Phase Trans- - o ]
prmation at ~5 K/g. Ring-compression rate was - - _%g/ ) I

0.0424 mm/s. ANL Neg. No. 306-79-67. 024 v A

|
Bh— : i i

0 Q1 G2 3 ot s o8

TRIGENTSS OF TRANSFORMED - § ~PrASE LATER (me)

Based upon the measured oxide-, o-, and B-layer thicknesses, the
amount of oxidation of the specimens was evaluated relative to the equivalent-
cladding-reacted (ECR) parameter, which is used to define the 17% oxidation
limit in the present cladding embrittlement criterion. The total deflection to
fragmentation and the fracture-impact energy are plotted in Figs, III,11 and
II1.12, respectively, as a function of the equivalent-cladding-recacted parameter
for undeformed Zircaloy cladding oxidized in stearmn at various temperatures,

These data show that, for undeformed cladding (i.¢., no wal! thinning
due to deformation under internal pressure) in which a compact oxide layer
forms on the inner and outer surfaces and hydrogen uptake is quite small
(i.e., €60 ppm hydrogen in the tubes), the total deflection and failure-impact
energy are relatively large (21.5 mm and 21.0 J) for cladding oxidized to the
17% ECR limit at temperatures 1600 K. As with the impact properties,” the
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capability of deformed cladding to achieve a minimum specified deflection
¢an be evaluated relative to the time and temperature of oxidation and the
wall-thickness ratio that results from circumferential expansion of the clad-
ding during transient heating and rupture.

i 4 | o2
;% '?! 4 § Th4 R
z =
K 184 4 & axl _J
-4 Y
= | §
= o & pat
g o
:. 0% s +h 43 i
& E
4 (4 { : 1l !
B {
G - 31 A
1 ! | : i Al —
a n b 1 & L
FQUIVALENT CLADUING FEATTED PN EGUIVALENY CLADDING REACTED MW
Fig. 1111, Relationship between Total Deflection to Fig, 1112, Relatonship batween Fallure-impact
Fragmentation and  bquivalent=cladding= Energy at 300 K and Fquivalent=
redeted Parameter for Undeformed Zircaloy cladding=teacted Paramerer for Un-
Cladding Oxidiged in Sream at Inner and deformed Zircaloy Cladding Oxidized
Outer Syrfaces at 1373, 1477, 1688, and in Steam at Inner and Outer Surfaces
1678 K and Cooled through f-+a' Phase ar 1373, 1477, 1588, and 1673 K and
Transformation ar ~5 K/s, ANL Neg. Cooled througly 8 -+ o Phase Trams-
No, 3067063, formation ar =3 K/5. ANL Neg,

Moy, 306=-7 =04,

D. Correlation of Hydrogen Uptake and Inner-surface Oxidation of Zircaloy-4
Cladding from Integral Tube-burst/Thermal-shock Tests

Several specimens from the integral tube-burst/the rmal-shock tests™ ™!

have been sectioned at different axial locations and analyzed to assess the in-
fluence of hydrogen as well as oxygen on the rovm-temperature impact and
ductility properties. Figure 111,13 shows the time-temperature conditions for
six tubes selected for correlation of the hydrogen content with inner-surface
oxidation characteristics. The maximurn axial temperature variation along the
cladding is indicated in the figure; i,e,, the temperature in ballooned regions is
~159-180 K lower than in adjacent nonballooned locations. The rupture opening
in the tubes was ~80-150 mm*, which is typical for Zircaloy cladding ruptured
in the o~ or predominantly a-phase region. '

Segments of the tube (~20 mm long) were analyzed for hydrogen, and
adjacent regions (6.3 mm long) were mounted and polished for metallographic
determination of the morphology and thickness of the inner-surface oxide. The
average hydrogen content and oxide-layer thickness are plotted as a function of
axial position along the tube in Figs. I11,14-111,19, The rupture location and the
nature of the inner-surface oxide (porous versus compact) are also indicated in

the figures. .
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Fig. ULiv. Hydroges Coutent and Thickness of
Inner-surface Oxide Layer as a Func-
tion of Axigl Distance alony Zirealoy
Tube Oxidized in Steam for 7.0 ks
at 1250-1750 K. Tube No, 48 i
Fig. .14, ANL Neg, No. 306=78-58,
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Fig. 11,18, Hydrogen Content and Thickness of
Inner-surface Oxide Layer as a3 Func=
tion of Axial Distapce along Zitcaloy
Tube Oxidized in Steam for 2.1 ks
ar 1E60~1385 K. Tube No. 47 in
Fig. N1.13, ANL Neg, No, 100=-T-45.
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Hydrogen Content and Thickness of
inner-surface Oxide Layer as a Func-
ton of Axial Distance along Zircaloy
Tube Oxidized in Sream for 3.6 ks
at 1250~1380 K. Tube No. 51 in
Fig. III.13, ANL Neg. No, 306-78-61,
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Fig, 111.18%. Hydrogen Content and Thickness of
Inner=surface Oxide Layer as a Func-
tion of Axial Distance along Zircaloy
Tube Oxidized in Steam for 0.24 ks
ar 1410-1580 K, Tubé No, 103 in
Fig. l1.13. ANL Neg. No, 306-79-8,

Except for the tube that was oxidized at a relatively high temperature
{i.e., 1410-1580 K, for tube No. 103 in Figs. I1l.13 and 1i1.19) and the rupture
locations in two tubes oxidized at ~1120-1380 K (i,e., tube Nos. 27 and 51 in
Figs. 111,14 and [11.17, respectively), a porous oxide was observed on the
inner surface. In a previous report (Fig. I11.16 of Ref. 13), oxidation of rup-

tured cladding in steam at temperatures between 1170 and 1300 K for extended

periods of time {22 ks) resulted in the formation of porous oxide.

179 042







10.

2k,

12.

R R R I O R R R O RO O O R RO R O R R R R I R R R R R R R R R R R R, JR— R —
- —— u—

References

S. Kawasaki, T, Furuta, and H. Uezuka, "Inner Surface Oxidation of
Zircaloy Cladding in a Loss-of-Coolant Accident,” Sixth Water-Reactor-
Safety Research information Mecting, Natic 1al Bureau of Standards,
Gaithersburg, MD (Nov 6-9, 1978).

T. F. Kassner, H. M. Chung, A. M. Garde, anc S, Majumdar, " Zircaloy
Cladding Embrittlement, Recommended Criteri " Sixth Water-Reactor-
Safety Research Information Meeting, National L "reau of Standards,
Gaithersburg, MD (Nov 6-9, 1978).

S, Kawasaki, JAERI, private communication (Nov 13, 1978).

M. L. Picklesimer, "Comments on the Symposium on Embrittlement of
Zircaloy by Oxidation," Sixth Water-Reactor-Safety Research Information
Meeting, National Bureau of Standards, Gaithersburg, MD (Nov 6, 1978),

Light-water-reactor Safety Research Program: Quarterly Progress
Report, January-March 1978, Sec. III, "Mechanical Properties of Zircaloy
Containing Oxygen," ANL-78-49, NUREG/CR-0201, pp. 45-63 (July 1978).

Light-water-reactor Safety Research Prograin: Quarterly Progress
Report, July-September 1978, Sec. I1I, "Mechanical Properties of Zircaloy
Containing Oxygen,” ANL 78-107, NUREG/CR-0547, pp. 27-46 (Jan 1979).

Light-water-reactor Safety Research Program: Quarterly Progress
Report, July-September 1977, Sec. [lI, "Mechanical Properties of Zircaloy
Containing Oxygen," ANL-78-3, pp. 47-75 (Jan 1978).

G. Ostberg, Determination of Hydride Solubiiity in Alpha Phase Zirconium,

Zircaloy-2, and Zircaloy-4, J. Nucl. Mater. 5, 208-15 (1962).

R. P. Elliott, Constitution of Binary Alloys, Ist Supplement, McGraw-Hill,
New York, p. 513 (1965).

Light-water-reactor Safety Research Program: Quarterly Progress
Report, April-June 1978, Sec. 11l, "Mechanical Properties of Zircaloy
Containing Oxygen," ANL-78-77, NUREG/CR-0423, pp. 19-42 (Dec 1978).

H. M. Chung, A. M. Garde, and T. ¥, Kassner, "Development of an Oxygen
Embrittlement Criterion for Zircaloy Cladding Applicable to LOCA Con-
ditions in Light-water Reactors,"” Proc. ASTM 4th Int. Conf, on Zirconium
in Nuclear Industry, Stratford-on-Avon, England (June 27-29, 1978).

D. O. Hobson, "Ductile-Brittle Behavicr of Zircaloy Fuel Cladding,”
Proc. ANS Topical Meet, on Water-Reactor Safety, CONF. 730304,
pp. 274-288 (1973).










