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The integrity of the PWR fuel under the power transient was studied taking into

consideration of the waterside corrosion and the rod pressurization as test variables.

Concluding remarks are as follows;

(1) For the pressurized PWR fuel up to 3.1-3.6MPa, the waterside corrosion had no
effect on the fuel failure, occurred by the ballooned/rupture mechanism. The failure
threshold was the same as that observed in the standard fuel.

(2) For the unpressurized PWR fuel, the waterside corrosion had a significant effect to
preventing the fuel from the failure, occurred by the melt/brittle mechanism. The
corroded film tended to minimize the temperature gradient across the cladding. It
also worked to prevent the additional oxide formation, where the hoop stress raised
during the quench was tended to reduce. As a result, the failure threshold of the
corroded fuel was higher than that of the standard fuel.

(3) The use of the ZrO, fuel under the unpressurized condition revealed that the
magnitude of PCST, AT were suppressed and the time to quench was shortened
when they compared with those of the standard fuel. For example, PCST was 1,748
deg. C for the standard fuel but 1,285 deg. C for the corroded fuel (80 u m) at the
energy deposition of 256cal/g * fuel. The PCST by 463 deg. C was suppressed to
prevent from the failure.

(4) For the axial PCMI, the peak axial strain for the pressurized fuel increased with the
increase of the ZrO, film; the maximum was 4% for the 40 u m fuel. Hence, at the
outermost rim the ZrO; film suppressed the cladding to balloon. By contrast, the
peak axial strain for the unpressurized fuel was not exceeded 1% irrespective to the
ZrO, film. This was due to the strong axial restriction occurred by the rapid radial
movement of the hot fuel. For the radial PCMI, the residual diametral strain
remained little in the fuel rod with ZrO, film.
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1. INTRODUCTION

In the field of the safety research on a light water reactor (LWR) fuel, a reactivity
initiated accident (RIA) is one of the important phenomena, especially for the data as
the licensing. Since 1975, the experimental study on RIA was done in the Nuclear
Safety Research Reactor (NSRR) belonged to the Japan Atomic Energy Agency (the
former Japan Atomic Energy Research Institute; JAERI). In the pulse irradiation test, a
14x14 pressurized water reactor (PWR) type segmented fuel having an active fuel
column length of about 135mm and a fuel enrichment (**U) of 10 wt% was defined as

the standard fuel. Note that they were fresh fuels, that is, zero burn-up before pulse.

In most cases, the fuel rod was pulse irradiated with a filler gas as much as 0.1MPa,
where the gas composition was 100% helium. This is because the pressure of the
coolant (H,O) in an irradiation capsule was 0.1MPa. In several cases, the NSRR test
fuel was intentionally pressurized to 3.2MPa, which was the same situation to the fuel

rod used in the commercial power reactor.

A failure mechanism revealed for the unpressurized standard fuel was the melt/brittle of
the zircaloy-4 cladding and the ballooning/rupture for the pressurized fuel. A failure
threshold for the former was 260cal/g - fuel in the deposited energy and that for the latter
was 110cal/g * fuel in the enthalpy. These observations were quoted to the Japanese
Licensing Guideline for RIA and the past NSRR report '*,

With respect to the fuel characterization, the NSRR standard fuel has partly different
point from the practical PWR fuel. One marked point is that the NSRR standard fuel
had no waterside corrosion, that is, a thin film made of ZrO, on the external surface of
the zircay-4 cladding. Taking this situation into consideration, the author intended to
carry out the RIA test by the fresh PWR fuels having ZrO,. As the second parameter, the

rod internal pressure (0.1MPa and 3.2MPa) was chosen..

Preliminary studies to understand the failure threshold for an unpressurized fuel with

/without ZrO, and those for a pressurized fuel with/without ZrO, were made. Results

obtained form the former ?” and those obtained from the latter *'*! were reported
separately. The present paper is mainly to study the failure mechanism basing on in-core

performance data; those were not discussed in the previous studies.
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2. EXPERIMENTAL METHOD

2.1 Test parameters

(1) Waterside corrosion

According to PIE data!"®! the waterside corrosion or the external corrosion of the PWR
type fuel rod as a function of burn-up is burn-up dependent as shown in Fig.1. It is clear
that the ZrO, film was increased with an increase of burn-up up to 60MWd.kgU. From

the viewpoint of the licensing, this phenomenon is important because the increase of
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Fig.1 Oxide thickness of the PWR type fuel rods as a function of rod accumulated

burn-up

[1-8]

ZrO, film will be degraded the heat conductance of the cladding, for example, from
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1.8W/mK to 1.0W/mK. The degradation makes the PWR fuel temperature hot 1'% and
should enhance the fission gas release (FGR). The generated FGR was strongly linked
the increase of the rod internal pressure at the gas gap and plenum. It should be
mentioned that in the licensing criteria in Japan, the rod internal pressure is prohibited

strictly to excess the coolant pressure at the end-of life (EOL).

During the formation of ZrO, film, amounts of hydrogen (H,) will be generated as the
result of the reaction between the H,O coolant and the zircaloy-4 cladding. A part of the
generated hydrogen, namely about 10% ' to 20% ") of the total will be picked-up
into the cladding and started to make the cladding brittle during the subsequent

irradiation period.

As shown in Table 1, the author selected nine different kinds of ZrO,; they were
estimated by the upper C-E/KWU line in the Fig.1. Amounts of picked-up hydrogen
were also taken into consideration. The author expects that experimental results can be

used as a supplemental database for the existing RIA Licensing Guideline "'

Table 1 Test parameters

Characteristics 17 X17 PWR, pressurized group 14 X 14 PWR, unpressurized group
Fuel Rod Type Zr0, Corroded Reference (Standard) Zr0, Corroded Reference (Standard)
Fuel Rod No. P13, P14| P15, P16|P17, P18§] P19, P20| P7, P8, P9, P24, P2, P5| JO,J1 J2,13 J4,]5 | 16,17 J23,124,125,126
Oxide Thickness (um) 10 20 30 40 0 50 60 70 80 0
Absorbed Hydrogen (ppm) 50 120 140 70(a) 0 91 133 183 344 0
Fill gas pressure(MPa, 20deg.C) 3.0-3.6 0.1
Fill gas composition (vol.%) 95%He+1%Kr+4%Xe(b) 100%He

Note: (a) Absorbed hydrogen for P19 and P20 did not reach the targeted value due to the change of cladding inside condition after the oxidation
(b)Fill gas compsition was decided by the PWR fuel rod irradiated to 40MWd/kgU, of which FGR was 0.6%.

(2) Rod internal pressure

With respect to the rod internal pressure and the gap gas composition, a PWR rod
irradiated to 40MWd/kgU in the Japanese commercial power reactor was referred to the
present study 7] From the PIE of the fuel rod, it was revealed that the FGR was the
0.6%, the rod internal pressure the 3.6MPa and gas composition the
95%He+1%Kr+4%Xe. These referential values were directly applied to the case of the
pressurized fuels as shown in the left half of Tablel, that is, the columns from 2 to 6.

Hereinafter the author denoted them as the “pressurized group”.

At EOL of the PWR fuel, the difference between the PWR rod internal pressure and the
coolant one is getting small in magnitude because of the creep-down, fuel swelling and
FGR. The author found that such EOL condition is significantly resembled between the
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NSRR standard fuel (the rod internal pressure is 0.1MPa) and the coolant pressure in the
irradiation capsule (0.1MPa). This finding was directly applied to the case of the
unpressurized fuels as shown in the right half of the Tablel, that is, the columns from 7
to 11. The author denoted them as the “unpressurized group”. The ZrO, film in the
unpressurized group is thicker than that of the pressurized group. Common to the two
cases, the referential fuels having no ZrO, were introduced as shown in the columns 6

and 11. They denoted here as the reference or standard fuels.

2.2 Fabrication of the test fuel rod

The test fuel rods were originally designed by the JAEA and fabricated by the Nuclear
Development Corporation (NDC), Tokai, Japan.

(1) Oxidation of the cladding

According to Garzarolli et al "), the oxide thickness was increased with a rate of 10 2 m
per 10MWd/kgU. The author prepared eight zircaoy-4 tubes and sealed both top and
bottom end. Subsequently they were heated up to 450 deg. C in the oxidized atmosphere.
Dismantled days for the pressurized group were 33, 64, 95 and 125 to get the external
oxide of 10, 20, 30 and 40 u m. Those for the unpressurized group were 145, 175, 200
and 230 days to get the external oxide of 50, 60, 70 and 80 ux m. For the all cases, the
author got the expected thickness of the oxides.

(2) Hydriding of the cladding

The author assumed that during the oxidation process about 10% of the generated
amounts of the hydrogen were picked up into the cladding. After cutting the sealed ends
of the autoclaved tubes, eight tubes were heated up to 400 deg. C in the reduced (H2
gas) atmosphere. Expected amounts of hydrogen for the pressurized group were 52, 104,
155 and 207ppm for the 10, 20, 30 and 40 u m autoclaved tubes. Practical values
obtained were 50, 120, 140 and 70ppm. The 70ppm instead of 207ppm was happened
without the clear reason. Expected amounts of hydrogen for the unpressurized group
were 260, 310, 360 and 410ppm for the 50, 60, 70 and 80 x m autoclaved tubes.
Practical values obtained were 91, 133, 183 and 344ppm. Practical values were of the
order of 35%-80% of the expected amounts. The mechanism of the hydrogen puck-up
occurred in the in-pile irradiation might be more complicated than that of the out-of-pile

test.

With respect to the pressurized group, the left-hand side of Photo.1 shows the test tube
having the oxide thickness by 20 x m and the picked-up hydrogen by 120ppm. The
right-hand side shows the PIE photograph of the irradiated PWR fuel rod up to
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34MWd/kgU, where oxide thickness was about 20 u m but the amounts of the
picked-up hydrogen was unknown'™. The oxide film obtained from the out-of-pile
condition seems to be rather coarse than that of the in-pile one, and the picked-up

hydrogen distributed more uniformly than in-core one.

With respect to the unpressurized group, two representative metallographic pictures are
shown in Photo.2. At moment the author does not have PIE data comparable with those

two. X-ray inspection to those eight tubes revealed no anomalies at all.

Wl
=
‘O
< |
™)
=
0
S|
I

) Absorbed hdrogen-i20pom F— || -

OUT-OF-PILE | _IN-PILE, 34MWdqU

Photo.1 Two pictures shown in the left-hand side were metallographic pictures for oxide
film by 20 u m (A) and picked-up hydrogen by 120ppm, Two pictures shown in the
right-hand side were from PIE of the PWR fuel rod burned to 34MWd/kgU™, where the
oxide film was about 20 z m(C) but amounts of picked-up hydrogen was unknown. (D).
All data are for pressurized fuels.
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. Zrozgo,um ' = z:.p
WATERSIDE CORRODED FUEL

Photo.2 Representative cross section of the waterside corroded cladding tubes; (Top) 50
u mZrO, and 91ppm hydrogen and (Bottom) 80 x mZrO, and 344ppm hydrogen. All
data are for unpressurized fuels.

(3) Fuel rod

The enrichment of the UO, fuel was 10wt% for the active column length and 3.4 or 0.26
wt% for the end of the active column. All pellets had about 95% of the theoretical
density (T. D.) and grain size diameter determined by the two dimensional intercept
method was about 8-10 u m. As-fabricated characteristics of the fuel rods were
summarized in the Table 2.

The longitudinal cross section of the test fuel rod provided for the pressurized group is
shown in Fig.2.
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Fig.2 Longitudinal cross section of the test fuel rod provided for the pressurized group
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2.3 Fuel assemblies, irradiation capsule and instrumentation

Three test fuel rods wee arranged in a triplet rod configuration. They were located
120deg. C apart in a circle having 18mm radius. This arrangement can minimize the
radial power distortion and avoids thermal interaction between the loaded rods. The
midpoint of the active column of the test fuel rods was coincided with NSRR core
midplane. As shown in previous Fig.2, a cladding extensometer (EC) to measure the rod
axial deformation was attached to the top of the each fuel rod. A Pt/Pt-13%Rh type
thermocouple (T/C) to measure the cladding temperature was directly spot welded after
abrading oxides in a limited small area. Their locations were middle of the active fuel
column and =£33mm apart from the middle point. A strain gauge type pressure sensor
was attached to the rod bottom to monitor the change of the rod internal gas pressure.
Lastly, the movement marker made of the zirconium ring was set to the just top part of
the fuel column to monitor the maximum movement of the fuel column. The moved

distance was confirmed by the X-ray at PIE.

Three fuel rods were assembled to the supporting jig together with the electric wires and
loaded into the irradiation capsule as shown in the Fig. 3. The test fuel rods were
immersed in the stagnant water at room temperature (usually about 20 deg. C) and

atmospheric pressure inside a sealed irradiation capsule.
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- Fuel rod support

(x3

T/ for cladding
 surfacs tem

Fig.3 Irradiation capsule for the triplet rod configuration and attached in-core

instrumentation

2.4 In-core pulse irradiation and pulse history

As shown in Table 3, the pressurized group in a triplet configuration was pulsed in the
test series of 525-1, 525-2, 524-3 and 524-4 with a different magnitude of the deposited
energy. Two standard rods, P2 and P5 were separately pulsed in single rod configuration.
Meanwhile, the unpressurized group in a triplet configuration was pulsed in the test
series from 525-3 to 525-6. Due to the limited space in the irradiation capsule, in-core
instruments were assigned to each test fuel rod.

The integral value of the reactor power P (MW - s) was used to estimate the deposited

energy Eg (cal/g * fuel) in each test fuel rod. Hence, Eg=Kg X P, where the power

-10-
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conversion ratio Kg (cal/g * fuel per MW -+ s) was determined through the fuel burn-up
analysis taking the radial and axial power skew into consideration !"*!. The error band of
this analysis was within £5%. Because the licensing guideline for RIA uses not only
the deposited energy but also the radially averaged fuel enthalpy, the author concerted
the deposited value into the enthalpy 4 for the reader’s convenience. The following

discussion however will mostly present the value with the deposited energy.

The axial power profile of the tested rods was determined by the use of nuclides
»7r-">Nb. As shown in Fig.4, the profile was relatively flat, although the locally sharp
peaks with about 30% for the reference fuels and with about 6% for the bottom end of

the ZrO, fuels were observed. In fact, many tested fuels were defected at the bottom

end.
LaieE -
: §.._._aa T 4| \Peaking tactoratosl s
£ g
= 6
-] -
w
Gk 4t
i 2 . : : ) ; )’
QO{ ﬂ i { L

0 50 : - Ka-

Fig.4 Relative power distribution of the test fuel rod determined by the axial gamma

scanning

- 11 -
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3. RESULTS AND DISCUSSION

The author summarized the data obtained from the in-core instrumentation and the PIE
in the Table 4. The failure or no failure decision was made by PIE. According to these

experimental data, the following discussions will be made

3.1 Failure threshold and failure mechanism

3.1.1 Pressurized group

For the case of the pressurized fuels, a data plot was followed the example shown in the
Licensing Guideline for RIA ["*!, Fig. 5 is the result. The failure of the corroded (ZrO,)
fuels did not occur below the past NSRR experimental data line or below the acceptable
design criteria of LWR. The test fuel rod P20 (40 u m) failed at the enthalpy of 121
cal/g + fuel but the test fuel rod P19 (40 1 m) did not fail at the enthalpy of 142 cal/g -

fuel. This discrepancy might be explained that the latter had a little pellet-cladding

mechanical interaction (PCMI), accompanying with a little ballooning.

— 200 [ Symbol ZrO2(um)
% r Past NSRR experimental data line ° 0
e 0 P19 for fuel failure a 10
=2 150 0 20
(_8 r P20 X L / o 30
N E AD ES 40
= = 0
o L
Z:' 1 00 Fr===me AD 8
= I E S S ! 65
E 50 | Acceptable design criteria of LWR 1
. Lo o i 1
L r 1
) L
o B |

0 11

26 28 3.0 3.2 34 36 38 40 42 44 46

PRESSURE DIFFERENCE BETWEEN ROD INTERNAL
AND COOLANT (MPa)

Fig.5 Deposited enthalpy of the tested fuel rod vs. pressure difference between the rod
internal and the coolant, where the conventional LWR fuel design criteria under RIA
standard fuels is also shown by the solid line (past NSRR experimental data line foe fuel

failure) and dotted line (acceptable design criteria of LWR).

-13 -



JAEA-Review 2010-068

Wi} 20JZ 8} JO 14O Paleds :0S ‘pue Wopoq pos sy} je Buiuoojieq Jaye ainydni suesw gy(y) 810N

gy gy 0S 'ay =] gy gy gy )aid[ oz
AN 4 (-06)d | (-0/2) 4N 4N 4 4 4 4 AN AN AN 4N (4N) aanjiey oN /(d) anjied| 6}
BUON Em__m BUON BUON BUON BUON BUON BUON BUON BUON BUON BUON BUON BUON AEEV\SOQ poJ [an4| g}
Zl 0 £ 1z 9l ¥ oY 92 0z 92 z2 ¥ 61 0z (%) uswianow uwinjoo jany winwixe| 2}
e 9/ 9¢ 6¢ 9y 0¢ £6 99 00} v'6 6 z¢ vy z¢ (%) uress [enswerp fenpisay| 9}
- 610 v00- [ 9600- | 2200 [ amdni [ aimdni | amdni [ 610 1600 | 2200- | 900 0 ¥0°0- [ (%) uieas [enpisey LSl
- - 99°0 G0 - 19°¢ £6°¢ - L2 052 - - - - (%) winwixepy uojeBuoe [eixy| G|
8l [ - - - Ig Ig Ie - - - [ 14 Gz |@sind Jeyy
2l 0z - - - 0z 0z 0z - - - 9l 9, 9l as|nd 8lojeg (0'bap) aimesaduwis | Juej00)
716 995 Geg 619 86/ 289 095 [(oBep)Lv
670 ) 110 - 910 - - 120 - - €10 - - 110 [(s) youanb oy swiy
[y 89/ 89/ 0L 268 - - 256 - - 0.8 - - 8¢/ Xep (9'bep) 180d
- 66°0 G50 990 - - 180 670 180 £7'0 - - - - (S) unjey 0} owil|
- 090 80 v0 - - €0 €80 £70 £7'0 - - - - (s) eed e sl
1£0 20 G0 50 8v°0 250 8%°0 L0 2o €0 90 szro | eivo | 60v0 (BdIN) 0d-Wd :88B210U| BINSSBId
£9°¢ 85°¢ 1G¢ 9%6'¢ £6°¢ 8¢ 90 86°¢ 9'¢ ¥6'¢ 10y S6°¢ 88'¢ 96'¢ (BdIN) W : 8nssaid Yead payoesy
91°¢ 0'¢ 97 e Gee z¢ 8r'e e A e Gr'e e I£¢ Gy'e [ (ed) Jue|000 pue [eulsjul o Usamaq aouaseyip ainssald| |6
9z’ ol'e 90¢ e e 0g'¢ 85°¢ 1G¢ ¥S'e IS¢ 6G'e 5 e 65'e (edin)od “0'Bepog 1e ainsseid seb 14| 6
01 12l [ 1zl 1zl vl vl vl Gzl Gzl Gzl 6 56 56 (jony-Byea) Adieywz| g
gl Gl Gl Gl Gl il il il 861 861 861 621 621 62} (18ny-B/1e0) Abisu3 peysodaq| 2
XIN XIN XIN XIN XIN XIN XIN XIN XIN XIN XIN XIN XIN XIN X% +OM% | +8H%S6 XIIN (% '10A) uosodwo) se [ii4| 9
° > 0. orl ° 0/ orl o 0z} 0S . 021 0 = (wdd)uaboipAy pagiosqy| &
° > oy 0¢g ° 0 0 o 02 0l - 0z 0} = (wurl) ssauxolyL apixo| +
zves | bves | vves | vves 28 eves | eves | eves | zoes | zees | zezs | -z | 1-szs [ )-gzs Jewnadx3| €
Gd Zd 0zd 8ld v2d 6ld Lid 6d 9ld vld 8d Gld gld Id posjend| z
axiy [ ol | oaxar | oaxal [ oaexay | oaxay [ oaxa | oabxar | aexal | oaxad | axar | axah | axal [ 2bxdL waﬁhom_mi |
JOoIABYaq [an} JO Alewwing
dno.3 pazunssaid (MM LIX/}, pozunssaig) [and ppOLIOs SpISIaIEN

wl 17 () 03 ()] WO paurea ¢OI7 ‘dnoid pazumssaid oy £q 10 paLLIed $3s91 VY Ay} JO Arewwing [-f d[qeL,

- 14 -



JAEA-Review 2010-068

U0IJeloj09sIq :0@ ‘Uoiew.oep SULIAN :QM ‘90BLNS By} woly 1o pajeds Ajued semc0iz:0S (1) ‘10N

0S'0a | os‘am | 0S9o/L [o/L¥e 0S| am uaxorg | M IyBlS | dojje Og |wuwismugaen |GM JUBIS | aM IYBIS [emMaBI #3ad| oz
AN AN 4 EN AN 4 AN AN 4 AN AN 4 (4N) ainjiej oN /(d) ainjied| 6}
60 gl (e) g 0 00 02 0} Zy 88 8 6. (ww) mog pos jand]| 8|
?xuv JuswiaAoW uwnjod |snj wnwixep| /1

660 60 ge 0L0 £8°0 86} 8g') 850 187 8g'} 080 €7} (%) uress |esyawelp [enpisay| 91

(%) Uleas [enpisay 1.Gl

810 90 120 950 9,0 €10 80"} 9,0 80 060 680 10 (%) winwixey uonebuoje eixy| G|
1z 1z 1z or oy or o of o 8y 8y gy [ 8sind Jauy vl
2l 2l zl vl D vl 9l 9l 9} 6l 6l 6l asind aJojag (0'bep) aunjesedws] juejoog| ¢}
208} vyl - 860} 656} - €10} 9¢0} 8v9l  |l9Fsszl|  szzl - (0bep)LV Z
¥ ¥4 - ¥ 8¢ - 22 L VL 97 Zy - (s) youanb o} sl L)
008} 008} G0g) 692} 659} 21} elel 0zgl 8vll 067} gzel 008} Xep (0'bep) 189d| 01
(S) ainjey 0y swiy | 6,6

(S) Yead je awil | ¥,6

Am.n__\,_v 0d-Wd ‘asealdu| alnssald| €.6

Amn_S_v Wd - ainssald Yead payoesy| ¢.6

Amn__\,: JUE|00) pue |eulsjul poJ Uusamlaq adualajip ainssald| | .6

10 10 10 L0 10 10 10 L0 ) 10 ) 10 (edW)od '0'Bap0z je ainssaud seb 14| 6
52 G2 52 8¢z 8¢z 8ez 28T 2eT €T 2eT €T €T (jony-Byjeo) Adieypug| g
6.2 6.2 6.2 292 292 292 962 952 962 962 962 962 (jen}-b/e0) Abisuz paysodeq| 2
8H%00} | 8H%00L | ®H%00L | ®H%00) | ®H%00L | 8H%00L | 8H%00L | ®H%00L | 8H%00L | ®H%00L | 8H%00L | ®H%O00L OX%T+04% L +OH%S6 XIN (%’10A) uosodwiod se9 i4| 9
e el ° £81 16 = e gel = €81 16 = (wdd)uaboipAH pagiosqy| G
08 09 g 0. 0§ = 08 09 > 0. 0§ > () ssauxolyL 8pixo| ¥
9-626 9-626 9-6es | ¢-6gs | G-Ges G-G2¢6 628 -G2s 628 £-Ggs £-628 £-Ges uswuadxg| ¢
I er ozr ar i el or ar Ger il or gar poieng| z
piXpl pIXpL vixpl [ vixvl [ pixpl piXpL piXpL piXpl yiXpl yiXpl piXpl yiXpl adA) poy jendf |

dnoJs pazlinssaidup)

w17 ()8 01 ()S WOIJ paLleA {Ql7

{dnoi3 pozunssaidun oy £q N0 paLLILD S1S9) YTY Ay} JO Arewrwung 7- 9[qeL,

-15-



JAEA-Review 2010-068

A failure mechanism for the pressurized group was examined in the PIE and found that

all failure including the standard fuel occurred by the ballooning and rupture as shown
in the Photo.3.

REFERENCE (No oxide )
DEPOSITED ENERGY:154~158 cal/g. fuel

Photo.3 Overview of the failed fuel rods in the pressurized group, where they were
exposed to the energy deposition level of 151-158 cal/g * fuel (enthalpies 121-125
cal/g * fuel); All fuels were pressurized to 3.3-3.5MPa with the gas composition of
95%He+1%Kr+4%Xe; White spots in each picture shows the zero orientation of the test
fuel rod. Note that all fuel pellets after the ballooning were relocated during an unlading
of the fuel rod from the irradiation capsule and during a necessary preparation prior to

the cutting.
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A number of the rupture point was only one in each defected fuel rod. With respect to
the fuel rod with 30 ux m oxide film, ZrO, was partly scaled off and changed the
original surface in spots (see, the picture). To understand the effect of ZrO, on the
failure mechanism, the fuel rod with 30 x m was examined in detail and the

metallographic picture is shown in Photo. 4.

Zircaloy-4
Cladding

oatENTAmN+0°

CLADDING
QUTSIDE
30um thickness ]
initial oxyde CLADDING
OUTSIDE

As-Polished As-Polishec

Photo.4 (Left ) fabricated ZrO, dense and homogeneous oxide having a thickness of 30
u m. (Right) the cladding was ballooned and ruptured at the zero orientation (the
photograph in the middle). The oxide film was scaled off (90 and 180 degree), chipped
off (0 degree), and cracked (270 degree).

Taking into consideration that not only the standard fuels but also the ZrO, fuels were
defected by the ballooning and rupture mechanism at the tested enthalpies, the author
concluded within this experimental scope that for the case of pressurized PWR to

3.1-3.6MPa the influence of the ZrO, oxides on the failure mechanism was none.

3.1.2 Unpressurized group
For the case of the unpressurized fuels, the data plot was followed the example shown
in the Licensing Guideline for RIA "2, Fig. 6 shows the result. While the failure of the

waterside corroded (ZrO,) fuels did not occur below the energy deposition of
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260cal/g - fuel, all standard fuels failed at the energy depositions tested.

EXTERNAL OXIDES . LEGEND:
: Intact O
80 um | o i ol| Failure °
Failure threshold for NSRR
r O e) Std. rod
70 Hm : Failure mode; melt/brittle of
: the cladding
60 ym | o i o
: 17 x 17 type PWR fuel
— o io Fill gas; 100%He
50 Hm : Rod pressure; 0.1MPa
: Zr02 Oxides;
Oum | ® :eo ° 50-80 4 m
!
250 260 270 280

ENERGY DEPOSITION (cal/g- fuel)

Fig.6 Failure and no failure of the unpressurized PWR fuels with experimental

parameters.

Failure mechanism of this case was revealed by PIE. A typical overview of the
waterside corroded fuel (J7, 80 x m) and the reference one (J29, 0 x m) is shown in the
Photo.5, where the two fuels were pulsed at the energy deposition of 279 cal/g * fuel. It
is clear from the picture that the former did not fail but the latter was broken into pieces
at the rod bottom end and showed the wrinkle deformation overall cladding'. As
indicated in the photograph, the author cut the two fuel rods at the half point of the

active column length or mid T/C position for further detail metallographic study.

' Due to the pulse a UO, pellet became a very hot and expanded promptly towards the cladding
inside to cause PCMI. Because the interaction between the hot UO, and the cladding inside did
not occur uniformly but occur at the local area, the cladding inside interacted was heated up and
deformed causing a plastic flow of the cladding materials, that is, the cladding was melt in the
area. As a result, the area was thinned due to the flow out and thermal tensile stress but the other
area was thickened due to the material flow into that area. Lastly, the cladding thickness was
partly thinned and partly thickened; the feature looked like a wrinkle. Therefore the author
defined it as the wrinkle deformation. Of course this type of deformation accompanies the radial
crack propagation mostly at the thinned area because the cladding becomes brittle and easy to
have a tensile stress when it is quenched. Namely, the wrinkle deformation represents the
cladding melt/brittle failure. This type of the failure is typical for the unpressurized fuel but not
for pressurized fuel.
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ROD J7:80Qum
BOTTIOM _ WATERSIDE CORRODED

1
|_ ACTIVE COLUMN:11 o, 235 e

ROD J26:Qum
REFERENCE

CUT FOR
CROSS SECTION

Photo.5 Overview of the waterside corroded fuel (rod J7, 80 u mZrO,, top) and the
reference fuel (rod J26, 0 © mZrO,, bottom) at the energy deposition of 279cal/g * fuel.

Photo 6 is the resultant metallographic pictures. A recorded peak cladding surface
temperature (PCST) for the waterside corroded fuel rod at the cut position was about
1,800 deg. C; the value was significantly closed to the melting point of the cladding.
Even though such situation, the waterside corroded fuel kept the external surface tight
and the cladding thickness unchanged. There was no trace that an additional oxide layer
was formed. On the other hand, in the reference fuel, an uniform oxide ZrO, at the
cladding external was additionally formed to the magnitude of 98 1 m Continuing to
that layer, the oxygen stabilized « phase and prior 3 phases to the inside were
existed. A porous oxide seen innermost area might be formed after the occurrence of
melt/brittle failure, that is, a reaction occurred between the cladding inside opened to the

coolant and the immersed coolant after failure .

This metallographic comparison by the two pictures implied a very important
experimental fact within this experimental scope that the waterside corrosion had a role
to prevent the unpressurized fuel from the melt/brittle failure. How did the corroded
ZrO; film prevent the cladding from the melt and brittle failure? The author considered
that from the thermal point the corroded film prevented a significant temperature
gradient across the cladding thickness because of its low heat conductivity; it was likely
to withstand the plastic flow of the molten cladding material. From the mechanical point
the corroded film worked as the mechanical barrier, hence it prevented the additional
formation of the oxide film and suppressed the magnitude of hoop stress raised during
the quench. The detail discussion about these points will be a subject of the subsequent

section.

-19-



JAEA-Review 2010-068

ROD J7: 801m !
WATERSIDE CORRODED

AS-FABRICATED OXIDE

= 279caligfuel gam,

INTERNAL : P N ——TEXTERNAL
R ailiad T g TS

Photo.6 Cross sections cut from the mid T/C location of the waterside corroded fuel
(rod J7, 80 u mZrO,, top) and the reference fuel (rod J26, 0 1 mZrO,, bottom) at the
energy deposition of 279cal/g - fuel.

3.2 Thermal and mechanical behavior

3.2.1 Thermal behavior

(1) PCST

(1-1) PCST

As shown in Fig.7, PCST of the pressurized group consisted of 6 data from the standard
fuels and one data from the 40 » m fuel (the rod no. P20). As a whole they did not
exceed the 1,000 deg. C within this experimental scope. The effect of the waterside
corrosion on PCST is not clear from the plotting and there is no significant difference in

the behavior between the defected rod and intact rod.

PCST of the unpressurized group is, however, higher than that of pressurized group.
Among unpressurized data, at the same energy deposition, the waterside corroded fuel
showed lower temperature than that of the standard. For the reader’s convenience, the
author inserted two dotted lines for PCST, established by the past NSRR experiments
for the standard fuels **?°!. Namely, the corroded film had a role to reduce the PCST
significantly. In the figure, for example, PCST of the standard fuel was 1,748 deg. C
(@), that of the 60 u m fuel was 1,347 deg. C ([J) and 80 » m fuel was 1,285 deg. C

-20-
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(%) at 256c¢al/g * fuel. The maximum deviation was 463 (1748-1285) deg. C in this case,

where the former was defected but the latter two were intact.

2
000 Unpressurized (0.1MPa)
7 14 % 14 fuel
1800 = a— L= Opgn data; InFact,
125 < Solid data; Failure
1600 A Failure mode; melt / brittle
| , 3 Failure occurred only in
8 Pressurized (3.1-3.6MPa) ] o & standard fuels
5 17X 17 PWR fuel ’ T/C with arrow means that
S 1400 - Open;Intact, Full; Failure
s pen; g 2g - T/C was broken on the
z Failure mode; cladding rupture *”o way to the PCST
C|7) 1200 | TIC data here were six from standard J6'." » Two dotted lines show the
IS fuels and one from 40 1 m(P20) fuel ;e minimum and maximum
o | d PCST from the past NSRR
1000 e fuels (14x14PWR)
P24 5
800 O Symbol ZrO,( ¢ m)
o, *P o 0
A 50
600 O 60
& 70
100 150 200 250 300 4

Energy deposition (cal/g - fuel)

Fig.7 PCST vs. energy deposition for the pressurized group and the unpressurized one

(1-2) Cladding surface temperature

(1-2-1) Pressurized fuel

For the reader’s convenience, the author prepared the cladding surface temperature
(CST) data as shown in Fig.8. The data was obtained from experiment 524-4, where
pressurized P24 (0 x m), P18 (30 » m) and P20 (40 u m) were pulsed at 154 cal/g -
fuel . Immediately after the pulse, three rods had the departure from the nucleate boiling
(DNB)’. P24 and P20 had the PCST around 800deg. C as shown in Fig.7 but T/C data
for P18 was malfunctive for only showing the PCST as high as 110 deg. C. Due to the
extremely low PCST, the P18 was omitted from Fig.7.

(1-2-2) Unpressurized fuel

CST data for the unpressurized fuel is shown in Fig. 9. The data was obtained from

experiment 525-4, where unpressurized J25 (0 x m), J2 (60 » m) and J6 (80 » m) were

? The occurrence of DNB can be confirmed from the PIE because the DNB tended to burn the
fuel rod surface and changed the color from silver gray to black along the active fuel column.
Metallographic pictures shown in the Fig.8 were from PIE, showing that the three tested rods
had DNB.
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pulsed at 256 cal/g * fuel . As shown here, PCST of the standard fuel is higher than those

of the waterside corroded fuels at the place of the mid T/C. However, The waterside

corroded fuels caused the quenching faster than that of the standard fuel.

1000 T T T T T T T T T
nergy deposition TIC: PUPLI3%RN ntrinsic
8 _:15&%/9@121&1/9 2 ﬁmm L\r——"”———ﬁ -
o Enthalpy ) Orientation v v %
la:J 800+ e | 4CTIvE COLMN LENGTH: 135 1 el
) ¢ Measirements arein_ milimetres
g - o -
E Oxidation:
S 6001 Oxidation: 40pm -
L s s iz >
i < 0pm : 7 8 .
w - | 5
L | ——
w H i .
5 oY
m o
S . -
z .
(] L
2 2004
i Al
O B y ””‘WNW!‘PW"'W‘)' AR R
INB (Departure from Nucleate Boiling) ‘
0 1 1 1 I} l 1 1 | 1
0 1 2 3 4 5 6 7 8 9 10
T IME (sec.)

Fig. 8 Cladding surface temperature vs. time; three fuel rods of P24, P18 and P20
having 0, 30 and 40 » m ZrO, film were provided. One T/C was as shown in the
schematic figure and metallographic pictures spot welded at the zero orientation and

mid point of the active fuel column. Two corroded fuels were ruptured but the standard

one was intact.
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Fig. 9 Cladding surface temperature vs. time as a function of the oxide thickness; Data

were from unpressurized fuels

(1-3) Accuracy of the PCST

A UO; fuel during the temperature transient should be relocated and moved randomly.
As a natural consequence, T/C does not show the uniform temperature along the active
fuel column. To understand this relocation effect on PCST, the author prepared three
thermocouples and spot welded them at three different axial positions along zero deg. C
generatrix. The mid T/C coincided with the middle of the active column length; bottom
and top T/C were apart from = 33mm form the mid location. The fuel active length was
divided into four pieces by the three thermocouples. As shown in Fig.10, three T/C data
from axial different locations were obtained as a function of deposited energy; where
mid T/C reading value was given by the full mark and others were top and bottom T/C
reading value. It is clear from the figure that there occurred the fuel relocation and
PCST at different location showed different reading points. It should be noted that the
axial power profile at those T/C locations was flat, that is, a peaking factor was unity.
During the present study, the author referred to the T/C at the mid position, which is
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shown in the plotting as the full mark. Therefore the error band of PCST for the

pressurized standard fuel was 9% for the worst case.

1000
T/C#1 coincided

i o with the mid
position of the
900 ¢ active fuel
° ) column(mid).
Basing the mid
800 - © TIC#1, TICH#2 was
© down to 33m
(bottom) and T/C#3
o) ° 5 was up to 33mm
° (top). Full mark is
C T/C data at mid and
opendata are either

600 o top or bottom.

(0]

700

PCST at bottom, mid and top (deg. C)
(6°)

500
120 130 140 150 160 170 180
Deposited energy (cal/g-fuel)

Fig.10 PCST read from the axially different locations (bottom, mid and top) as a
function of the deposited energy; Data from the pressurized standard fuels

(2) Behavior at the quench

As shown in Fig.11, temperature drop AT as a function of time to quench tq is plotted’.
AT for the pressurized fuel was below 800 deg. C and tq was less than 1s. However,
AT for the unpressurized fuel is above 1,000 deg. C. and tq was larger than 1s. Because
AT for the unpressurized fuel has a linear relationship to the tensile stress raised during
the quench, a fuel with higher AT has a potential to cause the melt/brittle failure. As
known from the plotting, the standard fuel at the highest AT was defected, however, all
corroded fuels did not fail at all. A magnitude of AT was decreased as the use of the
thicker corroded fuel, e.g., AT for the 80 u m rod is smaller than that of AT for the

50 . m rod.

For the corroded fuel, a time to quench tq was studied as shown in Fig. 12. It is
interesting to say that with increase of the film thickness in the corroded fuel tq was

3 Temperature drop AT is given by the PCST minus the temperature just after the quenching.
Time to quench tq is given by the time to PCST minus time to quench.
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shortened. Namely, the use of the thicker ZrO, makes the fuel rod colder. For the

pressurized fuel, tq is faster than that of unpressurized fuel.

To summed up, the author revealed that PCST, AT and tq for the corroded fuel are
smaller than that of the standard fuel. These three factors are directly related to the
melt/brittle mechanism, namely the low PSCT means that the UO, temperature is low,
the small AT means that the thermal shock (tensile stress) during the quench is small
and the short tq means that the interaction time between the hotter UO, and cladding is
shortened. The author thinks that ZrO, film took a role of the thermal protector against
the melt/brittle failure.

1800 |

| Unpressurized (0.1MPa)
) o 14 % 14 fuel
o 1600 |~ Pressurized (3.1-36MPa) N Open data; Intact,
8 + 17 x 17 PWR fulel - ) Solid data; Failure
= 1400 - O Intact, @ Failure Failure mode; melt / brittle
< | | Failure mode; cladding « Failure occurred only in
.- rupture 33 A standard fuels
o 1200 [ T/C data here were six from
o | standard fuels and one from %© Symbol ZrOy £ m)
o | 40 £ m(P20) [m] 0o 0

1000
g | A 50
T 800 . o 1
o r * 80
o
& 600 |.°° .
— K 0
400 T B L
0.1 1 10

Time to quench; tq (s)

Fig. 11 Temperature drop A T vs. time to quench
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90
0 256¢allg
— —oo—— -
~ 80 A 262callg Unpressurized (0.1MPa)
E 0O 279callg 14x14 PWR fuel
Z 70 7 x154calg 0 — Failure mode; melt / brittle

Failure occurred only in no

@
g 60 = O— oxide fuel
o
g 50 A—O
2
> 40 x\
—
o
© 30 | Pressurized (3.1MPa)
<] : 17x17 PWR fuel
% 20  Failure mode; rupture
= ‘ Only one data ( *)
=10 ¢
0 5

0 1 2 3 4 5 6 7 8
Time to quench ; tq(s)

Fig.12 Thickness of waterside corroded fuel vs. time to quench tq

3.2.2 Mechanical Behavior

(1) Axial PCMI

(1-1) Axial PCMI

As shown in Fig. 13, a peak axial strain for the pressurized group was increased with
the increase of the deposited energy. The maximum was 4%. As a tendency, the
magnitude of the axial strain (ballooning) was bigger with the use of thicker ZrO,. This
might be because the ZrO, resisted to the rupture of the cladding at the outermost rim. A
peak axial strain for the unpressurized group did not increase with the increase of the
deposited energy and that of the ZrO, thickness. The value was almost the same level as
much as 0.5-1.0%. This is because the strong axial restriction occurred by the closure of
the radial gas gap immediately after the pulse. The peak axial strain for the

unpressurized fuel was below 1% irrespective to the ZrO, oxides.
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Fig.13 Peak axial strain vs. energy deposition for the standard fuels and the waterside

corroded ones

(1-2) Time-dependent axial strain

For the reader’s convenience, the author prepared the in-core axial strain data as shown
in Fig.14. The data was obtained from experiment 524-3, where pressurized P9 (0 x m),
P17 (30 x m) and P19 (40 u m) were pulsed at 174 cal/g * fuel (142 cal/g * fuel in
enthalpy). Because P9 had no EC, it was omitted from the plotting. Immediately after
the pulse, axial strain of the two was increased and as shown in the Fig.11 they reached
to the peak axial strain of 3.93% for P17 and 3.67% for P19. The magnitude was about
4 times the normal LWR fuel ",

After reaching the peak, within 1s, the axial strain of P17 was suddenly dropped about
0.5% prior to starting the gradual decrease. The author would like to mention that
Japanese fuel researchers called the phenomenon as the Onchi effect. The time
coincided well with the time for the fuel failure, that is, a propagation of the cladding
crack. The details on the Onchi effect are described elsewhere !'® ). Note that the axial
strain of P19 did not show the Onchi effect and decreased its magnitude gradually. At

10s, the two data were reached to the same level together. This is the typical pattern
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known as the elastic-plastic deformation.

4.0

w
o

N
(=)

1.0

AXIAL STRAIN OF CLADDING (%)

4
TIME (sec.)

Fig.14 Axial strain of the corroded cladding vs. time; Two dotted lines are general axial
strain levels of LWR fuels at steady-state operation (20kW/m) and at power ramp
condition (50kW/m) ("),

As shown in Fig. 15, from the viewpoint of the rod internal pressure, the author made
observation to the same rod group used in experiment 524-3. At that time, P9 (0 x m)
had the PF sensor, so that the rod internal pressures of the three rods were able to
monitor. It is worthy of mentioning that 05s after the pulse P9 (0 x m) and P17 (30 1
m) have lost their pressures. Their data had the same pressure as that of the coolant
after 1.8s. The time to rupture observed from the pressure data (0.5s) coincided with
that observed from the Onchi effect (0.5s).
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Fig.15 Change of the rod internal pressure vs. time as a function of ZrO, thickness;

A rod overview obtained from PIE was included.

(1-3) Accuracy of the axial strain

In the case of the pressurized fuel, the author used the movement marker to verify the
axial strain data monitored by the strain gauge type pressure sensor. The result of the
verification is shown in Fig. 16. Because the movement marker was set on the top of
fuel column, the maximum moved distance should be equal to the axial peak strain. In
practical, however, one case showed a good agreement but the other case showed not.
The reading value from the movement marker was tended to overestimated (400%) at
the 154 cal/g * fuel and underestimated (30%) at 158 and 174 cal/g * fuel. The relative
good accuracy in the latter case was due to the occurrence of the gap closure, where the
fuel column moved together with the cladding under the action of the strong PCMI.
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Fig. 16 Fuel column movement vs. Axial peak strain obtained from the pressurized fuels

(2) Radial PCMI

As shown in Fig.17, the residual diametral strain® for the pressurized fuel ranged from
2% to 10%, which was bigger than that of peak axial strain due to the ballooning. On
the other hand, the residual diametral strain for the unpressurized fuel ranged below 4%,
which was equal or bigger than that of the peak axial strain because of the strong radial
PCML. For the pressurized group, as the genera tendency, the magnitude of the residued
diametral strain in the corroded fuels was smaller than that in the standard fuels. The
effect of ZrO, on failure is not clear. For example, P19 (40 » m, no failure) in the
plotting had a peak axial strain by 3.7% but the residual diametral strain was about 3%.

P20 (40 1 m, failure) had a peak axial strain by 0.66% but the residual diametral strain
was 3.6%.

For the unpressurized group, the magnitude of the residual diametral strain in the
corroded fuels is smaller than that in the standard fuels. Namely, not only in the
pressurized fuels but also in the unpressurized fuels, ZrO, could suppress the residual
diametral strain at the outermost rim.

* Arod averaged value including the rupture position.
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Fig.17 Residual diametral strain vs. energy deposition for the standard fuels and the

waterside corroded ones

3.2.3 PIE

(1) Bow

PIE was performed in detail for the unpressurized fuels. All test rods were bowed by the
magnitude from 1mm to 9mm, as shown in the previous Table 4-2.

(2) Grain growth

Irrespective to the waterside corrosion, a grain growth of the UO, fuel at the fuel
periphery occurred. The original grain size by 10 1 m was increased to 36 u m for the
corroded fuel J1 (50 u m ZrO,, PCST was 1,539deg.C) and 90 u m for the standard
fuel J26(0 u mZrO,, PCST was unknown). The grain growth was a very local
phenomenon having the width about 0.3mm. The mechanism of this phenomenon was
described elsewhere !'*

(3) DNB and Oxidation of the cladding outside

The author should be said that the waterside corroded fuel did not form additional ZrO,
film during and after the pulse irradiation. However, the standard fuel after DNB formed
the ZrO, film at the cladding outside sized by about 8614 ux m from the energy
deposition of 256cal/g * fuel. This was happened in parallel to the cladding melt and
brittle process. The author understands that the oxides become brittle during quench and

occasionally caused the through-wall cracking. The additional effects were not revealed.
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4. CONCLUSIONS

For the PWR fuel under the power transient, an influence of the waterside corrosion up

to 80  m on the failure threshold and its mechanism was studied taking into

consideration of the rod internal pressure as a variable. Obtained results are as follows:
For the pressurized PWR fuels up to 3.1-3.6MPa, the waterside corrosion had no
effect on the fuel failure mechanism occurred by the ballooning/rupture. The failure
threshold of those was the same as that observed in the standard fuel. For the
unpressurized PWR fuels, the waterside corrosion had a significant effect to prevent
them from the failure, occurred by the melt/brittle mechanism. The ZrO, film
contributed to minimize the temperature gradient across the cladding, prevent the
formation of the additional oxide and restrain the hoop stress raised during the
quench. The failure threshold of the corroded fuels was higher than that of the
standard fuel.
The use of the ZrO; film in the unpressurized fuels suppressed the magnitude of
PCST, AT and shortened the time to quench. For example, PCST was 1,748 deg. C
for the standard fuel but 1,285 deg. C for the corroded fuel (80 u m) at the energy
deposition of 256c¢al/g * fuel. The PCST as much as 463 deg. C was suppressed.
For the axial PCMI, the peak axial strain for the pressurized fuel increased with the
increase of ZrO, film; the maximum was 4% for the 40 u m. At the outermost rim
Z1rO; film suppressed the cladding to balloon. By contrast, the axial PCMI for the
unpressurized fuel was less than 1%, irrespective to the ZrO, film. This was duel to
the rapid gap closure by the swelled hot fuel. For the radial PCMI, the ZrO, film
suppressed the residual diametral strain, irrespective to the pressurization.
The error band of the PCST in the pressurized fuels was 9% in maximum and that of
the axial peak strain estimated by the movement marker was ranged from 400% to
30%. Time to failure for the ruptured PWR fuel was within 1s.

ACKNOWLEDGMENTS
Appreciation is expressed to Mr. K. Murai, Research Department, Nuclear Development
Corporation, for his effort to fabricating the waterside corroded zircaloy-4 tubes and for

fruitful discussion through the present study.

-32-



JAEA-Review 2010-068

REFERENCES

[1]

[13]
[14]
[15]

[16]
[17]

[18]

[19]

[20]

[21]

Garzarolli, F., Stehle, H.: IAEA. Int. Symposium on Improvement on Water
Reactor Fuel Technology and Utilization, Stockholm, Sweden, (1986).

Tulenko, T. S., et al.: ANS Topical Meeting on Light Water Reactor Fuel
Performance, Portland, Oregon, USA, (1979).

Andrews, M. G, et al.: ANS Topical Meeting on Light Water Reactor
Performance, Williamsburg, Virginia, USA, (1988).

Balfour, M. G.., et al.: WCAP-10180, (1982).

Dyecha, T. D, et al.: TAEA Technical Committee Meeting on External Corrosion
in Water Power Reactor, Cadarache, France, (1985).

Reshetnikov, F. G, et al.: ibid.

Suzuki, S., et al. : Ref.(1).

Irisa, Y., et al. : Ref.(3).

Garzarolli, F., et al.: TAEA Specialists’ Meeting on High Burnup in Power
Reactor Fuel, CEN/SCK, Mol, Belgium, (1981).

Garzarolli, F., et al.: ANS Topical Meeting on Light Water Reactor Fuel
Performance, Orlando, Florida, USA, (1985).

Coleman, T. A., et al.: ANS Topical Meeting on LWR External Burnup —Fuel
Performance and Utilization, Williamsburg, Virginia, (1985).

The Nuclear Safety Commission of Japan; Evaluating Reactivity Insertion
Events of Light Water Nuclear Power Reactor Facilities, Regulatory Guide
L-SE-103 (1984.1).

ASTM-E 321-79, (1985).

Ohnishi, N., Inabe, T.: J. Nuclear Science and Technology, 19 [7], 528 (1982).
Yanagisawa, K., Kondo, Y., and Kolstad, E.: J. At. Energy Soc. Japan, 28[7],
641 (1986).

Yanagisawa, K., Devold, H.: J. At. Energy Soc. Japan, 28[8], 771 (1986).
Ichikawa, M et al; ANS Topical Meeting on Light Water Reactor Performance,
Williamsburg, Virginia, USA, (1988).

Yanagisawa, K.: Failure Mechanism of Nb,Os Doped PWR Fuels under Power
Transient, JAEA-Review 2010-054 (2010).

Saito, S., Ishijima, K., Shiozawa, S., Iwata, K.: J. Nucl. Sci. Technol., 14 [3], 226
(1973).

Yanagisawa, K.: Transient Behavior of Water side Corroded PWR fuel, J. Nucl.
Sci. Technol., 32 [4], 313 (1995).

Yanagisawa, K., Sasajima, H., Fujishiro, T: Behavior of PWR Fuels during

-33-



[22]

[23]

[24]
[25]

JAEA-Review 2010-068

Reactivity Initiated Accident Conditions, (I) Influence of Waterside Corrosion, J.
At. Energy Soc. Japan, 31 [11], 1262(1989).

Reactivity Accident Laboratory and NSRR Operation Division: Annual Progress
Report on the NSRR Experiments (21) (April 1989 through March 1990),
JAERI-M 92-072, (1992). <in Japanese>

Yanagisawa, K.: Influence of Waterside Corrosion, Proc., the 12" NSRR and
Severe Accident Technical Review Meeting, Nov. 8 to 10, (1988).

Yanagisawa, K.: Nucl. Eng. Des., 116, 171 (1989).

Yanagisawa, K., Fujishiro, T., Negrini, A., Franco, F: J. Nucl. Sci. Technol., 27
[1], 56 (1990).

-34 -



[EBREEALR (ST)

1. ST AT # 2. JEAHIA VTR S 5 ST i i 5. SIEHE
g | SR TR e — Tk | bR | ave | Rk | B | an
i T 7 WEHA T e L ] I I A

& S|A— h A m [E3 A{SziE A — v m® 10% | ¥ sz 102 | » F| ¢
= Blenrsa WX, EA— bER m/s 108 |= 7 ¥ E 10% |2 y
= i ER=4 kg i Y | % — bR e O15 - 0_6 m
53 fifl ® s i st A — b1 m 107 |~ Z P 10° |v A7 m n
[ W7 X7 A #FE, OB BE|%n /7 AElA— L | kg/m® 10" |7 7l T 107 [ | n
BOFRE v E U] K woOR % E|xesIamThA— b | kg/m? 10° |¥ H G 1012 (v al p
B e M mol 4z, [ZS | A— bR R 2T A | mbkg 10¢ [# M 10 [7 =& b f
. wly v = 5 E W B ETSTEBES ARV | Am? 3 -18
N BOR 0 B |7osTEA— b Alm LU I I L A
ﬁ?l:%)%‘“), | ST A — kL @’ 10 ~ 7 k h 10 £ 7 k z
TR EFosIamsiEA— L | kg/m® 10" |7 B da | 10* (5 7 M ¥y
i PE( 2T T A— RV | ed/m?
T O (o) 1 1
e % B Of GrrEeo) 1 1

. ST

TR S 2RV, STE R S 2 HAT
(a) HLRFE (amount concentration) (XERARALS: D5 B TIIMELIREE e SI Bz L A1
(substance concentration) & & LiE 5.,

K6
i
B e B VNITE 1 & bORTH S, 20T & 93 min |1 min=60s
IS
H
BE
5

RS TH BT 1 ILEE TR LV, h 1h =60 min=3600 s
d |1 d=24 h=86 400 s
°  [1°=(0/180) rad

3. DL TR AT H R T
* [Ef D4R LGB T S5 ST HAL  |1°=(1/60)°=(/10800) rad

ST AT FRAL
LiRVATS S s fhDSTHALIC & 5 | STEAHALIC X 5 » 7 [17=(1/60)=(n/648000) rad
zLF KL ~J B—) ha |lha=1hm?*=10*m?
¥ H i el L i Uy b | L 1 [1L=11=1dm®=10%em*=10%m?
Sr 7S fi| 27507 O &© 1® m”m? % t |1t=10° K
J b3 Bl (@ Hz st £
7 —a—FhFv N m kg s?
Eh , [ Vil A% Pa N/m? m’kgs?
TR LX = T, BRIV J Nm m2kg s 7. SITBS AV A, SLEHH SN BB T, SIEALT
R, T %, Hatdluo b W Jis Py ﬁéﬂé?ﬁ(ﬂﬁﬁ%ﬁﬂ"ﬂlﬁ%ﬂé 12}
E O, ® & #lr—mr c A A L5 SI BN TFR S D5
B (BE) , &€& AR v WIA m?kg s? A’ B F A L b eV [1eV=1.602 176 53(14)x107°J
[ o " 777K F Ccv m?kg’s'A® # A b | Da |1Da=1.660 538 86(28)x10 kg
[ = #® Hi| A — 2 Q VIA m’kg s?A? MR EREA u  |1u=1Da
a y Z g v AU RAUR S ANV m?kg’s®A? K X B 7 ua [1ua=1.495 978 706 91(6)x10''m
T w®|w=—x Wb Vs m’kg s2A?
73 xR 7 E|7 A7 T Wh/m? kg s?A”
PO AR S R H Wh/A m’kg s? A
o vy 2 R OEleryyrES C K #£8. SHTEE VA, ST&HFH S % % Do Hifr
Pin Ek Jb— A Im cd sr(”) cd £k Cibeas SI Hifr TH Sh D5l
fz%‘f PUREI [);; iz i/» . 11;; 1m/m? ?1'2 cd N - /M bar | 1bar=0.1MPa=100kPa=10°Pa
WIRER Hor oL Eh i | - ARFER U 2 — b/ {mmHg 1mmHg=133.322Pa
e |ZvA Gy Jikg m’s? v 72 bu—n A |1A=0.1nm=100pm=10""m
MM R OB, | s i H M |1M=1852m
TS RO O S R Sv g e s = Y b [1b=100fm’=(10"cm)2=10%m?
i3 # I P & — kat s mol J v M kn |1kn=(1852/3600)m/s
<a>:sllfiﬁigﬁﬂ2?fﬁ:aaa#—fmwuﬁmmammmrMfmm B. Uin UESHGE A4 LIs 0T b 1350 7 - 7| Np STME & MLl A BRI
OV ST & 2T 5 T D 1155 W OB BT, Bz CORHE S 2 5 T izt 5, =~ . h SR D EFACKAT
FPRICIE, BT B RICIEE Brad R Cse 0 b A A, BIRL L CHLLEL L LTORETHHHFO 110 7 v~ /M dB

RENIE,

@ADL TIEAT T OT v LI AFE LB sr 2 HLOE L OFIC, TOEEHERFL TN D,
@~V FEBRIC OV TOR, N7 LW OREABBRIC SOV TOREH ST D,
@AY RERTVE L DERARATHT, AT RAREZRTEDIERSNS, BAVTRELILELD 9. [HADLHE HDOCGSHLEAL
BIOKE SFRA—Chs, Lidio>T, MEACREREE R THKINL LS bORM TR L TR LTH D, = e T ey
OREHERERE D HURTE (activity referred to a radionuclide) 1%, LiE LIEi& - 723 T radioactivity” & it S5, A - s SI ?T%Ti%éﬂ‘éi&ﬂﬁ
(¥ —~L b (PV,2002,70,205) 12U THECIPMAENE2 (C1-2002) % 5, = Ud 7| erg (1erg=10"J
4 F | dyn |1 dyn=10°N
,,,,, e R : ] §
F4. BMOPICEAOL L A zﬁgﬁﬁjﬂumw AR 7 Al P [1P=1dynscm?=0.1Pa s
JREL N DA 9 - ~ B
ST Ty A — 7 R = 2 1 104m2 o]
[liRAT At . ST EABNLIC L 5 I ] St |1 St =1lcm’ 5-2 10 4m 5_2
7 AL %% A v v 7| sb [1sb=lcdecm®=10%d m
BE| SR A VD Pas mtkgs? 7 *+ M ph |1 ph=lcd srem™ 10%x
— A ¥ HK=az—brrA—}1 Nm m?kg s? A M Gal |1 Gal=1lcm s?=10%ms?
G H==a—brmA—br  [N/m kgs® ~ 7 A U =z 4 Mx |1Mx=1Gem*=10"Wb
# K7 T ER rad/s mm’s’=s? v 7 Al G [1G=1Mx em?=10"T
ﬁ‘ L“I FIT ‘/’ﬂ?fﬂ‘ﬁ@ rad/s’ mm’s?=s? A A7 v R )| Oe [10e2 (10%4m)A m?
=, B a R EY s M by e e (c) FOCCSHLFR & SICIHEHELTE Rz, %45 |
. 9 ) 3RO HL R & SITIRIE I TE 2, 5 [ 2 |
Ty bm ey JIK m’kg s 2K = N
FAISERE R T O TH S,
v br E—|va—rmrarsagrrey |JikgK)  [m2s?K! ’ J .
x v ¥ |va—afmEurssa |Jkg m?s?
# 15 L oy A= brmrrey [WimK)  |mkes?K? #10. SICJE S 72\ 2 DD BT O P
B = % v F —|Va—UEihA— L |Jm? m™ kg 2 GaLi R SI WL T S h 5 %
R 0 R &R MEA— R Vim mkgs?A" ¥ = U | Ci [1Ci=3.7x10"Bq
5 Ao % B —w g3 A— bV [C/m?® m? sA v ¥ b 7 Y| R [1R=258x10"Clkg
ES i) E-'é |7 —a mESA— RV |C/m? m?sA 7 K| rad |1 rad=1cGy=107Gy
EREE, BERE {:i 7 —na g A— RV |C/m? m'zsA‘ s i 4| rem |1 rem=1 ¢Sv=102Sv
G i #7757 REA— L Skg .
2 2 aiieecin  |mm s I I e v
’; 5 e o N g I/F; ) b $/m1 mkgs A" A 17 =/ 3=1 fm=10-15m
T S —|Ya—
! T A S Al |¥me el A—RALFRHT v b 1A—NLHAT v b =200 mg = 2x10-4kg
EALY h B, BAARR Y 2 —AHEAES L E Y [J/(mol K) |mPkg s2K ! mol!
e ., o : > V| Torr [1 Torr = (101 325/760) Pa
AR (XBREDy ) |[7—rrEdns T A Clkg kg sA o P
AR S U R PSP Gyls m2e % K & JE| atm |1 atm =101 325 Pa
i 5 i ElUy MEATIUT v W/sr m*m?kg s’=m’kg s P Y | eap [leal=41858) (M15C1HmY T) , 4.1868J
Tt o) o JE|7 s M A= A7 7272 (Wim® sr) |m® m® kg sP=kg s (T2 Y —) 4.184F (FBLEI =Y —)
B OdE M @ g Am S A— b katim®  [m® s mol S 7 v v o [1p=1ym=10"m

(538, 20064FET)



ZOFRIMEBEREFRALTOET





