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Abstract

Power-to-melts of uranium–plutonium oxide fuel pins at an initial startup condition were experimentally obtained

from the B5D-2 test in the experimental fast reactor JOYO in Oarai Engineering Center. MCNP code calculations were

combined with burnup measurements to determine linear heat rating of the test fuel pins. To identify the axial incipient

melting positions corresponding to the power-to-melts, solidified grain morphology and molten fuel axial movements

were characterized. Extensive observations on longitudinal ceramographs allowed classifying molten fuel settlements

near bottom and top extents of axial fuel melting into three types. The power-to-melts depended slightly on fuel-to-

cladding gap sizes and clearly on both oxygen-to-metal ratios and densities of fuel pellets. These dependencies resulted

from the fuel pellet cracking and relocation behavior, which fairly improves heat transfers across the gaps. Also, the

power-to-melt at the bottom position was higher than that at the top position due to an axial gradient of cladding

temperatures in each fuel pin.

� 2003 Elsevier B.V. All rights reserved.
PACS: 28.41.Bm; 28.50.Ft
1. Introduction

Uranium–plutonium oxide driver fuel pins are de-

signed to prevent any fuel center melting at both steady

state and transient conditions under the safety criteria

both in the experimental fast reactor JOYO and in the

prototype fast breeder reactor MONJU. For this ther-

mal aspect, power-to-melt experiments can provide two

pieces of essential information to understand fuel pin

thermal performances at higher temperatures. One is a

�temperature-indexed data set’, since at an axial incipient
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melting position the fuel center is equal to be the fuel

melting point (solidus temperature) and cladding tem-

perature is also known. It can be very preferable to

verify and/or calibrate fuel pin thermal performance

analysis codes. The other is the allowable maximum pin

power, which is experimentally demonstrated for a cer-

tain fuel pin specification. Since it is hardly attainable to

irradiate a large number of fuel pins with entire speci-

fication ranges, the temperature-indexed data sets are

much more useful in practice.

At a beginning-of-life condition, specifically say, at

an initial startup, the fuel pellet usually experiences the

highest temperature which induces significant fuel re-

structuring at higher local linear heat rating, LHR (pin

power) than 30 kW/m. However, reports and publica-

tions of power-to-melt experiments at beginning-of-life

conditions were very limited. Actually, only the results
ed.
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of the �P19’ and �P20’ tests in the EBR-II [1], the �DEA-

2’ test in the FFTF [2], and the �POTOM’ tests in the

HFR [3] can be found in the literatures.

In 1990s, a series of power-to-melt tests named as

�B5D-1 (PTM1)’ and �B5D-2 (PTM2)’ particularly at

initial startup conditions were conducted in the JOYO.

The B5D-1 test was the first and preliminary experiment

with only four test fuel pins prior to the B5D-2 test

which was the second and main one. In the B5D tests,

fuel-to-cladding gap size, fuel pellet density, fuel pellet

stoichiometry, and filling gas composition were selected

as test parameters. It should be emphasized that fuel

pellet characterizations, pin power determinations, and

post-irradiation examination technique developments

were concurrently performed after the irradiations.

Therefore, both pin power determinations and post-

irradiation examination techniques in the B5D-2 test

were much more improved than those in the B5D-1 test.

Experimental results of the B5D-1 test have been already

reported in Refs. [4,5]. Consequently, this paper focuses

only the B5D-2 test results.

In this paper, firstly, the basic test design and ex-

perimental procedures of the B5D-2 test are described.

Secondly, MCNP code (Monte Carlo code) calculations

are combined with burnup measurements to determine

LHR of 24 test fuel pins. Thirdly, on the basis of post-

irradiation examination results including ceramographs

and electron probe microanalysis (EPMA), we charac-

terize microstructure features and molten fuel axial

movements to accurately identify the axial incipient

melting positions; each corresponds to the power-to-

melt. Finally, the effects of fuel pellet specifications and

irradiation behavior on the power-to-melts are investi-

gated to understand fuel pin thermal performances at

beginning-of-life conditions.
2. Outline of the B5D-2 test

2.1. Basic test design of the B5D tests

With reference to design studies of large scale fast

breeder reactors in the middle of 1980s, a standard fuel

pin specification was provisionally determined for the

B5D tests [4,6]. Cladding material was the advanced

austenitic steel (15Cr–20Ni stainless steel); an outer di-

ameter and a wall thickness were 7.5 and 0.4 mm, re-

spectively. Density, plutonium fraction (Pu/(U+Pu)),

and oxygen-to-metal (O/M) ratio of the fuel pellet were

92%TD, 0.2, and 1.97, respectively. The resultant nom-

inal fuel-to-cladding diameter gap size was 180 lm.

In the B5D tests, fuel-to-cladding gap size (three

levels), fuel pellet density (two levels), fuel pellet stoi-

chiometry (three levels), and filling gas composition (two

kinds) were selected as test parameters to the standard

fuel pin specification. Twenty-four test fuel pins were
manufactured with test variations actualized by fuel

pellet lots and tag gas capsules.

A rapid linear power increase without pre-condi-

tioning to the maximum power was selected for the

startup mode from a view of the reactor operation

similarly to that (stair type increase) in the DEA-2 test

[2]. By contrast, the EBR-II tests [1] were pre-condi-

tioned at about 90%.

2.2. Fuel pin manufacturing and assembling

Nagai et al. have reported the manufacturing results

of the B5D-2 test fuel pins [7]. The specifications of each

test fuel pin were listed in Table 1. The test fuel pins were

filled with pure helium gas, and fueled with 550 mm in

column length. Three fuel pins additionally contained

tag gas capsules and resultant filling gas content was

adjusted to He–4vol.%Kr–4vol.%Xe.

Six lots of fuel pellets, designated as �B5D-201’

through �B5D-206’, were fabricated in different outer di-

ameter (fuel-to-cladding gap size), O/M ratio, and/or

density. All fuel pellets were flat-ended, solid, and 9mm in

height, contained 19 mass% of plutonium (Pu/(U+Pu)),

and were enriched in uranium-235 to 22 mass%. One

standard deviation of fuel pellet outer diameters was �4

lm, and that of the densities was �0.3%TD for high-

density lots (B5D-205 and B5D-206) and �0.7%TD for

medium-density lots (B5D-201 through B5D-204). Inoue

et al. have characterized the porosity distributions in the

fuel pellets to experimentally determine their effects on

thermal conductivity and reported in Refs. [8,9].

Every four test fuel pins were subassembled into a

compartment with a temperature monitor (TED). Six

compartments were assembled into an irradiation test

assembly as illustrated in Fig. 1. The test fuel pins’ con-

figuration in the test assembly was optimized by thermal

analysis based on the B5D-1 test results to ensure fuel

center melting in all test fuel pins at the maximum power.

2.3. Reactor operation

Sekine et al. have reported the reactor operating hi-

story during the B5D-2 test in Ref. [10]. The test as-

sembly was irradiated for 0.1596 effective full power

days during 24th cycle of the JOYO in June 1992. The

rate of reactor power rise from 50 MWt was 0.45 MWt/

min and the reactor power was maintained at 98.5 MWt

for 10 min as shown in Fig. 2. A manual scram mode

was chosen for preventing additional fuel restructuring

during the reactor shut down based on the ceramo-

graphic observations in the B5D-1 test.

2.4. Post-irradiation examinations

After the JOYO irradiation, the test assembly

was transported to the fuel monitoring facility (FMF)



Table 1

Fuel pin specifications and pin powers in the B5D-2 test

Pin ID Cladding outer

diameter (as-

fabricated)

[mm], pin

average

Cladding inner

diameter (as-

fabricated)

[mm], pin

average

Fuel pellet

lot ID

Fuel pellet

outer diameter

(as-fabricated)

[mm], pin

average

Fuel pellet

O/M ratio

(as-fabricated)

[–], lot mean

Fuel pellet

density

(as-fabricated)

[%TD], pin av-

erage

Fuel pellet Pu

content

(Pu/(Pu+U))

(as-fabricated)

[mass%], lot

mean

Fuel-to-clad-

ding diameter

gap size

(as-fabricated)

[lm]

Tag

gas

Maximum linear

heat rating at

DFCB¼ 277 mm

(LHR(277)),

kW/m

B5201 7.502 6.692 B5D-201 6.508 1.98 91.20 19.50 184 N 66.1

B5202 7.503 6.695 B5D-201 6.507 1.98 91.30 19.50 188 N 65.5

B5203 7.502 6.691 B5D-201 6.507 1.98 91.18 19.50 184 N 66.6

B5204 7.501 6.694 B5D-201 6.507 1.98 91.29 19.50 187 N 65.3

B5205 7.499 6.692 B5D-205 6.453 1.97 95.17 19.37 239 N 70.3

B5206 7.500 6.692 B5D-205 6.452 1.97 95.29 19.37 240 N 70.2

B5207 7.500 6.692 B5D-205 6.451 1.97 95.10 19.37 241 N 66.9

B5208 7.502 6.691 B5D-202 6.560 1.98 91.35 19.50 131 N 67.5

B5209 7.503 6.695 B5D-202 6.559 1.98 91.27 19.50 136 N 67.7

B5210 7.503 6.694 B5D-202 6.559 1.98 91.41 19.50 135 N 67.0

B5211 7.502 6.691 B5D-202 6.560 1.98 91.23 19.50 131 N 67.0

B5212 7.501 6.692 B5D-202 6.560 1.98 91.38 19.50 132 N 67.0

B5213 7.499 6.696 B5D-202 6.561 1.98 91.47 19.50 135 Y 67.6

B5214 7.499 6.695 B5D-202 6.561 1.98 91.43 19.50 134 Y 68.6

B5215 7.499 6.694 B5D-206 6.511 1.97 94.97 19.37 183 N 70.1

B5216 7.499 6.694 B5D-206 6.511 1.97 94.96 19.37 183 N 69.0

B5217 7.500 6.695 B5D-206 6.511 1.97 94.87 19.37 184 N 68.0

B5218 7.500 6.695 B5D-206 6.511 1.97 94.83 19.37 184 Y 69.3

B5219 7.498 6.694 B5D-203 6.501 1.96 91.28 19.46 193 N 65.6

B5220 7.498 6.694 B5D-203 6.501 1.96 91.58 19.46 193 N 66.5

B5221 7.500 6.696 B5D-203 6.501 1.96 91.54 19.46 195 N 67.5

B5222 7.499 6.694 B5D-204 6.558 1.96 91.27 19.46 136 N 67.6

B5223 7.500 6.693 B5D-204 6.558 1.96 91.16 19.46 135 N 68.1

B5224 7.500 6.693 B5D-204 6.557 1.96 91.38 19.46 136 N 67.0

Note: Y, loaded; N, not loaded.
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Fig. 1. Schematic drawings of fuel pins and assembly irradiated in the B5D-2 test.
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Fig. 2. Reactor power history of the B5D-2 test.
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adjacent to the JOYO and disassembled to perform non-

destructive examinations (NDEs) including X-ray radi-

ography, weight measurements, visual inspections,

cladding outer diameter profilometry, and gamma

scanning for all test fuel pins. After the NDEs, the test

fuel pins were punctured and sectioned to prepare

specimens for optical microscopy, EPMA, and burnup

measurement. Detailed descriptions of post-irradiation

examination techniques can be found in Refs. [11,12].

Optical microscopy and EPMA works for both lon-

gitudinal and transverse specimens performed in the

FMF characterized fuel center melting behavior to ac-

curately identify axial incipient melting positions. For

specimen preparations, central void plugging morphol-

ogy in the X-ray radiographs and moving averaged

zirconium-95 emitted gamma-ray intensity profile

should be useful to estimate the axial range of fuel center

melting. Longitudinal specimens (25 mm length) were

sectioned to contain the positions (bottom or top melt-

ing extents). The specimens were chemically etched with

20 vol.% nitric acid and 40 vol.% hydrogen peroxide

aqueous reagents at room temperature to accent grain

boundaries.

The specimens from six test fuel pins for burnup

measurements were prepared around 277 mm of dis-

tance from core bottom (DFCB) and analyzed in Alpha

Gamma Facility (AGF) in Oarai Engineering Center to

calibrate MCNP code calculations in pin power deter-

minations.
Fig. 3. Geometry models of the B5D-2 test assemb
3. Pin power determination

3.1. Linear heat rating of the test fuel pins

MCNP code [13] was used to evaluate the LHR of 24

test fuel pins within the test assembly. In MCNP cal-

culations, whole core geometry was simulated. Fig. 3

shows the geometry model of the test assembly and a

JOYO MK-II driver fuel assembly. The local neutron

flux distribution within the test assembly was calculated

using exact three-dimensional modeling of the test as-

sembly. The fuel composition and the neutron source

distribution of each driver fuel assembly were calculated

using the JOYO MK- II core management code system

MAGI [14], which was based on three-dimensional dif-

fusion theory with seven neutron energy groups, and

were inputted into MCNP. In MCNP calculations, the

homogeneous driver fuel assembly was modeled in Hex-

Z as it was in MAGI. Regarding the calculation accu-

racy of MAGI, the burnup fraction of the driver fuel by

MAGI agreed with the measured values within 5%.

Using precise three-dimensional modeling of the test

assembly, neutron flux of each test fuel pin was calcu-

lated. The detailed calculation method is described in

Table 2. FSXLIB-J3R2 cross section library [15], which

was processed from JENDL-3.2, was used. The pluto-

nium-239 Watt type fission spectrum was used as an

energy distribution representing the MOX fuel content.

Neutron flux was calculated using track length estima-
ly and a JOYO MK-II driver fuel assembly.



Table 2

Specific conditions of MCNP calculations

Geometry B5D-2 Precise configura-

tion

Other subassembly Hex-Z (homoge-

neous)

Neutron

source

distribution

B5D-2 Fission neutron by

MCNP

Other subassembly Calculated by

MAGI

Neutron

cross section

FSXLIB (based on

JENDL-3.2)

Fission

spectrum

Watt type fission

spectrum

(induced fission spec-

trum of 239Pu, in case

that incident neutron

energy is 1 MeV)

Number of

history

2.0E+07 (1r; 1%)
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tion tally (F4 tally). Fission rates of each fuel nuclide

were derived from neutron flux calculations and fission

cross sections. The LHR was evaluated using fission

rates and energy generated per fission of each fuel nu-

clide. The ratio of the gamma energy containing delayed

gamma was evaluated using MAGI calculations.

The calculation accuracy was confirmed using the

fission rate based on the neodymium-148 production

measurement. Neodymium-148 is one of the stable fis-

sion products, and its fission yield which is used from

JNDC-V2 [16] is highly reliable. Therefore, the neo-

dymium-148 production determined by the destructive

examination has been commonly used as a burnup

index.

Comparison of measured fission rates and MCNP

calculations is shown in Table 3. The average ratio of the

calculated to experimental (C/E) values was 0.953. This

result indicated that MCNP calculates the fission rate
Table 3

Comparison of calculated and experimental fission rates

Pin ID Fission rate (·1019 fissions/s/m3) Calculated/

Experimental
Calculated Experimental

B5214 6.20 6.67 0.929

B5208 6.20 6.57 0.944

B5215 6.59 6.94 0.949

B5204 6.26 6.46 0.969

B5218 6.48 6.86 0.945

B5207 6.61 6.75 0.979

Average 0.953
distribution precisely. The LHR at DFCB¼ 277 mm

(LHR(277)) was obtained from fission rates and energy

generated per fission and noted in the right end column

in Table 1. The calculated LHR was corrected by the

averaged C/E ratio. The maximum LHR at near core

mid-planes loaded with the medium- and high-density

lots ranged from 65 to 69 kW/m and from 67 to 70 kW/

m, respectively.

Statistical errors (1r) in MCNP calculation, fission

energy of fissile material, neodymium-148 measurement,

and the averaged C/E ratio were 1%, 0.25%, 1%, and

0.78%, respectively. Therefore, random uncertainty of

the pin powers was determined to be 1.6% in one stan-

dard deviation. Systematic uncertainty of the pin powers

originates in that of the reactor thermal power. So, we

reassessed uncertainty of the reactor thermal power with

reference to the assessment by Yokoyama and Ishikawa

[17], and it was determined to be smaller than 3.5% in

the sum of systematic and 99.7% confidence (3r) ran-

dom components. Uncertainty of the pin powers

was determined to be smaller than 6.0% in the sum

of systematic and 99.7% confidence random compo-

nents.

3.2. Axial pin power profile

An axial pin power relative profile of fourth order

polynomial equation was derived from a regression

method by use of zirconium-95 emitted gamma-ray in-

tensities measured at five axial positions (6000 s/posi-

tion) in the B5212 fuel pin, which showed the smallest

perturbation due to molten fuel axial movements. The

profile was expressed as Eq. (1):

F ¼ aþ b�DFCBþ c�DFCB2 þ d �DFCB3

þ e�DFCB4; ð1Þ

where F is correction factor (F is equal to 1 at

DFCB¼ 277 mm), DFCB is distance from core bottom

in mm, a is 0.67321, b is 2.0764 · 10�3, c is 3.4043· 10�7,

d is )1.7472· 10�8, e is 1.6449· 10�11. The LHR at a

desired axial position can be calculated by multiplying

the factor (F ) and the local LHR at DFCB¼ 277 mm,

LHR(277).
4. Fuel center melting behavior

Typical ceramographs (photo-mosaics) taken before

and after chemical etching at near core mid-plane were

shown in Fig. 4. In the as-polished condition (before

chemical etching) shown in Fig. 4(a), central void, pore

free structure, columnar grains, and unrestructured re-

gion (as-fabricated structure) were observed sequentially

from its geometric center. After chemical etching shown



Fig. 4. Transverse ceramographs at near core mid-plane in as-polished (a) and after chemically etched (b) conditions in the B5216 pin.
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in Fig. 4(b), the pore free structure was subdivided into

dendrites and coarse grains. Microstructure features

observed in 27 transverse ceramographs from all test

fuel pins were summarized in Table 4.

Prior to identifying axial melting extents, we rechar-

acterized that dendrites and coarse grains in the pore

free structure were the solidified microstructure; in other

words: fuel melting indicator. Radial plutonium inten-

sity profile was measured and compared with a sec-

ondary electron image in Fig. 5. The plutonium intensity

decreases in the coarse grains and then increases in the

dendrites. Although profile discontinuity at the bound-

ary between molten and unmolten fuel was observed in

the POTOM-3 test [18], it was not apparent in the B5D-

2 test. The urania–plutonia phase diagram indicates that

urania rich phase solidifies earlier than plutonia rich li-

quid phase. Therefore, the plutonium intensity profile is

consistent with the solidification phenomena. Definitely,

neither as-fabricated nor lenticular pores were observed

in both dendrites and coarse grains. By contrast, both

were left in the columnar grains. As described above,

plutonium radial migration behavior and pore distri-

bution change proved that the outer surface of coarse

grains or pore free structure can be defined as the extent

(boundary) of fuel melting.
Comparisons with X-ray radiographs, gamma scan

profiles, and longitudinal and transverse ceramographs

confirmed that fuel center meltings were successfully

induced in all test fuel pins. Molten fuel axial move-

ments completely erased fuel melting indicators in seven

ceramographs and plugged the central voids in five

ceramographs. Fuel melting area fractions were calcu-

lated and also listed in Table 4, while the central void

inner surface was assumed to be the radial extent in case

with no fuel melting indicator. The maximum fuel

melting area fraction of 11.8% was lower than 20% and

met the safety criteria for the B5D tests. Dendrites were

observed only in larger amount of fuel melting area

fraction than 6%.
5. Identification of axial incipient melting positions

In identifying axial melting extents and axial incipi-

ent melting positions, a molten fuel axial movement

behavior requires the careful considerations. It is very

fortunate that extensive observations and morphological

characterizations on longitudinal ceramographs allowed

classifying molten fuel settlements near the extents. Top

extents were classified into type A and B; bottom extents



Table 4

Microstructure features and molten fuel area fractions observed in the transverse ceramographs

Pin ID Axial locations

(DFCB), mm

Local maximum

powera, kW/m

Central void Pore free

structure

Dendrite Coarse

grain

Fuel melting

area fractionb, %

B5201 272 66.2 Y N N N 3.0

B5202 270 65.6 Y Y N Y 4.7

B5203 271 66.7 Y N N N 3.4

B5204c 272 65.4 Y Y – – 10.5

B5205 271 70.4 N Y Y Y 9.2

B5206 270 70.3 Y Y Y Y 10.0

B5207c 272 67.0 N Y – – 7.4

B5208c 271 67.6 Y N – – 3.6

B5209 270 67.8 Y N N N 3.1

B5209 313 66.3 Y Y N Y 5.3

B5210 270 67.1 Y Y N Y 4.5

B5211 271 67.1 Y N N N 3.4

B5212 270 67.1 Y Y N Y 3.0

B5213 271 67.7 Y N N N 2.3

B5214c 270 68.7 Y Y – – 8.5

B5215 271 70.2 N Y – – 5.1

B5216 270 69.1 Y Y Y Y 6.7

B5217 272 68.1 N Y Y Y 7.7

B5218c 270 69.4 Y Y – – 6.7

B5219 271 65.7 Y Y Y Y 6.6

B5220 246 66.8 Y Y Y Y 11.8

B5220 271 66.6 Y N N N 4.3

B5221c 271 67.6 Y N – – 7.2

B5222 270 67.7 Y N N N 2.7

B5222 306 66.5 Y Y Y Y 8.1

B5223 271 68.2 N Y Y Y 10.7

B5224 271 67.1 Y Y Y Y 8.5

Note: Y, observed; N, not observed.
a The effects of axial molten fuel movements were not adjusted.
b Fuel melting area including central void was normalized to as-fabricated fuel pellet area.
cNot chemically etched.
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were all the same into type C. The classifications with

morphology modeling and typical longitudinal ceramo-

graphs were shown in Figs. 6–8, where the illustrations

were exaggerated so that fuel pellet geometry was not

exactly reproduced. The classification for every position

was also listed in Table 5.

In type A, molten fuels on central void surfaces

moved downwards and left enlarged central voids. Axial

incipient melting positions in type A can be easily de-

fined as the starting position where central void diameter

became larger as illustrated in Fig. 6. In type B, molten

fuels combined to plug the central voids. An axial in-

cipient melting position in type B is defined as the axial

position where radial melting extent is equal to its ad-

jacent central void diameter without fuel center melting

as illustrated in Fig. 7. In type C, molten fuels always

plugged the central voids around bottom extents. Axial

incipient melting positions in type C are defined in the
similar manner to type B as the axial position where

radial melting extents are equal to the adjacent central

void diameter without fuel center melting as illustrated

in Fig. 8. These definitions using central void diameter

extrapolations were identical to those applied in the

DEA-2 test [2].

The axial incipient melting positions identified under

the classifications in considering with grain morphology,

plutonium intensity profile, and the moving averaged

gamma-ray axial scanning profile were listed in Table 5.

We failed to identify for 12 positions due to complete

central void plugging, significant diameter perturbations

of central voids and/or solidified structures, and tech-

nical difficulty in longitudinal specimen grinding (off to

the fuel pin geometric center and inclination). Conclu-

sively, 36 axial incipient melting positions were identified

and then converted to the power-to-melts (LHR), which

were noted in the right end columns in Table 5.
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Fig. 5. Plutonium radial intensity profile compared with the grain morphology in the transverse section in the B5219 pin.
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6. Effects of fuel pin specifications and irradiation

behaviors on power-to-melts

The power-to-melts obtained in previous chapter are

plotted versus as-fabricated diameter gap size in Fig. 9,

where the LHR at the center was plotted in case that the

axial incipient position was identified as the range.

Collectively in medium and high density fuel pins, it

is obvious that (i) the power-to-melt at the bottom po-

sition is always higher than that at the top position due

to an axial gradient of cladding temperature in each test

fuel pin, that (ii) the effect of tag gas is not distin-

guishable, and that (iii) the lower fuel pellet density

resulted in the lower power-to-melt. In the medium-

density fuel pins, the power-to-melts depend, slightly on

the gap size, and clearly on the O/M ratio. In the high-

density fuel pins, the dependence on the gap size is not

distinguishable. For comparison, power-to-melts of the

P19, P20, and DEA-2 tests for FFTF driver type fuel
pins and modified ones [1,2] are summarized in Fig. 10.

In contrast to the EBR-II and FFTF experiments, it is

very peculiar for the B5D-2 test that the power-to-melts

showed the lesser dependence on the gap size and that

the effect of the filling gas composition was not distin-

guishable.

The dependencies of the power-to-melts on the fuel

pellet specifications are discussed first. It is well known

that fuel pellet cracking and relocation behavior sig-

nificantly influences on both thermal and mechanical

fuel pin performances particularly at beginning-of-

life conditions. The relocation behavior without any

fuel center melting in the JOYO experiments irradi-

ated for shorter than four EFPDs is summarized in

Fig. 11. There also exists an empirical correlation as

a function of as-fabricated gap volume as written in

Eq. (2):

DR ¼ 0:111GR � 45; ð2Þ



Fig. 6. Molten fuel axial movement behavior classified as type A at top extents in the B5206 pin.

Fig. 7. Molten fuel axial movement behavior classified as type B at top extents in the B5219 pin.

M. Inoue et al. / Journal of Nuclear Materials 323 (2003) 108–122 117
where G is as-fabricated diameter gap size in lm, Rci is

cladding inner diameter in mm, and DR is diameter

relocation in lm, one standard deviation of the pre-

dicted DR compared with the database was 19 lm [19].

The diameter relocation is defined as the difference be-

tween as-fabricated and residual diameter gap size. The

residual radial gap size averaged eight measurements of
distances between cladding inner surfaces and fuel pellet

outer surfaces in the transverse ceramographs. As shown

in Fig. 11, the relocation behavior will effectively reduce

the distance (gap size) and improve the heat transfer

across the gap in addition to larger thermal expansion of

fuel pellet than that of cladding. As correlated in Eq. (2),

the larger as-fabricated gap volume results in the larger



Fig. 8. Molten fuel axial movement behavior classified as type C at bottom extents in the B5205 pin.
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relocation. Naturally, the relocation behavior will re-

duce the difference of as-fabricated gap size in the B5D-2

test. The relocation behavior can improve only the heat

transfer across the gap, so it will not be effective for the

heat conduction in the fuel pellet where the effect of O/M

ratio and density are dominant. We conclude that the

dependencies resulted from the relocation behavior. In

addition to the relocation behavior, the smaller relative

gap size, which is defined as the ratio of diameter gap

size to cladding inner diameter, of the provisional

standard fuel pin made itself less effective in the B5D-2

test when compared with the EBR-II and FFTF exper-

iments.

The absence of the filling gas composition effect is

discussed below. In case of the B5D-2 test fuel pins,

temperature increments in the fuel pellet (DTfuel) will be
much larger than that across the gap (DTgap); actually
calculated DTfuel=DTgap ratios ranged from 10 to 27 as

reported in Ref. [5]. Even if the pure helium filled fuel

pins loaded with B5D-202 lot, the scatter of the power-

to-melts was about 1% (one standard deviation) in both

bottom and top locations. Since at the axial incipient

melting positions both fuel center and cladding inner

temperatures should be almost constant, 1% change of

the local LHR results in greater than 10% increase or

decrease of the DTgap. Conversely, 20% change of DTgap
results in smaller than 2% change of DTfuel. As the tag

gas addition reduces the gap gas thermal conductivity
only by approximately 20%, the randomness of heat

transfer and conduction inside test fuel pins will over-

shadow the gap gas thermal degradation due to the tag

gas addition.

It is noteworthy that at both bottom and top posi-

tions the power-to-melts in the narrow gap size fuel pins

loaded with B5D-202 and B5D-204 showed very small

scatters. Also, the smaller as-fabricated gap size resulted

in the smaller scatter of the relocation in the B5D tests as

shown in Fig. 11(c). These scattering features especially

in the narrow gap size fuel pins indicate that the heat

transfer and conduction inside the test fuel pins are very

reproducible and preferable for the verification of ther-

mal modeling and its applicability for the fuel pin

thermal analysis. Heat generation in the fuel pellet ma-

trix is homogeneous (no radial power depression) cor-

responding to the radial neutron flux distribution in the

B5D tests, so it gives further preferences for thermal

analysis.
7. Conclusions

The power-to-melts of the uranium–plutonium ox-

ide fuel pins under the rapid reactor startup mode

without pre-conditioning were experimentally obtained

from the B5D-2 test in the experimental fast reactor

JOYO.



Table 5

Identifications and classifications of axial incipient melting positions for both bottom and top extents

Pin ID/axial

designation

Type of molten fuel

axial movement

(classification)

Identified axial incipient

melting position

(DFCB), mm

Fuel pellet number

included in the

identified position

Linear heat rating at the

incipient melting position

(power-to-melt), kW/m

B5201B C – – –

B5202B C 196 1 64.6

B5203B C 165 1 63.9

B5204B C – – –

B5205B C 157 1 66.8

B5206B C 128–132 1 64.1–64.4

B5207B C – – –

B5208B C 164–168 1 64.6–65.0

B5209B C – – –

B5210B C 187 1 65.6

B5211B C 176–190 2 65.0–65.8

B5212B C 181 1 65.2

B5213B C – – –

B5214B C 168 1 66.0

B5215B C 161–183 4 66.9–68.4

B5216B C 164–170 1 66.1–66.5

B5217B C – – –

B5218B C 159–169 2 66.0–66.7

B5219B C 146 1 61.4

B5220B C 128–138 2 60.7–61.6

B5221B C 135 1 62.2

B5222B C 162–165 1 64.6–64.8

B5223B C 150–163 2 64.2–65.1

B5224B C 166 1 64.3

B5201T B 345 1 62.5

B5202T B 349 1 61.6

B5203T A – – –

B5204T – – – –

B5205T B 366–377 2 64.4–63.3

B5206T A 369 1 64.1

B5207T A 362 1 61.7

B5208T B 362–364 2 62.3–62.1

B5209T – – – –

B5210T B 343–344 1 63.5–63.4

B5211T B 349 1 63.0

B5212T B 352–355 2 62.7–62.5

B5213T A 367 1 62.0

B5214T B 359 1 63.6

B5215T – – – –

B5216T B 358–369 1 64.1–63.0

B5217T B 359 1 63.0

B5218T B 366 1 63.6

B5219T B 366 1 60.1

B5220T B 370–375 1 60.6–60.1

B5221T B 388 1 59.6

B5222T B – – –

B5223T B – – –

B5224T B 376 1 60.5

Note: B, bottom extent; T, top extent.
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MCNP code calculations with whole core geometry

were combined with burnup measurements to determine

the LHR of 24 test fuel pins. The maximum LHR at
near core mid-planes loaded with the medium- and high-

density lots ranged from 65 to 69 kW/m and from 67 to

70 kW/m, respectively.
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Fig. 9. Influences of fuel pin specifications on the power-to-melts in the B5D-2 test.
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Fig. 10. Influences of fuel pin specifications on the power-to-melts in the P19, P20, and DEA-2 tests. (Data were taken from Refs.

[1,2].)
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Fig. 11. Fuel pellet relocation behavior at the beginning-of-life conditions in the JOYO MK-II driver, MONJU type, and B5D tests

fuel pins.
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Fuel center melting behavior including solidified

grain morphology and molten fuel axial movements

were characterized by transverse ceramographs. Exten-

sive observations on longitudinal ceramographs allowed

classifying molten fuel settlements near bottom and top

extents of axial fuel melting into three types. These

classifications provided a criterion for identifying the

axial incipient melting positions.

The power-to-melts depended slightly on fuel-to-

cladding gap sizes and clearly on both O/M ratios and

densities of fuel pellets. Also, the power-to-melt at the

bottom position was higher than that at the top position

due to axial gradient of the cladding temperatures, and

the effect of tag gas was not distinguishable. The lesser

dependence on the gap size resulted from the fuel pellet

relocation behavior which fairly improves heat transfers

across the gaps.

The power-to-melts data obtained from this work

will be eligible to verify thermal modeling and its ap-

plicability in fuel pin thermal performance analysis

codes in future.
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