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The coated particle fuel has been developed within a framework of the HTTR (High Tem-

perature engineering Test Reactor) Development Program at the Japan Atomic Energy Research 
Institute. The HTTR fuel is a prismatic block type containing TRISO-coated UO2 particles. 

Research and development on the fuel has been progressed in three categories ; a work for fuel 

production technology, a proof test of fuel performance and a safety-related research. In the 

present report the concept and outline of the fuel in the HTTR design are firstly described, and 
then fuel fabrication technology including recently developed methods for improving fuel quality 

is followed. Tests for proving fuel performance have been carried out extensively on the 

reference fuel of the HTTR design by irradiation in an in-pile gas loop and capsules, and typical 

results are presented in this report. Concerning the safety-related research, fuel failure and 

137Cs release at abnormally high temperature are described. 
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I. INTRODUCTION 

Development of the coated particle fuels 

within a framework of the HTGR Develop-

ment Program at the Japan Atomic Energy 

Research Institute (JAERI) was undertaken in 

a cooperation with the Nuclear Fuel Industries 

Ltd. (NFI) in 1970. The HTGR Program was 

modified in 1987 due to a revision of assess-

ment of the future energy consumption ; in 

the former program") the development of the 

experimental Very High Temperature gas-

cooled Reactor (VHTR) of 50 MW thermal 

power had been projected with an aim of 

subsequent development of large commercial 

HTGRs. In the modified program, on the

other hand, development of a small test 

reactor, called the High Temperature engi-

neering Test Reactor (HTTR) of 30 MW thermal 

power was progressed for various researches 

such as a proof of reactor safety, hydrogen 

production, and fuels and materials develop-
ment. Criticality of HTTR is scheduled in 

1995. 

In the development of the coated particle 

fuels for HTTR utilization, three major ob-

jectives were set up ; development of fuel-
fabrication technology, a proof of fuel per-

formance under normal operation conditions 

in the HTTR design, and integrity of the fuel 

under abnormal conditions. JAERI has con-
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ducted extensive irradiation-performance tests 

and various characterizations of the fuels 

manufactured by specifications of the HTTR 

design at NFI, while NFI has developed 

technologies in the fuel fabrication. In addi-

tion, several collaborations between JAERI 

and NFI have been carried out for progress 

in the quality control (QC) and the quality 

assurance (QA) of the fuel. This report 

reviews the research and development of the 

HTTR fuel. 

II. CONCEPT AND DESIGN 

OF HTTR FUEL 

In the HTTR design the reactor core con-

sisted of replaceable hexagonal reflectors and 

150 hexagonal fuel-blocks, both of which were 

surrounded by permanent reflectors(2). Two

operational modes were planned to generate 

the outlet gas at maximum temperature of 

either 950 or 850dc. 

Fuel configuration in the HTTR design is 

depicted in Fig.1, and major characteristics 

of the fuel are listed in Table 1. The coated 

particles were composed of low enriched UO2 

micro-spheres (kernels) coated with TRISO type 

layers, which consisted of fourfold layers; 

low density pyrolytic carbon (PyC) (buffer PyC 

layer), high density inner PyC (IPyC), silicon 

carbide (SiC) and high density outer PyC 

(OPyC). The coated particles together with 

graphite powder and resin binder were formed 

to annular-shaped fuel compacts, one of which 

contained about 13,500 particles. Fourteen fuel 

compacts were encased in a long IG-110 

graphite tube, making up a fuel rod.

Fig.1 Configuration of HTTR fuel

Two types of the fuel blocks were designed, 

one of which was loaded with 31 fuel rods 

and the other with 33 fuel rods(2). The fuel 

blocks with 33 fuel rods were loaded in the 

inner region of the core, while the blocks 

with 31 fuel rods in the outer region. This 

configuration was due to a reason that since 

thermal stress in the blocks locating at the 

outer region of the core was estimated to be 

severer than that at the inner region, it was 

necessary to mechanically strengthen the 

blocks at the outer region by reducing number

of the fuel rods therein. Helium coolant 

flowed through gaps between the fuel rods 

and holes of the graphite block in the fuel 

block from a top to a bottom of the core. 

Irradiation conditions of the fuel in the 

normal reactor operation predicted in the 

HTTR design are summarized in Table 2. 

Although maximum fuel temperature was 

relatively high (about 1,300dc) compared with 

that of the other HTGR fuels such as Modular 

HTGR (MHTGR) in USA(3) and MODUL in 

Germany(4), maximum fuel burnup was rela-
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Table 1 Characteristics of HTTR fuel

Table 2 Irradiation conditions of HTTR fuel

Table 3 Major accident phenomena 

related to fuel integrity

Decrease in coolability in core 

(1) Channel blockage in fuel block 1,650 

(2) Inner pipe failure of primary loop 1,500 

Increase of reactivity in core 

(1) Rupture of stand pipe153 

Steam ingress into core 

(1) Rapture of heat transfer tubes 1,500 
in pressurized water cooler

tively low. Therefore, it seemed that fuel 
integrity under the operation conditions of 
HTTR could be kept during fuel-life time 
despite at such high temperature. Abnormal 
transient and accident phenomena due to a 
loss of forced coolant circulation predicted in 
the design are summarized in Table 3(2). 

III. FUEL FABRICATION AND 

QUALITY CONTROL 

Fuel fabrication was undertaken with a 

laboratory scale capacity (10 kg U/yr) at NFI, 

and a pilot plant with a capacity of about 

40 kg U/yr was subsequently developed in 

1972. For irradiation experiments and out-of-

pile characterizations, various fuels had been 

produced in this pilot plant. 

The fabrication capacity was expanded to 

about 200 kg U/yr in 1983 to produce the 

fuels for the Very High Temperature Reactor 

Critical assembly (VHTRC). In a period of 

nearly 2 yr, 12,360 fuel compacts, containing 

about 3x108 coated particles were produced 

in this scale-up facility. Also, the fuel ele-

ments for the OGL-1 experiments carried out 

after 1984 were produced in this plant. 

Figure 2 shows a progress of the fuel 

fabrication capacity together with the fuel 

compacts produced at NFI. It is scheduled 

that the fuel for the initial core of HTTR 

which contains about 70,000 fuel compacts is 

produced in a period from 1992 to 1994. The 

collaboration research between JAERI and NFI 

is underway for improvement of the fuel 

quality, particularly focussed on an elimination 

of defects introduced in SiC coating layer 

during the fuel production. 

Figure 3 depicts a flow diagram of the 

HTTR fuel production process. The UO2 

kernels were fabricated in a gel-precipitation 

process, where an uranyl nitrate solution con-

taining methocel and an additive was dropped 

into conc. ammonia solution. Gel-particles 

formed in the ammonia solution were then 

dried, followed by calcination and sintering. 

The coating layers were deposited on the 

kernels in a CVD process using a fluidized 

coater. The buffer and high density PyC 

coating layers were derived from C2H2 and
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Fig.2 Progress of fuel-fabrication test

C31-16, respectively, and the SiC layer from

Fig.3 Flow diagram of fabrication 

process of HTTR fuel

In the fabrication process of the fuel com-

pacts, the coated particles were overcoated in 

advance with phenol-resinated graphite pow-

der, and these particles were formed into

green compacts by warm-press. The green 

compacts were carbonized by a heat treatment 

at 800dc, followed by degassing at 1,800dc. 

One of the most important targets in QC 

was to minimize defects in the coated parti-

cles. Since the SiC coating layer, in partic-

ular, played an important role in retention of 

fission products inside the coated fuel particles 

and in keeping mechanical strength of the 

particles, efforts had been focussed on QC of 

the SiC coating layer by improving an inlet 

gas nozzle of the coater for the SiC coating, 

and by modifying the overcoating method in 

the fuel-compact production(5). 

During the SiC deposition process, if fluid-

ization of the particles was not stable or 

perturbed, defects such as voids were involved 

in the SiC coating layer, thus causing failure 

of the layer during coating or the compact 

fabrication. Therefore, in order to realize 

suitable fluidization during the SiC deposition 

in the coater, an improvement of the gas-

nozzle was necessary. This improvement 

test(5) was carried out by using a simulated 

coater at room temperature. Two types of 

the nozzles as illustrated in Fig.4 were tested, 

one of whicn was a "stepwise nozzle" having 

different inner diameters and the other, a 
"straight nozzle" having a uniform inner 

diameter along its length. The test was
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conducted using Ar gas, where fluidization 

of the particles was observed with functions 

of an amount of the particles loaded in the 

coater and Ar gas flow rate. By the method 

reported by Wallroth(6), Ar gas flow was 

converted to a flow ratio of H2/CH3SiCl3 

which was equivalent to the SiC coating 

condition in the production coater at 1,600dc. 

Stable fluidization could not be observed

under any condition of the particle loading 

and the Ar gas flow rate when the stepwise 

nozzle was adopted, whereas the straight 

nozzle gave a good fluidization under a certain 

condition. Application of these fluidization 

conditions to the production coater was found 

to be effective in remarkable elimination of 

defects in the SiC coating layer.

Fig.4 Schematic presentation of stepwise nozzle and straight nozzle

In the process of the fuel compact fabri-

cation, the overcoat of the graphite matrix 

powder was affixed on the coated particles 

aimed to protect the coating layer from me-

chanical damage by pressing in metal dies 

and by graphite-matrix shrinkage during heat 

treatments of the green compacts Mono-

layered overcoat of about 200mm thickness 

was applied so far, providing 30 v/o packing 

fraction of the coated particles in the fuel 

compacts which were offered for the fuel 

compact production. However, the overcoat-

ing monolayer with 200mm thickness was 

not enough for eliminating the damage in the 

production process. Therefore, a new meth-

od(7) applying the double-layered overcoat 

was devised for eliminating the damage. In 

the first stage the overcoat of less than 80mm 

thickness was fixed on the coated particles,

followed by curing at about 180dc. The 

second layer was subsequently added on the 

particles so as to make the 30 v/o packing 

fraction. As listed in Table 4 where a com-

parison is given on defective fractions of 

the SiC coating layer in the fuel compacts

Table 4 Comparison of defective fraction 

in fuel compacts fabricated by 

conventional and modified methods

t Fraction of uranium amount in failed coated 

particles and contaminated in graphite matrix 

to total uranium amount in fuel compact
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produced in the conventional method and the 
modified one, it was evident that the latter 

method could reduce remarkably the defective 

fraction down to less than 10-5. 

IV. FUEL BEHAVIOR UNDER 

NORMAL OPERATION 

CONDITIONS 

Performance of the fuel fabricated by the 

specifications of the HTTR design was tested 

in the various irradiation experiments using 

OGL-1, gas-swept capsules and closed cap-

sules. There would be two important fuel 

behaviors leading to coating failure by irra-

diation, which influenced upon fission-product 

release. Therefore, this chapter describes on 

these fuel behavior and the fission-product 

release. 
1. Behavior of Coated Fuel Particles 

With respect to irradiation performance of 

the coated particles, two phenomena were 

attended ; one was kernel migration in the 

coated particles, and the other, an interaction 

of a fission product, Pd, with the SiC coating

layer. 

The kernel migration, so called an amoeba 

effect, occurred when the coated particles 

were irradiated under temperature gradient, 

and in an extreme case it led to a breakage 

of the coating layers during irradiation. This 

was caused by a mass transfer of carbon from 

a cool side to a hot side in the coated parti-

cles(8). The experiments on the amoeba effect 

were carried out by the capsule irradiation") 

where a temperature gradient of about 150dc 

/cm was imposed on the coated particles 
embedded in graphite disks. The kernel 

migration in the coated fuel particles was 

measured by X-ray radiography in the post-

irradiation examination (PIE). In Fig.5 a rela-

tion between the kernel-migration rate (KMR) 

and irradiation temperature is presented to-

gether with the maximum value adopted in the 
HTTR design. A comparison of the design 

and the experimental values revealed that 

failure of the coated fuel particles caused by 

the amoeba effect did not occur during the 

fuel-life time (about 600 days), since a maxi-

The data expressed by different symbols in the figure 

were obtained in four irradiation experiments.

Fig.5 Kernel migration rate (KMR) vs. irradiation temperature
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mum range of the kernel migration estimated 

from Fig.5 was less than 55mm in the fuel-

life time which was smaller than thickness 

of the buffer layer. 

The interaction between Pd and SiC coat-

ing layer (Pd/SiC interation) was concerned 

about the low-enriched uranium (LEU) fuel, 

because the fission yield of Pd increased with 

decreasing 235U enrichment in the same burn-

up. Although Pd formed precipitates with 

other metallic fission products in UO2, it was 

released easily from the kernel due to very 

small solubility in UO2 matrix and high vapor 

pressure, and diffused through the buffer and 
inner PyC layers(10). The Pd accumulated 

in the inner surface of the SiC layer inter-

acted with SiC forming intermetallic com-

pounds such as Pd,Si". A rate-limiting step

in this attack was considered to be supply of 

Pd from the kernel, since the Pd/SiC inter-

action and diffusion of Pd through the buffer 

and inner PyC layer were fairly fast com-

pared with the release from the kerne10-)". 
In Photo. 1 showing a ceramograph and 

Pd-La X-ray image by Electron Prove Micro 

Analyzer (EPMA), penetration of intermetallic 

compounds, Pd2Si, into the SiC coating layer 

was recognized. This reaction exacerbated 

the SiC coating layer, which led to loose the 

ability for retention of the fission products. 

The Pd/SiC interaction in the HTTR refer-

ence fuel had been investigated intensively in 

PIE where penetration depth of the inter-

metallic compound was observed in the section-

ed SiC coating layer of the irradiated coated 

particles by EPMA and ceramography(12).

White precipitates near inner surface of the SiC layer is composed of Pd as detected by EPMA (right).

Photo. 1 Typical example of Pd/SiC reaction observed in irradiated coated-fuel-particles 

by ceramography (left) and electron-prove microanalyzer, EPMA (right)

In Fig.6 the penetration depth is depicted 

against the amount of Pd released from the 

kernel, which was calculated with functions 

of diffusion coefficients of Pd in the UO2 

kernels, irradiation temperature and time, 

burnup and so on. It was found that a rela-

tionship between the maximum penetration 

depth and an amount of Pd release was ex-

pressed by a cubic root low, from which the 

maximum penetration depth of the HTTR 

fuel during the fuel-life time could be esti-

mated(13). This result suggested that the 

penetration depth during the fuel-life time

was about 11mm, which was less than a half 

of the SiC layer thickness (25mm), therefore, 

proving integrity of the coated fuel parti-
eles(14). 

2. Fission Product Release 

In-situ fission gas release from the fuel, 

which was deeply related to the irradiation 

performance of the fuel, was measured by 

OGL-1 and the gas swept capsules. The OGL-1 

was the in-pile gas loop installed in JMTR, 

where a fuel block containing one or three 

fuel rods could be irradiated at high-tempera-

ture and high-pressure (about 4 Pa) gas flow(16).
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Fig.6 Relation between Pd-SiC reaction depth and amount of Pd

Fractional releases of short-lived fission gases 

(R/B: Release rate/Birth rate) from the fuel block 

were determined by measuring the fission 

gas concentration in the primary loop of 

OGL-1. Since neutron flux was relatively 

low at OGL-1 position located in a reflector 

region of JMTR core, it was difficult to attain 

high burnup in the OGL-1 experiments. In 

order to make up this drawback, the fission gas 

release in the relatively high-burnup and high 

fast-neutron fluence was measured by the gas-

swept capsules loaded in the fuel zone of the 

JMTR core. Results of 88Kr RIB from the 

HTTR fuel compacts measured by OGL-1 and

the gas-swept capsules are represented in 

Fig.7. The 88Kr R/B from the OGL-1 fuel 

elements decreased initially, followed by a 

constant level of 10-6, but that from the gas-

swept capsule varied from 10-8 to 10-6 with 

increasing burnup. Such R/B variation was 

resulted from a change of the fuel temperature 

and an increase of coating failure. A differ-

ence of R/B levels in OGL-1 and the gas-

swept capsule experiments was principally 

owing to a difference of the fraction of the 

defective coated particles included in the fuel 

compacts in both the facilities. The result 

by the gas-swept capsule indicated that the

Fig.7 Burnup dependence of fractional release of 86Kr
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release at 3.6 % FIMA, which was the same 

as the maximum burnup in the HTTR design, 

was fairly lower than the maximum release 

estimated in the design (5x10-4). It was ex-

pected that R/B from the fuel fabricated by 

the modified method as mentioned in Chap. 

III would be remarkably low, probably between 

10-9 and 10-8, due to very low failure fraction. 

With respect to metallic fission product 

release during irradiation, the release behavior 

was investigated by the OGL-1 experiments 

(16)(17) where the metallic fission products re-

leased from the coated particles were effec-

tively absorbed in the graphite sleeve of the 

fuel rod and the graphite block. The distri-

bution profile of the absorbed fission products 

along an axial direction of the graphite sleeve 

significantly depended on failure of the coated 

fuel particles in the fuel compacts. Therefore, 

the distributions of the metal fission products 

in the graphite sleeve were measured after 

irradiation, and typical results in the 8th 

OGL-1 experiment where two fuel compacts 

containing 1 % of BISO coated particles (the 

coated particles with two PyC coating layers, but 

without the SiC coating layer) among TRISO 

coated particles were located in the center of 

the rod, are depicted in Fig.8(17). Since BISO 

coated particles did not possess the SiC coat-

ing layer, they are simulated for the TRISO 

particles having defective SiC coating layer, 
which was expected to enhance the release 

of the fission products such as Cs. Two peaks 

in the activity profiles of 137Cs and 125Sb were 

recognized at the axial positions between 200 

and 300 mm, and near 600 mm, which had 

corresponded to positions of the failed TRISO 

coated particles existing near the surface of 

the fuel compacts. As shown in Fig.8 an 

influence of replacement of BISO coated par-

ticles on the releases of 137Cs, 110mAg and 
I"Sb were not observed , but 155Eu release 

which had been detected in the place of the 

compacts containing BISO particles, was 

strongly influenced by replacement of the 

BISO particles, implying that '"Eu was effec-

tively retained by the SiC coating layer. Due 

to a very small inventory of 155Eu, this fission 

product released from the failed TRISO coated

particles might not be detected, since a frac-

tion of the failed particles was very small, 

less than 10-3.

Fig.8 Distributions of metallic fission-

product along axial direction of 
OGL-1 graphite sleeve 

V. FUEL BEHAVIOR UNDER 

ACCIDENT CONDITIONS 

Tests on fuel performance under the acci-

dent conditions were concentrated on meas-

urements of the fuel failure and the fission 

product release at abnormally high tempera-

ture. 

1. Failure of Coated Particle at 

Abnormally High Temperature 

Although maximum fuel temperature un-

der the conditions of depressurization or loss 

of forced coolant circulation predicted by the 

HTTR design was less than 1,700dc as sum-

marized in Table 3, performance of the irra-

diated coated particles was tested up to 

2,400dc by a furnace installed in a hot cell(18) 

in order to ensure fuel integrity at high tem-

perature. The coated particles from 10 to 100
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in number, irradiated up to 3 .6 % FIMA 

which was the same as the maximum burnup 

in the HTTR design prediction, were ramp-

or isothermal-heated, and failure of the coated 

particles was determined by measuring the 

release of 85Kr. A typical result of the accu-

mulated failure fraction in a ramp test where 

10 particles were heated, is depicted together 

with a model calculation in Fig.9.

Fig.9 Variation of accumulated failure 

fraction of coated particles in 

post-irradiation heating

The model calculation was based on the 

Weibull statistics of the SiC layer failure, 

where the normal distributions of the coating-

layer thicknesses, decrease of the mechanical 

strength of the SiC layer due to increase of 

the porosity by thermal decomposition of SiC, 

an inner gas pressure of CO caused by de-

composition of UO2 and so on, were taken 

into account. Failure fraction F of the SiC 

layer is expressed as follows" : 

F=1-exp(-(s/s0)m), 

s0=s00 exP(-nP), 

s=Pcor/2t, 

where s00 is the original SiC strength, s the 

stress applied on the SiC coating layer by the 

inner CO pressure, P the porosity in the SiC 

coating layer, Pco the inner CO pressure and 

r and t the mean radius and thickness of the

SiC coating layer, respectively, in the Weibull 

modulus and n the constant. 

The experimental results revealed that 

failure began at about 2,200dc and almost 

100% of the particles failed at 2,400dc. This 

result agreed with that on LEU coated parti-

cles by Nabielek of al. (20) The calculated 

results well predicted the experimental results 

within the standard deviation of each tem-

perature at which 10 samples including 10 

particles in each indicated a certain failure 

fraction. 

Irradiation behavior of the fuel at abnor-

mally high temperature was studied by the 

closed capsules experiments. A typical case 

was that the fuels were irradiated up to 

1.2 % FIMA at 1,350dc, the maximum tem-

perature in the HTTR design, followed by a 
rapid elevation of temperature up to 1,900dc 

kept for 6 h. In PIE on the capsule the acid-

leaching measurements on the irradiated coated 

particles were carried out to determine the 
failure fraction of the particles. The results 

are presented in Table 5.

Table 5 Failure fraction of coated 

particles in irradiation at 

abnormally high temperature

t Beginning of life, tt End of life 
The sample compacts (about 1,300 particles) were 
irradiated up to 1.2% F1MA, followed by rapid 
elevation of temperature up to 1,900^C, which was 
kept for 6 h. 

Post-irradiation leaching fractions of the 

metallic fission products regarded as the fail-

ure fraction of the coated fuel particles, were 

a factor of 5 to 10 times higher than the pre-

irradiation leaching fraction of 2x10-4. This 

result indicated that although a small fraction 

of the coated fuel particles failed by the rapid 

elevation of temperature, it was still less than 

the limit of the failure fraction assumed in 

the HTTR design. 

2. Release of Metallic Fission Products 

at Abnormally High Temperature 

Tha coated particles irradiated in OGL-1
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were subjected to post-irradiation heating ex-

periments for measuring the release of the 
metallic fission product at abnormally high 

temperature(24). Heating was conducted iso-

thermally or isochronally on a single coated 

fuel particle placed in a center hole of a 

graphite electrode, which also acted as an 
absorber of the released fission products. In 

order to trap the fission products leaked from 

the electrode, a graphite sleeve was placed so 

as to surround the electrode, of which the 

radioactivities of the released fission products 

were counted together with those of the 

graphite sleeve after heating. Typical results 

of 137Cs release from coated particles irradiated 

up to 1 % FIMA in the isothermal measure-

ment at different temperatures are presented 

in Fig.10.

Fig. 10 "'Cs release from single coated 

particle in post-irradiation heating

The results indicated that there was a 

clear difference in the release behavior be-

tween 2,100 and 2,200dc; the releases below 

2,100dc which seemed to be diffusion-controlled 

by the coating layers increased gradually with 

time, whereas the releases over 2,200dc pro-

ceeded rapidly in a short time. The diffusion-

controlled releases were so affected by an

initial U contamination in the OPyC coating 

layer that Cs fractional releases did not 

always depend on heating temperature. The 

rapid releases above 2,200dc were explained 

by a thermal decomposition of the SiC coating 

layer, which was effective for retaining Cs 

in the coated particle. It was evident in the 

results that the rapid release of Cs would 

not occur in the accidents predicted in the 

HTTR design. 

VI. SUMMARY 

The coated particle fuel was developed 

for use in HTTR. The development work 

was progressed in three categories : 

(1) Being relevant to fuel-production tech-
nologies involving QC and QA, which had 

been made mainly in NFI and also in a col-

laboration between JAERI and NFI. The de-

veloped technologies ensured the production 

of the fuel for HTTR charge, which was 

scheduled to commence in 1992. Recent efforts 

were concentrated on an improvement of the 

fuel quality, particularly elimination of the 

defects in the SiC coating layer, and con-

sequently it became possible to produce the 

high quality fuel. 

(2) To prove fuel performance under the 
normal operation conditions. Extensive irra-

diation experiments using OGL-1, the gas-

swept capsules and the closed capsules were 

conducted, and comprehensive data relevant 

to the fuel performance were obtained. The 

typical results ensuring the design requirement 

were given in this report. 

(3) Regarding to fuel behavior in the 
accident conditions. Although three major 

phenomena were predicted in the HTTR 
design, which were relevant to abmormally 

high temperature accidents, air or steam 

ingress into the HTTR core, and reactivity-

related accidents, the present report described 

the fuel behavior at abnormally high tem-

perature. The post-irradiation heating experi-
ments on the irradiated coated particles proved 

that the coated fuel particles would not fail 

and rapid release of Cs would not occur in 

the accidents due to depressurization or loss 

of forced coolant circulation predicted in the
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HTTR design. 
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