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a b s t r a c t

In the core of the WWR-K reactor, a long-term irradiation of tristructural isotopic (TRISO)-coated fuel
particles (CFPs) with a UO2 kernel was carried out under high-temperature gas-cooled reactor (HTGR)-
like operating conditions. The temperature of this TRISO fuel during irradiation varied in the range of 950
e1100 �C. A fission per initial metal atom (FIMA) of uranium burnup of 9.9% was reached. The release of
gaseous fission products was measured in-pile. The release-to-birth ratio (R/B) for the fission product
isotopes was calculated. Aspects of fuel safety while achieving deep fuel burnup are important and
relevant, including maintaining the integrity of the fuel coatings. The main mechanisms of fuel failure are
kernel migration, silicon carbide corrosion by palladium, and gas pressure increase inside the CFP. The
formation of gaseous fission products and carbon monoxide leads to an increase in the internal pressure
in the CFP, which is a dominant failure mechanism of the coatings under this level of burnup. Irradiated
fuel compacts were subjected to electric dissociation to isolate the CFPs from the fuel compacts. In
addition, nondestructive methods, such as X-ray radiography and gamma spectrometry, were used. The
predicted R/B ratio was evaluated using the fission gas release model developed in the high-temperature
test reactor (HTTR) project. In the model, both the through-coatings of failed CFPs and as-fabricated
uranium contamination were assumed to be sources of the fission gas. The obtained R/B ratio for
gaseous fission products allows the finalization and validation of the model for the release of fission
products from the CFPs and fuel compacts. The success of the integrity of TRISO fuel irradiated at
approximately 9.9% FIMA was demonstrated. A low fuel failure fraction and R/B ratios indicated good
performance and reliability of the studied TRISO fuel.

© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. All rights reserved. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The tristructural isotopic (TRISO)-coated fuel particle (CFP) is a
nuclear fuel used in modern and newly designed high-
temperature gas-cooled reactors (HTGRs). The initial concept for
this type of CFP was introduced in the 1950s [1]. This TRISO fuel
comprises a sphere with a diameter of not more than 1 mm. A
typical TRISO fuel contains a fissile material in the center of the
particle, called a kernel (mainly UO2 or UCO, low-enriched ura-
nium is used) with a diameter in the range of 350e600 mm. The
sics, 1 Ibragimov str., Almaty,
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kernel is covered with four coating layers: a low-dense pyro-
carbon (PyC), high-dense PyC, silicon carbide (SiC), and high-
dense PyC. The first low-dense PyC coating layer is a buffer
that provides a void volume for the gaseous fission products and
carboneoxygen reaction products released from the fuel kernel.
In addition, this layer accommodates swelling of the fuel kernel.
The second coating layer of TRISO fuel is a dense, highly isotropic
PyC layer. This layer protects the kernel from chloride-containing
off-gas during SiC deposition and ensures that the gaseous fission
products are retained in the particle. The third coating layer of
SiC provides the main structural strength of the particle and acts
as the main barrier to the release of nongaseous fission products
that are not sufficiently retained by the pyrolytic carbon layer or
within the kernel itself. The final coating layer of dense PyC
protects the SiC layer during operation, acts as a surface for
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Fig. 1. (a) Fuel compact; (b) coated fuel particle.
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bonding with the graphite matrix of the fuel, and provides an
additional barrier to the release of gaseous fission products [2e7].

At present, HTGR technologies are being actively developed by
China [8e10], Japan [11,12], Korea [13e15], Russia [16,17], and the
United States [17e19]. The international community has expressed
great interest in HTGRs because this type of reactor can make it
possible to move to a clean energy future using hydrogen energy
[20,21].

A common global task for all operating and designed reactors is
ensuring their safety during both normal operation and emergency
conditions. HTGRs are no exception, and thus research aimed at the
development and qualification of materials and fuels with
increased performance and safety are relevant and in demand. For
example, in the roadmap for fourth-generation power systems
(Gen-IV), one of the main tasks for the development of HTGR is to
carry out research and development of materials and fuels that will
can realize a burnup of 150e200 GWd/t-U at a temperature of
1000 �C [22].

The degradation and destruction of TRISO-coatings occur
mainly because of the pressure of gaseous fission products,
radiation-induced changes in the size of pyrolytic carbon, and
chemical reactions leading to the corrosion of SiC [2,3]. Therefore,
research on the fuel design, structural materials, and
manufacturing technology based on ongoing experimental data
continues to improve the operational characteristics. After a pilot
batch of samples is manufactured, the samples are characterized,
which includes testing the fuel under operating conditions. For
HTGR, these conditions include a neutron field, helium environ-
ment, and high temperatures.

In this study, we investigated the effect of long-term high-
temperature neutron irradiation on the integrity of TRISO fuel.
Irradiation was carried out to achieve a maximum burnup of ura-
nium of up to 10% fissions per initial metal atom (FIMA) as a target.
During irradiation, the ratio of the gas release to the birth rate (R/B)
was monitored to determine the degree of destruction of the fuel
coatings during irradiation. In the post-irradiation examination, the
fraction of failed fuel particles was determined.

The difference between this work and other similar works lies in
the object of study and the conditions of the reactor experiment, i.e.
Table 1
Fuel compact specifications.

Item

Shape
Spatial dimensions

Particle packing fraction [vol%]
Chemical composition of fuel compact matrix
Density of the fuel compact matrix [g/cm3] (without coated fuel particles)
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different sizes of the particle kernel, the thickness of the protective
layers, the fuel compact, the accumulated neutron fluence, the
irradiation temperature and the achieved burnup. For example, in
the AGR-2 experiments at the ATR reactor, a burnup of 9.01e10.69%
FIMA was achieved and the accumulated neutron fluence was
3.05e3.53� 1025 n/m2 at an irradiation temperature of 1335 K. The
diameter of the fuel compact was 12.2 mm, and the height was
25 mm [23]. During the PYCASSO experiments at the HFR reactor,
particles with a kernel diameter of 980 mm, a buffer layer thickness
of 174 mm, and a SiC layer thickness of 63 mm were studied. The
samples were irradiated at a temperature of 1273 K and the accu-
mulated neutron fluence was 1.63e2.02 � 1025 n/m2 [24]. While
operating the HTTR reactor, fuel compacts with a diameter of
26 mm and a height of 39 mm are used, with a particle kernel
diameter of 600 mm, a buffer layer thickness of 60 mm, and a SiC
layer thickness of 25 mm. During operation of the reactor, the
average temperature is 1223 K. The maximum achieved burnup is
3.3% FIMA [25].
2. Experimental setup

2.1. Studied specimens

Three fuel compact specimens with TRISO-CFPs designed newly
for burnup extension were fabricated and examined in the in-
reactor and out-of-pile tests. The manufacturer of the fuel com-
pacts and CFPs was Nuclear Fuel Industries, Ltd (see Fig. 1). The
diameter of the fuel kernel was 500 mm (on HTTR e 600 mm), the
thicknesses of the buffer and the SiC layers were 95 mm and 35 mm
(on HTTRe 60 and 25 mm), respectively. The CFPs had a diameter of
0.92 mm (see Fig. 1 (b)). The fuel kernel was manufactured using
the gel-precipitation method. Multiple coating layers were depos-
ited in a fluidized bed via chemical vapor deposition. The CFPs were
dispersed into a graphitematrix of a fuel compact. The fuel compact
specimens comprised cylinders made by pressing the CFPs with
graphite powder and a carbonized binder. The fuel production
process is described in Ref. [25]. One fuel compact specimen con-
tained approximately 550e660 CFPs. The technical specifications of
the fuel compacts and CFPs are given in Tables 1 and 2, respectively.
The fuel compact has a through hole in the center to compensation
volume of gaseous uranium fission products.

The fraction of as-fabricated SiC-defective CFP in a fuel compact
was between 0 and 1.8 � 10�3, corresponding to the presence of
0e1 as-fabricated SiC-defective particles in each fuel compact. So,
maximal possible SiC-defective CFPs are three particles for fuel
compacts (estimated to contain a combined total of 1650e1980
CFPs) irradiated in this test. It is suggested that failure of the as-
fabricated fuel may have occurred during the compacting process,
as both the as-fabricated exposed uranium fraction and SiC-
defective fraction of the loose CFP before the compacting process
were at the level of as-fabricated uranium contamination, 9 � 10�7

[26]. The initial failure occurred because a special die (10mmOD x
2mmID x 12mmH) was applied which is smaller than one for the
conventional HTTR fuel compact (26mmOD x 10mmID x 39mmH),
Specification

Cylindrical
Outer diameter [mm] 10.0 ± 0.2
Inner diameter [mm] 2.0 þ 0.3/-0.15
Length [mm] 12.0 ± 0.2

25 þ 5/-3
Carbon (Graphite powder & carbonized binder)
1.70 ± 0.05



Table 2
Fuel particle specifications.

Item Specification

Fuel kernel
235U enrichment (%) 9.9 ± 0.1
Diameter (mm) 500 ± 40
Density (g/cm3) 10.63 ± 0.26
Chemical composition UO2

Coated Fuel Particle
Layer thickness [mm]
- Buffer 95 ± 30
- I-PyC 40 ± 8
- SiC 35 ± 5
- O-PyC 40 ± 6
Layer density (chemical composition) [g/cm3]
- Buffer (Pyrolytic carbon) 1.05 þ 0.15/-0.05
- I-PyC (Pyrolytic carbon) 1.85 ± 0.10
- SiC (Silicon carbide) �3.19
- O-PyC (Pyrolytic carbon) 1.85 ± 0.10
- OPTAF (Pyrolytic carbon)a �1.03

a Optical Anisotropy Factor.

Fig. 2. Capsule (1 e the coupling nut; 2 e the nipple; 3 e pipe; 4 e adapting; 5 e

barrel; 6, 7 e graphite bush; 8 e fuel compact; 9 e graphite bushing; 10 e graphite
washer; 11 e telescope spring).
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despite the lower packing fraction (24.9e26.0 vol%) than that of
high-temperature test reactors (HTTRs) (30 vol%) [12].

2.2. Irradiation facility

The TRISO fuel specimens were irradiated in the WWR-K
research reactor core. The WWR-K is a light water tank-type ther-
mal reactor with a nominal power rating of 6 MW. Demineralized
water serves as the moderator and coolant. Demineralized water
and beryllium serve as the side reflectors. The enrichment of
uranium-235 in the reactor fuel is 19.7% [27,28]. The reactor was
commissioned in 1967 and converted to the use of low-enriched
fuel in 2016. The reactor is intended for a variety of studies in the
fields of fission and fusion materials science. In recent years, part of
the experimental work at the reactor has been carried out in sci-
entific cooperation with a number of research institutes in the
Republic of Kazakhstan, the Russian Federation, and Japan, focusing
on determining the properties of advanced materials under reactor
irradiation conditions [29e35]. The maximum flux of thermal and
fast neutrons in the irradiation position of the specimens were
1 � 1014 and 5 � 1013 cm�2s�1, respectively.

2.3. Irradiation capsule

The average water temperature in the core of the WWR-K
reactor is 323 K; however, the operating conditions of the TRISO
fuel in the HTGR are characterized by a high temperature (>1173 K)
and a gaseous environment (helium coolant). To create such con-
ditions in the WWR-K reactor, an experimental device (ED) was
developed that could reproduce the conditions of the HTGR. The ED
consists of an outer ampoule and an inner capsule. The outer
ampoule is made of SAV-1 aluminum alloy. The inner capsule is
made of a niobiumezirconium alloy. The ED is gas-swept, and the
possibility for gas sampling during irradiation is available. The
capsule is filled with helium (99.9999% purity). Gas sampling was
performed periodically. The sampled gas was analyzed using a
wide-range semiconductor gamma spectrometer. The volume of
the sampled gas was 0.2 L.

The fuel compacts were stacked vertically and irradiated
simultaneously [26]. The peak temperature of the fuel compact
specimens during the test was 1323 ± 373 K. The temperature was
recorded using six K-type thermocouples. To increase the temper-
ature in the region of the specimens, molybdenum shields were
placed between the outer ampoule and the inner capsule. The
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temperature was controlled by changing the helium pressure in the
gap between the outer ampoule and inner capsule. The capsule
design is shown in Fig. 2 (units: mm).

Predictions of the temperature levels during irradiation for the
ED design under study were performed using ANSYS Fluent v.13
[36]. The estimated distribution of the temperature inside the ED at
the beginning of the cycle (BOC) is shown in Fig. 3 (units: K). The
maximum temperature at the center of the fuel compacts was
approximately 1473 K. The capsule wall temperature was 913 K.

3. Results and discussion

3.1. In-situ study

Over the course of the irradiation of the TRISO fuel specimens,
the gaseous fission products were sampled from the capsule. Then,
the sampled gas was analyzed using a wide-range gamma spec-
trometer to determine the quantitative radionuclide composition
of the sampled gas. The ED gas sampling system is illustrated in
Fig. 4. The R/B was determined as an important parameter of the
performance of the TRISO fuel. Gas sampling was carried out
periodically and after the reactor achieved a steady-state condition;
the system was filled with pure helium to the initial pressure after
each sampling event.

The R/B value was measured using 88Kr because it is free of the
influence of the precursor nuclide. The predicted R/B value was
evaluated using the fission gas release model developed in the
HTTR project [37,38]. In the model, both failed CFP and as-
fabricated uranium contamination were considered as sources of
fission gas. The model considers two modes of fission gas release,
namely diffusion and recoil, for each source. In addition, two forms
of diffusion release are considered: in-grain and at the grain



Fig. 3. Temperature distributions along the experimental device.

Fig. 4. Gas sampling system during irradiation test (EDV - electrically-driven valve; MCV - manually-controlled valve; PS - pressure sensor; MV - motor valve; PR e pressure
regulator; PVG e pressure-vacuum gage; R - rotameter).

A. Shaimerdenov, S. Gizatulin, D. Dyussambayev et al. Nuclear Engineering and Technology 54 (2022) 2792e2800

2795



Fig. 5. R/B of 88Kr variation during irradiation test [26].
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boundary. The parameters and equations used in this model are
reported in detail in the literature. Finally, the R/B of 88Kr is
expressed as follows:

R
B
¼
n�

fk;r � fm;d

�
þ
�
fk;d � fm;ad

�o
�fk þ

�
fm;r � fm;d

�
� fc;

(1)

where R/B is the fractional release of fission gases from the fuel
compact, fk,r is the recoil release fraction from the kernel, fm,d is the
fractional release from the fuel compact matrix, fk,d is the fractional
release from the kernel by diffusion, fm,ad is the fractional release
from the kernel by grain boundary diffusion, fk is the fraction of
through-coating failed particles, fm,r is the recoil release fraction
from the fuel compact matrix, and fc is the uranium contamination
fraction in the fuel compact matrix.

The recoil release fraction from the kernel is calculated using the
following equation [37]:

fk;r ¼
3
4
R
a
� 1
16

�
R
a

�3
; (2)

where R is the recoil distance, and a is the kernel diameter.
The fractional release from the fuel compact matrix is calculated

using the following equation, which takes into account the in-
graphite grain diffusion and the graphite grain boundary diffu-
sion releases [37]:

fm;d ¼3
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where D0 is the reduced diffusion coefficient of nuclide in the fuel
kernel, and l is the decay constant.

The fractional release from the kernel by diffusion is calculated
using the following equation [37]:
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G2 ¼1� m2
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mi ¼
li
D0
i
; (7)

where fBU is the burnup correction factor.
The fractional release from the fuel compact through fission

recoil from uranium contamination in the fuel compact matrix is
calculated using the following equation [37]:

fm;r ¼Rð3ðri þ r0Þ � 2RÞ
6
�
r20 � r2i

� ; (8)

where r0 is the outer radius of the fuel compact, and ri is the inner
radius of the fuel compact.

The prediction was compared with the measurement data to
determine the additional failure fraction of the CFP during irradi-
ation. The measured R/B value of 88Kr was calculated as follows:
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AðtÞ¼Asatf1� expð� ltÞg; (9)

Asat ¼
A
�
tsmp

�
1� exp

�� ltsmp
� �t¼ tsmp

�
; (10)

dAðtÞ
dt

¼ lAsatfexpð� ltÞg; (11)

R¼dAð0Þ
dt

¼ lAsat ¼
lA
�
tsmp

�
1� exp

�� ltsmp
�; (12)

B¼ l$
W

3:2� 10�11$
Y

100
; (13)

where A(t) is the radioactivity (Bq) of 88Kr at time t (s), l is the decay
constant of 88Kr (6.88 � 10�5 s�1), Asat is the saturated radioactivity
(Bq) of 88Kr, tsmp is the sampling time (s) corresponding to a state of
stable heat release from the fuel, R is the release rate (Bq/s) of 88Kr,
B is the birth rate (Bq/s) of 88Kr,W is the heat (W) released from the
fuel, and Y is the fission yield of 88Kr (3.58%). For this analysis, the
swept helium gaswas sampled at a steady-state reactor power level
after reaching 88Kr saturation (which takes over five times longer
than the half-life of 88Kr, i.e., over 15 h after reaching a stable power
level).

The measured R/B value of 88Kr was compared with the pre-
dicted one, which was evaluated with as-fabricated uranium
contamination (a fraction of 9� 10�7) and no additional fuel failure.
Then, no initial failure was confirmed at the beginning of the
irradiation. The measured R/B increased gradually without any
additional fuel failure at 41e46 GWd/t-U. At approximately 69 and
78 GWd/t-U of burnup, the measured R/B value seemed to increase
stepwise with levels corresponding to 1e2 through-coating CFP
failures in accordance with the prediction. At this time, a leakage of
helium out of the inner capsule was found, which enhanced heat
removal from the fuel specimen. Therefore, because the evaluated
power in the fuel specimen might be underestimated as a result of
the above phenomena, it was suggested that the calculated R/B
could be slightly overestimated. The calculated R/B values of 88Kr
for the entire irradiation time of the specimens are shown in Fig. 5
[26].

The difference between the experimental R/B data and the
predicted data is most likely due to methodological aspects that



Table 3
The scope of post-irradiation examinations.

PIE method Instrumentation Information obtained

Appearance observation Lens Visual inspection
Dimensional change Mechanical micrometer MATRIX with the measurement uncertainty 0.01 mm Swelling or shrinkage effect
Gamma spectrometry Canberra GX-2518 germanium semiconductor gamma spectrometer Determination of fuel failure fraction, fuel burnup
X-ray radiography RPD-250 X-ray unit Determination of fuel failure fraction

Fig. 6. (a) Fuel compact #65; (b) fuel compact #53; (c) fuel compact #69.
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cannot be taken into account in a simulation. For example, after
each gas sampling, the irradiation capsule was washed with pure
helium. The presence of krypton-88 in the sampled gas even at low
fuel burnup indicates that the particles have surface as-fabricated
uranium contamination, which is also confirmed by the results of
calculations.

3.2. Post-irradiation examination

The duration of irradiation of the specimens was 400 equivalent
full power days (EFPDs). During this irradiation time, the average
burnup in three compacts was 9.9% FIMA and the time-average
temperature of 1264 K. The maximum accumulated fast neutron
fluence (En > 0.18 MeV) was 0.83x1025 n/m2.

After completion of the irradiation test, the ED was unloaded
from the core and cooled in a pool. Then, it was dismantled and cut
in a hot cell. The specimens were retrieved and identified for
further study.

The scope of the post-irradiation examinations (PIEs) is sum-
marized in Table 3.

Visual inspection revealed that the appearance of the compacts
remained unchanged after irradiation. This can be seen by
comparing the appearance of the samples shown in Figs. 1 and 6.

The diameter and height of the irradiated fuel compacts were
measured using a mechanical micrometer. These dimensions were
measured at several points. A detailed scheme of the measured
points is given in Ref. [39]. The dimensional analysis showed that all
the fuel compacts experienced shrinkage. The shrinkage of the fuel
compacts due to neutron irradiation is presented in Table 4. The
presented results are the average values for each measured
parameter.

In the next stage, it was necessary to study the CFPs separately;
therefore, they had to be separated from the graphite matrix of the
Table 4
Dimensions of compacts before and after irradiation.

Compact # # 65 # 53

Before irradiation After irradiation Before irrad

Diameter, mm 10.1 9.95 10.1
Height, mm 12.0 11.86 12.0
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fuel compact. Previous post-reactor studies of the TRISO fuel of the
HTTR reactor [37] have shown that electrical dissociation is an
effective method for separating CFPs from a graphite matrix.
Therefore, based on the device used in the study of HTTR fuel, a
device for the electrical dissociation and acid leaching (denoted as
“DEDAL”) was developed to examine the irradiated fuel compacts
in this study [39].

The DEDAL is a thermostable glass beaker with a volume of
250 ml. The vessel is closed on the top by a cover made of Teflon
and provided by a silicon thermal isolating layer. A platinum
cathode, platinumerhodiumeplatinum thermocouple, and
condenser are installed on the cover. To eliminate short circuiting
between the anode and cathode, a screenmade of a fiberglass mesh
structure is installed. The condenser collects the acid vapors during
acid leaching. A fuel compact is installed on the anode through the
orifice in the cover. The anode is covered by insulating material,
except for a 10 mm section to allow insertion of the fuel compact.
The cathode was installed in the central hole of the fuel compact.
During the experiments, the DEDAL was installed on an electric
plate inside a hot cell.

The dissociation and leaching proceeded as follows: the fuel
compact was remotely installed in a heat-resistant beaker of
DEDAL, which was filled with a 36% solution of nitric acid; then, the
electric plate was turned on, the solution was heated, and an
electric current was applied to the electrodes for 2.5e3 h. Then, the
supply of current to the electrodes was stopped and the leaching of
uranium from the failed CFPs was carried out for 24 h.

The density of the nitric acid solution (1.22 g/cm3) was
measured at room temperature before the start of the experiments.
During electrical dissociation, the solution temperature was 353 K,
while during leaching it was 368 K. The dissociation and leaching
procedures were identical for all the fuel compacts. As a result of
the experiments, the CFPs were separated from the graphite matrix
# 69

iation After irradiation Before irradiation After irradiation

9.92 10.1 9.93
11.86 12.0 11.87



Fig. 7. (a) Photography of irradiated coated fuel particles after electric dissociation and acid leaching; (b) X-ray image of coated fuel particles after electric dissociation and acid
leaching.
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(Fig. 7 (a)), and uranium was leached from the CFPs with failed
layers.

Gamma spectrometric analysis was performed to determine the
fuel failure fraction. g-ray measurements were obtained using a
Canberra GX 2518 high-resolution germanium semiconductor co-
axial wide-range (from 3 keV to 3 MeV) detector. The GX-2518
multi-channel semiconductor spectrometer measures the en-
ergies and relevant activities of the g quanta emitted by radionu-
clides. The algorithms implemented in the spectrometer software
make it possible to determine the radionuclide activity or specific
activity in measured samples or objects, provided relevant mea-
surement and calibration techniques are available.

The fuel failure fraction (F) is determined as follows:

F ¼ Ai

PiX
; (14)

where Ai is the total amount of fission product i in the leaching
solution (Bq), Pi is the amount of fission product i in the CFP (Bq),
and X is the number of CFPs in the fuel compact.

Individual CFPs and a solution of nitric acid containing a
powdered mixture of the graphite matrix, fission products of ura-
nium, and uranium leached from CFPs with failed layers were ob-
tained after electrical dissociation. The nitric acid solution was
filtered through a small mesh sieve. As a result, a solution of nitric
acid and a mixture of graphite powder, uranium, and uranium
fission products were obtained. Ai was determined as the sum of
the activities of the fission products in the nitric acid solution and
filtered powder. Only part of the solution and powder were
analyzed using a gamma spectrometer. Note that the correction for
radioactive decay was considered when determining the activity of
Ai. Further, 10 CFPs with intact layers and a kernel were selected
from each compact and analyzed using a gamma spectrometer. The
selection of CFPs with intact layers and kernels was performed
using X-ray radiography. In Equation (14), the average values of the
activities of nuclides for the 10 CFPs were used for each fuel
compact (Pi).
Table 5
Activity of137Cs in particle.

Compact ID Measured average activity of137Cs in particle, Bq Calculated activity of13

65 (top) 4.5 106 3.8 106

53 (mid) 4.0 106 1.5 106

69 (bottom) 4.1 106 1.5 106
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The main g-ray nuclides of 106Rh, 134Cs, 137Cs, 144Ce, 144Pr, 154Eu
and 155Eu were detected in the CFPs. The fuel failure fraction was
estimated based on the activity of 137Cs. Cesium-137 was selected
as the monitor because it has a long half-life, a small neutron
capture cross-section, independence of the uranium fission yield on
neutron energy, and absence in unirradiated fuel. The activities of
other nuclides were determined with a greater error compared to
the activity of 137Cs, therefore they were not used to determine the
fuel failure fraction. Unfortunately, it was not possible to estimate
the fuel failure fraction based on the activity of uranium in the
leached solution due to the high gamma background created by the
uranium fission products. The measured (by 10 particles) and ex-
pected calculated values of the activity of cesium-137 in a particle
and measured activity of cesium-137 in the leaching solution are
shown in Table 5.

As a result, each of the irradiated fuel compacts seemed to
contain more than 5e10% failed CFPs. The authors believe that this
is possibly due to the fact that cesium-137, which was chosen as the
burnupmonitor, migrates from the fuel coating layers. In this study,
the irradiated CFPs were cleaned directly by pressurized jet water
after the electric deconsolidation to remove the adherent graphite
matrix material from the CFPs. After this procedure, the CFPs were
subjected to the leaching test. Therefore, there is a possibility that a
few intact CFPs that survived the irradiation test were uninten-
tionally broken and lost in the series of PIE procedures. The process
of cleaning particles by pressurized jet water was necessary to
remove fragments of the graphite matrix, which could later affect
the measurement of the activity of particles and the calculation of
their number. The large difference in the number of failure particles
with the R/B data is due to the effect of destructive experiments on
the structural integrity of the particles, therefore these data are
overestimated.

The second method for determining the fuel failure fractionwas
x-ray radiography (see Fig. 7 (b)). X-ray radiography was performed
using a portable RPD-250S unit. The high levels of radioactivity in
the irradiated CFPs made it impossible to obtain high-quality X-ray
images. Gamma emission from the CFPs darkened the roentgen
7Cs in particle, Bq Measured average activity of137Cs in the leaching solution, Bq

9.1$107

5.2$107

6.4$107



Fig. 8. (a) X-ray image of not failed CFPs; (b) X-ray image of failed CFPs.

Table 6
Result on number of CFP counted by X-ray radiography after the leaching test.

Compact ID Number of intact CFPs observed
after the leaching test

Number of sphere (CFP, kernel,
coating without kernel) measured
after irradiation

Number of the lost CFPs estimated
by the leaching test

Number of the leached CFPs
estimated by gamma spectroscopy
of Cs-137 in nitric acid solution
derived from Eq. 14

65 (top) 453 ~497 ~44 24
53 (mid) 503 ~562 ~59 35
69 (bottom) 512 ~544 ~32 29
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film. To improve the X-ray images of the irradiated CFPs, a series of
experiments with different X-ray modes were carried out. The
current and voltage of the X-ray device, type of X-ray film, lead
screens, and packaging design of the CFPs were varied. As a result,
the optimal conditions for X-ray radiography were selected, which
made it possible to determine the CFPs containing uranium
unambiguously (see Fig. 8). Fig. 8 (a) clearly shows a bright glow in
the center of the pebble. This confirms the presence of uranium in
the particle. The integrity of the CFPs in each fuel compact was
determined using X-ray images.

The number of CFPs counted by X-ray radiography after the
leaching test is presented in Table 6.

In this study, it was concluded that the fuel failure fraction could
not be determined by X-ray radiography or gamma spectrometric
analysis. Therefore, we relied solely on the R/B data to qualify the
fuel performance in this study.

Moreover, the differences in the sensitivity of fuel failure using
the two methods (X-ray radiography and gamma spectrometric
analysis) are most likely owing to the fact that some of the CFPs
were completely damaged during dissociation and acid leaching.
The number of failed CFPs determined by X-ray radiography was
less than that determined by gamma spectrometric analysis.

Based on the R/B data, it can be argued that the new fuel design
has good resistance to damage to the layers of the TRISO fuel until it
reaches 10% FIMA burnup at an operating temperature of about
1264 K. situations). However, it is not known how it will behave
when the temperature rises (for example, in emergency situations).
Therefore, it is required to conduct a study of this fuel in transient
conditions with elevated temperatures.
4. Conclusions

Irradiation of three fuel compacts with a graphite matrix was
carried out in the WWR-K reactor. The fuel compacts consisted of
2799
newly designed TRISO-CFPs with a UO2 kernel. CFP kernel and
layers have different sizes compared to regular fuel used on HTTR.
Themaximumuranium burnup achieved in the TRISO fuel was 9.9%
FIMA.

During irradiation of the fuel compacts, gas sampling was per-
formed for radionuclide analysis. The experimental data obtained
for the R/B ratio showed that the fuel retained its performance
characteristics. The computational model based on the R/B ratio for
predicting the number of failed fuel fractions indicated that at most
two CFPs seemed to fail during irradiation. However, the obtained
R/B data could be slightly overestimated. Note that the model
developed for HTTR was used as the basis for the calculation model.

A suite of post-irradiation examinations of the fuel compactswith
TRISO-CFPs was carried out. The integrity of the CFP layers was
investigated using two methods: X-ray and gamma-spectrometric
analyses. The fuel failure fraction could not be accurately deter-
mined because a few intact CFPs that survived the irradiation test
would be unintentionally broken and lost during the PIE. Therefore,
we relied solely on the R/B data to qualify the fuel performance in this
study. On the other hand, the differences in the sensitivity of the fuel
failure with the two different methods are most likely because some
of the CFPs failed completely during dissociation and acid leaching.

The results of this study will be used in the future to develop a
test procedure for a prototype of TRISO fuel specimens with a SiC
matrix.
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