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a b s t r a c t

The irradiation performance of U3Si dispersion fuel in an Al matrix, U3Si-Al, under the Hi-Flux Advanced
Neutron Application Reactor (HANARO) design full-power condition of 30 MW was tested for full-power
qualification of the fuel. A test assembly was fabricated containing 18 fuel rods made with atomized U3Si
powder manufactured at the Korea Atomic Energy Research Institute. The test assembly was irradiated
for 188 full-power operation days in the HANARO subject to the normal fuel-loading scheme and ach-
ieved about 60 at% U-235 average burnup and 75 at% U-235 peak burnup. The maximum linear power of
the test assembly was 98 kW/m. Nondestructive and destructive postirradiation examinations were
conducted. The measured postirradiation examination data were compared with data from previous
irradiations and the design criteria required for HANARO fuel. Consequently, it was concluded that in-pile
performance was acceptable and fuel integrity was maintained, and the behavior satisfied the fuel design
requirements.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

HANARO is a light waterecooled, heavy waterereflected
research reactor designed and operated by the Korea Atomic En-
ergy Research Institute (KAERI). The design and operation param-
eters are summarized in Table 1. The HANARO uses two types of fuel
assemblies: One is a hexagonal-shaped assembly containing 36
rods and the other is a circular fuel assembly containing 18 rods.
The fuel rods have eight longitudinal and rectangular fins to
enhance heat transfer and mechanical strength. The hybrid-type
core is composed of an inner and outer core as shown in Fig. 1,
and the reflector tank surrounding the inner core has numerous
irradiation holes. The compact core composed of 20 hexagonal and
12 circular fuel assemblies produces a high power density and a
high neutron flux [1].

The KAERI initially obtained a conditional license limiting to
operate HANARO to 80% of its design full power from the regulatory
body, Korea Institute of Nuclear Safety (KINS), in January 1995,
because the KAERI had insufficient experimental data on the per-
formance of U3Si dispersion fuel at that time to convince the KINS

to allow a full-power operation. For a full-power license, the KAERI
needed to populate fuel performance data at higher power rates
and higher fuel burnups.

Three feasibility irradiation tests were conducted in the
HANARO core, achieving power conditions as high as 121 kW/m
(127% of the maximum full-power design) and 85 at% low enriched
uranium (LEU) U-235 burnup (128% of the maximum design
burnup), all of which showed sound fuel performance [2]. This
result assured the KINS, and a tentative full-power license was is-
sued in 2003 with a recommendation of a full-power qualification
test. The full-power qualification test with a test fuel assembly
fabricated according to the final fuel design specification was irra-
diated following the standard fuel-loading scheme in the HANARO
at full design power (30 MW).

Detailed nondestructive and destructive postirradiation exam-
inations (PIEs) of the full-power test assembly, including the
measurements of the burnup distribution, fuel swelling, cladding
corrosion, dimensional changes, and microstructure, were con-
ducted in the Irradiated Material Examination Facility annexed to
the HANARO. The PIE results of the full-power qualification test
assembly were analyzed. The fuel performance from the full-power
qualification test was consistent with previous irradiation data
obtained from the three feasibility tests, which led to a final
approval of a full-power operation of the HANARO.* Corresponding author.
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This article reports the PIE data and analyzes results of the full-
power test assembly and comparisons with the data from the three
feasibility tests before the full-power test.

2. HANARO full-power qualification tests

2.1. Fuel design requirements for licensing

The fundamental fuel design requirements of adequate fissile
loading, heat removal capability, structural integrity, and dimen-
sional stability should be determined through design and safety
analyses. The fuel design limits for normal operation, based on the
design and safety analyses, are a maximum fuel temperature of
350�C to prevent breakaway swelling of the fuel meat and a
maximum temperature drop of 114�C across the cladding oxide
layer to prevent spallation of the oxide layer. In addition, swelling of
the fuel meat must not exceed 20% [3].

2.2. Type-A tests

The HANARO fuel rod is composed of cylindrical fuel meat, top
and bottom aluminum end plugs, and an aluminum cladding with
eight longitudinal fins, as shown in Fig. 2A. The fuel meat consists of
small particles of uranium silicide (U3Si) dispersed in a continuous
aluminum matrix (AA 1050). The fuel meat is coextruded with the
aluminum alloy AA 1060 cladding.

To investigate the irradiation performance of the HANARO fuel,
in-pile irradiation tests were performed [2]. Two uninstrumented
test fuels, referred to as Type-A fuel assemblies (KFH-051 and KFH-
067), were hexagonal test assemblies (see Fig. 2B) composed of six
fuel rods and 30 dummy rods. These test assemblies were manu-
factured at Atomic Energy of Canada Limited (AECL) using AECL's
pulverized U3Si fuel powder. KFH-051 was irradiated for 206
reactor operation days and KFH-067 was irradiated for 293 reactor
operation days in the HANARO core. The irradiation test conditions
are summarized in Table 2.

2.3. High-power irradiation test

To obtain a higher test power than the Type-A tests, another
hexagonal test fuel assembly (KH99H-001) was manufactured at
the KAERI. The U3Si fuel powder was produced using KAERI's own

Table 1
Design characteristics of the HANARO.

Items Design data

Reactor type Open-tank-in-pool
Power 30 MWth

Fuel meat material 19.75% U-235, U3Si dispersion fuel in Al matrix
Cladding material Coextruded AA-1060 (99.60% min. Al) with 8 fins
Fuel rod dimension, mm Meat/cladding diameter 0.635/0.787,

meat/rod length 700/760
Fuel assembly 36-rod hexagonal assembly/18-rod

circular assembly
Max. linear power 95.3 kW/m
Average discharge burnup > 50% U-235
Core residence time 175 full-power days

Fig. 1. Plane view of the HANARO core and loading path of the full-power qualification
test assembly, C4/ S2 / OR7/ S4 / OR8/ S4. C, control absorber rod; S, shut-off
rod; CT, central thimble; IR, irradiation rig; OR, outer rig.

Fig. 2. Images and schematic diagram showing qualification test fuel rod and fuel assemblies.
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atomizing method. The atomized fuel particles made at the KAERI
were spherical, whereas the AECL particles used for Type-A tests
were irregularly shaped. The high-power test assembly was irra-
diated for 173 reactor operation days from Jun. 17, 1999, to Jul. 25,
2000, in the central thimble hole under the highest neutron flux in
the HANARO core [4].

2.4. Full-power qualification test

To verify irradiation performance of the HANARO fuel at a design
power of 30 MW, a full-power qualification test assembly was
irradiated in the HANARO core [5]. The qualification test assembly
was a circular assembly including 18 fuel rods that were con-
structed using KAERI-made U3Si fuel powder.

The qualification test assembly (KHC-001) was irradiated for 182
full-power operation days (or 188 reactor operation days as given in
Table 2) fromMar. 18, 2005, to Jun. 19, 2006. The test assembly was
irradiated in several fuel channels, including a control absorber rod
channel, shutoff rod channels, and outer rig channels
(C4 / S2 / OR7 / S4 / OR8 / S4), following the standard fuel
management scheme of the HANARO core, as illustrated in Fig. 1.
The qualification test assembly achieved an average burnup of
59.1 at% U-235 (or 98.7 GWD/MTU) and a peak burnup of 74.9 at%
U-235 (or 118.4 GWD/MTU) according to the HANAro Fuel Man-
agement System (HANAFMS) code, the fuel management analysis
code for HANARO. The maximum linear power was 97.9 kW/m.
Fig. 3 shows the power history and the corresponding locations of
the test assembly in the core.

After the irradiation, the full-power qualification test assembly
was subject to detailed PIEs as described in Section 3.

3. Postirradiation examinations

3.1. Nondestructive tests

3.1.1. Visual inspection and elongation
The service pool of HANARO is equipped with an under-water

visual fuel inspection system. The appearance of the qualification
test assembly was acceptable during the periodic visual in-
spections. One special finding was that the top ends of several fuel
rods protruded slightly beyond the top endplate, likely due to
longitudinal irradiation growth. In the PIE, the lengths of all fuel
rods weremeasured using a vernier caliper, specially manufactured
and mounted in the hot cell. Measured preirradiation and post-
irradiation axial lengths are compared in Table 3. The maximum
elongation was 3.4 mm, which corresponds to a fractional elon-
gation of 0.45%, slightly larger than the type-A test result of 0.2% [6].
However, this observation was deemed acceptable because the
maximum allowable elongation is 6 mm.

3.1.2. Gamma scanning and test specimens
Three test rods (Rod 9, Rod 13, and Rod 17) that produced

relatively high powers were selected for a gamma scanning. The
gamma scanning results for the three selected test rods repre-
senting the axial burnup distributions are shown in Fig. 4.

3.2. Destructive tests

To obtain irradiation performance data at high power and high
burnup, the selected rods (Rod 9, Rod 13, and Rod 17)were sectioned
at three axial locations: 250 mm (top), 450 mm (middle), and
600 mm (bottom) measured from the top end as shown in Fig. 5.

At the cutting locations, the average discharge burnups of the
three rods were calculated by using the HANAFMS [7], and the

Table 2
Irradiation test conditions of HANARO fuel tests.

Test Full-power qualification test Type A irradiation test High-power irradiation test

Fuel identification KHC-001 KFH-051 KFH-067 KH99H-001
Fuel composition U3Si
Uranium density, g-U/cm3 3.15
Irradiation hole C, S, OR IR2 IR1 CT
Max. linear power, kW/m 97.9 ± 10 87.8 ± 9 96.2 ± 10 121.6 ± 12
Surface heat flux, MW/m2 1.2e3.6 1.2e3.5 1.2e3.5 1.5e4.5
Surface temperature, �C 50e105 ± 15 45e90 ± 13 45e90 ± 13 50e110 ± 15
Coolant temperature, �C 33e45 ± 0.5 30e40 ± 0.5 30e40 ± 0.5 30e45 ± 0.5
Coolant water pH 5.5e5.7 5.5e5.7 5.5e5.7 5.5e5.7
Reactor power, MW 30 15, 20, 22 15, 20, 22 20, 22, 24
Reactor operation days 188 206 293 173
Average/Max. burnup, at% U-235 59.1/74.9 ± 3 52.8/69.9 ± 2 69.7/85.5 ± 3 63.0/77.0 ± 3

C, control absorber rod; S, shut-off rod; OR, outer rig; IR, irradiation rig; CT, central thimble as shown in Fig. 1.

Fig. 3. Linear power histories and core-loading channels of the full-power qualification
test assembly (KHC-001).
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results were 64.6 at% U-235 (top), 74.8 at% U-235 (middle), and
66.1 at% U-235 (bottom).

A 3-mmelong test specimen was also cut for microstructure ex-
aminationateachof the locations.Themetallographyspecimenswere
mounted in resin using a hot press mounting device, ground using a
diamond paste, and polished using alcohol. Opticalmicrographswere
taken using an optical microscope (TELATOM 3). The micrograph
images were analyzed with an image processor to measure the re-
action layer thickness between fuel particles and the aluminum ma-
trix and oxide layer thickness on the fuel cladding surface.

Fuel meat densities weremeasured using an immersionmethod
with 10-mmelong specimens cut from each of the locations cut for
metallography shown in Fig. 4.

4. Discussion on PIE results

4.1. Reaction between U3Si and Al matrix

One of the most salient phenomena observed in the PIE
microstructure images of U3Si-Al dispersion fuel was the formation
of a reaction layer between the fuel particles and aluminummatrix.

Because of its lower density, the formation of reaction layers is one
of the main causes of fuel meat swelling.

The reaction layer thicknesses were measured on particles
larger than 40 mm in three circumferential regions (peripheral, mid,
and center) at the sections. In each region, a total of 15 locations
were measured. The average of the 15 measured data was taken as
the representative value (Table 4) ranging from 7.0 mm to 13.2 mm.
The corresponding micrographs at the three axial locations of Rod
13 are shown in Fig. 5. The measured data are in agreement with
the data from the Type-A test, as compared with other test data in
Fig. 6.

4.2. Cladding corrosion behavior

The growth of a corrosion layer (Al2O3$H2O) on the aluminum
cladding surface is influenced by temperature, coolant chemistry,
and surface heat flux. As the corrosion layer of the aluminum
cladding increases above a certain limit, spallation can occur [8].
With respect to cladding oxidation, a design limit was set such that
spallation of the oxide does not occur. This limit is considered to be
conservative because oxide spallation does not always lead to a fuel
failure. An oxide thickness survey was conducted using the
metallographic samples. Fig. 7 shows metallographic images

Table 3
Fuel rod length (shoulder to shoulder) measurements for the full power qualification
test.

Rod ID Length, mm Elongation, mm

Before irradiation After irradiation

1 751.94 754.22 2.28
2 751.82 754.82 3.00
3 751.83 754.44 2.61
4 751.71 754.18 2.47
5 751.99 753.45 1.46
6 751.96 753.76 1.80
7 752.05 754.66 2.61
8 751.69 753.76 2.07
9 751.86 754.35 2.49
10 751.96 753.90 1.94
11 752.04 754.96 2.92
12 751.89 753.95 2.06
13 751.86 754.20 2.34
14 751.85 753.35 1.50
15 752.00 753.94 1.94
16 751.93 753.40 1.47
17 752.04 755.44 3.40
18 751.97 753.74 1.77

Fig. 4. Gamma scanning results and sampling locations of the three test rods selected
from the full-power qualification test assembly.

Fig. 5. Micrographs of reaction layers at axial locations of Rod 13 of the full-power
qualification test assembly.
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showing the oxide layers of Rod 9. Oxide thickness wasmeasured in
four regions without fins. In each region, a total of 50 locationswere
measured. The average of the 50 measured data was taken as the
representative value (Table 5). The oxide layer for the full-power
qualification test assembly was 22.6e56.6 mm, which generally
increased with burnup. The measured values were consistent with
the Type-A test data. No spallation of oxide was observed in the
micrographs.

The effect of the heat flux on the oxidation of aluminum alloy
was known to be considerable in research reactor fuel [9]. A
modified Griess correlation for predicting the oxide growth was
proposed by Lee et al. [10], from which the following correlation
was adopted considering the applicable pH range appropriate for
the HANARO:

X ¼ 30480 f
�
q

00�
t0:778 expð�4600=TÞ (1)

where,

X ¼ corrosion layer thickness (mm)
t ¼ time (hour)
T ¼ cladding surface temperature (K)
f(q00) ¼ a heat flux factor

¼�0.20836 þ 0.18915 q00 for q00 > 2.16 MW/m2

¼ 0.2 for q00 < 2.16 MW/m2

Predictions made with the modified Griess correlation are given
as a function of burnup and effective full-power days in Fig. 8.
Excluding only two outliers from the high-power test (KH99H-
001), all the irradiation test data are lower than the predictionwith
the modified Griess correlation given in Eq.(1) for the full-power
qualification test. Thus, it can be stated that the modified Griess
correlation for the HANARO safety analysis was judged valid.

4.3. Fuel swelling

4.3.1. Fuel diameter
The fuel meat diameter was measured using two methods.

Method 1 was to measure radial diameters of the fuel meat at eight
different locations, and the average valuewas taken (the leftfigure of
Fig. 9A). Method 2 was to measure the cross-sectional area of the
meat and convert the area to diameter (the rightfigure of Fig. 9A). For
the cladding outer diameter determination, the samemethods were
used (Fig. 9B). The measured results are given in Table 6.

Fig. 6. Measured reaction layer thickness data from the full-power qualification test
compared with other test data.

Table 4
Reaction layer thickness measurements in the full-power qualification test.

Sample Reaction layer thickness, mm

Top Middle Bottom

Rod 9 Peripheral 10.10 12.60 7.78
Mid 12.55 11.05 9.79
Center 13.19 11.41 10.43
Average 11.95 ± 1.63 11.69 ± 0.81 9.33 ± 1.38

Rod 13 Peripheral 9.23 10.71 7.11
Mid 11.94 11.97 10.17
Center 11.20 11.23 11.09
Average 10.79 ± 1.40 11.30 ± 0.63 9.46 ± 2.08

Rod 17 Peripheral 9.15 12.09 6.97
Mid 12.35 11.95 10.55
Center 12.98 12.95 11.15
Average 11.49 ± 2.05 12.33 ± 0.54 9.56 ± 2.26

Burnup (at% U-235)a 64.6 ± 2.3 74.8 ± 2.6 66.1 ± 2.3

a Average of the three rods at the given locations and uncertainties.

Fig. 7. Optical micrographs showing oxide layers at axial locations of Rod 9 of the full-
power qualification test assembly.
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In the middle of Rod 13, the maximum measured meat and
cladding diameter increases were 6.93% and 5.46%, respectively.
The maximum meat swelling derived from the diameter mea-
surements was about 14.3%, based on the preirradiation meat
diameter of 6.35 mm.

4.3.2. Fuel meat density
U3Si-Al dispersion fuel meat swells because of fission-induced

swelling in the U3Si particles and the formation of a lower-
density reaction layer. Fuel meat swelling was quantified during
PIE by measuring the change in meat area before and after irradi-
ation, as explained in Subsection 4.3.1. To confirm this method, an
immersion density measurement was also performed. Nine test
samples 10 mm in length were prepared for this test. Previous test
samples were 3-mm long, but the length was increased for this test
to reduce the effect of local inhomogeneity.

Measured fuel meat densities and derived fuel meat swelling
data are summarized in Table 7. As described in Subsection 2.1, a
maximum fuel meat swelling of 20% is a design criterion in the
case of HANARO. A few rods from the KFH-067 assembly of the
Type-A performance tests revealed relatively high meat
swelling of about 18% [2]. Consequently, it was decided to
conduct an additional immersion density test of another test
rod (K233-L2) of KFH-067 test assembly not included in the

Table 5
Oxide layer thickness measurements in the full-power qualification test.

Sample Oxide layer thickness, mm

Top Middle Bottom

Rod 9 1 22.62 49.23 25.61
2 24.72 38.98 26.84
3 30.11 42.56 29.43
4 30.02 53.49 26.31
Average 26.87 ± 3.79 46.07 ± 6.52 27.05 ± 1.67

Rod 13 1 31.94 45.36 32.13
2 33.36 55.60 28.48
3 26.92 56.60 31.24
4 37.54 55.58 22.64
Average 32.44 ± 4.38 53.29 ± 5.30 28.62 ± 4.28

Rod 17 1 23.10 22.81 29.25
2 29.80 29.73 30.49
3 47.89 40.06 25.70
4 47.30 28.95 28.58
Average 37.02 ± 12.51 30.39 ± 7.15 28.51 ± 2.03

Burnup (at% U-235) 64.6 ± 2.3 74.8 ± 2.6 66.1 ± 2.3

(A) Oxide thickness compared with other test (symbols) 
and Modified Griess correlation (lines) as fuel burnup

(B) Oxide thickness compared with other test (symbols) and 
Modified Griess correlation (lines) as full power operation days
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Fig. 8. Oxide layer thickness data from the full-power qualification test assembly.

Fig. 9. Measurements of fuel meat and cladding diameters using two different
methods at middle location of Rod 17 of the full-power qualification test assembly.

Table 6
Fuel meat and rod diameter data (mm) using Method 1 and Method 2 and derived
fuel meat and rod swelling.

Meat diameter (mm, Method 1/Method 2)

Rod ID Top Middle Bottom

9 6.60/6.61 6.72/6.71 6.69/6.68
13 6.67/6.68 6.79/6.79 6.72/6.73
17 6.61/6.61 6.71/6.71 6.69/6.69
Meat swelling (%, Method 1/Method 2)
9 8.0/8.4 12.0/11.7 11.0/10.7
13 10.3/10.7 14.3/14.3 12.0/12.3
17 8.4/8.4 11.7/11.7 11.0/11.0
Rod diameter (mm, Method 1/Method 2)
9 8.18/8.18 8.21/8.22 8.27/8.28
13 8.26/8.26 8.28/8.30 8.28/8.28
17 8.16/8.18 8.24/8.26 8.23/8.24
Rod swelling (%, Method 1/Method 2)
9 8.0/8.0 8.8/9.1 10.4/10.7
13 10.2/10.2 10.7/11.2 10.7/10.7
17 7.5/8.0 9.6/10.2 9.4/9.6
Burnup (at.% U-235) 64.6 ± 2.3 74.8 ± 2.6 66.1 ± 2.3
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original swelling measurement. The immersion density sample
size was 10 mmwhich increased from 3 mm that was previously
used.

All the swelling data obtained using the immersion test results
are in the range of 7e11% as shown in Fig. 10 and Table 7. The
reason for the slightly higher results from the meat diameter
measurements than those derived from the immersion density
test is attributed to the fact that the diameters were measured at
the peak burnup planes, whereas the immersion density test re-
sults were the averages of the 10-mm samples. The additionally
acquired meat swelling data shown in Fig. 10 were comparable
with other test data, confirming a good swelling performance of
KFH-067. Therefore, it was considered that this good swelling
performance of the full-power qualification test assembly has
satisfied the design limit, 20% fuel meat swelling, with a sufficient
margin.

4.4. Meat microstructure

As previously shown in Fig. 5, the fuel meat microstructure
shows sound fuel performance. Microstructural evolutions include
reaction layer growth on the fuel particles and fission gas bubble
formation in the fuel particles. These bubbles are mostly isolated;
hence, no sign of agglomeration is shown. No pores are visible
outside of the fuel particles indicating that the fuel meat was in
stable condition and breakaway swelling is not imminent. The

major contribution to this desirable fuel performance is from the
rod geometry, which provided sufficient mechanical constraint to
suppress fission gas bubble swelling.

5. Fuel performance analysis

5.1. Peak fuel temperature

Fig. 11 reveals the temperature variations of the coolant, fuel
surface, fuel centerline, and temperature jump across the oxide
layer at the middle specimen's location. The fuel centerline tem-
peratures have a range of 127e231�C, and the maximum temper-
ature jump across the oxide layer is 65�C. Even though considering
that the fuel centerline temperature uncertainty is 14% [11], it is
confirmed that the analysis results satisfy the design limits of fuel
temperature and oxide spallation.

On the other hand, the fuel meat centerline temperature for Rod
17 of the full-power qualification test assembly was estimated us-
ing the measured reaction layer thickness. A reaction layer growth
correlation is available in the literature as follows [12]:

Y ¼
�
4:3� 10�6f0:5r exp

�
�673:6

T

�
t
�0:5

(2)

where Y is the reaction layer thickness in mm, fr is the fission rate in
the U3Si particle on which the reaction layer grows, T is the meat
temperature in K, and t is the time in s.

Applying Eq.(2) to Rod 17 and knowing the measured reaction
layer thickness from Table 4, it is possible to calculate the fuel meat
temperature that gave the reaction layer thickness. Rod 17 was
selected because it had the highest power in the test assembly.
Consequently, the fuel meat temperature was calculated to be
150�C, which is a time-averaged value during the irradiation, much
lower than the design limit stated in Subsection 2.1, 350�C.
Therefore, it can be concluded that the fuel met the temperature
criterion.

5.2. Temperature jump across the oxide layer

Temperature jump (or drop) across an oxide on the cladding is
considerable because of the low thermal conductivity of the ox-
ide. A thermal conductivity of the oxide of Al alloy was reported

Table 7
Fuel meat density measurements and derived meat swelling of the full full-power
qualification test.

Meat density, g/cm3

Rod ID Before irradiation Top Middle Bottom

9 5.50 5.12 4.95 5.03
13 5.49 5.06 4.95 5.07
17 5.48 5.06 4.97 5.09
Swelling, %
9 e 7.4 11.1 9.4
13 e 8.6 10.9 8.4
17 e 8.4 10.2 7.7
Burnup (at.% U-235) 64.6 ± 2.3 74.8 ± 2.6 66.1 ± 2.3

Fig. 10. Measured swelling data compared with other test data. Fig. 11. Calculated temperature histories at the location of the middle specimen.
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by Griess as 2.25 W/m-K [13]. For a conservative quantification,
Rod 13 was selected that had the maximum oxide thickness
56.6 mm (Table 5) and the maximum heat flux 3.6 MW/m2

(Table 2). In addition, the maximum heat flux was used although
the peak oxide was measured at the end of life at which the
power was lower. The temperature jump calculated in this way
was 91�C, which is much lower than the design limit of 114�C
given in Subsection 2.1.

5.3. Fuel meat swelling

The measured peak meat swelling was lower than 14% at the
peak burnup plane from the meat diameter change and 11% from
the meat immersion density measurement, which were much
lower than the design limit of 20%.

6. Conclusions

A qualification test assembly was irradiated in the HANARO to
demonstrate its capability of full design power operation, 30 MW.
The full-power qualification test assembly was a circular fuel as-
sembly containing 18 full-sized fuel rods of U3Si-Al dispersion fuel.
The achieved burnup was 59.1 at% U-235 (assembly-average) and
74.9 at% U-235 (rod peak). The peak linear power was 98 kW/m.
Through detailed nondestructive and destructive PIEs, it was
observed that the axial elongation of the rods was slightly larger
than that of the previous irradiation tests.

The reaction layer thickness data and the oxide data were
consistent with previous test results and below the design criteria.
From the measured reaction layer thickness, peak fuel temperature
was estimated to be about 150�C, which is much lower than the
design criterion (350�C). Temperature jump across the peak oxide
thickness was 91�C from a conservative estimate, much lower than
the design criterion (114�C). Swelling data obtained from an im-
mersion density method was at or lower than 11%, substantially
lower than the design criterion of 20% maximum meat swelling.
From these observations, it was concluded that the full-power
qualification test demonstrated a proper in-pile performance and
mechanical integrity of the U3Si-Al dispersion fuel rods under the
HANARO design full power, 30 MW, up to a peak burnup of 74.9 at%
U-235.
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