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Abstract

Thermal expansions of simulated fuel (SS1) are measured by using a dilatometer (DIL402C) from room temperature to 1900 K. The main
procedure of an uncertainty evaluation was followed by the strategy of the UO, fuel. There exist uncertainties in the measurement, which should
be quantified based on statistics. Referring to the ISO (International Organization for Standardization) guide, the uncertainties of the thermal
expansion are quantified in three parts—the initial length, the length variation, and the system calibration factor. Each part is divided into two
types. The A type uncertainty is derived from the statistical iterative measurement of an uncertainty and the B type uncertainty comes from a
non-statistical uncertainty including a calibration and test reports. For the uncertainty evaluation, the digital calipers had been calibrated by the
KOLAS (Korea Laboratory Accreditation Scheme) to obtain not only the calibration values but also the type B uncertainty. The whole system, the
dilatometer (DIL402C), is composed of many complex sub-systems and in fact it is difficult to consider all the uncertainties of sub-systems. Thus, a
calibration of the system was performed with a standard material (Al,O3), which is provided by NETZSCH. From the above standard uncertainties,
the combined standard uncertainties were calculated by using the law of a propagation of an uncertainty. Finally, the expanded uncertainty was
calculated by using the effective degree of freedom and the ¢-distribution for a given confidence level. The uncertainty of the thermal expansion

for a simulated fuel was also compared with those of UO, fuel.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, plenty of studies on high burnup and high perfor-
mance nuclear fuels have been performed by many researchers.
However, these fuels are affected by a stress from the pellet
cladding mechanical interaction (PCMI) and the fission gas for
a long time and high temperature. Thus, to develop a new con-
cept for fuels, it is necessary that fuel performance tests such as
the material thermal, mechanical and chemical properties, irra-
diation behavior and a verification of the in-pile robustness tests
are performed [1]. With the above fundamental data, many fuel
performance code systems have been developed by using the
thermal, mechanical, and chemical models of a nuclear fuel.

Thermal expansion as well as thermal conductivity is one of
the most important thermophysical properties of a nuclear fuel.
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Most solid materials expand when heated up and shrink when
cooled down. The thermal expansion is defined as a variation
of the length with a temperature change, which is expressed as
follows:

Al/ly = (If — lo)/ lo = (Tt — To) 1)

where [y and [; are the length at temperatures Tg and T, respec-
tively and o is the linear coefficient of a thermal expansion.

From the experiments, the linear coefficients of a thermal
expansion for UO, fuel are distributed from 1.03 x 10~ to
1.08 x 10° K1 [2].

In this study, a method to obtain the uncertainty of a thermal
expansion of a simulated nuclear fuel [3] is suggested based
on a previous approach. The weight percent of additives of the
simulated fuel in this study are given in Table 1. The simulated
fuel denotes a simulated irradiated fuel. When the fresh UO» fuel
loaded in the nuclear reactor, it is irradiated and the composition
changes due to fission of the uranium. After a certain irradia-
tion, the fuel contains various fission products, which are most
toxic and radioactive. The prediction of thermal and mechanical
properties of this irradiated fuel is very important for the fuel
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Table 1

Weight percent of the additives of the simulated fuel

Additive Weight percent
SrO 0.057

Y703 0.04

ZrOy 0.23

La,O3 0.143

Ce0; 0.665

Nd, O3 0.49

Total 1.625

SS1=98.375% UO; + 1.625% additives.

performance in the reactor. But, the high radioactivity prevents
from ease treatment to measure properties. Thus, some toxic
isotopes are replaced with non-toxic and stable isotopes when
fabricating fuel pellet. This is a simulated fuel. The weights of
impurities or additives are changed the irradiation period, which
is called a burnup. The simulated fuel has been widely used to
measure thermophysical and mechanical properties of an irradi-
ated fuel instead. It is also known that both irradiated fuel and its
simulated fuel exhibit similar behaviors of thermophysical and
mechanical properties.

Until now, there have been several approaches to express the
uncertainty of a thermal expansion. As a part work of obtain-
ing the KOLAS (Korea Laboratory Accreditation Scheme) for
a thermal expansion measurement of a nuclear fuel, a new
approach for an uncertainty evaluation is developed based on
the ISO (International Organization for Standardization) guide
[4,5].

2. Uncertainty of the thermal expansion of nuclear fuel

Thermal expansions of simulated fuel are measured by using
a horizontal type dilatometer (DIL402C, Netzsch) from room
temperature to about 1900 K under an argon environment [6].
Table 2 shows the conditions for thermal expansion experiments
in this study.

Table 2

Conditions for thermal expansion experiment

Item Value

Instruments Dilatometer (DIL402C)

Range of measurement
Measuring target
Heating rate
Acquisition rate
Reference material
Environment

Sample

Sample length

Density of sample
Confidence level
Number of measurements
Initial temperature
Pressure of Ar gas
Flow rate of Ar gas
Sample holder

Room temperature ~2273 K
Linear thermal expansion
5K/min

2 points/K

Aly03 (9.59 mm length)
Ar 99.9999%

Simulated fuel (SS1)
9.40 mm

95% theoretical density
95%

5

293+ 10K

14000 kg/m?

4.2ml/s

Alumina
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Fig. 1. Thermal expansion and uncertainty for the reference material (Al,O3,
NETZSCH).

The approach for an uncertainty of the thermal expansions of
a simulated fuel starts from the following formulation based on
the ISO guide [4,5],

Je(T) = ((T) — lo)/lo x feal )

where fz(7) is the thermal expansion, or output of experiments,
lo the sample length at the room temperature (mm), {(T) the
sample length at 7°C (mm) and f¢4 is the ratio due to system
calibration.

The factor of fza, which was introduced for the previous
approach, has a unit value and its uncertainty comes from a
system calibration test with the reference material [7]. If the
results of the system calibration lie within a proper criterion,
the system (DIL 402C) is thought to be a normal state and no
other calibration is not performed. It contains two kinds of uncer-
tainty: the first one is an iterative experiments uncertainty with
a reference material (« Jealy » YPE A) and the second one is a ref-
erence material uncertainty from a report (u ¢, , type B). Fig. 1
shows a thermal expansion and its uncertainty for a certification
report of a reference material, which was provided from NET-
ZSCH. From Fig. 1, the uncertainty of the reference material
from the certificate is very small and it does not really affect to
the overall uncertainty of the thermal expansion experiment. The
uncertainty of [y is composed of three kinds: the first one comes
from aresolution (u,, , type B), the second one comes from a cal-
ibration report (u;,,, type B), and the third one from a variation
of the room temperature (u;,;, type B). The uncertainty of /(7)
is derived from iterative experiments with a nuclear fuel (i,
type A). From the above standard uncertainties, the combined
standard uncertainties are calculated and the expanded uncer-
tainty is calculated by the standard procedure for an uncertainty
evaluation. Table 3 shows the uncertainty factors for the thermal
expansion experiments.

The standard uncertainty of fcy is obtained as

2 _ 2 2
Ufm = Mfcall + ufcalz ’ (3)
and the degree of freedom is derived as

4 4 4
l)fcal = I'tfca|/(l’tfca|1 /Ufcall + ufca|2/vfca|2)’ (4)

where vy, =M —1, vz, = (100/R)?/2, Rthe degree of risk
(=100 — confidence level, %) and M is the iterative experiment
number.
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Fig. 2. Flowchart of the uncertainty evaluation for the thermal expansion of the simulated fuel.

Inthis same way, the standard uncertainty of the initial sample
length is calculated as

2 2 2 2

Ulg = Uiy T Ujgy + Uigs- ®)

The degree of freedom is set to be infinite from the guide.
Finally, the standard uncertainty of a length variation is given

by the standard deviation such as

N
ujry = spIN = UN> (I, —)*/(N — 1), (6)
n=1

where N is the iterative experiment number and /, is the sample
length for nth experiment (mm).

The degree of freedom is given as N — 1 in this case.

The combined uncertainty and its degree of freedom are
obtained as

2 2 2 2 2 2 2

Uiotal = Cy - U5y + Cly - ujy + Cigry - Uiy Q)
e — 1 4 4 4 8
eff = Utotal/ | U fuy/V fear T Ui/ Vio + F1tyy/Vi(T) 8)

and the sensitivity coefficients are obtained via a partial deriva-
tive of Eq. (1) as

Cfcal = 0fe/0fcal = (I(T) - lO)/IOv (9)
Ci, = 3fe/dlo = — feal/ lo(((T) — l0)/ 1o + 1) (10)
Cyry = dfe/T) = fea/lo (11)
Table 3
Uncertainty parameters for the thermal expansion of a simulated fuel
Parameter Type of uncertainty d.f.
Initial length (lo)
Resolution (/o1) B (rectangular) Inf.
Calibration (lo2) B (normal) Inf.
Temperature variation (lp3) B (rectangular) Inf.
Length ((7))
Iterative measurement A (normal) 4
System calibration (fzal)
Calibration test (fcai,) A (normal) 4
CRM report ( feal,) B (normal) Inf.

The expanded uncertainty is obtained by multiplying the k-value
from the Student’s ¢ distribution and the combined uncertainty.
Fig. 2 shows the overall procedure of an uncertainty evaluation
of the thermal expansion experiment of a simulated fuel. The
approximate confidence level used in this study is 95% and the
coverage factors (k) are obtained from the Table 4.

3. Results and discussions
Thermal expansion of a simulated fuel was performed by
following the above procedure. Fig. 3 depicts the expanded

uncertainty of the simulated fuel for various temperatures. And
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Fig. 3. Thermal expansion and uncertainty for the simulated fuel as a function
of the temperature.
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Fig. 4. Comparison of the thermal expansion of the simulated fuel and UO;
fuel.
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Table 4
Uncertainty budget for the thermal expansion of a nuclear fuel (95% confidence level)
Parameter 500°C 1000°C 1500°C
Standard Combined Standard Combined Standard Combined
uncertainty uncertainty uncertainty uncertainty uncertainty uncertainty
Initial length, Iy (mm) 1.76 x 1073 1.76 x 1073 1.76 x 1073
Resolution (lo1) 0.001 (0.27)2 0.001 (0.19) 0.001 (0.16)
Calibration (Io2) 437 x 10~* 437 x 10~* 437 x 10~*
Temperature variation (/o3) 1.39x 1073 1.39x 1073 1.39x 1073
Length, /(T) (mm) 6.50 x 104 1.020 x 1073 1.500 x 103
Iterative measurement 6.500 x 10~* (0.04) 1.020 x 1073 (0.06) 1.500 x 103 (0.11)
System calibration (fear) 6.580 x 102 3.710 x 1072 2.430 x 1072
Calibration test ( feal,) 6.560 x 10~2 (0.69) 3.680 x 1072 (0.75) 2.400 x 102 (0.73)
CRM report ( feal,) 5.290 x 1073 4.680 x 1073 3510 x 1073
Overall combined uncertainty (uotal) 3.660 x 10~* 4.380 x 1074 4.820 x 1074
ibuti ; —2,2/,2
& Contribution factor (or importance factor) = C;u? /u, .
Fig. 4 shows the thermal expansions of the simulated fuel and Table 5

U0, fuel.

The thermal expansion of the simulated fuel is higher than
that of UO3, which is due to the impurities in the simulated fuel.
The behavior of thermal expansion less than 800 °C exhibits
slightly higher thermal expansion of UO; but this could be
seen as similar behavior and it could be neglected. But, the
behavior of high temperature range from 800°C, the differ-
ence of two values cannot be negligible any more because the
errors of UO, and simulated fuels are different. In the previ-
ous experiments and discussion in Ref. [3], the higher thermal
expansion for the simulated fuels indicate that the partial sub-
stitution of U** with (Y, La, and Nd)3* added in simulated fuel
results in weakening the interatomic bonding in the solid solution
matrix.

In Table 4, the uncertainties of the thermal expansions of the
simulated fuel are given at the temperatures of 500, 1000, and
1500 °C, respectively. In this experiment, the thermal expan-
sion data are obtained with 25°C step. The three different
temperatures in the results are chosen to see typical trend of
uncertainty. The combined standard uncertainty of the initial
length is 1.755 x 10~2 mm, which is the same for all the cases.
The standard uncertainties of the iterative experiments of the
length variation increase as the temperature increases. But the
combined standard uncertainties of calibration decrease as tem-
perature increases due to the behavior of the calibration report.
In this table, contribution factors are defined as the ratio of the
squares of the combined uncertainties for each factor. From the
results, a system calibration is the most important factor, which
affects the overall combined uncertainty for the temperature
ranges. Initial length has a large effect on the uncertainty for
a low temperature, but as the temperature increases the contri-
bution of the uncertainty of the initial length slightly decreases.
The overall expanded uncertainties slightly increase as the tem-
perature increases, which are given in Table 5. The obtained
coverage factors are about 2.0 for a 95% confidence. From the
table, the expanded uncertainties of the thermal expansion of
the simulated fuel increases as the temperature increases and
the uncertainties were obtained as 7.340 x 10™4, 8.791 x 10—,

Expanded uncertainty of the thermal expansion of the simulated fuel

Temperature (°C) Thermal expansion Expanded uncertainty k

500 4.64 x 1073 7.34x 1074 2.00
1000 1.02 x 1072 8.79 x 104 2.01
1500 1.70 x 1072 9.70 x 10~4 2.01
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Fig. 5. Contribution factors of the uncertainties.

and 9.700 x 10~ for 500, 1000, and 1500 °C, respectively. The
contribution factors of the uncertainties are depicted in Fig. 5.
From Fig. 5, the contribution factors of components are changed
as temperature changes and it was found that initial length is
most dominant around low temperature range but the system
calibration factor is most dominant for high temperature range.
The contribution of sample length measurement keeps the lowest
among three uncertainty factors.

4. Conclusions and recommendations

Thermal expansion is measured with a dilatometer for a sim-
ulated fuel and its uncertainty is calculated as the temperature
changes. There are three main uncertainty parameters includ-
ing an initial length, the length at a temperature, and a system
calibration with a reference material. In each part, a statisti-
cal standard uncertainty (type A) and a non-statistical standard
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uncertainty (type B) are combined to obtain an expanded uncer-
tainty and an effective degree of freedom. From the results,
the expanded uncertainty increases slightly as the temperature
increases. And a system calibration is a major contributor to the
overall expanded uncertainty in the thermal expansion experi-
ments. As a conclusion, this study would be helpful in providing
a fundamental approach to produce more reliable measurement
data for the thermophysical properties of a nuclear fuel.
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