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Abstract

The thermal-mechanical analysis code for high burnup BWR fuel rod has been developed by NFL The
irradiation data accumulated up to the assembly burnup of 55 GWd/t in commercial BWRs were
adopted for the modeling. In the code, pellet thermal conductivity degradation with burnup progress was
considered. Effects of the soluble FPs, irradiation defects and porosity increase due to RIM effect were
taken into the model. la addition to the pellet thermal conductivity degradation, the pellet swelling due
to the RIM porosity was studied. The modeling for the high burnup effects was also carried out for (U,
Gd)O2 and MOX fuel. The thermal conductivities of all pellet types, UO2, (U, Gd)O2 and (U, Pu)O2

pellets, are expressed by the same form of equation with individual coefficient y in the code. The pellet
center temperature was calculated using this modeling code, and compared with measured values for the
code verification. The pellet center temperature calculated using the thermal conductivity degradation
model agreed well with the measured values within ±150 C. The influence of rim porosity on pellet
center temperature is small, and the temperature increase in only 30°C at 75 GWd/t and 200 W/cm. The
pellet center temperature of MOX fuel was also calculated, and it was found that the pellet center
temperature of MOX fuel with 10wt% PuO2 is about 60°C higher than UO2 fuel at 75 GWd/t and
200 W/cm.

1. INTRODUCTION

In recent years the thermal conductivity degradation with burnup progress and the porosity
increase due to RIM effect have been reported. It is pointed out that the pellet property change
with these high burnup effects influences the fuel rod behavior of high burnup fuels. In order to
develop the thermal • mechanical analysis code for high burnup BWR fuel rod, the irradiation
data accumulated up to the assembly burnup of 55 GWd/t in commercial BWRs were used for
the modeling.

In the code, a model of the pellet thermal conductivity degradation with burnup progress was
incorporated. The model consists of two parts: (1) effects of the soluble FPs and irradiation
defects; (2) porosity increase due to RIM effect. The former effects, soluble FPs and irradiation
defects, were determined by measuring the thermal diffusivity in a temperature cycle of
700-1700-700 K [ 1 ]. The latter effect, RIM porosity, was evaluated by a FEM analysis using the
SEM image of pellet REVI structure [2]. In addition to the pellet thermal conductivity
degradation, the pellet swelling due to the RIM porosity was studied.

In discussion, the pellet center temperature was calculated using this modeling code, and
compared with measured values for the code verification. In addition, temperature increase
caused by each effect of the model, i.e. thermal conductivity degradation due to soluble FPs,
irradiation defects, and rim effect, was evaluated in this paper. The pellet center temperature of
MOX fuel was also calculated, and compared with that of UO2 fuel.
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2. GENERAL DESCRIPTION OF THE CODE

The fuel rod analysis code which predicts the thermal and mechanical behaviors of the fuels
during irradiation has been used in NFI for the design of BWR fuel rods. Input data of the code
are:
- geometrical parameters of the rod,
- initial pellet properties,
- time-dependent irradiation power and external pressure.

For the calculation, the pellet is divided into several rings at each axial level. The fuel rod
behaviors during irradiation about fuel temperature, FP gas release, rod pressure, deformation
of pellet and cladding, and gap conductance are obtained. In this work, several parts of the code
were modified based on the irradiation data since the pellet properties of the unirradiated pellet
are used by the original code to calculate the fuel rod behaviors at high burnup. Several pellet
property models for (U, Gd)O2 and MOX fuel were also reevaluated in this work.

3. MODELING OF THE CODE FOR HIGH BURNUP FUEL

3.1. Thermal conductivity degradation model with high burnup effects of soluble FPs
and irradiation defects

It is known that the thermal conductivity of UO2 pellet decreases with burnup increase due to
the dissolution of solid FPs and irradiation defects. The effects of the soluble FPs and
irradiation defects on thermal conductivity were modeled based on the measured thermal
diffusivity of a high burnup UO2 pellet irradiated to pellet local burnup of ca. 61 GWd/t in a
commercial BWR [1]. The thermal diffusivity of the specimen was measured by the laser flash
technique on a temperature cycle of 700-1700-700 K. The thermal conductivity was then
calculated from the measured thermal diffusivity. Using this result, thermal conductivity model
for the irradiated pellet was determined.

The thermal conductivity of the irradiated pellet is shown by the following equation, where
f(Bu) denotes the effect of soluble FPs and G(Bu) • h(T) the irradiation defect.

k CT2 + DT4 (W/mAK) (1)
A + BT + f(Bu) + g(Bu) • h(T)

The quantity Bu is the pellet average burnup (GWd/t), T the pellet temperature (K), and A, B, C,
D are the constants for the temperature dependent thermal conductivity at BOL (A = 4.52 x
10"2(mAK/W), B = 2.46 x 10'4 (mAK/W/K), C = -5.47 x 10"9 (W/(mAK)/K2), D = 2.29 x
10"14(W/(mAK)/K4)).

From Equation (1), the phonon contribution term of the thermal conductivity is obtained by
subtracting the term [CT2 + DT4] from the measured data. The thermal resistivity is then
obtained by the following equation:

l/A*=A+BAT+f(Bu)+g(Bu)Ah(T) (mAK/W) (2)

As the irradiation defects are recovered by annealing, the term of soluble FPs, f(Bu) is obtained
by subtracting the thermal resistivity of unirradiated pellet from that of annealed specimen.
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Assuming that the function f(Bu) is linearly increased with burnup, the f(Bu) was determined as
below:

-3-f(Bu)=1.87 x 10° Bu (mAK/W). (3)

The term g(Bu)Ah(T) was determined by using the thermal conductivity measurement results
of an unannealed sample (heat-up period). The function g(Bu) is the term which shows the
induced defects increase with irradiation. The function h(T) is the term of the defect recovered
ratio with temperature increase. g(Bu) was determined by the benchmark calculation of the fuel
center temperature measured in a wide burnup range. Function h(T) was determined by fitting a
straight line to the data plotted as (1 -h)/h vs. 1 IT. The functions g(Bu) and h(T) were determined
as below.

g(Bu)=0.038 Bu0.28 (m • K/W) (4)

h(T) = 1

l + 396-exp(-6380/T)
(5)

The thermal conductivity degradation with burnup at 600°C and 1400°C are shown in FIG. 1
[1,3-5]. The calculated values (line) agree well with measured values (points) at each
temperature. The results indicate that at low temperatute (600°C), thermal conductivity rapidly
decrease in low burnup region. On the other hand, as most of irradiation defects are recovered,
the thermal conductivity decreases almost linearly with burnup at high temperature (1400°C)

3.2. Thermal conductivity of (U, Gd)O2 and (U, Pu)O2 pellets

Thermal conductivity model of (U, Gd)C>2 fuel was reevaluated by using the experimental data
reported by Hirai [6] and Sontheimer [7]. hi the code, thermal conductivity degradation caused
by the dopants, Gd or Pu, are shown by the common form of equation below:

1

A + BT
CT 2+DT 4 (W/mAK) (6)

20 40 60 80 a

Pellet local burnup (GWd/t) ^
20 40 60

Pellet local burnup (GWd/t)

80

FIG.1. Thermal conductivity (W/mfC) of UO2 pellet at 600°C (left) and 1400°C (right) as a
function of burnup (95 % TD) [1].

where SM is the coefficient for (U, M)O2 pellet and XM the wt% of doped metal M (M: Gd, Pu).
The coefficient for (U, Gd)O2 pellet, sGd, was determined as 8.12 x 10"3 by fitting the
calculation values with measured values reported by Hirai [6] and Sontheimer [7] within the
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concentration range of 3-10 wt %. In FIG. 2, the calculated thermal conductivity of
7 wt% Gd2C>3 is compared with measured values as an example. The good agreements between
calculated values (line) and measured values (points) are seen in the figure. In the same manner,
the coefficient pu for (U, Pu)C>2 pellet was determined using the measured values of Hetzler [8],
Gibby [9], and Goldsmith [10] for Pu concentration of 20, 25, and 30 wt% PuO2. The value of
1.24 x 10"3 was obtained for Syu- The calculated thermal conductivity of 30 wt% PuC>2 is
compared with those of measured values in FIG. 3. Figure shows that the calculated values
agree well with the measured values. From FIG. 2 and FIG. 3, the thermal conductivities of (U,
Gd)C>2 and (U, Pu)C>2 pellets can be expressed by the same equation form using SGd and spu

described above.

The effect of soluble FPs, term f(Bu) in Equation (3), can be also expressed by a function of FP
concentration as below:

f(Bu)=1.87xiO"3Bu = (7)

where YFP is the coefficient for (U, FP)C>2, YFP the atomic percent (at%) of FPs. The thermal
conductivity of UO2 pellet with soluble FPs is compared with that of 7 wt% Gd2C>3 (=10.1 at%
Gd). From Equation (3) and (6), it is calculated that the thermal conductivity with 10.1 at% Gd
is comparable to that with soluble FPs at 30 GWd/t burnup. As the concentration of soluble FPs
in a 30 GWd/t burnup fuel is calculated as 4.8 at% FPs by the ORIGEN2 code [11], the thermal
conductivity with 10.1 at% Gd is comparable to that with 4.8 at% FPs as shown in FIG. 4.
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Finally, combination of Equations (1), (6), and (7) gives the thermal conductivities of UO2, (U,
Gd)C>2, and (U, Pu)O2 pellets as the following equation:

1

g(Bu)-h(T)
CT 2 +DT 4 (W/mAK) (8)

where yM is the coefficient for (U, M)O2 and yM the at% of the metal M (M: FPs, Gd, Pu),
YFPI.17 x 10;2(30GWd/t,yFP = 4.8 at%),yGd = 5.63 x lO"3, yPu = 1.24 x 10"3, respectively.

3.3. Porosity increase by RIM effect

The porosity of the pellet in peripheral region increases by the RIM effect in high burnup fuel.
As the thermal conductivity of the pellet decreases with porosity increase, the porosity
distribution of the pellet in the radial direction was modeled. In the previous work, influence of
the porosity on the thermal conductivity was evaluated by the FEM analysis using the pellet
SEM images which samples were irradiated up to pellet burnup of 61 GWd/t in a commercial
BWR reactor [2]. The following equation was obtained for the thermal conductivity correction
in RIM region.

,1.6 (9)

where X is the corrected thermal conductivity, XQ the thermal conductivity without porosity, P
the porosity.

The porosity distributions of pellet in the radial direction were determined by the following
step:
(1) Determine the width of RIM region as a function of pellet average burnup.
(2) Determine the porosity at pellet edge as a function of pellet local burnup.
(3) Using the relations (1) and (2), determine the porosity distribution of the pellet in radial
direction.
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FIG. 5. RIM width vs. pellet average burnup [2J.
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FIG. 6. Porosity vs. local burnup [2J.

The observed RIM widths vs. pellet average burnup are plotted with the reported data up to 75
GWd/t in FIG. 5 [2]. From the figure, starting pellet average burnup of REVI formation was
determined as ca. 30 GWd/t. The relation between the RIM width and pellet average burnup is
expressed by the following equation for the burnup less than 75 GWd/t:

•\-2w = 1.37 x 10"z (PBu) - 0.384 (mm)

where W is the RIM width and PBu the pellet average burnup.

(10)

The measured porosities at the pellet edge and 0.1 mm inner from the pellet edge are plotted
against pellet local burnup in FIG. 6. The relation between the porosity and pellet local burnup
was determined as follows by the least square method:

Px = 1.78 x 10"1 (LBu) - 6.77 (%) (11)

where Px is the porosity near pellet edge, LBu is the pellet local burnup. As RIM width and
pellet edge porosity are obtained from Equations (10) and (11), the porosity distribution of the
pellet in radial direction can be expressed by following equation:

(12)
w

where A P is porosity increase at radial position of pellet r, A Po the porosity increase at pellet
edge, and ro the radius of pellet. The distribution of porosity extends with burnup increase as
shown in FIG. 7. The result shows that the porosity increases at pellet edge are about 10 % at
50 GWd/t and 20 % at 75 GWd/t, respectively.

The FP gas release rate and Xe/Kr ratio were measured of the fuel rods irradiated up to
50 GWd/t as reported in the previous work [2]. The FP gas release rate of this high burnup fuel
was about a few percent, not a remarkable increase of FP gas release rate. From the result of
Xe/Kr ratio measurement, it was found that the FP gas release from the pellet rim, where Pu
burn ratio is larger, is negligible if compared with the total FP gas release. Based on these facts
from PIE data, the FP gas release acceleration due to the rim formation was not included in the
code in this work.
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FIG 7. Distributions of porosity increase vs. pellet position in radial direction.

3.4. (U, Gd)C>2 and MOX pellet properties reevaluated in this work

The modeling for the high burnup effects was also carried out for (U, Gd)C>2 and MOX fuel. In
addition to the high burnup modeling, several pellet property models were reevaluated. As
mentioned above, the parameters for the thermal conductivity models of (U, Gd)O2 and MOX
fuels were determined based on the experimental data [6-10]. The melting temperature [12],
thermal expansion coefficient [13-15], Young's modulus [13,16], creep rate [17], and He gas
release [18] of MOX fuels were reevaluated using the data from literature. Radial power
distributions of MOX fuels were also reevaluated based on the detail nuclear calculation of
MOX fuels. The calculated radial power distributions agreed well with the values obtained by
chemical analysis measurement.

4. DISCUSSION

Using the thermal conductivity degradation model (Equation (8)), the pellet center temperature
was calculated in order to verify the model. For this purpose, the pellet center temperatures
calculated using the input data of the project RISO III [19] were compared with the pellet center
temperatures measured in the project. In the RISO III project, total of 15 PWR and BWR rods
were subjected to a power transient test after base irradiation. 9 fuel rods were then refabricated,
and instrumented with thermocouples and pressure transducers to measure the fuel center
temperatures and the fuel rod inner pressures during the power transient test. In order to
calculate the fuel center temperatures, the fuel dimensions, oxide thickness before the test, the
power history, the inner pressure, and the gas composition during the test were used as input
data.

A comparison between the measured and calculated temperatures is shown in FIG. 8. The
calculated values agree with the measured values within ± 150°C. The difference between the
measured and the calculated temperatures against the burnup is shown in FIG. 9. The burnup
range of the verification is 15-50 GWd/t in the figure. The figure shows that the calculated
values agree with measured values with a small deviation in the burnup range of 15-50 GWd/t.
FIG. 8 and 9 indicate that the thermal conductivity model described in this paper is well
applicable to the fuel temperature evaluation over a wide burnup range of the fuel. The pellet
temperature was calculated using porosity distribution described by Equation (12) up to pellet
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average burnup of 75 GWd/t with linear heat rate of 200 W/cm. Except porosity distribution,
the calculation conditions are same as that for the calculation without RIM effect. The pellet
surface temperature was fixed at 380°C, that is the temperature obtained by using the original
model (without RIM effect). The influence of RIM effect on pellet center temperature is shown
in FIG. 10. The increase of pellet center temperature by RIM effect is about 15°C at 60 GWd/t,
and 30°C at 75 GWd/t with linear heat rate of 200 W/cm.

The pellet temperature distribution against the radial position of pellet at 75 GWd/t and 200
W/cm is shown in FIG. 11 compared with distributions calculated by the original model and
thermal conductivity degradation model considering only the effect of soluble FPs. The result
indicates that the influence of the RIM porosity on the pellet temperature is small if compared
with the effect of soluble FPs and irradiation defects. The increase of pellet center temperature
due to soluble FPs and the effect of irradiation defects is about 220°C and 125°C, respectively.
In other words, the increase of pellet center temperature caused by RIM porosity, soluble FPs,
and irradiation defects are 7 %, 59 %, and 34 % in total increase of pellet center temperature,
respectively. The pellet temperature distribution considering RIM porosity, shown by solid line
in FIG. 11, was also compared with the distribution calculated without pellet burnup
distribution in radial direction. These two temperature distributions are shown in FIG. 12. The
figure shows that the influence of pellet burnup distribution in the radial direction on pellet
center temperature is small, less than 10°C at 75 GWd/t and 200 W/cm.
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In addition to the pellet thermal conductivity degradation, the pellet swelling due to the RIM
porosity was evaluated. From the porosity distributions described by Equation (12), pellet
swelling caused by the RIM effect is shown in. FIG 13. The pellet swelling increase due to the
RDM porosity is ca. 2 % at 75 GWd/t. The figure shows that the swelling by RTM porosity is not
remarkable if deviation of the measured values (dashed lines) are considered.

The pellet center temperature of MOX fuel with 10wt% PuO2 was also calculated, and
compared with that of UO2 fuel in FIG. 14. Although the thermal conductivity of MOX pellet is
low if compared with UO2 pellet, the pellet center temperature of MOX fuel at BOL is almost
same as UO2 fuel since the power distribution of pellet in radial direction differs between two
fuels, that is, the power depression of MOX fuel across pellet radial direction is larger than UO2
fuel. However, since the power depression of UO2 fuel becomes larger with burnup progress,
the pellet center temperature of MOX fuel becomes higher than UO2 fuel with pellet burnup
increase. The pellet temperature distribution of 10 wt% PUO2 MOX fuel is compared with UO2
fuel in FIG 15. The pellet center temperature of MOX fuel with 10wt% PuO2 is about 60°C
higher than UO2 fuel at 75 GWd/t, 200 W/cm.

5. CONCLUSION

The thermal • mechanical analysis code for high burnup BWR fuel rod has been developed. In
the code, pellet thermal conductivity degradation with burnup progress was modeled. Effects of
the soluble FPs, irradiation defects, and porosity increase due to RIM effect were considered in
the modeling. The modeling for the high burnup effects was also carried out for (U, Gd)O2 and
MOX fuel. Thermal conductivity of (U, Gd)O2 and MOX fuels were reevaluated, and in the
code, the thermal conductivities of all pellet types, UO2, (U, Gd)O2 and (U, Pu)O2 pellets, are
expressed by the same form of equation.

The pellet center temperature was calculated using the modeling code, and compared with
measured values for the code verification. The pellet center temperature calculated using the
thermal conductivity degradation model agreed well with the measured values within ± 150°C.
The influence of rim porosity on pellet center temperature is small, and the temperature
increase is only 30 °C at 75 GWd/t and 200 W/cm. The pellet center temperature of MOX fuel
was also calculated, and it was found that the pellet center temperature of MOX fuel with
10wt% PuO2 is about 60 °C higher than UO2 fuel at 75 GWd/t and 200 W/cm.
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