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Abstract 

The influence of porosity on the (hernial conductivity of irradiated UQj fuel 
has been determined with the Finite Element Method (FEM). Light-
microscopy photographs were made of the fuel. The pore shape and the pore 
distribution are entered in the FEM program from these photographs. The two 
dimensional (2D) thermal conductivity in the plane of the photograph is 
obtained from the FEM calculations. The 2D thermal conductivity, that has 
no physical meaning itself, is the lower limit of the three dimensional (3D) 
thermal conductivity. For three well defined pore shapes the relation is 
determined between the 2D thermal conductivity and die 3D thermal 
conductivity. From these computations a simple relation is obtained that 
transfers the 2D thermal conductivity into the 3D thermal conductivity, 
independent of the pore shape. The influence of porosity on the 3D thermal 
conductivity of irradiated U0 2 fuel and UO2 fuel doped with Nbj05 was 
computed with the FEM. 
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1. Introduction 

The thennal conductivity of UOj is rather low and depends stiongly on the 
temperature. Consequently, die maximum power of a fuel element in a 
nuclear reactor is strongly influenced by the thennal conductivity of UOj. 
which, for a sintered UOj fuel pellet, decreases even further during irradiation 
in a nuclear reactor, mainly as a result of: 

1) The formation of fission products that dissolve as oxides in the fuel 
matrix. 

2) The formation of fission gases that form additional pores. 

The influence of the fission products that dissolve as oxides in the matrix on 
the thennal conductivity has been deiennined rather accurately (Fulcushima et 
aL, Lucuta et al.). The porosity tends to collect at the grain boundaries. This 
geometry complicates the description of the influence of the porosity. 
Irradiation induced lattice defects cause a decrease of the low temperature (T 
< 500 e O thermal conductivity of Up* 

Various equations, bodi empirical and analytical, describe the effect of 
porosity on the thermal conductivity. A large spread exists between the 
results of various empirical formulas. This spread is likely due to large 
variations in the shape and the orientation of the porosity in various materials. 
In our recent paper (Bakker et al.) me results of various analytical equations 
were compared with the results of our FEM calculations. The analytical 
equation that was derived by Schulz shows good agreement with our FEM 
results. The good agreement shows that among a variety of porosity 
correction formulas the equation of Schulz gives the best theoretical 
description of the effect of porosity on the thermal conductivity. This 
equation approximates the shape of the pores by ellipsoids and assumes that 
the pores are randomly positioned with respect to each other. These two 
assumptions make this equation less suitable to analyze the complex 
microstructure of irradiated nuclear fuel. In the present study the Finite 
Element Method (FEM) has been used to compute the influence of porosity 
on the thennal conductivity. This technique takes the influence of the shape, 
the orientation and the distribution of the pores into account accurately. 

ECN.RX-94-104 7 
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2. Experimental 

2.1. Fuel characterisation 

In the present study 2D thermal conductivity calculations were performed 
on a pellet of UOj and a pellet of UO, doped with NbA- Both pellets have a 
diameter of 12 mm. These pellets were used in an experimental program of 
BNFL to determine the improvement in pellet dad interaction resistance from 
rnobia doping of fuel pellets (Howl et al.)- The pellets were irradiated in a 
BWR to a bumup of approximately 23 MWd/kgHM. After this base 
irradiation the rods were rcfabricated. The rod containing the UOj pellet was 
ramped to an average power of 37 kW/m. The rod containing the UOj pellet 
doped with NbjO, was ramped to an average power of 47 JS kWAn. Due to 
the power ramp is the rnicrostructure of the pellets not representative of the 
microstructures seen in fuel irradiated under normal reactor conditions. The 
pellets were uien cut in the radial direction, the surfaces of the pellets were 
polisbed and light-microscopy photographs were made (fig. 1). 

Fig. la A light-microscopy photograph of the microstructure of the UOj 
pellet. 

8 ECNRX--94-104 
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Fig. lb A detail of fig. la, 1.7 mm from the centre of the rod The lower 
side of the figure is directed to the centre of the fuel rod. 

5 pm 

I f 
Fig. 1c A detail of the microstructure indicated in fig lb. 
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12. Computational technique 

A photograph of a cross section of a fuel pellet gives only a 2D image of 
the 3D shape of the pores. It is impossible to reconstruct the 3D shape of this 
particular pore from the 2D image. Furthermore, it is impossible to make 3D 
FEM calculations on the 3D microstructure of nuclear hiel, due to the 
limitations of computers. For these two reasons 2D FEM thermal conduaivity 
calculations were made. A relation that transfers the 2D thermal conductivity 
into the 3D thermal conductivity is discussed in section 3. 

The microstructure shown in fig. lc was digitized and entered in the FEM 
program. The calculations in this paper were made with a commercially 
available FEM program named Ans* \ The FEM program describes the 
microstructure with triangular elements (fig. 2). 

Fig. 2 The microstructure shown in fig. lc buit from triangular elements. 

The influence of this microstructure on the 2D thermal conductivity in the 
plane of the photograph was computed with the FEM. The left and the right 
boundary of fig. 2 are taken adiabatic. The top and the bottom of fig. 2 have 
the arbitrary temperatures T, and T2, respeaively. From these calculations the 
2D temperature distribution (fig. 3) and the distribution of the y-component 
of 2D themv'-flux (fig. 4) were obtained. The cracks present in the samples 
were not taken into account in the FEM calculations. The influence of cracks 
on the thermal conductivity should be treated separately (Kitajima and 
Kinoshita). The FEM program computes the 2D thermal conductivity from 
the 2D thermal-flux profile. The extra degree of freedom of the thermal flux 
in the 3D case causes the 3D thermal conductivity to be larger than the 2D 
thermal conductivity. It should be kept in mind that the 2D thermal 
conductivity has no physical meaning, but it is a lower limit of the 3D 
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thermal conductivity. This lower limit can be determined accurately, which 
makes the 2D thermal conductivity an important parameter. 

In all calculations in this paper the thermal conductivity of the gas in the 
pore is assumed to be zero. When the temperature jump distance of the gas in 
the pore is much smaller than the width of the pore the influence of the 
thermal conductivity of the gas in the pore can be taken into account in the 
2D FEM calculations. The relation between the 2D and the 3D thermal 
conductivity (section 3) should be adapted when the pore conducts heat, or 
when the influence of precipitates is taken into account 

Temperature T, 

X -+ Temperature T2 

Fig. 3 The 2D temnerature distribution as obtained from FEM calculations 
on the microstructure shown in fig. 2. The white regions represent 
the pores. 

ECN-RX--94-104 11 
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Fig. 4 The distribution óf the y-component of the thermal flux that hais been 
obtained from the FEM calculations on the microstructure shown in 
fig. 2. The dark regions represent a larger flux than the light regions. 
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3. The thermal conductivity of 2D and 3D 
systems 

3.1. Introduction 

A photograph of a cross section of a porous mat'rial gives only a limited 
amount of information about the 3D shape of the pores. This lack of 
information complicates the transfer of the 2D thennal conductivity, as 
obtained by analysing a photograph, into the actual 3D thermal conductivity. 
However, a 3D pore with such a shape that it influences the 3D thennal 
conductivity strongly has 2D cross sections that influence the 2D thermal 
conductivity strongly. This makes it possible to derive a relation between the 
3D and the average 2D thermal conductivity. This relation, that transfers the 
computed 2D thermal conductivity into the 3D thermal conductivity, without 
specific knowledge of the 3D pore shape, is obtained as follows: A material 
with a simple and well defined pore structure is modelled. When the 3D pore 
shape is well defined, the FEM can be used to compute f3D. Both the 3D and 
the average 2D thermal conductivity of this porous material are computed. 
This is repeated for three different pore shapes: elliptical/ellipsoidal (section 
3.2), circular/spherical (section 3.3) and rectangular/block shaped (section 
3.4). By comparing the porosity, the 3D and the average 2D thermal 
conductivity of these systems a relation between these three quantities has 
been obtained that depends only slightly on the pore shape: 

n is the porosity, f2D and f3D are the thermal conductivities of the porous 
material in the 2D and the 3D case, respectively, divided by the thermal 
conductivity of the fully dense material, r is a constant that varies only 
slightly with the pore shape. In the following 3 sections the value of r is 
calculated for various pore shapes and porosities. From the results of these 
three sections is concluded that r is indeed nearly constant (section 3.5). Eq. 1 
is discussed in detail in the appendix. 

3.2. Elliptical (2D) and ellipsoidal (3D) porosity 

In this section a comparison of the thermal conductivity of a matrix with 
elliptical (2D) and ellipsoidal porosity (3D) is made with eq. 2 (Maxwell, 
Landau and Lifschitz, Schulz) and with the FEM. Equation 2 describes a 3D 
matrix with ellipsoidal porosity. The interactions between the ellipsoidal pores 
are neglected and the thermal conductivity of the gas in the pores is zero: 

ƒ» - a - P 
y cc^a, 

l-x (1 - n)) 
(2) 

GCj is the angle of axis i of the ellipsoidal pores with the thermal gradient. The 
positive constants n, (i=x,y,z) depend on the shape of the ellipsoids and are 
defined is: 

m 

nx « -abcf (3) 
2 o (s o2)J(s+a2)(s+b2)(s+c2) 
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«,-w ds 
2 o (s + fcVC^+fl2)^**2)^^2) 

(4) 

» = ±abc[ 
1 7. J 

ds 
2 o (s + c^is+a^s+b*)^1) 

(5) 

a, b and c are the length of the ellipsoidal pore in the x, y and z direction, 
respectively, s is the integration variable. The integrations are performed 
numerically. Eq. 2 can also describe a 2D matrix with 2D elliptical pores by 
orienting one of the axes of the 3D ellipsoidal pores perpendicular to the 
thermal gradient and choosing the length of this axis infinite. Hence, the 2D 
thermal conductivity of a matrix with elliptical pores can be computed. 

In mis section both 2D and 3D thermal conductivity calculations were 
performed with cq. 2. In the 3D calculations the rotation axis of the 
ellipsoidal pore was chosen parallel to the thermal gradient. The length of 
both axes perpendicular to the thermal gradient was chosen equal. When this 
pore is cut by a plane with the vector of the thermal gradient in it, the cross 
section has a constant shape, independent of the cutting plane. This cross 
section is an ellipse with the same ratio of the length of the rotation axis and 
the other axis as that of the ellipsoidal pore. The position of the cutting plane 
influences the size of the cross section, but it does not influence the shape of 
the cross section. The simple relation between the shape of the 3D pore and 
the shape of the 2D cross section facilitates the calculation of r drastically. 
The 2D and the 3D thermal conductivity calculations were performed for 
p = 0.05 using the eqs. 2-5 (table 1). 

Table 1 The influence of elliptical/ellipsoidal porosity (p = 0.05) on the 2D 
and the 3D thermal conductivity. 

ratio 

0.250 

0.333 

0.400 

0.500 

0.666 

1.000 

1.500 

2.000 

2.500 

3.000 

4.000 

*2D 

0.7500 

0.8000 

0.8252 

0.8500 

0.8750 

0.9000 

0.9167 

0.9250 

0.9300 

0.9334 

0.9375 

f,D 

0.8313 

0.8629 

0.8786 

0.8943 

0.9098 

0.9250 

0.9348 

0.9395 

0.9422 

0.9439 

0.9459 

r 

1.685 

1.722 

1.748 

1.794 

1.864 

2.000 

2.191 

2.381 

2.556 

2.721 

3.049 
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2D AND 3D SYSTEMS 

Ratio represents the length of the axis parallel to the thermal gradient divided 
by the length of the axis perpendicular to the thermal gradient, katio is equal 
for the 2D and the 3D calculations. The last column shows r (r>l), 
representing (l-p-f2D) / (l-p-fJD).The interactions between the pores are not 
taken into account in eq. 2. This simplification causes a linear relation 
between p and both f20 and fJD. This approximation causes r to be 
independent of porosity. For ratio smaller than one the value of r is nearly 
constant. For ratio larger than one the value of r varies considerably. 
However, this variation of r for ellipsoidal porosity with a large ratio has only 
a minor influence on f,D (section 3.5). 

The influence of tne amount of porosity on the value of r for ellipsoidal 
porosity has been approximated with the FEM (table 2). The orientation and 
the shape of the pores is similar to that used for table 1. The FEM 
calculations were performed for a single pore in a tetragonal unit cell, as 
described by Bakker et al.. 

Table 2 The influence of the ratio of elliptical/ellipsoidal pores on r. This 
was calculated analytically with eq. 2 and computationally with 
the FEM. The FEM calculations were performed for three different 
porosities (p = 0.05, 0.10 and 0.20). 

ratio 

0.333 

0.500 

1.000 

2.000 

3.000 

r 
(eq.2) 

1.722 

1.794 

2.000 

2.381 

2.721 

r(FEM 
p = 0.05) 

1.692 

1.776 

2.047 

2.2696 

2.3535 

r(FEM 
p = 0.10) 

1.676 

1.759 

1.991 

2.312 

2.143 

r(FEM 
p = 0.20) 

1.669 

1.729 

1.860 

1.910 

1.718 

The results from the FEM calculations (table 2) are similar to those obtained 
from eq. 2 (table 1) and show that r is relatively independent on the porosity. 
Only for a large ratio the value of r decreases at a high porosity. 

3.3. Circular (2D) and spherical (3D) porosity 

In this section a comparison of the thermal conductivity of a matrix with 
circular (2D) and spherical porosity (3D) is made. The eqs. 6 and 7 were 
derived analytically from eq. 2 (Schulz) and take the interactions between the 
pores into account. For randomly ordered circular (2D) porosity holds: 

/ u , - O-P) 2 (6) 

For randomly ordered spherical (3D) porosity holds: 

/«, - a-/»15 (7) 

The cross section of a spherical pore ft a circular pore. The simple relation 
between the shape of the 3D pore and the shape of the 2D cross section eases 
the calculation of r drastically. The value of r was determined for various 
porosities with the eqs. 6 and 7 and given in table 3. 

ECN-RX--94-104 15 
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Table 3 The influence of circular/spherical porosity on the 2D and the 3D 
thermal conductivity for various porosities. 

p 
0.01 

0.03 

0.05 

0.10 

0.15 

0.20 

fID 

0.9801 

0.9409 

0.9025 

0.8100 

0.7225 

0.6400 

f» 

0.9850 

0.9553 

0.9259 

0.8538 

0.7837 

0.7155 

r 

1.995 

1.985 

1.975 

1.949 

1.922 

1.894 

Table 3 shows that r varies only slightly with porosity. 

3.4. Rectangular (2D) and block-shaped (3D) porosity 

The FEM has been used to compare the 2D and the 3D thermal 
conductivity of a unit cell with rectangular/block-shaped porosity. For the 
pore shapes discussed in the sections 3.2 and 3.3 a simple relation exists 
between the shape of die pore (3D) and the shape of the cross section (2D). 
However, for most pore shapes (e.g. block-shaped) this relation is complex, 
which complicates the determination of r drastically. 

Comparisons of the 2D and the 3D thermal conductivity were made with 
the FEM for a block-shaped pore, that has two sides oriented perpendicular to 
die thermal gradient. The pore is contained in a block-shaped unit cell, that 
has an identical orientation. This orientation of the pore was chosen, since the 
cross section is always a rectangle for this orientation. The ratio of the length 
of the long side and the short side of the rectangular cross section depends 
strongly on the position of the plane that cuts the pore. Hence, the thermal 
conductivity of the 2D system varies strongly. This variation makes it 
necessary to compute the average 2D thermal conductivity from all possible 
cross sections of the 3D pore. The technique to detennine these cross sections 
is shown in fig. 6 and is described below: The pore is cut by a plane that has 
the vector of the thermal gradient in it. The cutting plane makes an angle a 
with one of the rectangular sides of the block that has die thermal gradient 
parallel to it After this cut the cutting plane is shifted a little along the pore, 
indicated by direction of movement, while a is kept constant. This procedure 
was repeated until the whole pore was cut. The thermal conductivity of each 
of these 2D systems was computed with the FEM. From all these cross 
sections the average 2D thermal conductivity was determined for a particular 
value of a. The above described procedure was performed for all values of a 
from 0° to 90* in steps of 5°. By averaging over all these a values the 
effective 2D thermal conductivity was determined for this 3D pore shape and 
orientation. The effective 2D thermal conductivity is compared with the 3D 
thermal conductivity, that has been determined with the FEM, in order to 
calculate r. The whole procedure was repeated for several ratios of the length 
of the three axes of the block-shaped pore. The results are shown in table 4. 
The value of r is rather insensitive to the shape of the pore. Pores with their 
largest axis oriented parallel to the thermal gradient have a slightly larger 
value of r than pores with their largest axis oriented perpendicular 
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cutting plane 

Fig. 6 The block-shaped pore is cut by a plane. The plane makes an angle a 
with the block. The influence of the 2D cross section on the thermal 
conductivity is determined. After this computation the cutting plane 
was shifted a little and the procedure is repeated. 

to the thermal gradient. This effect was also observed for ellipsoidal pores 
(section 3.2). The thermal conductivity of three pore shapes was calculated 
both for p = 0.05 and p = 0.10. The amount of porosity has only a minor 
influence on r. 

ECN-RX-94-104 17 
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Table 4 f^ f̂  and r of block shaped pores for different ratios of the 
length of the axes. | t.g. represents the length of the poo in the 
direction of the thermal gradient. 1 tg. represents the length of the 
pore perpendicular to the thennal gradient. 

Itg. 

2 

2 

3 

2 

3 

2 

3 

' 

J-tg. 

3 

3 

2 

2 

1 

3 

3 

2 

1 

2 

3 

1 

2 

3 

1 

-LLg. 

3 

2 

2 

P 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.05 

0.10 

0.10 

0.10 

0.10 

0.10 

0.05 

0.10 

0.05 

*a> 

0.7069 

0.7280 

0.7467 

0.7842 

0.8095 

0.7718 

0.8787 

0.8338 

0.8494 

0.8530 

0.8246 

0.8640 

0.9141 

0.8461 

0.9306 

f» 

0.7709 

0.7914 

0.8056 

0.8320 

0.8471 

0.8272 

0.9096 

0.8629 

0.8718 

0.8744 

0.8591 

0.8805 

0.9307 

0.8711 

0.9396 

r | 

1.496 I 

1.584 

1.623 

1.702 

1.711 

1.760 

1.764 

1.783 

1.790 

1.838 

1.843 

1.848 

1.858 

1.863 

1.869 

3.5. Average value of r 

From the sections 3.2, 3.3 and 3.4 can be concluded that eq.l and 
r - 1.8 ± 0.3 can be used to convert the 2D thermal conductivity into the 3D 
thermal conductivity. Most calculations show that the amount of porosity has 
only a minor influence on the value of r. The computed value of r differs 
only considerably from 1.8 for ellipsoidal pores with ratios larger than 1. For 
this pore shape both f3D and f,D are only slightly smaller than 1-p. This makes 
f,D rather insensitive to the value of r. Hence, for this pore shape and 
orientation the error in the obtained value of f3D is small, in spite of the 
relatively large error in r. 

The error that is induced in f3D by the uncertainty in r (r = 1.8 ± 0.3) may 
cause the main error in the determination of the 3D thermal conductivity 
from FEM calculations. The 2D and the 3D thermal conductivity can be 
described as: 

fw * <* " *>" (8) 

ƒ*, = ( ! - P)P (9) 
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a and p* depend on the shape, the distribution and the orientation of the 
pores. The value of a is determined for a certain microstructure with the 
FEM. Combining the eqs. 1, 8 and 9 and with r = 1.8 ± 0.3 the value of p* is 
estimated: 

P - 1 • ( o - 1)(0.53±0.1) ( 1 0 ) 

P depends slightly on the porosity, this effect is not included in this 
estimation of p\ The error in p" is rather small, hence the error in f3D is rather 
small. 

With the FEM only a relatively small amount of pores (-50) is used for 
the computations. An error induced by this limitation is that the amount of 
porosity in the computations is not equal to the actual amount of porosity. 
With image analysis an accurate estimation of the distribution of the amount 
of porosity in the fuel pellet can be obtained. The results of the image 
analysis can be used to recalculate f3D for the radial positions were the FEM 
calculations were performed, using the value of fi obtained from the FEM 
calculations. 

Equation 1 only holds when the pores have no preferential orientation in 
the plane perpendicular to the thermal gradient. Such preferential orientation 
causes the shape of the porosity on a photograph to vary considerably, 
depending on the angle between the photograph and the preferential 
orientation. This variation causes an unacceptable error in the determination 
of the 3D thennal conductivity. Only a preferential orientation of the pores in 
the direction of the thermal gradient can be accepted. This preferential 
orientation does not induce an angular variation in the shape of the porosity, 
due to the constant orientation of the photograph with respect to the direction 
of the preferential orientation of the pores. The restrictions on the preferential 
orientation are made under the assumption that the thennal conductivity is 
determined in the direction of the thermal gradient. The pores in nuclear fuel 
do .iot have a preferential orientation in the direction perpendicular to the 
thennal gradient and the pores ha-'e some preferential orientation in the 
direction of the thermal gradient. Hence, in the present study no problems are 
caused by preferential orientation of the pores. 

3.6. Summary 

The 2D thennal conductivity, as obtained from FEM computations, can be 
transferred into the actual 3D thennal conductivity as: 

i ^ 2 2 = i.8±o.3 
\-p-ftD W 

The error induce by the variation in r (r= 1.810.3) is rather small. Eq. 11 is 
not valid when the pores have a preferential orientation in the plane 
perpendicular to the thennal gradient. The number of pores in the 2D FEM 
calculations should be sufficiently large (- SO) in order to make eq. 11 valid. 

ECN-RX-94-104 19 
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4. Results and discussion 

The pellet of UOj doped with a small amount of NbjOj was cut in the 
radial direction and the surface of the pellet was polished. A light-microscopy 
photograph was made of the radial cross section (fig. 7) and along the radius 
both light-microscopy (fig. 8-12) and SEM photographs were made. These 
photographs show the existence of regions with different pore shapes and 
pore distributions. The light-microscopy photographs 8-12 represent the 
different microstiuctures present in this pellet. 

Fig. 7 A light-microscopy photograph of a radial cross section of U02 fuel 
doped with a small amount of NbjO,. The marked regions, that are 
positioned from the centre to the outer side of the fuel, are shown in 
the figs. 8-12. 
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Fig. S A detail of fig. 7. The marked region has been used for the FEM 
calculations (fig. 13). 

Fig. 9 A detail of fig. 7. The marked region has been used for the FEM 
calculations (fig. 14). 
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Fig. 10 A detail of fig. 7. The marked region has been used forthe FEM 
calculations (fig. 15). 
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Fig. 11 A detail of fig. 7. The marked region has been used for (he FEM 
calculations (fig. 16). 
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Fig. 12 A detail of fig. 7. The marked region has been used for the FEM 
calculations (fig. 17). 

The SEM photographs are used to distinguish pores from small dirt spots, 
that are induced by polishing. It is bard to make this distinction on a light-
microscopy photograph. The amount of dirt appears to be negligible. The 
SEM photographs have a higher magnification than the light-microscopy 
photographs, which allows us to look for small pores that are not visible with 
a light microscope. However, no pores were observed with the SEM that are 
not visible with the light microscope. 

FEM calculations were performed on the figs. 8-12 in order to determine 
the 2D thermal-flux profile and the 2D thermal conductivity (figs. 13-17). 
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Fig. 13 The distribution of the y-component of the thermal flux as 
obtained from FEM calculations on the marked region of fig. 8. 
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Fig. 14 The distribution of the y-component of the thermal flux as 
obtained from FEM calculations on the marked region of fig. 9. 
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Fig. 15 The distribution of the y-component of the thermal flux as 
obtained from FEM calculations on the marked region of fig. 10. 
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Fig. 16 The distribution of the y-component of the thermal flux as 
obtained from FEM calculations on the marked region of fig. 11. 
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Fig. 17 The distribution of the y-component of the themial flux as 
obtained from FEM calculations on the marked region of fig. 12. 
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The results from the FEM calculations are collected in table 5. In this table 
the FEM calculations on pure U02 (fig. 4) are included. 

Table 5 p and f2D as obtained from the FEM calculations (fig. 4,13-17). 
These two quantities were used to calculate f3D, a and p. 

fig. 4 U02 

1.7 mm from centre 

fig. 13 U02 + N b A 
centre 

fig. 14 U02 + N b A 
1.8 mm from centre 

fig. 15 U02 + N b A 
2.8 mm from centre 

fig. 16 U02 + N b A 
3.5 mm from centre 

fig. 17 U02 + N b A 
5.3 mm from centre 

P 

0.114 

0.269 

0.200 

0.102 

0.117 

0.083 

f?D 

0.723 

0.462 

0.630 

0.806 

0.689 

0.845 

f,D 

0.795 

0.582 

0.706 

0.845 

0.775 

0.877 

a 

2.72 

2.46 

2.07 

2.07 

2.99 

1.94 

P 
1.85 

1.73 

1.56 

1.56 

2.05 

1.51 

In the figs. 4 and 13-17 a large difference exists between the amount and the 
shape of the porosity. In the figs. 4,14 and 15 the distribution of the size and 
the shape of the pores is relatively small. In the figs. 13, 16 and 17 a few 
very large pores have a major influence on the thermal conductivity. For 
these three figures this causes an error that is larger than the error induced by 
the inaccuracy of r. From the combined results of the present FEM 
calculations an estimation of a = 2.4±0.4 and p = 1.710.2 is obtained for this 
fuel pellet. 

The influence of porosity on the thermal conductivity of U02 has been 
investigated experimentally by various authors. A relatively large spread 
exists between the outcome of various experiments. Most results were 
described with eq. 12, with y-values that vary between 1 and 4. The IAEA 
(IAEA technical report) recommended a y-value of 2.5. 

UD " * " IP (12) 

From eq. 12 and table 5 an average y-value of 1.610.2 was derived. However, 
equation 9 is physically more correct. For this reason most attention is 
directed to the value of p\ Winter and Maclnnes suggest a typical p-value of 
2.5. The experimentally observed variation in the P-value is rather big. The 
present FEM calculations find a smaller value of f$ (p = 1.7) than the typical 
experimental factor (p* = 2.5). However, the influence of porosity on the 
thermal conductivity has not been determined experimentally for the samples 
discussed ?n this paper. The microstructures shown in the figs, lb and 8-12 
seem to h. comparable to the microstructures that are generally observed in 
irradiated U02 . 

Randomly ordered spherical porosity causes a P-value of 1.5 (Schulz). This 
is the lower limit of P for isotropic material (Nikolopoulos and Ondracek). 
The porosity in the nuclear fuel used for our calculations is essentially 
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isotropic. The porosity in the present FEM calculations is not randomly 
ordered and not spherical, which means an increase of fl, compared with 
spherical porosity, of 0.2±0.2. A Rvalue of 2.S, as suggested by Winter and 
Machines, causes an increase of p\ compared with spherical porosity, of 1. 
The large difference between 0.2±0.2 and 1 suggests that fuel with a p-value 
of 2.5 has a microstructure that differs considerably from the microstructures 
in the figs, lb and 8-12. 

Nikolopoulos and Ondracek used the bound concept to determine the lower 
limit of the thermal conductivity of porous U02. On the condition that the 
porosity is closed and isotropic, p* = 3 is derived for the lower limit of the 
thermal conductivity and fi = 1.5 for the upper limit of the thermal 
conductivity. In section 2 it was discussed that the a-values obtained from the 
FEM calculations represent the lower limit of die 3D thermal conductivity. 
The a-values in table 5, that can be compared wim p* = 3, suggest a lower 
limit that is higher than the lower limit of Nikolopoulos and Ondracek. This 
shows that the FEM is a powerful technique to determine the lower limit of 
the thermal conductivity. 

MacEwan et al. and Goldsmith and Douglas compared die experimentally 
determined decrease of the thermal conductivity of U02 due to porosity with 
the theoretical decrease (Biancheria, Schulz) as obtained by analysing light-
microscopy photographs. By analysing their experimental data with eq. 12 
MacEwan et al. obtained y = 3.0 and Goldsmith and Douglas obtained 
y = 2.76±0.34. This experimentally determined decrease of the thermal 
conductivity is larger than what could be explained by combining theory and 
light-microscopy photographs. This difference was also suggested by the 
FEM calculations. The origin of this difference is unclear. 
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5. Conclusion 

Two dimensional FEM calculations were performed on the influence of 
porosity on the thermal conductivity of nuclear fuel. A simple relation is 
obtained that transfers the 2D thermal conductivity into the 3D thennal 
conductivity. The FEM takes the influence of the shape, the orientation and 
the distribution of the pores into account. A good understanding of the effect 
of porosity on the thennal conductivity is necessary in order to calculate the 
influence of bumup on the thermal conductivity of U02. The 2D thermal 
conductivity, that is directly obtained from the FEM calculations, is a useful 
lower limit of the 3D thermal conductivity. The present calculations suggest 
that the thennal conductivity of nuclear fuel can be described with: 

ƒ«, = d - / » 1 ™ 2 <13) 

This relation is obtained by analysing the microstnicture in the figs, lb and 8-
12. Eq. 13 is not valid when the microstnicture differs significant from the 
microstructures shown in the figs, lb and 8-12. 
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Appendix 

1. The relation between the 2D and the 3D 
thermal conductivity 

1.1. Introduction 

The decrease of the thennal conductivity due to porosity can be described 
as the sum of two components, both in 2D and in 3D. Component 1 is 
connected with the decrease of the amount of matrix material. Component 2 
is connected with the shape of the porosity. 

1.2. Component 1 

The relative decrease of the thennal conductivity due to component 1 is 
equal to the relative increase of the porosity. The increase of the porosity 
causes a decrease of the amount of matrix material. As a first approximation 
the thermal conductivity is proportional to the amount of matrix material 
This is described as: 

-Af2D(comp.l) = p (1) 
-Af3D(comp.l) = p (2) 

where Af2D and Af3D are the changes of the thennal conductivities of the 
porous material in the 2D and the 3D case, respectively, divided by the 
thermal conductivity of the fully dense material, p is the porosity. f2D and f3D 

are the thermal conductivities of the porous material in the 2D and the 3D 
case, respectively, divided by the thennal conductivity of the fully dense 
material. The additions (comp.l) and (comp.2) mark the origin of f2D, f3D, 
Af2D and Af3D. Eq. 1 and 2 are comparable to: 

f2D(comp.l) = 1 - p (3) 
f3D(comp.l)= 1 - p (4) 

Eq. 3 and 4 give the upper limit of the thermal conductivity of a porous 
material. 

1.3. Component 2 

Component 2 describes the influence of the shape of the pore and the 
ir. factions between the pores on the thennal conductivity. This can be 
approximated as: 

-Af2D(comp.2) = ajD*p (5) 
-Af3D(comp.2) = a ^ p (6) 

where a^ and a3D are constants with: 0 £ a3D 5 a^ 

Component 1 is equal for the 2D and the 3D thermal conductivity. 
Component 2 detennines the difference between the 2D and the 3D thennal 
conductivity of a pore. Combining eq. 5 and 6 yields: 
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Afw(compJ2) _ <^B 

The following equations will be used: 

f^comp.l and 2) = 1 - Af2D(comp.l) - Af2D(comp.2) (8) 
f^comp.l and 2) = 1 - Af3D(comp.l) - Afw(comp.2) (9) 

f^comp.l and 2) and f3D(comp.l and 2) are the "real" 2D and 3D thermal 
conductivity fractions, caused by the added effects of component 1 and 2, and 
will be named f2D and f3D in the following. 
Combining the eqs. 3 ,4 ,7 , 8 and 9 yields: 

1 -P ~fw *2D 

1-P -/»*-» (10) 

Equation 10 gives the relation between the 2D thermal conductivity 
determined with the F.E.M. technique and the 3D thermal conductivity. 
ajr/ajD is rather constant (1.8±0.3), as is shown by calculations and by 
geometrical considerations. The error induced by the conversion of f2D into f3D 

is rather small, since a2E/a3D is rather constant. This sm?U error makes eq. 10 
very useful. In the next section the value of a ^ a ^ will be discussed further. 

2. The value of ^iJhü 

2.1. Ellipsoidal pores 

Both ajo and %D depend on the shape of the pores. In this section 
ellipsoidal pores are discussed. The rotation axis of the ellipsoidal pore was 
chosen parallel to the thermal gradient. The length of both axes perpendicular 
to the thermal gradient was chosen equal. A 3D pore of this shape and 
orientation that is cut by a plane with the vector of the thermal gradient in it, 
has a cross section with a constant shape, independent of the cutting plane. 
The cross section is an ellipse with the same ratio of the length of the 
rotation axis and the other axis as that of the ellipsoidal pore. The position of 
the cutting plane only influences the size of the cross section. 

The influence on the thermal conductivity of three pore shapes that can be 
made with these ellipsoids will be discussed. These shapes are cigar shaped, 
spherical and lenticular. A cigar shaped pore with the long direction of the 
pore parallel to the thermal gradient has both a small ajD value and a small 
ajD value. The value of a3D is smaller than a ,̂, since the 3D heat flux has one 
degree of freedom more. For circular porosity a^ is approximately 1 and a3D 

is approximately 0.5. For lenticular pores with the short axis of the pore 
parallel to the thermal gradient both a^ and fyD are large. The value of a3D is 
smaller than the value of a^, since the 3D heat flux has one degree of 
freedom more. 
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2.2 Block-shaped pores 

The relation between a^ and ajD for randomly ordered pores with complex 
shapes is complicated. In this section the value of a2D/a3D is discussed for a 
matrix that contains block-shaped pores with an axis ratio of 1:1:4. For 
simplicity, two of the large rectangular sides (1:4) are positioned 
perpendicular to the thermal gradient. This leaves a rotational degree of 
freedom for the orientation of the pores. The matrix is cut by a plane that has 
the vector of the thermal gradient in it. This causes a large variety of cross 
sections (fig.l). 

D n nzn czz 
f ig . la fig. lb fig. i<: f i g # l d 

Fig. 1 Various cross sections of a block-shaped pore with an axis ratio of 
1:1:4. The long axes of the pores are directed perpendicular to the 
thermal gradient. 

Each of these cross sections has a f2D and an a^ value. By averaging the 
values of a^ obtained from all cross sections an average value of a^ is 
obtained that can be compared with a3D. 

p a t h 2 

Fig. 2 Schematic heat flux around a block-shaped pore. The long direction 
of the pore is directed perpendicular to the thermal gradient. 
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In the 3D case f3D and a,D are not influenced by the rotational degree of 
freedom. The largest part of the heat flux flows around the pore in a plane 
parallel to the plane created by the two short axes of the block. Hence, the 
main part of the heat flows in a similar way as path 1 in fig. 2 and a small 
part flows in a similar way as path 2 in fig. 2. a,D will thus mainly be 
determined by path 1. 

The particular ajD value in fig. la is only slightly larger than the value of 
a^ of the 3D pore. This correlation is caused by the similarity of the heat-
flux patterns in both cases. The small difference is due to the contribution of 
path 2 that causes a slight decrease of a^ compared with a ^ The value of 
ajp increases on going from fig. la to fig. Id. The average value of aiD 

averaged over fig. la - fig. Id is about twice the value of a,^ 
When the ratio of the axes of the block-shaped pore increases, the 

importance of path 2 in fig. 2 will decrease. This causes a^ to approach the 
value of ajo of fig. la even further. The average value of a2D also increases. 
The value of a2[/a3D remains constant, independent of the ratio of the axes of 
the block-shaped pore. 

Similar comparisons of a^ and ajD can be made for other pore shapes and 
for all pores shapes fyofho >s reasonably constant (1.810.3). The constant 
value of a^aji, combined with eq. 10 allow us to convert f2D into f3D. This is 
possible without specific knowledge of the 3D pore shape. 
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