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ABSTRACT 
The influence of cylindrical, spherical and ellipsoidal inclusions on the 

overall thermal conductivity was computed with the finite element technique. 
The results of these calculations were compared with equations that describe 
the effect of inclusions on the overall thermal conductivity. The analytical 
equation of Schulz [1] that describes the effect of inclusions on the overall 
thermal conductivity is in good agreement with the results of the finite 
element computations. This good agreement shows that among a variety of 
porosity correction formulas, the equation of Schulz [1] gives the best 
description of the effect of inclusions on the overall thermal conductivity. 
This equation and the results of finite element calculations allow us to 
compute the contribution of radiation to the overall thermal conductivity of 
UO; with oblate ellipsoidal porosity. The present radiation calculations show 
that Hayes and Peddicord [2] overestimated the contribution of thermal 
rcdiatton to the thermal conductivity. 
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1. INTRODUCTION 

The thermal conductivity of UO: and that of other nuclear fuels is an 
important property from a safety and economic point of view, since it plays a 
major role in determining the maximum power of a fuel clement. The thermal 
conductivity of UO, is rather low and depends strongly on the temperature 
(3.4] and on the microstructure. As-fabricated U02 pellets contain some 
porosity to assist in accommodating fuel swelling. This porosity causes the 
thermal conductivity of as-fabricated UO, to be smaller than that of fully 
dense U02. The thermal conductivity of U02 decreases even further during 
irradiation as a result of: 
1) The formation of fission products that dissolve as oxides in the fuel 

matrix: rare earths (RE), Sr, Zr and Nb. The decrease of the thermal 
conductivity as induced by these oxides can be approximated with data 
on the thermal conductivity of U^RE^O, [5]. 

2) The formation of fission gases: Kr and Xe. Fission gases induce two 
phenomena that decrease the thermal conductivity of U02. The first 
phenomena is that Kr and Xe mix with He, that it commonly present in 
the pores of non-irradiated U02 pellets. Kr and Xe have a much lower 
thermal conductivity than He, which causes a decrease of the thermal 
conductivity of the gas in the pore. The second phenomena is that fission 
gases may cause the formation of additional pores. 

3) The formation of metallic and oxide precipitates: Mo, Tc, Ru, Rh, Pd, 
Ba, Cs and Zr. Most precipitates have a higher thermal conductivity man 
the UO; matrix [6]. 

The inclusions (pores and precipitates) in high-bumup U02 fuel tend to 
collect at the grain boundaries. This geometry complicates the description of 
their effect on the overall thermal conductivity. 

The effect of the pores on the overall thermal conductivity is larger than 
that of the precipitates [6]. hence most attention is directed here to the 
microstmcture. Various formulas describe the influence of pores on the 
overall thermal conductivity [1,7-10]. Some of these formulas also describe 
the effect of inclusions and gas in the pores on the overall thermal 
conductivity [1.9]. Large experimental efforts were made to determine the 
influence of the microstructure on the overall thermal conductivity. These 
experiments are less suited to determine the quality of theoretical calculations 
on the effect of the microstructurc on the thermal conductivity, due to various 
experimental inaccuracies. Thus, in order to avoid these problems, the effect 
of inclusions on the overall thermal conductivity was modelled with the finite 
element technique, in the present study, and the results were compared with 
analytical formulas (section 3). The analytical equation of Schulz [1] that 
describes the effect of inclusions on the overall thermal conductivity is in 
good agreement with the results of the finite clement computations. 

Finite element calculations have been performed to determine the 
influence of thermal radiation across pores on the overall thermal conductivity 
of porous U02 (section 4). The results of these calculations were compared 
with analytical resulls.The present radiation calculations show that Hayes and 
Peddicord [2] overestimated the contribution of thermal radiation to the 
thermal conductivity. 
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2. COMPUTATIONAL TECHNIQUE 
UO; has a rather low thermal conductivity and a high cmissivity (11]. 

hence radiation over the pores might give an important contribution to the 
overall thermal conductivity. The heat flux between two surfaces is 
proportional to T\ This causes the contribution of thermal radiation to be 
largest at high temperatures. In fast reactor fuel the high central temperature 
and the large temperature gradient induce the occurence of lenticular pores. 
Lenticular pores are ellipsoidal pores with a short rotation axis and two long 
subordinate axes. In UO: at high temperatures the rotation axis tends to orient 
parallel to the direction of the heat flow. This geometrical configuration 
induces a large thermal resistance. Due to this large thermal resistance, 
thermal radiation might contribute significantly to the overall thermal 
conductivity [2]. 

In the present calculations the thermal conductivity of fully dense U02 

was taken from Harding and Martin [4]. The cmissivity was taken 0.85 and 
temperature independent [11-13]. The contribution to the overall thermal 
conductivity of thermal radiation through fully dense UO, is negligible (13]. 
Convection of gas in (he pore was not taken into account since various 
authors have shown that this is of minor importance to the overall thermal 
conductivity of ceramics. 

The influence of cylindrical, spherical or ellipsoidal inclusions on the 
overall thermal conductivity was computed with the fin;te element technique. 
Two dimensional (2D) and three dimensional (3D) calculations were 
performed. For these finite clement calculations the complex structure of a 
material that contains inclusions was simplified with the unit cell approach. A 
unit cell describes a regular lattice of inclusions, as was derived from 
symmetry arguments [8] (fig. 1). In this unit cell the heat flow is taken 
parallel to a line between the centres of nearest neighbour inclusions. 

Fig. 1 a) cubic unit cell that contains a spherical inclusion, b) regular 
lattice of spherical inclusions modelled by this unit cell, (after 
Cunningham and Pcddicord [8]) 

The unit cell should be a good representation of the actual ordering of the 
inclusions in the material. In the case of circular (2D calculation) or spherical 
(3D calculation) inclusions a square or a cubic unit cell was used. 
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For elliptical (2D) and ellipsoidal (3D) inclusioas various unit cells can be 
used. The computed influence of inclusions on the overall thermal con
ductivity depends slightly on the shape of the unit cell. Two possible regular 
lattices of elliptical inclusions are: 
a) The distance between the ends of the short axes of two neighbouring 

ellipses is equal to the distance between the ends of the long axes of two 
neighbouring ellipses (fig. 2a). This causes the unit cell to be rectangular 
(2D) or tetragonal (3D). 

b) The distance between the centres of neighbouring ellipses is equal in all 
directions (fig. 2b). This causes the unit cell to be square (2D) or cubic 
(3D). 

2a 

Fig. 2 2D unit cells containing elliptical inclusions. 
a) The distance between the ends of the short axes of two neigh
bouring ellipses is equal to the distance between the ends of the 
long axes of two neighbouring ellipses. 
b) The distance between the centres of neighbouring ellipses is 
equal in all directions. 

The disadvantage of lattice b, as used by Hayes and Peddicord [2], is 
that the long axis of the ellipse touches the side of the unit cell already for 
small porosities. This suggests that the overall thermal conductivity is zero 
for this porosity, unless radiation plays an important role. This unit cell 
causes an overcstimation of the radiative contribution, also for small 
porosities. 

In the 2D calculation, two opposite sides of the unit cell have the con
stant temperatures T, and T2. The other two sides of the cell are adiabatic. In 
the 3D calculation two opposite sides of the unit cell have the constant 
temperatures T, and T2. The other four sides of the unit cell are adiabatic. 
The inclusion concentration is varied by changing the size of the unit cell. 
For an ellipsoid (3D) the length of the rotation axis is called z and the length 
of the two subordinate axes is called x. For an ellipse (2D) the length of the 
short axis i.s called z and the length of the long axis is called x. 

The thermal conductivity of the matrix is XM, the thermal conductivity of 
the inclusion is \n. \D = 0 represents a pore that is vacuum; \ , * 0 represents 
a precipitate or a gas filled pore. The overall thermal conductivity of the 
material is \-. 

2 b 
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3. THERMAL CONDUCTIVITY 

3.1 Spherical inclusions 

Maxwell derived a solution for the overall thermal conductivity, X^. of a 
matrix that contains spherical inclusions (eq. 1). This equation ignores the 
interaction between the inclusions, hence the equation is only exact for very 
low inclusion concentrations. cD: 

Ac _ 2 - 2*cD * (XJXJjl * 2*cJ 

XM~ 2 * cD - <V*i,)(l " *J 
(1) 

Analytical equations that < scribe the effect of spherical inclusions on the 
overall thermal conductivity should give results, for very low inclusion 
concentrations, that are equal to the results obtained from eq. 1. 

The overall thermal conductivity of a matrix with ellipsoidal inclusions 
that are randomly ordered with respect to each other was described by S^hulz 
[1] and by Ondracek [15]. The orientation of the ellipsoidal inclusions with 
respect to the thermal gradient is described with the orientation angle a. a is 
the angle between the rotation axis of the ellipsoidal inclusions and the 
direction of the heat flow. The work of Schulz [1] is a continuation of the 
work of Maxwell [10], the work of Bnjggcman [16] and the work of Niesel 
[171: 

1 - c n = H = 
X + nXT 

nX D) 
(0 i CD 5 1) (2) 

m -
F(l - IF) 

1 - (1 - FJcos2* - 2F(1 -cos2*»)' 

n -
_ 1 - (1 - F W a - 2F(1 - cos*a). 

2F(1 

1 - ( 1 

- cos2*») 

F(l -

- F)cosla 

• ( 1 " 

IF) 
- 2F(1 

(1 - F)2F 

F)cos*a) 

- cos2*») 

- 1 
2F(1 - cosza) * (1 - F)cos2o 

F is a function of z/x. F is 1/3 for z/x = 1, 0.2364 for z/x = 0.5 and approxi
mated ".1482 for z/x = 0.25 and 0.0948 for z/x = 0.1429 [1]. This formula 
can be simplified for a few special geometries. The overall thermal con
ductivity of a matrix with 3D ellipsoidal inclusions that are randomly ordered 
with respect to each other, for a = 0°, is derived from cq. 2: 

1-c, 
X - X (X \ l v 
Ar> Ac[ Au\ 

*D " A*A ACJ (3) 
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For a very small concent ation of spherical inclusions (F = 1/3) the result of 
eq. 3 is identical to that of Maxwell [10] (eq. 1). For A.D = 0 eq. 3 simplifies 
to: 

Ay 
2F 

(4) 

The overall thermal conductivity of a matrix that contains spherical 
inclusions (3D), ordered in a regular simple cubical array (fig. 1) was 
calculated with the finite element technique. AcAM has been calculated for 
three values of 'kD/XM (0, 0.5, 2) for an inclusion concentration up to 34 
percent (fig. 3). Curves derived from eq. 3 of Schulz [1] show good 
agreement with the values calculated with the Finite element method for all 
three values of ApA*,. The values for dr^A^/dCo as obtained from the finite 
element technique for a small inclusion concentration agree with eq. 1 of 
Maxwell [10] within approximately 1% for ail three value of A /̂A .̂ The 
finite element model describes ordered spherical inclusions, while eq. 3 
describes spherical inclusions randomly ordered with respect to each other. 
The small difference in \</kM for A-MAD = 0 at inclusion concert rations higher 
thin 0.2 (fig. 3) is probably caused by this difference in ordering. 

XCAM of a cubic unit cell that contains one spherical pore (ADAM = 0) 
was calculated by Cunningham and Peddicord [8]. The equations obtained by 
Cunningham and Peddicord were: 

£̂ _ -Mfc« ( 0 i c » < 0.30) (5) 

= 0.92 - 1.34c, (0.30 £ cD i. 0.50) (6) 

The same geometry (fig. 1) was used for the present finite element 
calculations. The results of Cunningham and Peddicord are in disagreement 

^..^v 

1.20 

1.10 

1.00 I 

0.90 

0.80 

0.70 

0.60 

/vD/ \ M = 2_^r-—~~~^ 

__^-—* 

^ ? ^ — • - — » _ _ _ X D / A . M = 0.5 

^ - < ^ > < £ D A H = o 

'""--J^^-^sA 

. 1 , 1 , 1 

^ A 

0.00 0.10 0.20 0.30 

Fig. 3 ACAM for spherical inclusions. The points were calculated with the 
finite element technique for AOAM = 0 (*). A^AM = 0.5 ( • ) and 
ADAM = 2 (•). The solid lines represent eq. 3 for A^AM = 0, 0.5, 
2. The dotted line represents eq. 5 (A-PAM = 0). 
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with those of the finite element calculations. For a very small porosity their 
result is also in disagreement with that of Maxwell (eq. 1). Recently, Tzou 
[9] also derived an analytical relation for the effect of spherical inclusions on 
the overall thermal conductivity. This relation is also in disagreement with the 
relation of Maxwell and with the finite element calculations. 

3.2 Cylindrical inclusions 

The overall thermal conductivity of a square unit cell that contains a 
circular inclusion (2D calculation) was computed with the finite element 
technique. This 2D model represents a 3D system of infinitely long cylin
drical inclusions oriented perpendicular to the thermal gradient and parallel to 
each other in a square lattice. The overall thermal conductivity of a matrix 
with infinitely long cylindrical inclusions oriented perpendicular to the 
thermal gradient and parallel to each other in a random way was derived from 
eq. 2 [1]: 

l -c„ = _ nD A n ~ "f* " 

*"D ~ *J# 

%*i 2 
(7) 

For Xo = 0 eq. 7 becomes: 

T* - «-'J (8) 

For XQAM = 0 the results of the present finite element calculations are 
identical to those results obtained by Hayes and Peddicord [2] with the finite 
element technique. They made an empirical fit with: 

-2.05c (cfl < 0.3) (9) 

u 

1.00 

0.90 

0.80 

0.70 

0.80 

0.50 
0.00 0.10 0.20 0.30 

Fig. 4 K/Kt f o r infinitely long cylindrical inclusions ordered 
perpendicular to the overall thermal gradient. The data points were 
calculated with the finite element technique for XDAM = °- The 
solid line represents eq. 8 ( V ^ M = 0). The dotted line represents 
eq. 9 (.\/KM = 0). 
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Fig. 4 shows the overall thermal conductivity of a matrix with cylindrical 
inclusions as calculated with the finite element technique and the curves as 
obtained from eq. 8 and 9. Similar to the computations on a matrix with 
spherical inclusions (fig. 3). the values of A /̂A^ obtained from eq. 3 and 7 
for XQ/XM = 0 are slightly smaller than the values obtained with the finite 
element technique. This difference in AcAM is probably due to the different 
ordering of the inclusions. In order to study this difference in X̂ -A-M the finite 
element technique was used to model a system of 27 circles ordered 
randomly in one square cell (fig. 5). This configuration, that corresponds to 
cD = 0.25, is a better approximation of the system as described by eq 7. 

T 
Y 

X -^ 

Fig. 5 The distribution of 27 circular inclusions in one square cell with cD 

= 0.25 (2D ca.oilation). 

A.icr the A^A-M calculation three randomly picked inclusions were 
replaced by matrix material and then the computation was repeated. This 
procedure was repeated until cD = 0. The whole procedure described above 
was done twice; once for a heat llow in the x direction and once for a heat 
flow in the y direction. The calculations were performed for three values of 
A.cAM (0, 0.5, 2). Good agreement was found between the calculated data and 
the curves as obtained from eq. 7 (Fig. 6). 
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0.00 0.10 0.20 0.30 

6 ^CAM for a matrix with infinitely long cylindrical inclusions 
oriented parallel to each other and perpendicular to the thermal 
gradient. The data points were calculated with the finite element 
technique for multiple circles in a square unit cell (fig. 5). O and • 
represent XDAM = 0 for heat flow in the x and y direction, respect
ively. A and * represent "KJk^ = 0.5 for heat flow in the x and y 
direction, respectively. D and • represent 'KD/XM = 2 for heat flow 
in the x and y direction, respectively. The solid lines represent eq. 
7 for XJK. = 0, 0.5, 2. 



4. RADIATION EFFECTS 

4.1 Introduction 

The effect of thermal radiation across pores on the overall thermal 
conductivity was discussed by Loeb [7] and by Marino [18]. The net flux of 
heat per unit area, W. between two surfaces with a temperature difference AT 
is approximately: 

W » 4eo73AT (i0) 

where e is the emissivity, a is the Stefan-Boltzmann constant and T is the 
average absolute temperature. Eq 10 is rewrittten as: 

W - J L . — (ID 
"yd, 

).eff is the effective thermal conductivity of the pore due to thermal radiation. 
Y is a geometric factor (0 < y < ') that depends on the shape of the pore and 
on the orientation of the pore with respect to the thermal gradient. dp is the 
maximum width of the pore in the direction of the heat transport. From the 
eqs. 10 and 11 can be derived: 

Kff a 4eorVp (12) 

Y was approximated by Locb [7] in a ID approach as the average width of 
the pore (averaged over the pore) divided by the maximum width of the pore. 
Both quantities should be determined in the direction of the thermal gradient 
In this approximation y is 1 for laminar pores and cylindrical pores with axes 
parallel to the heat flow direction, y was approximated ït/4 for cylindrical 
pores with axes perpendicular to the heat flow direction and 2/3 for spherical 
pores [7]. With a more refined calculation y = 1/2 was derived for spherical 
pores [18]. 

The effective thermal conductivity of the pore due to radiation, Xef!, 
represents the thermal conductivity of the inclusion, A.D, in the absence of 
thermal conductivity of gas in the pore. The influence of thermal radiation on 
the overall thermal conductivity of porous material can be calculated with the 
cqs. 2, 3 or 7. 

The value of Y far a certain pore shape can be derived from finite 
element calculations or from physical measurements, when the temperature 
dependence of XCAM for this particular pore shape is known. With this 
information the temperature dependence of XD is calculated with eq. 2, 3 or 7. 
X0 represents Xe!l in eq. 12 and thus y can be determined. In the case a pore 
contains gas the overall thermal conductivity of the pore is obtained by 
adding the thermal conductivity of the gas in the pore and the effective 
thermal conductivity due to radiation. 

A comparison of eq. 5 and 9 made Hayes and Peddicord [2] assume that 
a 2D approximation can be used to calculate the effect of 3D porosity on 
}.c/kM. However, as mcniioncd in section 3, eq. 5 is incorrect. Moreover, as 
shown in fig. 3 and fig. 6 a considerable difference exists between the overall 
thermal conductivity of a 2D system with circular inclusions (eq. 7) and that 
of a 3D system with spherical inclusions (eq. 3). Due to this difference, the 
2D calculations on the contribution of thermal radiation to the overall thermal 
conductivity as performed by Hayes and Peddicord [2] are a poor approxi-
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mation. In the present study 3D finite element calculations were performed on 
the contribution of thermal radiation to the overall thermal conductivity. 

4.2 2D radiation calculations 

In section 3.2 it was discussed that a circular pore in 2D describes an 
infinitely long cylindrical pore in 3D with the axis, perpendicular to the 
thermal gradient. The effect of radiation in a cylindrical pore on the overall 
thermal conductivity was calculated using a unit cell that contains one 
circular pore. From the eqs. 7 and 12 and the temperature dependence of 
ACAM as determined with the finite element technique *. geometry factor, y, of 
0.55 was obtained for cylindrical pores with the axis perpendicular to the 
thermal gradient. This value is lower than the value derived by Loeb [7]. His 
estimation of y 0i/4) is an upper limit due to the ID nature of his approxi
mation. 

4.3 3D radiation calculations 

Calculations have been performed on the influence of radiation on the 
overall thermal conductivity of U02 with spherical or oblate ellipsoidal 
porosity for a = 0°. This was done for cD = 0.05. T = 3000 K and a major 
diameter of 50 pm. The finite element calculations were performed with a 
tetragonal unit cell (section 2). Analytical calculations of XCAM were made 
without taking radiation into account using eq. 4 'column 2 of table 1). Finite 
element calculations were performed without and with taking radiation into 
account (column 3 and 4 of table 1, respectively). From column 3 and 4 the 
radiative contribution to AcAM was calculated (column 5 of table 1). From the 
radiative contribution and the eqs. 3 and 12 the value of y for oblate 
ellipsoidal (a = 0°) porosity was derived (column 6 of table 1). 

z/x 

1.0 

0.5 

0.25 

0.1429 

*cAM 

(eq. 4) 
no 
rad. 

0.9259 

0.8972 

0.8411 

0.7630 

AC/A-M 

finite 
element 
no 
rad. 

0.9263 

0.9003 

0.8504 

0.7880 

AcAM 

finite 
element 
with 
rad. 

0.9298 

0.9041 

0.8553 

0.7948 

A XcAM 

finite 
element 

3.45E-3 

3.79E-3 

4.90E-3 

6.82E-3 

y 

0.45 

0.49 

0.54 

0.56 

Table 1 Some data on the contribution of thermal radiation to the overall 
thermal conductivity of U02 with 5% oblate ellipsoidal porosity (x 
= 50 urn) at 3000 K for a = 0°. 

The values of A^AM ('n the absence of radiation) derived from eq. 4 are 
slightly smaller than the values obtained from the finite element calculations. 
This small difference was also observed in the calculations on spheres (fig. 3) 
and cylinders (fig. 4). This difference is largest for z/x = 0.1429. The inter
action between the pores is largest for this value of z/x. When this interaction 
is not modelled perfectly, due to the unit cell approach, it will induce an error 
that is most significant for large interactions. For small inclusion concen 
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trations the effccï of interaction between pores is less significant. A small 
inclusion concentration (cD = 0.05) was used for the determination of Y >" 
order to diminish the error induced by interactions between pores. 

The value of y for spherical porosity (y = 0.45) is in good agreement 
with the value 7 = 1/2 as obtained by Marino [181. For spherical porosity the 
approximation of Loeb [7] gives a rather poor result (y = 2/3). The thermal 
radiation in a 3D oblate ellipsoidal pore, for a = 0°, with a small z/x value 
has a ID character. Hence, the ID method of Locb [7] gives a good 
approximation of y for this orientation and pore shape. For 3D ellipsoidal 
porosity this approximation yields y = 2/3. Hence, for ellipsoidal porosity, for 
a = 0°. on decreasing z/x from 1 to 0, y increases from 0.45 to 2/3. This is in 
agreement with the results obtained from the finite element calculations. For 
2D elliptical porosity with a small z/x value and with the long axis 
perpendicular to the thermal gradient, the approximation of Locb [7] also 
yields a good result (y = n/4). Hence, for 2D elliptical porosity with the long 
axis perpendicular to the thermal gradient, on decreasing z/x from 1 to 0, y 
increases from 0.55 to n/4. This suggests that for 3D oblate ellipsoidal 
porosity the value of y is smaller than for 2D oblate elliptical porosity, for 
identical z/x values. 

Table 2 shows some values for the contribution of thermal radiation (in 
%) to the overall thermal conductivity of U02 with oblate ellipsoidal porosity 
foi a = 0°. These values were derived from the cqs. 3 and 12 and the values 
of y from table 1. 

Inclusion concentration 
and major diameter 

cD = 0.05 
d= 25 urn 
d= 50 urn 
d= 100 um 

cD = 0.10 
d = 25 um 
d = 50 um 
d = 100 Mm 

cD=0.15 
d = 25 um 
d = 50 um 
d = 100 Mm 

cD = 0.20 
d = 25 um 
d = 50 um 
d = 100 pm 

z/x = 
1.0 

0.19 
0.37 
0.73 

0.40 
0.79 
1.55 

0.64 
1.27 
2.47 

0.93 
1.82 
3.51 

z/x = 
0.5 

0.21 
0.42 
0.80 

0.45 
0.88 
1.71 

0.73 
1.44 
2.78 

1.06 
2.09 
4.02 

z/x = 
0.25 

0.30 
0.57 
1.14 

0.67 
1.32 
2.53 

1.14 
2.23 
4.24 

1.74 
3.36 
6.32 

z/x = 
0.1429 

0.45 
0.86 
1.72 

1.07 
2.09 
3.98 

1.94 
3.73 
6.96 

3.15 
5.96 
10.86 

Table 2 Radiative contribution (in %) to the overall thermal conductivity of 
U02 with oblate ellipsoidal porosity (a = 0°) at 3000 K, for 
various pore diameters. 

Table 2 shows that the contribution of thermal radiation is most significant 
for large pores with a small value of z/x. At the operational temperature of a 
fast reactor fuel pin the contribution of thermal radiation to the overall 
thermal conductivity is probably less than 5%. The radiative contribution, as 
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calculated in the present 3D approximation for various values of z/x and cD 

ranges from 36% - 54% of that computed by Hayes and Pcddicord {2]. Four 
reasons were found for their ovcrestimation: 
1) A square unit cell gives a rather poor approximation of the distribution 

of the elliptical pores in porous materials (section 2). 
2) Cylindrical porosity directed perpendicular to the thermal gradient causes 

a larger decrease of Ac/Â , than spherical porosity (section 3). Hence, for 
the same absolute increase of Ac due to radiation, the relative increase of 
Ac is larger for cylindrical porosity. This effect will probably also be 
observed when elliptical (2D) and ellipsoidal (3D) porosity are 
compared. 

3) For 2D elliptical porosity with the long axis perpendicular to the thermal 
gradient y and thus also Ac(f arc larger than for 3D oblate elliptsoidal 
porosity for a = O°(section 4.3). This causes the absolute contribution of 
thermal radiation to Ac to be larger for 2D elliptical porosity than for 3D 
oblate ellipsoidal porosity. 

4) The absolute increase of Ac as induced by a small increase of X̂  (for 
small values of AQ/AM) is larger for cylindrical porosity (eq. 7) than for 
spherical porosity (eq.3). This effect will probably also be observed 
when elliptical (2D) and ellipsoidal (3D) porosity arc compared. 

4.4 Angular dependence 

Finite element calculations were performed on the influence of the 
orientation of a 2D elliptical pore in a square unit cell on ACAM of U02. The 
pore is vacuum and radiation over the pore was taken into account; cD is 
0.05, the major diameter of the pore is 50 um, and the minor diameter is 25 
um. 

0.95 I 1 

0.85 ' ' ' ' ' ' ' ' ' ' 
0 30 60 90 

Pore orientation angle 

Fig. 7 Influence of pore orientation of elliptical/ellipsoidal pores on A<-./AM 

in U02 with cD = 0.05. The lower three data sets were calculated 
for 2D pores with the finite element technique (x = 50 um, z = 25 
um). The pores were vacuum and radiation was taken into account 
(A) T = 1000 K, ( • ) T = 2000 K. (•) T = 3000 K. The upper two 
data sets were calculated for 3D ellipsoidal pores (x = 50 um, z = 
25 um). These two sets were calculated with cq. 2 for gas filled 
pores, AD = 1/60 AM (D) and for vacuum pores, XD = 0 (V). The 
lines are guides to the eye. 
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For a pore orientation angle of 0° the long axis is directed perpendicular to 
the thermal gradient. Fig. 7 shows the angular dependence of A^AM for three 
different temperatures. Hayes and Peddicord [2] performed finite element 
calculations on the contribution of thermal radiation to A<7A.M for an identical 
geometry. 

The effect of the orientation of 3D oblate ellipsoidal pores on A^AM was 
calculated with eq. 2 for gas-filled pores (Ao - 1/60 7^) and for vacuum 
pores (XQ = 0). Radiation was not taken into account in this calculation, since 
the angular dependence of y is unknown. The pores have one minor diameter 
of 25 urn and two major diameters of 50 pm. For a pore orientation of 0° the 
minor axis is directed parallel to the thermal gradient. For a pore orientation 
of 90° the minor axis is directed perpendicular to the thermal gradient. Fig. 7 
shows the angular dependence of Ac/A.M f°r gas-filled pores ( • ) and for 
vacuum pores (V). Fig. 7 shows that thermal radiation and thermal 
conductivity through the gas contribute most to ACAM for a pore orientation 
of 0°. The present 2D finite element results contradict the results of Hayes 
and Peddicord [2]. According to them, the minimum in ACAM does not occur 
at an orientation of 0°, but at some orientation angle between 0-5°. Kayes and 
Peddicord [2] observed this result also with helium in the pore and in the 
absence of radiation. Secondly, üiey observed that for all pore ofentations 
between 0° and 90° the radiative component reduces the overall heat transport 
through the unit cell. However, the present results show that radiation 
increases the total heat transport through the unit cell for all orientations. 

Larger values of ACAM were found for the 3D pores as compared with 
the 2D pores. This difference was also observed for spherical and circular 
pores (section 3). The difference can easily be understood from geometrical 
considerations. 
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5. CONCLUSIONS 

The effect of spherical, ellipsoidal and cylindrical inclusions on the 
overall thermal conductivity was calculated using the unite element technique 
for three values of Xjl^. The inclusion correction formulas as described by 
Schulz (1] are in good agreement with the results of the present finite element 
calculations. This good agreement shows that among the variety of porosity 
correction formulas, the equation of Schulz gives the best description of the 
effect of inclusions on the overall thermal conductivity. 

From finite element calculations the geometric constant y was obtained 
for cylindrical porosity and for oblate ellipsoidal porosity (a = 0°) with 
various z/x ratios, y can be used to determine the temperature and porosity 
dependence of the radiative contribution to the overall thermal conductivity. 
The radiative contribution to the overall thermal conductivity of poroas U02 

can only contribute significantly at high temperatures for large oblate 
ellipsoidal pores (a = 0°) with a small value for z/x. The radiative 
contribution derived in the present calculations is much smaller than that 
obtained by Hayes and Pcddicord [2]. Hayes and Pcddicord overestimated the 
contribution of radiation due to the 2D nature of their calculations. 
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