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ESTIMATING THERMAL CONDUCTIVITY OF CERMET FUEL MATERIALS
FOR NUCLEAR REACTOR APPLICATION
by John V. Miller

Lewis Research Center

SUMMARY

One of the parameters that must be known to determine the operating temperature of
fuel elements in a nuclear reactor is the thermal conductivity of the material. When the
material is a cermet (ceramic fuel particles embedded in a matrix of metallic material),
the determination of the thermal conductivity without extensive experimentation is diffi-
cult because of the complex nature of the heat conduction process in such a material.

Several analytical methods that can be used to predict the conductivity in such sys-
tems were examined, and each was found to be valid over certain ranges. Some of the
work being done on cermet fuels, however, is in a region that is not specifically covered
by any of the models. Because of the similarity between two of the analytical models, a
method that, in essence, allows extrapolation into this undefined region is suggested.
Comparison with available experimental values shows that the suggested method results
in favorable predictions and could, therefore, be used to estimate the thermal conductiv-
ity of potential cermet fuel materials.

Data were then generated by this method to illustrate the thermal conductivity behav-
ior of a typical cermet fuel (tungsten - uranium dioxide) under various conditions.

INTRODUCTION

To establish the operating temperature of the fuel elements in a nuclear reactor, it
is necessary to know the neutron flux distribution, the coolant flow rate and temperature,
the heat-transfer coefficient, the fuel-element geometry, and the physical properties of
the material that influence the temperature under both steady-state and transient condi-
tions. Among the properties, the thermal conductivity of the material is essentially the
controlling factor in determining the difference between the fuel-element surface temper-
ature TW and the maximum (''centerline'') temperature Tmax existing within the mate-



rial during steady-state operation. Equation (1) expresses this temperature difference
for a simple, one-dimensional, flat-plate geometry in which the thermal conductivity is

independent of temperature:

T -7 =9QL° (1)

For a constant heat generating rate Q and plate thickness L, the temperature difference
is inversely proportional to the thermal conductivity of the fueled material K. When a
fuel element is operating near its maximum allowable temperature, based on either me-
chanical or metallurgical considerations, it becomes extremely important to establish
the thermal conductivity of the material.

Many fuel elements are made by melting two or more metals into a composite in
which the fuel material is homogeneously alloyed with the other metals. In such alloys
the mechanism of heat transfer by conduction is relatively simple, and the thermal
conductivity of the composite alloy can be experimentally determined with the same
techniques that are used for pure metals. In general, the thermal conductivity of the
alloy at a given temperature is only a function (not necessarily linear) of the relative
amounts of the various constituents contained in the composite, and the conductance of
such a system can be determined by a minimum number of experimental points.

However, in a cermet fuel element, in which the heat-generating material consists
of individual ceramic particles heterogeneously dispersed within a metallic matrix, the
heat conduction process is more complex than in that of an alloy system. The thermal
conductivity of the fuel element is dependent upon the size, shape, and orientation of the
particles as well as the relative amounts and properties of the materials used.

While it is possible to obtain measurements of the effective thermal conductivity of
cermets by the same techniques used for alloys, extrapolation to points that are not coin-
cidental with those determined experimentally is difficult because of the additional vari-
ables (i.e., particle size, shape, and orientation) associated with the cermets. During
the early phases of a reactor design project, a reliable method of predicting the thermal
conductivity will allow a detailed thermal analysis of the reactor core to be conducted
long before the final fuel loading, composition, and manufacturing procedures for the
cermet fuel elements have been established. It becomes important, therefore, to under-
stand more fully the exact nature of the conduction process for such materials in order
that estimation of the thermal conductivity of potential fuel element material can be made.

The purpose of this study is to investigate analytical methods of predicting thermal
conductivity of cermets and to evaluate such methods by comparison with available exper-
imental results. Much of the work presented here was taken from an earlier report
(ref. 1). Of necessity, certain material has been omitted. Some additional data have

also been added.
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ANALYTICAL METHODS FOR PREDICTING THERMAL CONDUCTIVITY
OF CERMET FUELS

In conjunction with the study of electrical conductivity and dielectric constants, the
problem of predicting the properties of heterogeneous materials has been treated mathe-~
matically by a variety of investigators. Much of this work has been summarized by
Powers (ref. 2) and indicates that there are several models which appear to be suitable
for estimating the thermal conductivity of cermets.

The fuel element materials of interest for nuclear reactor application are generally
characterized by a fuel particle of low conductivity dispersed in a metallic matrix of a
somewhat higher thermal conductivity (e.g., uranium dioxide (UOZ) or uranium nitride
(UN) dispersed in tungsten, molybdenum, stainless steel, or zirconium). Therefore,
only those models in which the thermal conductivity of the matrix is greater than that of

the particle K > Kp were considered. (Symbols are defined in appendix A.)

Basic Models

If a small number of spherical particles are dispersed into another material, it is
possible to derive a mathematical equation for the mean or effective conductivity of the
composite material in terms of the volume fraction of the particles and the conductivity
of the two constituent materials. Representative of numerous such expressions is the
Rayleigh-Maxwell dilute dispersion equation (ref. 2, p. 7):

2K, + K - 2V (K, - K)

(K, - Kp)

K .. =K

eff m

()

2Km + Kp + Vp
where K off is the effective conductivity of the composite.

Powers (ref. 2) notes that this model has been successfully applied to such diverse
materials as metals, petroleum products, paints, and blood. Because of the assumptions
made in the derivation of this model, however, equation (2) is only applicable for dilute
dispersions, where the particle concentration is less than 10 to 15 volume percent (ref. 2,
p- 26). A more general equation for a variable dispersion of spheres has been derived by
Bruggeman (ref. 2, p. 10) and should be applicable for any concentration. The form of
the equation for this model is given by equation (3) and was developed by first differenti-
ating the Rayleigh-Maxwell equation (eq. (2)) and then integrating between the appropriate
limits:
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Kett

(3)
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Actually, this model could only apply to a particle concentration of no more than
74. 05 volume percent, because this is the maximum packing density for spheres stacked

in a rhombohedral array (ref. 3).

Beyond this concentration or for lesser concentrations

in which the particles are not uniformly distributed, a more suitable model is an equation

such as another derived by Bruggeman (ref. 2, pp. 9 to 10).

This equation applies to the
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so-called mixtures where neither phase is completely surrounded by the other phases:

K ~Kegr

v Ko - K

p p (4)

Km + 2Keff 1- Vp ZKeff + Kp

Figure 1 shows the results of applying these three models (egs. (2), (3), and (4)) to
a series of cases where the ratio of the matrix to particle conductivity (Km/Kp) was 5,
25, and 100. The solid portion of the curves represents the region where the model ap-
plies, while the dashed portion of the curves is beyond the recommended range of the
model - 15 volume percent for the dilute dispersion model (eq. (2)) and 74. 05 volume
percent for the variable dispersion model (eq. (3)).

Basically, there is little difference between the results obtained with the three
models when the particle concentration is low. This is evident from figure 2, where the
three models are compared for a base material conductivity ratio (Km/Kp) of 50. Up to
a particle concentration of about 30 volume percent, the deviation between the three

models is less than 10 percent.

At higher concentrations, the results deviate consider-

ably. It should be noted, however, that even at a particle concentration of 50 volume
percent, the difference between the dilute dispersion model (eq. (2)) and the variable dis-
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Figure 2. - Comparison of predicted cond
to particle conductivity ratio, 50.

uctivity, Matrix

persion model (eq. (3)) is only about 10 per-
cent. Because these conditions are actually
beyond the recommended limits of the dilute
dispersion equation (>15 volume percent),
the absolute value of the error is academic
and is only important in establishing the
areas where similarity between the two
methods would allow the use of either model
with a minimum error. The use of this simi-
larity will be discussed in the next section.

Anisotropic Effects

The models described in the previous
section (eqs. (2), (3), and (4)) are somewhat
idealized because they are derived for mate-
rials in which the dispersed particles are
spherical and the behavior is isotropic in na-
ture. Many materials do not always behave

in this ideal manner; frequently, the particles
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are distorted because of certain steps in
the manufacturing process (e.g., rolling a
material tends to elongate the particles),
and the resulting properties are not iso-
tropic as the previous models assumed.
B-C Some work has been done on the aniso-
tropic effects of such particles. A discus-
sion of the various models is given in ref-
erence 2 (pp. 12 to 23), and the conclusion
reached is that, for mathematical treat-
ment, all particles can be classified as

"\ either prolate ellipsoids (axes A > B = C)

Oblate ellipsoid ~ ‘ or oblate ellipsoids (axes A < B = C), or,
éch \“ as they are also called, spheroids (fig. 3).
v Anisotropic effects are simulated by chang-

ing the relative size and orientation of the
Figure 3. - Particle shapes used in anisotropic analysis. axes of the ellipsoids with respect to the
direction of heat flow in the material.
Of the various anisotropic models described in reference 2, the one that seems most
applicable to the dispersion fuel problem is the method of Fricke (ref. 2, pp. 18 to 21).
The equation describing this model is

XK, + K, - XV (K - K)

XKm + Kp + Vp(Km - Kp)

Kett = Km (5)

where

) Km +Kp(B -1)

Kp - Km(B +1)

(6)

and B is a function of particle shape and orientation. (The formulation of the Fricke
model and the associated function B for various conditions is given in appendix B.)

In the limit, as the particles become spherical in shape (i.e., for X = 2), the model
(eq. (5)) reduces to the Rayleigh-Maxwell dilute dispersion equation (eq. (2)). In the
other extreme (i.e., as the prolate ellipsoids approach long cylinders, or the oblate el-
lipsoids approach thin platelets in shape), this equation reduces to the appropriate model,
several of which are discussed in reference 2.

An anisotropic correction factor is defined as the ratio of the effective conductivity
predicted by the Fricke model to that predicted by the dilute dispersion model:

6
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Ko Kot Vo Ko - Kp (8)

Km+XKeff 1 - Vp XKeff"'Kp

where X is given by equation (6). As the value of X varies from zero to infinity, equa-
tion (8) represents the equation for models ranging from series laminates, X = 0, through
spherical particles, X = 2, to parallel cylinders, X = «.

As already noted, when the particle concentration exceeds 10 to 15 volume percent,
the applicability of the dilute dispersion model (egs. (2) and (5)) is questionable. A simi-
lar situation, although not as well defined, occurs with the mixture equation (eq. (8))
when particles are not sufficiently elongated nor of sufficient concentration to cause in-
teraction (contact) between particles.

The question that arises then is how to treat those cermet materials having non-
spherical particles with concentrations greater than those allowed by the dilute model
(eq. (5)) and less than that required to justify the use of the mixture model (eq. (8)).



Because of the similarity in the results obtained (fig. 2) with the dilute dispersion
equation (eq. (2)) and the variable dispersion equation (eq. (3)) for spherical particles, it
appears conceivable, if not probable, that such a relation would also exist if an aniso-
tropic version of the variable dispersion model were available. It is suggested that the
following method be used to determine the effective thermal conductivity of anisotropic
dispersions which fall in the range where the other models are not applicable:

(1) Calculate the effective thermal conductivity of the material by using the variable
dispersion model (eq. (3)) and by assuming that the particles are spherical.

(2) Calculate an anisotropic correction factor (eq. (7)) by using the ratio of the con-
ductivities predicted by equations (2) and (5).

(3) Determine the corrected, anisotropic conductivity of the material by multiplying
the value obtained from equation (3) with the anisotropic correction factor:

K5)

Ketf(corrected) = ¥(3) (9)

K@)

This method (eq. (9)), in essence, makes the assumption that the anisotropic behav-
jor of a variable dispersion model would be similar to that of the dilute dispersion model
and results in a thermal conductivity that can be expressed as the variable dispersion
value times a correction factor. Application of this method to some experimental data is
shown in the section COMPARISON WITH EXPERIMENTAL RESULTS.

Because the formulation of this method (eq. (9)) is somewhat deductive rather than
strictly mathematical (i.e., based on the similarity between the dilute and variable dis-
persion models), the use of the mixture equation (eq. (8)) to predict the anisotropic be-
havior of dispersions in this region might be considered even though it is outside the
range where the mixture model is directly applicable. To ascertain the validity of such
a consideration, a typical set of calculations was performed by using the mixture model
and the suggested model (eq. (9)). The results (fig. 5) indicate that under isotropic con-
ditions (spherical particles) the difference between the thermal conductivity predicted by
the two methods is less than 10 percent up to particle concentration of about 40 volume
percent (fig. 5(a)). However, when elongation of the particle occurs (B/A = 4), the dif-
ference between the two methods increases to nearly 75 percent at the same composition
(40 vol. %). I, in the following sections, agreement is shown to exist between the sug-
gested method (eq. (9)) and the experimental data, it follows that the use of the mixture
model (eq. (8)) could not produce the same agreement and, hence, should not be used

over this same range.
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Coated Particles

Kerner (ref. 2, pp. 23 to 25) derived a mathematical solution to the problem of pre-
dicting the conductivity of dispersion materials in which the particles were coated by an-
other material. The resulting equation describing the effective thermal conductivity of a
material with spherical particles p, coated with material ¢, and dispersed in a matrix

m is given by

_ Km_vln + K V v + VKchyc, m

p ppm
Kett = Vv Vo ’ v (10)
mt Vp'p,m* Ve¥e,m
where the ratios of the mean field strength are
_ 9Kch
"p,m = o
Vp
(I%) + 2K )(K, + 2K ) + 2| —F— K, - KJK, - Kp)
V. +V
P c
and



_ 3Km(Kp + ZKC)
Ye,m~ v

p _ _ "
(K, + 2K (K, + 2K ) + 2(—F— | (K, - KK, - K
Vp +V,

o

and where Vm +V_+ Vc = 1.

While this coating model (eq. (10)) is only applicable to dispersions containing
spherical particles, the same approach is suggested that was used in equation (9) to ob-
tain a suitable correction factor that permits extrapolation to otherwise undefined regions.
In the limit, that is, as the volume of the coating VC decreases to zero, it can be shown
that equation (10) reduces to the dilute dispersion equation for spheres (eq. (2)). Because
of this fact, the coating correction factor can be defined in the same manner as the aniso-
tropic correction factor (eq. (7)) was defined in the preceding section:

X(10)
Coating correction factor = -2/ (11)
K@)

where the subscripts denote the values obtained by using equations (2) and (10).
The suggested model for anisotropic material containing coated particles then be-

comes

- K| | [Z00) (12)
Ko | [ %@

Kett

which is the thermal conductivity of the variable dispersion model (eq. (3)) modified by
the appropriate correction factors.

Regions of Applicability

To define exactly where each of the analytical models described in the preceding
sections is applicable would be impossible because there are several areas where over-
lapping occurs and where the boundaries are not clearly defined. The bar graph shown
in figure 6 summarizes the various regions of concern and lists the equation which ap-
plies to each. The suggested models (eqs. (9) and (12)) cover the region not presently
included by the other equations; the upper limit for these suggested models was arbitrar-
ily chosen at a particle concentration of 50 volume percent. At this concentration, the

10
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Figure 6. - Regions of applicability of equations for predicting thermal conductivity of cer met
fuels. Upper limit of modified equations (egs. (9) and (12)) arbitrarily chosen as 50 volume
percent.

difference between the dilute dispersion model and the variable dispersion model was
still about 10 percent (fig. 2).

COMPARISON WITH EXPERIMENTAL RESULTS
Conductivity of Base Materials

To validate the analytical methods for predicting the thermal conductivity of cermet
fuels, a literature survey was made to gather experimental results which could be com-
pared with the predicted values. At present, the quantity of available data on the thermal
conductivity of cermets is quite small. However, enough data were found to permit a
cursory comparison of the analytical method.

The available data on the thermal conductivity of cermet fuels include information on
tungsten - uranium dioxide (U—UOz) dispersions (refs. 4 and 5) and on molybdenum -
uranium dioxide (Mo—UOz) dispersions (ref. 6). To compare the results of these experi-
ments with the analytical methods, the conductivity of the base materials (i.e., W, Mo,
and UOZ) must be established.

Values for the thermal conductivity of tungsten can be found in references 7 to 11.
The compilation of these data is shown in figure 7(a) and, except for the room tempera-
ture region, indicates good agreement among the various sources.

Thermal conductivity of molybdenum was taken from references 11to 14 and is shown
in figure 7(b). Data on the thermal conductivity of uranium dioxide from various sources

11
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has been compiled by Cottrell (ref. 15) and Belle (ref. 16). The results are summarized
by establishing the upper and lower limit lines shown in figure 7(c). The wide scatter in
the data can probably be attributed to the stoichiometric and density variations of the
materials used by the different investigators.

It was found that a reasonable mean value fit of the data for all three materials can
be expressed by an equation of the form

2
K=a-b[-L )4+l L (13)
103 103

Table I lists the value of the coefficients (a, b, and c¢) and approximate temperature
range for tungsten, molybdenum, and uranium dioxide in both the British and the Inter-
national System of units. The mean value thermal conductivity of the base materials
(fig. 7) were used to compare the effective conductivity predicted by the analytical models
with the available experimental data.

TABLE I. -CURVE FIT COEFFICIENTS FOR MEAN VALUE THERMAL CONDUCTIVITY

OF TUNGSTEN, MOLYBDENUM, AND URANIUM DIOXIDE

[K = a - b(1/10%) + c(T/103)2]

Material Coefficient, Approximate Coefficient, Approximate
Btw/(hr)(Et)(°R) | temperature J/(m)(sec)(°K) temperature
range, range,
a b c op a b c o

Tungsten 98.0 (27.48(5.98 T <1600 169. 54 |85.57(33. 51 T < 890

77.35| 5.0 | ---- T > 1600 133.82(15.57{ - -~~~ T > 890

Molybdenum|91.67|16.75(1.08 |500 < T < 3000{158.5952.16| 6.05|280 <T <1670

Uranium 6.02; 3.03(0.45 T <3240 10.41} 9.44| 2.52 T <1800
dioxide

1.0 | ----- ———- T > 3240 1,73 ~--—=| ====- T > 1800

Isotropic Data

Thermal-conductivity data from references 4 and 6 were obtained on cermets in
which the particles were essentially spherical in shape with concentrations between 50
and 70 volume percent. This range of conditions allowed the variable dispersion model
(eq. (3)) to be applied directly in estimating the conductivity of the material. However,
because of the fabrication method, the materials used for the measurements were not
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TABLE II. - COMPOSITION AND DENSITY OF

CERMET MATERIAL USED IN THERMAL

CONDUCTIVITY COMPARISON

Material Uranium Density, Void
composition dioxide percent of {fraction,
particle theoretical | percent
concentration,
vol. %
W—UO2 50 92.5 7.5
W-UO2 70 94.5 5.5
Mo—UO2 60 94.0 6.0

fully densified. Table II lists the composition, density, and resulting void fraction for
these materials.

A method that attempts to account for the nontheoretical density of these three mate-
rials is to calculate the thermal conductivity of the composite as though it were 100 per-
cent dense. The resulting effective conductivity of the theoretically dense mixture is
then used as the matrix conductivity, the conductivity of the voids is assumed to be neg-
ligible, and the calculation is repeated with the particle concentration now corresponding
to the measured void fraction of the compacts (table II). When this method is applied to
the variable dispersion model (eq. (3)), the effective thermal conductivity corrected for
density variation can be expressed as

3/2

K (14)

K = £
eff, p eff,p
o\p,

where p and Po refer to the actual and theoretical density of the composite, respec-
tively.

Figure 8 shows the comparison between the experimental results and the analytically
predicted values of thermal conductivity. The long-dashed curve, shown as the theoreti-
cal density line, was obtained by applying the variable dispersion equation directly, and
The short-dashed curves are the result of correct-
Although

by assuming a fully dense material.
ing for the density variations of the three materials used in these experiments.
the tungsten - uranium dioxide comparison appears to be much better than the

molybdenum - uranium dioxide results, there is still reasonable agreement considering
potential sources of experimental error and the scatter in the thermal conductivity data
of the base materials used in the analysis (figs. 7(a) to (c)).

14
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Anisotropic Data

Reference 5 contains the experimental results of thermal-conductivity measurements
made on tungsten - uranium dioxide dispersions with particle concentrations of from 10
to 40 volume percent. 1In these experiments, the conductivity was not measured directly
but was obtained by the flash diffusivity method (ref. 17), in which the thermal conductiv-
ity is calculated from measurements of the specific heat, density, and thermal diffusivity.

K, = (ozpCp)t ‘ (15)
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Parker (ref. 17) estimated that the flash diffusivity technique yields results that are
within +10 percent of previously established values. This appears to be consistent with
Taylor's observations (ref. 5) that the error in measuring specific heat and density were
from 3 to 4 percent each and that determination of the thermal diffusivity was accurate to
about 2 percent.

The materials used by Taylor (ref. 5) to obtain the thermal conductivity data were
manufactured by a rolling process and, although completely densified, the particles were
distorted by the rolling operation. The resulting particle shape was not strictly an oblate
ellipsoid, because the elongation of the particle in the rolling direction was four to six
times the particle thickness and only two to three times the particle thickness in the di-
rection perpendicular to the rolling direction. Because the analytical method of Fricke
assumes that the two major axes are equal, the true solution to the anisotropic case for
the above conditions is somewhere near the average, or a particle with a major to minor
axis ratio of 3 or 4.

The results of the comparison between the measured thermal conductivity and that
predicted by the suggested model (eq. (9)) is shown in figure 9. Agreement between the
experimental and analytical values is quite good considering the assumptions made in
selecting the mean-value conductivity of tungsten (fig. 7(a)) and uranium dioxide (fig. 7(c))
and the possible 10 percent experimental error associated with the flash diffusivity tech-
nique for obtaining the thermal conductivity. It would appear that the suggested method
(eq. (9)) of correcting the variable dispersion equation by the anisotropic correction fac-
tor (eq. (7)) yields results which are within the experimental accuracy.

CONCLUDING REMARKS

There are at least three basic models (ref. 2) that appear to be satisfactory for es-
timating the thermal conductivity of cermet material:

(1) The dilute dispersion model (eq. (2))

(2) The variable dispersion model (eq. (3))

(3) The mixture model (eq. (4))

Available experimental data on tungsten - uranium dioxide (ref. 4) and molybdenum -
uranium dioxide (ref. 6) dispersions have been compared with the thermal conductivity
predicted by the appropriate model (eq. (3)). Considering the uncertainty in the thermal-
conductivity value of the base materials, the results of the comparison were favorable.
Similar comparisons on a wide variety of materials have also been successfully made by
other investigators (ref. 2, p. 8).

In addition to the three basic models, anisotropic versions of the dilute dispersion
model (eq. (5)) and the mixture model (eq. (8)) are also available. Because of the as-
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sumptions made in the derivation of all these models, however, the range of applicability
of each is limited and does not include all the regions that may be of interest for disper-
sion fuels. A suggested model for this undefined region is proposed by noting the simi-
larity in the results obtained from the dilute dispersion models (eq. (2)) and the variable
dispersion models (eq. (3)). The resulting equation for the effective thermal conductivity

is given by

Kett (corrected) = ¥(3) _K(—) (©)
(2)
where the subscripts refer to values obtained from equations (2), (3), and (5).

This method of correcting for anisotropic effects is semiempirical in nature, be-
cause there is no true mathematical basis for such a procedure. However, the suggested
method, when compared with available experimental data (ref. 5), yields results that are
within the expected range of experimental errors. It would, therefore, appear that this
model can be used to predict successfully the thermal conductivity of potential fuel mate-
rials, at least for the preliminary phases of a nuclear reactor design. Comparison of
the analytical values with future experimental data could extend the range of applicability
and increase the confidence level in the use of the model.

With an argument similar to that used in formulating the anisotropic correction fac-
tor for the undefined region, a coating correction factor, applicable when the particles
are coated with a third material, can also be defined so that the thermal conductivity of

the composite material is given by

K, | [K
Ketr = K(3) _() }1_10) (12)
K@) %@

where the subscripts again refer to the values obtained from the respective equations.
While there are no experimental data presently available to verify this method, it is pre-
sented for possible future reference.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 29, 1966,
122-20-02-04-22.
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APPENDIX A

SYMBOLS

axes of ellipsoid, ft (m)

curve fit coefficients in thermal

conductivity expression
(eq. (13))

specific heat at constant
pressure, Btu/(Ib)(°R)

J/(kg)(°K)
thermal conductivity,

Btu/ (hr)(#t)(°R)

J/(sec)(m)(°K)

plate thickness, ft, (m)
function defined in appendix B

heat generation rate,
Btu/(hr)(cu ft)(7/(sec)(mn?)

ratio of thermal conductivities,

K p/ Km
temperature, °R (°K)
volume fraction

function defined in appendix B

thermal diffusivity, sq ft/hr
(m2 /sec)

B function defined in appendix B

v ratio of mean field strengths
angle defined in appendix B

o density, 1b/cu ft (kg/m3)

@ angle defined in appendix B

Subscripts:

c condition in coating

eff effective value of mixture

m condition in matrix

max maximum value

o theoretical value

p condition in particle
evaluated at temperature T

W condition at wall
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APPENDIX B

EQUATIONS USED TO DETERMINE THERMAL CONDUCTIVITY
OF ANISOTROPIC DISPERSIONS |

The original work done by Fricke, a biophysicist working on the electrical behavior
of blood, was based on the random orientation of a dilute dispersion of ellipsoids. Power
(ref. 2) shows how this work can be extended to two-directional preferred orientation.
The result of this analysis is shown in the following equations that were used to determine
the effective conductivity of anisotropic dispersions:

The dilute dispersion model is given by

Ketr

K R(L - V) + (X + V)

) R(1 + XVp) +X(1 - Vp) B1)

m
(Note that this is an alternate form of eq. (5).)
The mixture model is

Em ~Kett _ Vp  Fegr Ky (B2)

where
x-RB-1)+1 (B3)
R-(B+1)
and
K
R=_P
Km

The values of A for various conditions are as follows:

For the A axis oriented parallel to the heat flux

_ R-1 (B4)
1+®R-1)(1-M)
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For the A axis oriented perpendicular to the heat flux

For random orientation

R-1 2 + 1

where, for A<B

and

and, for A > B,

2 .
M=_1 _1 cos¢10ge<1+smqo>

sinzgo 2 sinsgp 1 - sin ¢

and

cos¢=§

A

The variation of M, B8, and X is shown in figure 10 for several conditions.

(B5)

(B6)

(B7)

(B8)
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APPENDIX C

VARIATION OF THERMAL CONDUCTIVITY OF TUNGSTEN - URANIUM
DIOXIDE DISPERSIONS

To illustrate the thermal conductivity behavior of cermet fuels under various condi-
tions, calculations were performed for a range of compositions of tungsten - uranium
dioxide dispersions. Figures 11 to 15 summarize the results of this investigation. The
values were calculated by using the suggested method described in the text (eq. (9)) and
utilizing the mean value of thermal conductivity for the two base materials (figs. 7(a)
and (c), p. 12). Except for figures 12 and 13, all the values were calculated by using
oblate ellipsoids where axis A <B =C.
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