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Abstract-A thermal conductance. model for heat transfer in a porous solid has been developed by using a 
probabilistically determined unit cell for a characteristic geometry. An apparatus was designed and used to 
measure overall thermal conductances (effective thermal conductivities) of several porous solids over a wide 
temperature range. A parameter required by the model was inferred from the measurements, and predicted and 
measured overall thermal conductances agreed to within the uncertainty of the experiments. Parametric 
calculations indicate that, when radiation is significant, overall thermal conductance increases with the 
temperature difference across the porous solid and is independent of thickness when the thickness is large 

relative to the pore size. 

1. INTRODUCTION 

RELATIVELY little attention has been given to the 
influence oftemperature difference and thickness on the 
overall thermal conductance (or ‘effective thermal 
conductivity’) of porous solids. Current theoretical 
thermal conductance models are often restricted to 
small porosity ranges or require detailed information 
about the geometries of internal structures. However, 
many porous solids contain nonuniformly distributed 
pores with complex geometries. Examples include 
commercial products such as firebricks, ceramics and 
insulations, as well as naturally occurring porous solids 
such as rocks and residue materials. 

The transport of heat in porous solids can occur by 
the combined mechanisms of conduction, convection 
and radiation. Typically, their cumulative effect is 
represented by an overall thermal conductance which is 
analogous to the thermal conductivity of the Fourier- 
Biot law. Overall thermal conductance generally differs 
from the local thermal conductance K, which depends 
on local temperature. Overall thermal conductances 
can be measured experimentally or can be determined 
by solving a one-dimensional energy equation which 
uses the Fourier-Biot law with model-generated local 
thermal conductances. Experimental methods are 
often in accordance with, or related to, standard test 
methods of the American Society for Testing and 
Materials (ASTM) [l]. In these methods, overall 
thermal conductances are determined for various 
average temperatures and are assumed to be generally 
applicable to all thicknesses and overall temperature 
differences. However, research regarding fibrous 
insulation [2, 33 has suggested that overall thermal 
conductance may not depend on average temperature 
alone, if the thermal radiation contribution to heat 
transfer is important. Franc1 and Kingery [4] have 
shown that thermal radiation can contribute signifi- 
cantly to heat transfer in porous solids. Accordingly, 

the current practice which regards overall thermal 
conductance measurements of porous solids as simple 
property measurements, dependent only on average 
temperature, should be reconsidered. 

Many theoretical models are based on a unit cell. A 
physical geometry, which is replicated everywhere in a 
porous system, is idealized and represented by a 
characteristic geometry. The local thermal conduct- 
ance is determined by formulating and combining 
thermal resistances for each heat transfer mechanism 
associated with the unit cell. Unfortunately, the 
physical geometries of many porous solids can not be 
easily idealized and unit cell models of porous solids 
have had only limited success. 

The widely used unit cell model of Loeb [S] is not 
applicable to many porous solids, since heat transfer by 
conduction through the fluid in the pores is ignored. 
Saegusa et al. [6] utilized a unit cell model consisting of 
a finite right-circular cylinder which contained a spheri- 
cal pore. The model assumes that all pores are spheri- 
cal even though many porous solids contain irregularly 
shaped pores and the porosity can not exceed 52%. 
Heat transfer occurred in the direction perpendicular 
to the circular faces of the cylinder, and the thermal 
conductance was determined from the temperature 
distribution in the cylinder. Whitaker [7] formulated 
equations for total energy transport in porous media by 
spatially averaging pertinent parameters. However, 
because the precise geometry of the medium must be 
specified when using the model, it is impractical for 
many porous solids. Maxwell [S] derived an expression 
for the effective electrical conductivity for current 
flow in a composite material containing a spherical 
dispersed phase within a larger sphere of a continuous 
phase. Chiew and Glandt [9] utilized this expression to 
determine the thermal conductances of porous media 
by introducing a ‘radiation conductivity’ to enhance 
transport across the gas in a pore. Their model is only 
valid at low porosities, however, since Maxwell 
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NOMENCLATURE 

A cross-sectional area in the direction of heat x distance along the direction of heat transfer 
transfer in the characteristic geometry for the 

k, overall thermal conductance of a sample thermal conductance model. 
defined by equation (11) 

k, thermal conductivity of fluid in pores 
k, thermal conductivity of solid 
K local thermal conductance 
1 effective length for conduction across pores 
L material sample thickness 
p porosity expressed in decimal form 
q total heat flux 
qR radiation heat flux 
R thermal resistance 
s characteristic pore spacing in a porous 

solid 
t length of a unit cell 
T temperature 
T average temperature of the surface of a 

pore 
T ave average temperature of a sample, 

(TH + %)I2 
T, cooled surface temperature of a sample 
TH heated surface temperature of a sample 
v characteristic size of pores in a porous solid 

Greek symbols 

P 4s 
& total hemispherical emissivity of material at 

the surface of a pore 
5 nondimensional space coordinate, x/L 
[ parameter governing the importance of 

heat transfer through solid in a porous 
solid, equation (9) 

0 dimensionless temperature, 

(T- r,)l(T, - T,) 
A average number of pores contained in path 

II of the thermal conductance model, see 
Fig. 2 . 

v dimensionless parameter, 4&auT3/k, 
(T Stefan-Boltzmann constant 

4 llv 
$ parameter in thermal conductance model 

which is unity if pores are closed and zero if 
pores are interconnecting. 

assumed that sphere separation was sufficient to 
preclude mutual interactions. In fact, Turner [lo] 
noted that Maxwell’s expression does not provide the 
same result when the conductivities of the phases are 
interchanged. 

For the porous solids of this study and in many 
engineering applications, it is not practical to 
incorporate details of the complex pore geometry 
within a thermal conductance model. However, many 
important characteristics of these porous media can be 
determined probabilistically to form simpler charac- 
teristic geometries which are representative of the 
porous media. These characteristic geometries can be 
used to formulate thermal conductance models which 
include the pertinent heat transfer modes. 

To determine whether parameters other than 
average temperature affect overall thermal conduct- 
ance and to interpret and correlate the experimental 
results, a new thermal resistance model for which a unit 
cell is determined probabilistically has been developed. 
The model is applicable over a wide porosity range and 
does not require a detailed description of the geometry 
of the porous system. With a single empirical factor 
included in the model, calculated overall thermal 
conductances are in good agreement with experimental 
results. 

2. EXPERIMENTAL METHODS 

2.1. Test apparafus 
The test cell used in this study (Fig. 1) resembles the 

ASTM-approved apparatus for measuring the overall 

thermal conductances of firebricks and refractories and 
is a derivative of the cell employed by Fetters et al. [ 111. 
Heat from an electric furnace passes through a porous 
solid, which is supported by a thin metallic substrate 
plate, and is then transferred across a narrow air space 
to a water-cooled copper calorimeter. In the ASTM- 
approved method, the test specimen rests directly on 
the calorimeter, while in the test cell of Fig. 1, direct 
contact is not made and more uniform cooling is 
provided to the sample. The combined resistances of 
the air space and test specimen decrease the heat 
transfer rate to the calorimeter, reducing furnace power 
requirements. 

Side and bottom thermal guards are incorporated as 
a single, integral unit which resembles a shallow 
rectangular trough. Heat is transferred from the 
sidewalls of the trough by conduction to the base 
region. Since the sidewalls are cooled only by 
conduction, the temperature of the base remains below 
that of the sidewalls when the sidewall and calorimeter 
temperatures are equal, thereby eliminating natural 
circulation in the air space between the calorimeter and 
guard. 

Three quartz spacers support the substrate plate and 
sample. Each spacer has a pyramidal shape to diminish 
perturbations in the temperatures of the substrate plate 
and calorimeter. Four cubical quartz blocks, which rest 
on the floor of the furnace cavity, were used to support 
the integral guard. Insulation was placed between the 
integral guard and furnace floor to reduce heat transfer 
to the guard. Firebrick was used to enclose the test cell 
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FIG. 1. Schematic of the test cell used to measure overall thermal conductances of porous solids. 

and to protect the guard from the furnace environment. 
Chromel-alumel thermocouples were used to measure 
the temperatures of the heated and cooled surfaces of 
the porous solid. Copper-constantan thermocouples 
were employed elsewhere. 

The one-dimensionality of heat transfer through the 
sample was confirmed by inspecting the uniformity of 
temperatures indicated by independent thermocouples 
at equivalent elevations. Readings for the lower surface 
of the sample differed by less than 4°C while those at the 
surface differed by less than 7°C. Since the temperature 
difference across a sample exceeded lSo”C, heat 
transfer through the sample was considered to be one- 
dimensional. 

The performance of the test cell was assessed by 
measuring the overall thermal conductances of two 
porous solid insulations and comparing the results with 
those obtained in accordance with ASTM-approved 
procedures [l]. Observed differences were within the 
14% uncertainty of the experiments. Measurements 
were reproducible to within 3%. 

2.2. Procedure and data reduction 
Porous solids of known thicknesses were placed in 

the test cell, and thermocouple probes were installed 
at the top and bottom of the samples. Furnace 
temperatures between 400” and 1250°C were main- 

tained. The flow rate of water to the calorimeter was 
adjusted to provide a coolant temperature rise of 
sufficient magnitude to reduce measurement error, 
while minimizing temperature gradients on the 
calorimeter surface. The flow rate to the integral guard 
was adjusted until its sidewall temperature equalled the 
temperature of the calorimeter. 

All measurements were made at steady-state 
conditions, taken in seven batches, and averaged. 
Steady-state was presumed to have been reached when 
the temperature of the cooled surface of the sample 
changed by less than 0.2”C in a 15-min period. Overall 
thermal conductances were calculated from the 
measured heat rate, sample temperature difference, and 
sample thickness. 

2.3. Materials studied 
Five commercially available porous solids with 

uniform characteristics were selected and studied in six 
experiments. The fluid in the pores was air at 
atmospheric pressure. The compositions and porosites 
of each solid are given in Table 1. The first porous solid 
was a medium density firebrick which contains 
irregularly distributed and shaped pores that lie 
between splinter-like fragments of solid. It is composed 
principally of alumina and silica. All pores are less than 
about 1.5 mm in diameter and the porosity is 66%. The 

Table 1. Compositions and porosities of selected porous solids 

Composition (% by weight) 

Porous solid Experiment No. $J Al,O, SiOz MgO ZrO, Other 

Firebrick [16] 1 66 46.0 52.0 0.1 0.0 1.9 

Alumina insulation [17] 2 85 83.0 17.0 0.0 0.0 0.0 

Zirconia insulation [18] 374 92 0.0 0.0 0.0 91.5 8.5 

Ceramic foams [19] 5 
6 

86 35.0 
88 

51.0 14.0 0.0 0.0 
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second porous solid was an insulating board which is 
composed mostly of alumina. It has a porosity of 85% 
and contains irregularly distributed and shaped pores 
that are formed between slightly sintered fibres which 
are 4-6 pm in diameter. Unlike the firebrick, the pores 
are nearly uniform in size and range from 0.020 to 
0.024 mm in average diameter. The third porous solid 
was an insulating board with a physical structure 
similar to that of the alumina insulation. However, it is 
unique in that its porosity is 92% and it is composed 
mostly of zirconia. Two samples of this insulation 
were tested with different thicknesses. 

Unlike the other solids, which contain pores that are 
mostly enclosed by solid, the fourth porous solid was a 
ceramic foam in which the pores are interconnected and 
formed between an open skeletal structure. It is 
intended for use as a filtration medium at temperatures 
as high as 1150°C and is composed of cordierite 
(2MgO - 2Al,O, - 5SiOJ. It has a porosity of 86% and 
all pores have nearly identical geometries and are 
0.73 mm in diameter. The fifth porous solid was a 
similar ceramic foam with a porosity of 88% and with 
pores that are 1.25 mm in diameter. The geometries of 
the pores in both ceramic foams are nearly identical. 

3. THERMAL CONDUCTANCE MODEL 

3.1. Assumptions 
The thermal conductance of a porous solid generally 

depends on physical parameters such as pore size, pore 
geometry and porosity, as well as on properties such as 
the thermal conductivities of the solid and fluid in the 
pores, and the emittance and transmittance ofthe solid. 
Conduction, convection and radiation may all 
contribute to the transport of heat. However, for the 
solids of this study, the characteristic size of the pores is 
sufficiently small to ensure that natural convection 
effects are negligible. Assuming a maximum tempera- 

ture gradient of 750°C cn- i, Rayleigh numbers remain 
less than 100 in pores as large as 10 mm. 

Unit cell models which consider the material as 
opaque, the pore surfaces as gray and the pore gas as 
radiatively nonparticipating have successfully pre- 
dicted thermal conductances for porous materials 
composed of firebrick particles, cement clinker, 
porcelain packing and iron spheres [12], as well as 
alumina (Al,O,), zirconia (ZrO,) and magnesium 
oxide (MgO) [13]. The simplicity and demonstrated 
success of these formulations for radiation heat transfer 
suggest their applicability to this model. In addition, 
conduction across the fluid in the pores is accounted for 
by introducing a dimensionless parameter 4, which is 
the ratio of the effective length for conduction across a 
characteristic pore to the characteristic pore size. Yagi 
and Kunii [ 121 successfully applied such a parameter to 
predict conduction in voids of a packed bed and 
established its dependence on porosity, void geometry 
and fluid thermal conductivity. 

Since the physical structures of many porous solids 
are complex, the thermal conductance model of this 
study uses characteristic geometric parameters to 
probabilistically define a unit cell for which an overall 
thermal resistance can be formulated from individual 
heat transfer mechanisms. This feature restricts 
applicability of the model to samples which contain a 
statistically significant number of pores. The average 
size of the pores must be small relative to the overall 
thickness of the sample, and the geometry and physical 
dimensions must not vary with temperature. Since 
many porous solids commonly have low thermal 
coefficients of expansion, variation of the geometry and 
dimensions with temperature can be neglected. 

The assumptions used in the model are : (1) A solid 
with randomly distributed pores of complex geometry 
can be idealized as a structure in which all pores have a 
single characteristic size, are evenly spaced, and are 
randomly oriented with respect to their neighbors only 

(a) (b) 
FIG. 2. Characteristic geometry (a) and equivalent unit cell (b) for thermal conductance model. 
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in the direction of heat flow [Fig. 2(a)]. (2) Conduction 
across the fluid in pores can be related to the 
characteristic size of the pores by the parameter 4. (3) 
Heat transfer by thermal radiation occurs only across 
pores. The pore surfaces are gray diffuse emitters and 
reflectors, and the fluid in the pores is radiatively 
nonparticipating. The solid is opaque. (4) The geometry 
and dimensions of the material do not depend on 
temperature. (5) Heat transfer is one-dimensional. 

3.2. Model formulation 
The characteristic geometry for the porous solid 

model is shown in Fig. 2(a). In the model, the pore size, o, 
and the pore spacing, s, are uniform along the direction 
of heat flow and in the direction perpendicular to heat 
flow. The pore orientation in each successive column in 
the direction ofheat flow is random. Two distinct paths 
for heat flow can be identified along a line drawn in the 
direction of heat flow beginning from the surface of a 
pore. Along path I, a part of every pore in some number 
of successive columns of pores is traversed ; while for 
path II only one pore is encountered after passing 
through some distance of solid. Paths I and II are the 
only unique paths and occur in series since neither can 
begin unless preceded by the other. 

An expectation value for the number of pores 
traversed by path I can be determined statistically. The 
probability of encountering a pore between successive 
rows of pores along the direction of heat flow can be 
expressed as p = IJ/(S + u) = /I/(1 +/I), where fi is the 
ratio of the characteristic pore size, u, to the 
characteristic pore spacing, s. The number of pores 
contained in a distance x is then N = x/(s + u) = F/U, 
and the probability of traversing N pores in succession 
along x is @)““I”. 

If, on average, the number of pores contained in path 
I is given by A, the expectation length of path I can be 
expressed as 

A(s+u) = ~t”x~~x’“dx/~i”O1~/‘dx (1) 

from which it follows that 

A=l+ ln$! -l. 
( > 

An effective length A for conduction through the 
solid along path II can be similarly determined. If 
y = 1 -p is the probability of not encountering a 
pore between successive columns of pores along 
the direction of heat flow, the probability of not 
encountering a pore along the distance x is yN = ~‘@ 
from which it follows that 

s 

00 
xy’=“’ dx 

A= 2sm+v 

c Y v” dx 
J2s+v 

1 = Bln(l+B) . (3) 

In terms of the characteristic geometry in Fig. 2, j? is 
related to the porosity p by 

An effective unit cell which incorporates heat transfer 
paths I and II is represented in Fig. 2(b) in terms of the 
parameters A, A, u and s. The heat transfer mechanisms 
are : (a) conduction through solid along path I ; (b) 
conduction across fluid in a pore along paths I or II ;(c) 
radiation heat transfer across pores in path I and across 
the pore of path II ; and(d) conduction through solid of 
path II. Heat transfer mechanisms (a) and (d) occur in 
series with mechanisms(b) and(c), which are in parallel. 

The length of the equivalent unit cell is A(s + u) + A 
+ u. The number of equivalent unit cells contained in a 
length t is thereby 

+A(y)+~+1]. (5) 

The thermal resistance associated with the length t is 
R, = q(R, + RI,), where 

1 
(6) 

and 

(7) 

The local thermal conductance, K, of a porous solid 
of thickness, t, is related to R, by K = f/AR,. Using the 
expressions for A, A, j and q, the local thermal 
conductance can be expressed as 

+(l+A)(uh..+ $$-‘j-’ (8) 

where 

----- ,=~=(l+~[(~)ln(l+~)+l] (9) 

U BlnU+B) 
and 1,4 = 1 for porous solids which have closed pores or 
$ = 0 for porous solids which have open pores. The 
parameter C$ can be determined by selecting the value 
which gives the best agreement between overall thermal 
conductances predicted with the model and those 
obtained experimentally at temperatures for which 
radiation is unimportant. (Values have been deter- 
mined to range from approx. 0.3 to 0.7 for the porous 
solids of this study.) Note that K may not depend 
strongly on 4 if heat transfer across the pores occurs 
primarily by radiation. 

The heat transfer ‘coefficient’ for thermal radiation 
across the pores can be formulated [S, 61 as 

h,, = 4.s03 (10) 

where T is the average temperature of the pore surface. 
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In many porous solids, it is difficult to measure a 
discrete value for the characteristic pore size, u. For 
such cases, D may be found by adjusting its value until 
model predictions and experimentally determined 
thermal conductances agree at temperatures for which 
radiation is significant. Similarly, if the total 
hemispherical emissivity of the solid is unknown and 
does not change appreciably with temperature, the 
product us, rather than tl, can be adjusted. 

The expression for local thermal conductance given 
by equation (8) is applicable to all porosities for solids 
which contain randomly oriented pores in statistically 
significant numbers. The parameters A and c determine 
the relative importance of heat transfer paths I and II, 
respectively. The equivalent until cell is thereby 
adaptable to suit a particular material porosity. 

3.3. Determination of overall thermal conductance 
The overall thermal conductance of a porous solid is 

defined as 

ke = (T,-4T,),L 
(11) 

Since heat transfer through a porous solid remains 
unchanged in the absence of internal heat generation, 
the temperature distribution is governed by the one- 
dimensional energy equation, 

& Kg =o. ( > (12) 

This equation was solved numerically by successive 
over-relaxation [ 141 for stipulated values of TH, Tc and 
L, with values of K determined from the unit cell model, 
equation (8). The heat flux, q, was calculated from the 
temperature and local thermal conductance distri- 
butions using the Fourier-Biot law. With the heat flux 
known, equation (11) was used to calculate overall 
thermal conductance. 

1.0 

0.6 

4. RESULTS AND DISCUSSION 

4.1. Influence of signijcant parameters 
4.1.1. Effect of thickness and overall temperature 

di$erence. In terms of the dimensionless variables 0 and 
5. the heat flux through a porous solid may be expressed 
in terms of the local and overall thermal conductances 
as 

q+(~)=(~)K$ (13) 

from which 

k.=K;. (14) 

For a particular porous geometry, the local thermal 
conductance K in equation (8) depends only on 
temperature, and equation (12) can be expressed in 
terms of the dimensionless variables 0 and 5 as 

dK(0) d0 ’ 
-&- -@ 

0 
+K(f?)$=O. (15) 

The solution for 0 depends only on 5. Hence, results for 
Q(r)and K(B)areindependentofLforidenticalvaluesof 
heated and cooled surface temperatures. It follows from 
equation (14) that the overall thermal conductance is 
independent of the thickness L. Overall thermal 
conductances for packed beds were also found to be 
characterized by this behavior [ 151. 

As the temperature difference TH - Tc increases while 
the average temperature, T,,, = (TH+ T,)/2, remains 
constant, k, increases. This behavior is due to radiation 
effects which, from equation (lo), vary as the third 
power of the local temperature. Moreover, unlike 
results for which only thickness is varied, the 
temperature profiles are not similar, as shown in Fig. 3, 
since local thermal conductances become higher at the 
heated surface and lower at the cooled surface as the 
temperature difference is increased. 

P 

FIG. 3. Temperature and thermal conductance profiles for the alumina insulation at various overall 
temperature differences: u = 2.5 mm, p = 85x, 4 = 0.563, JI = 1, T,,, = 700°C. 
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E 

FIG. 4. Contribution of radiation to total heat transfer for 
various pore sizes in the alumina insulation: p = 85x, 

4 = 0.563, $ = 1, Tc = 4OOC, TH = 1OOOC. 

4.1.2. E$ect of pore size and porosity. Since radiative 
transport occurs only between the surfaces of pores in 
an opaque porous solid, heat transfer is enhanced by 
increasing pore size for a fixed pore geometry and 
overall thermal conductance varies linearly with pore 
size. The effect of pore size on the radiation heat flux is 
shown in Fig. 4. 

As the porosity of a solid with uniform pore size 
increases, heat transfer through the solid around the 
pore (path II in Fig. 2) diminishes. A larger fraction of 
the total heat transfer must be accommodated by 
conduction through the fluid in the pores and by 
thermal radiation. If thermal radiation is significant, 
local and overall thermal conductances can increase 
with increasing porosity. Figure 5 illustrates the 
influence of temperature, pore size and porosity on 
local thermal conductance in the manner of Chiew and 
Glandt [9]. For many porous solids, the parameter v of 
Fig. 5 remains less than unity and overall thermal 
conductance decreases with increasing porosity. This 
effect is shown in Fig. 6 for different pore sizes. Franc1 
and Kingery [4] measured overall thermal conduct- 
antes for alumina samples in which cylindrical holes 

2’os 
1.5 - 

0.0 ’ I I I I 
0 20 40 60 

p w 

FIG. 5. Dependence of local thermal conductance on poro- 
sity for different temperatures and pore sizes: k, = 0, 

k,=7Wm-‘K-l. 

0’ I I I I I 

0 20 40 60 60 

PC%1 

FIG. 6. Effect of porosity on overall thermal conductance in the 
alumina insulation for different pore sizes: 4 = 0.563, $ = 1, 

T, = WC, T” = 1000°C. 

(0.82 mm) were drilled and found a porosity dependence 
similar to that of Fig. 6. 

4.2. Experimental results and model predictions 
The overall thermal conductance of a firebrick 

sample was measured in the first experiment and results 
are given in Fig. 7. Upon adjustment of the parameter 4, 
model predictions agreed well with experimental 
values. Although visual examination revealed an 
average pore size of less than 1.5 mm, the precise size of 
the pores could not be determined due to their complex 
geometry. The pore size, u, was adjusted to 0.29 mm to 
provide best agreement with the data. The overall 
thermal conductances from the experiments were less 
than those provided in ref. [ 161, which were measured 
in accordance with ASTM procedures. Disparities are 
attributed to differences between the test cell designs 
which induced unique temperature differences for the 

0.40 

0 L=ll.3mm,Exp.I 

- a Ref. 16 

1 

G 
0.30 - 

;. 
2 Q 

2 

0.10 I I I J 

200 400 600 800 1000 

Tove (“C) 

FIG. 7. Comparison ofmeasured and predicted overall thermal 
conductances for firebrick : p = 66%, 4 = 0.406, o = 0.29 mm, 

JI = 1. 
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0.20 

0 L=l27mm,Exp.2 

A L = 25.4 mm, Ref. 17 

0.05 I’ 

200 400 600 800 1000 

Tove (“C) 

FIG. 8. Comparison of measured and predicted overall thermal 
conductances for the alumina insulation : p = SS%, 4 = 0.563, 

u=O.O22mm,$= 1. 

same average temperature and to physical variations 
amongst firebrick batches. 

In the second experiment, overall thermal conduct- 
antes for alumina insulation, 12.7 mm thick, were 
measured and found to agree well with those of ref. 
[17] ; see Fig. 8. Also, with 4 set equal to 0.563, model 
predictions agreed well with experimental values. 

Zirconiainsulation was tested in the third and fourth 
experiments, and the results are given in Fig. 9. The 
sample thicknesses were 10.9 and 5.7 mm in the third 
and fourth experiments, respectively. To within the 
uncertainty of the experiments, the overall thermal 
conductances were equivalent and in agreement with 
the results of ref. [ 181 for samples of greater thickness 
(about 25 mm). The value of 4 was determined for 

0.150 

0.125 

G 

k 

g 0.100 

9 

0 L = 10.9mm, Exp.3 

0 L= 5.7mm, Exp.4 

A L=25mm, Ref. I8 
/ 

200 400 600 800 1000 

Tave (“C ) 

FIG. 9. Comparison ofmeasured and predicted overall thermal 
conductances for the zirconia insulation : p = 92x, 4 = 0.645, 

Agreement between experimental and model- 
generated results suggests that the thermal conduct- 
ance model, for which a unit cell is treated 

0 = 0.0022 mm, * = 1. probabilistically, the solid is gray and opaque, and the 

0 L=l36mm, Exp.5 

A L=278mm, Exp 6 

J 
200 400 600 800 1000 

Teve (“c ) 

FIG. 10. Comparison of measured and predicted overall 
thermal conductances for ceramic foam filtration media. 
Experiment 5: L = 13.6 mm, p = 86x, 4 = 0.313, v = 
0.73 mm, I) = 0. Experiment 6: L = 27.8 mm, p = 88x, 

4 = 0.313, v = 1.25 mm, $ = 0. 

Experiment 3 and was used to predict the overall 
thermal conductances of Experiment 4. Model- 
generated overall thermal conductances were nearly 
identical for both experiments. Small differences were 
due to minor disparities in the overall temperature 
differences, owing to the different thicknesses. 

In Experiments 5 and 6, respectively, 13.6- and 
27.8-mm samples of ceramic foam with v = 0.73 and 
1.25 mm were tested. As shown in Fig. 10, the overall 
thermal conductance is higher for the sample with the 
larger pores, but differences are smaller at lower 
average temperatures for which radiation is less 
significant. The value of $J was determined for 
Experiment 5 and used to predict overall thermal 
conductances of Experiment 6. Since the pores in the 
ceramic foams are interconnected such that solid is not 
present between pores, a value of zero was used for I(/. 
The model predictions in both cases agree with 
measured values to within the uncertainty of the 
experiments. Since the geometries of both materials are 
nearly identical, the experiments indicate that the 
parameter 4 is not strongly dependent on the size of the 
pores. In addition, the heat transfer coefficient for 
radiation given by equation (10) provides good results, 
even though the pores are interconnected. 

5. CONCLUSIONS 
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fluid is radiatively nonparticipating, adequately 

represents several porous solids. Overall thermal 
conductance increases with increasing overall tempera- 
ture difference and average temperature. As the 
temperature difference increases, the contribution to 
heat flow by radiation becomes larger. In materials 
where radiation is important, overall thermal 
conductances should be correlated to both average 
temperature and temperature difference. Overall 
thermal conductance does not depend on thickness 
when the thickness is much larger than the 
characteristic size of the pores. Thermal conductance 
increases with increasing pore size since the distance 

across which radiation can propagate becomes greater. 
Overall thermal conductance can increase or decrease 
with increasing porosity, depending on the importance 

of radiation. 

4. J. Franc1 and W. D. Kingery, Thermal conductivity: IX. 
Experimental investigation of effect of porosity on 
therma1conductivitv.I.Am.ceram.Soc.37.99-10011954). c 
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TRANSFERT THERMIQUE DANS LES SOLIDES POREUX AVEC DES GEOMETRIES 
INTERNES COMPLEXES 

R&n&-On dCveloppe un modile de conductance thermique pour le transfert thermique dans un solide 
poreux, en utilisant une cellule unitaire d&term&e par voie probabiliste pour une gtomitrie caractCristique. 
On rbalise un appareil pour mesurer les conductances thermiques globales (conductivitts thermiques 
effectives) de plusieurs solides poreux dans un large domaine de tempirature. Un parametre nkcessitb par le 
modtle est inf&b B partir des mesures, et les conductances thermiques calcultes et mesurkes s’accordent dans le 
cadre des impr&cisions des exptriences. Des calculs paramktriques montrent que, quand le rayonnement est 
significatif, la conductance thermique globale augmente avec la di&ence de tempkrature B travers le solide 
poreux et qu’elle est independante de l’ipaisseur quand celle-ci est grande par rapport B la taille des pores. 

WdRMEUBERTRAGUNG IN PORBSEN FESTSTOFFEN MIT KOMPLIZIERTER INNERER 
GEOMETRIE 

Zusammenfaasung-Es wurde ein Model1 fiir die Wirmeiibertragung in poriisen Feststoffen unter 
Verwendung einer wahrscheinlichkeitstheoretisch ermittelten Einheitszelle als charakteristische Geometrie 
entwickelt. Ein Gerlt zur Messung der effektiven Wlrmeleitfihigkeit von verschiedenen poriisen Feststoffen 
in einem groDen Temperaturbereich wurde konstruiert. Die Messungen lie&n auf einen fiir das Model1 
notwendigen Parameter schlieBen; dieser wurde bestimmt. Die gemessenen effektiven Wlrmeleitfihigkeiten 
stimmten innerhalb der Fehlergrenzen mit den berechneten iiberein. Parameterstudien weisen daraufhin, da8 
die eITektive WLrmeleitfiihigkeit mit der TemperaturdiiTerenz im poriisen Feststoff ansteigt, solange der 
StrahlungseinfluB mal3gebend ist, und unabhHngig von der Dicke ist, solange das Verhlltnis Dicke zu 

PorengriiBe grol3 ist. 
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TEl-UIOl-IEPEHOC B IIOPklCTbIX TBEPAbIX TEJIAX CO CJIO)KHOR BHYTPEHHEa 
I-EOMETPkiER 

hutoTauna--Monenb TenJlOl'IpOBO~HOCTIi B nOpEiCTOM TBepnOM TeJIe IIOJIj’WHa C HCnO,Ib30BaHIIeM 3~Ie- 

MeHTapHOfi RYefiKA, OnpWeJIeHHOii BepOKTHOCTHbIM MCTOLIOM, J,JISI HeKOTOpOti XapaKTepHOi? I-COMCT- 

pm. Pa3pa6OTaHO ~CT~OF~CTBO, c noMombm ~0~0p0r0 U3MepeHa C,‘MMapHaU 3@$eKTABHaR 

TeIIJIOIIpOBO~HOCTb HeCKOJIbKHX nOpHCTbIX TBepnblX T‘Z,, B U,HpOKOM AHana30He TeMnepaTyp. napa- 

MeTpbI MOneJIA OnpeDeJIeHbI Ii3 3KCnep&fMeHTOB,a paCCWTaHHbIe H H3Me,,eHHbIe 3HaWHHlI CYMMaPHOir 

TetUIOIIPOBOL(HOCTA COrJIaCyWTCK MfSKny co6053 B IIp‘ZneJIaX IlOQWUHOCTA 3KCIIepHMeHTOB. &paMeTpki- 

WCKHC PaCVeTbI CBWJeTi5lbCTBYEOT 0 TOM, YTO B CJIy’Iae CyIUeCTBeHHOfi paAHall&iH CyMMapHan TenJIOnpO- 

BonHocTb pacTeT c yeenuqeHueh4 pa3HocTx TemepaTyp nonepeK nopsicTor0 Tsepnoro Tena A He 


