
Abstract. A method for measuring the effective thermal conductivity, le , of free-falling silica
sand bed is described. The sand, made artificially from quartzite, was allowed to fall into
cylindrical vessels 110 mm in diameter and 120 mm high. Commercial grain size number of
the sand ranged from 2 to 8 (corresponding peak diameters of the sand grains were 1680
to 74 mm). Bulk density of the sand, rB , was 1180 ^ 1460 kg mÿ3, and its porosity, f, was
45% ^ 55%. le was measured at the temperatures of 25, 45, 65, and 85 8C, in that order, under
dry conditions, by the transient heat probe method. The measured values were found to vary
with grain size number, porosity, and temperature from 0.17 to 0.46 W mÿ1 Kÿ1. The experi-
mental results were analysed to evaluate le of the sand bed in situ by means of a three-phase
model previously presented.

1 Introduction
The Japanese concept for the storage of high-level radioactive waste (HLRW) assumes
that stainless steel canisters containing the HLRW buried deeply underground will be
surrounded by highly compact bentonite clay. In the repository, the dense clay acts as a
buffer material to separate the canisters from the rock. Therefore, the thermal properties
of the clay are of great relevance to the study of thermal phenomena in the repository
system (Kiyohashi and Banno 1995/1996).

On the other hand, PRNFD (1992) pointed out the possibility of appearance of
crevices between the canister and the buffer material, and between the buffer material
and the rock. Such crevices must be filled with a good-conductance materialösolid,
liquid, or fine-grainöto reduce the thermal resistance of the repository system.

Many researchers, for example Kahr and Moos (1982), Knutsson (1983), Hopkirk
and Wagner (1986), Kumata et al (1987), Radhakrishna and Lau (1989), Sueoka et al
(1990), Susuki et al (1992), Fujita et al (1992), and Kiyohashi and Banno (1995/1996),
have measured the thermophysical properties of compact bentonite by various methods.
Kiyohashi and Banno (1995/1996) derived a correlation formula expressing the effective
thermal conductivity, le , of moist compact bentonite by means of a three-phase model.
For the rock in Japan, Sato et al (1999) collected 22378 cases of data on thermophysical
and mechanical properties of rocks at great depths from about 180 published works.
Kiyohashi et al (2002) recently measured le of core specimens collected from three
wells with a depth of 1000 m, dug in a granitoid stratum in Japan.

We have recently conducted systematic studies on the thermophysical properties
of filler materials, such as bentonite powder, grains of bentonite (less than 1.7 mm, 1.7
to 4.5 mm, and 4.5 to 10 mm in diameter), silicate sand with grain size number 6,
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and mixtures of silicate sand with grain size numbers 2, 3, 4, 5, 6, 7, and 8. The outline
of our results was reported by Takegahara et al (2000).

The purpose of this study was, first, to obtain experimental data on the effective
thermal conductivity of silica sand beds as a function of temperature and grain size,
and, second, to derive a correlation formula based on the three-phase model previously
developed by Kiyohashi and Deguchi (1998) in order to apply it to the thermal design
of the repository system of HLRW. To achieve the second purpose, we measured also
the thermal conductivity of quartzite, the mother rock of the artificial silica sand we used.

2 Measuring method
An improved heat-probe method was used for the measurement of thermal conductivity
of silica sand beds and cylindrical specimens of quartzite in this study (Carslaw and Jaeger
1956; Kiyohashi et al 1983; Kiyohashi and Banno 1995/1996). Consider a homogeneous
infinite medium of thermal conductivity l with an initial temperature y0 , into which a
long straight-line heat source is inserted. If the heat source is switched on providing
a constant heat output q per unit length and unit time, a curve with a constant temper-
ature gradient versus the logarithm of time is obtained after the initial transient period.
If the temperatures at the surface of the heat source are known at times t � t1 and
t � t2 in a part of the constant temperature gradient of the curve, l of the medium can be
calculated from the following equation (Carslaw and Jaeger 1956; Kiyohashi et al 1983):

l � q

4p
ln�t2=t1 �
y2 ÿ y1

, (1)

where y is the surface temperature of the heat source, and subscripts 1 and 2 refer to
times t1 and t2 , respectively. In practice, the linear heat source (heat probe) has a finite
diameter and length, and the medium is also a finite extent. After consideration of these
limitations, heat probes 2.0 mm in diameter and 80 mm in effective length were designed
and were also used in this study. Details of the probes were given in our previous
reports (Kiyohashi et al 1983; Kiyohashi and Banno 1995/1996).

3 Materials and specimens
The sand used for the specimens in the present study consisted of artificial grains
produced from quartzite mined in Okazaki city, Aichi prefecture, Japan. Table 1 shows the
mineral composition and particle size indexes as defined by the American Foundrymen's
Society (AFS) and the Japanese Industrial Standard (JIS). Table 2 shows grain size
distributions by mesh for sands of grain size number 2 and number 3 (San-ei Silica Co.
Ltd, 1999). The `mesh' denotes size of the material passed by a screen in terms of the
number of openings between the threads of net per linear inch (25.4 mm). The true
density, rs , of the quartzite ore measured on three cylindrical specimens described later
was 2580 ^ 2680 kg mÿ3 (mean value: 2630 kg mÿ3).

Table 1. Mineral composition and particle size indexes of the silica sand used.

Grain size Mineral composition=% Particle size indexes, F.N
number

SiO2 Al2O3 Fe2O3 Ig. Loss AFS JIS

2 98.1 0.66 0.41 0.22 (Table 2) (Table 2)
3 97.2 0.78 0.53 0.16 (Table 2) (Table 2)
4 98.4 0.56 0.38 0.14 19.9 32.9
5 98.5 0.51 0.36 0.22 32.4 50.7
6 98.1 0.54 0.38 0.24 66.8 119.1
7 94.4 169.7
8 93.2 2.81 1.35 0.85 197.5 369.9
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Particle size index, F.N, is defined as gross surface area [cm2 ] per unit weight [g] of
sand particles. In the case of JIS Z 2601-1993, F.N is calculated from equation (2) and
each particle size coefficient for each nominal size is defined in table 3:

F.N �P�Wn6Sn �=
P

Wn , (2)

where F.N is the particle size index, Wn is the mass [g] of passed sieve material for
each sieve, and Sn is the particle size coefficient given in table 3.

The particle size coefficients in table 3 have been derived with the following four
assumptions:
(i) the sand particles are spherical, with diameter D;
(ii) the sand particles are of the same diameter for a certain nominal size in each sieve;
(iii) true density of the sand particles is constant: rs � 2650 kg mÿ3 for each nominal
size of the particles;
(iv) each particle is floating separately in air, so that the particles do not contact each
other.

Table 4 shows the relation between each commercial grain size number and the
corresponding grain size diameter (peak diameter) prescribed in JIS G 5901-1974.

Each sand bed specimen was made of the sand of grain size numbers 2 to 8 in
cylindrical heat-resistant glass vessels (100mm inner diameter, 120mm high, and 800 cm3

Table 2. Mesh of grain size numbers 2 and 3.

Grain size Mesh
number

5 6 8 10 14 20 28 36

2 2.7 16.3 53.6 23.7 3.5
3 5.7 26.8 49.5 15.1 2.5 0.4

Table 3. Particle size coefficients for each nominal size of standard sieve.

Nominal size=mm Sn =cm
2 gÿ1 Nominal size=mm Sn =cm

2 gÿ1 Nominal size=mm Sn =cm
2 gÿ1

3370 5 600 31 106 178
2360 8 425 44 75 249
1700 11 300 63 53 355
1180 16 212 89 Pana 631
850 22 150 125

a Pan means minute particles of minus sieve of nominal size 53 mm.

Table 4. The relation between each grain size number and the corresponding grain diameter
prescribed in JIS.

Grain size Peak diameter=mm (mesh) Particle size index, F.N, in JIS
number

2 1680 (10) ±
3 1190 (14) ±
4 590 (28) 32.9
5 420 (35) 50.7
6 149 (100) 119.1
7 105 (150) 169.7
8 74 (200) 369.9
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effective volume) by a free-falling process from a very low height. Each specimen was
dried at 105 8C for 12 h in an electric drier to release free moisture from the sand bed.
After natural cooling of the specimens at room temperature under air-tight conditions,
they were used for the measurement of physical properties and effective thermal con-
ductivity. Table 5 shows the bulk density, and volumetric fractions of solid, fs , and air,
fa (solid and void) of the specimens of the sand bed. Two pieces of specimen, a and b,
for each grain size were used as shown in the table. The abbreviation SSB preceding the
specimen number stands for silica sand bed.

4 Measuring setup and procedure
The measuring setup consisted of a water bath with a temperature controller in which
were three specimen containers, three heat probes, a constant power supply, an automatic
switch (on a dummy load to each heat probe), a digital data recorder, a microcomputer
system, etc, as shown in figure 1. The specimen container was made of stainless steel
(SUS304) and its diameter and height were 127 mm and 340 mm, respectively. For the
heat probe, a triple thermopile was used to increase sensitivity from 0.024 to 0.008 K mVÿ1.
Sensing points of thermocouples 1, 2, and 3 were located 35 mm, 40 mm, and 45 mm
from the end of the probe, respectively (Kiyohashi and Banno 1995/1996).

The thermal conductivities of the sand beds, cores of quartzite as their mother rock,
and a reference material were measured at 25, 45, 65, and 85 8C, in that order, three times
at least for each experimental condition. The constant heat input, q, in equation (1) was
adjusted in the ranges 1.1 ^ 2.6 W mÿ1 for the sand bed specimen, 5.3 ^ 6.6 W mÿ1 for a
cylinder of high-purity (99.99% SiO2 ) fused quartz (75 mm in diameter, 150 mm in
height) as the reference material, and 9.8 ^ 16 W mÿ1 for the three cores of quartzite,
so as to obtain a temperature rise of the probe of about 4 to 7 K at the end of the
measurement. Its duration was set at 20 min.

The contact between the heat probe and a hole drilled in each specimen of the sand
bed was very good. However, in solid cylinders, especially in the cores of quartzite
(100 mm diameter, 120 mm high) the contact was not good, because the accuracy of the
holes drilled with an ultrasonic machine in the cores (diameter, 2.1 to 2.5 mm) was poor
because of their hardness. This appeared to increase the uncertainty of the thermal
conductivity measurement.

Table 5. Physical properties of specimens of the silica sand bed (SSB).

Specimen Bulk density, Volumetric fraction
number rb=kg mÿ3

fs fa

SSB-2a 1445 0.55 0.45
SSB-2b 1450 0.55 0.45

SSB-3a 1440 0.55 0.45
SSB-3b 1460 0.55 0.45

SSB-4a 1370 0.52 0.48
SSB-4b 1345 0.51 0.49

SSB-5a 1365 0.52 0.48
SSB-5b 1385 0.53 0.47

SSB-6a 1335 0.51 0.49
SSB-6b 1350 0.51 0.49

SSB-7a 1280 0.49 0.51
SSB-7b 1265 0.48 0.52

SSB-8a 1215 0.46 0.54
SSB-8b 1180 0.45 0.55
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5 Results and discussion
5.1 Uncertainty of the thermal conductivity measurement
Figure 2 shows the measured values of thermal conductivity, l, of the cylinder of high-
purity fused quartz (the reference material) versus temperature, y. The solid line and the
broken line show a regression equation and the data of Powell et al (1966), respectively.
Equation (3) and R 2 are the regression equation and its coefficient of determination,
respectively:

l=W mÿ1 Kÿ1 � 0:0018 y=8C� 1:31 , �R 2 � 0:0954� . (3)

Mean values of measured l were 1.36 W mÿ1 Kÿ1 at y � 30 8C, and 1.45 W mÿ1 Kÿ1

at y � 90 8C. These values are 2% below the recommended values of Powell et al (1966).
However, the deviation of the measured values from equation (3) was up to �20% at
y � 30 8C and up to �5% at y � 90 8C.

The deviation of �20% at 30 8C is rather large and unsatisfactory. This defect may
be due to the poor contact between the heat probe and the drilled hole. However, it
seems that this has improved by thermal expansion of the heat probe at the higher
temperature, y � 90 8C.
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Figure 2. Thermal conductivity, l, of high-purity fused quartz cylinder versus temperature, y,
measured with the object of testing the heat probe setup. The solid and broken lines show a
regression equation and the data of Powell et al (1966), respectively.
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Figure 1. Setup for measuring thermal conductivity of cylindrical specimens. A, specimen con-
tainer; B, specimen; C, hot water bath; D, constant power supply (1); E, constant power supply (2);
F, automatic channel switch; G, dummy load; H, multi-channel digital data recorder; I, micro-
computer; J, floppy drive.
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5.2 Experimental results for the effective thermal conductivity of SSB specimens
Table 6 shows the results of measurements of the effective thermal conductivity, le , of
the silica sand bed specimens. These results indicate that the temperature dependence
of le is positive but very weak, and that the grain size dependence of le is also positive
and rather strong; that is, the value of le decreases with increasing grain size number.
This also means that the le decreases with decreasing grain size diameter and increasing
porosity, f (� fa ), of the sand bed, as shown in tables 4 and 5.

Figure 3 shows the effective thermal conductivity, le , as a function of temperature, y.
In this figure, the values of le are plotted against y � 1

2
(y1 � y2 ) from equation (1).

In order to obtain the correction formula between the measured values of le and the
specimen temperature, y, it was assumed that le could be expressed as

le=W mÿ1 Kÿ1 � a� b�y=8C� . (4)

The constants a and b, and the coefficient of determination, R 2, were then obtained by
linear least-squares regression, as listed in table 7.

Table 7 shows the values of coefficients a and b in equation (4), and each R 2 for all
the silica sand bed specimens.

The smaller values of R 2 (which mean larger scatter of the data) for almost all of
the silica sand bed specimens must be due to (i) the sand bed specimens made up
from free-falling grains having a soft-structure porous body without an adhesive agent,
and to (ii) unfortunately, the temperature dependence of le being positive but very
weak. The total values of le at the `setting temperature', y, of 25 8C and 85 8C are
0:26� 0:10 W mÿ1 Kÿ1, and 0:29� 0:10 W mÿ1 Kÿ1.

Table 6. Experimental results on le (W mÿ1 Kÿ1) of the SSB specimens at different temperatures
(25, 45, 65, and 80 8C).

Specimen y=8C Specimen y=8C
number

25 45 65 85
number

25 45 65 85

SSB-2a 0.291 0.253 0.288 0.322 SSB-6a 0.234 0.221 0.222 0.236
0.291 0.389 0.331 0.347 0.234 0.242 0.221 0.262
0.402 0.313 0.315 0.352 0.241 0.236 0.249 0.227

SSB-2b 0.317 0.319 0.311 0.342 SSB-6b 0.251 0.275 0.266 0.277
0.412 0.311 0.327 0.362 0.281 0.257 0.262 ±
0.335 0.353 0.343 0.354 0.257 0.254 0.267 0.267

SSB-3a 0.292 0.239 0.312 0.319 SSB-7a 0.219 0.218 0.219 0.226
0.296 0.289 0.291 0.463 0.238 0.203 0.223 0.247
0.263 0.311 0.272 0.392 0.228 0.224 0.226 0.233

SSB-3b 0.283 0.283 0.343 0.321 SSB-7b 0.274 0.298 0.259 0.272
0.313 0.341 0.337 0.341 0.291 0.246 0.285 0.226
0.307 0.323 0.341 0.343 0.212 0.306 0.285 0.275

SSB-4a 0.226 0.213 0.244 0.251 SSB-8a 0.174 0.235 0.204 0.239
0.267 0.241 0.243 0.273 0.181 0.267 0.236 0.273
0.251 0.231 0.261 0.272 0.184 0.244 0.222 0.247

SSB-4b 0.253 0.251 0.286 0.284 SSB-8b 0.193 0.288 0.279 0.228
0.253 0.252 0.278 0.306 0.213 0.261 0.221 0.291
0.281 0.327 0.302 0.307 0.207 0.284 0.246 0.246

SSB-5a 0.228 0.229 0.239 0.244
0.272 0.263 0.263 0.276
0.254 0.275 0.274 0.283

SSB-5b 0.245 0.251 0.281 0.296
0.309 0.293 0.292 0.314
0.333 0.283 0.281 0.294
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Figure 3. Effective thermal conductivity, le , of the silica sand bed specimens as a function of
temperature, y. Each solid line shows each regression line.

Table 7. Values of coefficients a and b in equation (4), and the coefficient of determination, R 2,
for the silicas and specimens.

Specimen Coefficients R 2

number
a b

SSB-(2a and 2b) 0.000071 0.328 0.0019
SSB-(3a and 3b) 0.00114 0.251 0.3364
SSB-(4a and 4b) 0.000491 0.235 0.1612
SSB-(5a and 5b) 0.000199 0.262 0.0294
SSB-(6a and 6b) 0.000058 0.246 0.0049
SSB-(7a and 7b) 0.000141 0.241 0.0115
SSB-(8a and 8b) 0.000781 0.191 0.2648
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Figure 4 shows lereg , the effective thermal conductivity calculated from equation (4)
for 30 8C and 80 8C as a function of particle size index, F.N. By curve fitting, the
following formulae and their coefficients of determination, R 2, were obtained:

lereg � ÿ0:0248 ln�F.N� � 0:3625 for 30 8C, (R 2 � 0:8496) ,

lereg � ÿ0:0255 ln�F.N� � 0:3855 for 80 8C, (R 2 � 0:8142) .

These high values of coefficients of determination, R 2, for the relations between lereg
and F.N show that the particle size index, F.N, could play the central role in the
thermophysical phenomena in the powdered material.

5.3 Derivation of a correlation formula for le based on the three-phase model
In the underground repository system of HLRW, the free-falling silica sand beds will be
compacted by gravity and some tectonic stresses after a period of time, and will absorb
moisture or liquid water (Suzuki et al 1985; Bagster 1996; Eitoku et al 1997; Yu and Zou
1998). As a result, volumetric fractions of solid, liquid, and air will change, and the value
of le will be affected by compaction and increased moisture content, increasing with the
decrease of porosity,f, and the increase of volumetric fraction ofwater,fw . For these cases,
we have tried to evaluate the values of le , using the following formula (Kiyohashi
and Deguchi 1998):

le � fÿks �lsfs � lw �1ÿ fs ��ml n
w l

p
a �0:05 4 f 4 0:51) , (5)

where la , ls , and lw are the thermal conductivities of air, solid, and water, respectively;
p( � fa ), m( � fs), and n( � fw ) are volumetric fractions of air, solid, and water, respec-
tively; and k � fa =(fa � fw ) with porosity f � fa � fw.

The thermal conductivities of air and water, la and lw , can be expressed as a function
of temperature with the use of the published data of Kiyohashi and Banno (1995/1996),
respectively, as follows:

la � 7:37610ÿ5 �y=8C� � 0:0242 , (6)

lw � 2:36610ÿ8 �y=8C� 3 ÿ 1:13610ÿ5 �y=8C� 2 � 2:07610ÿ3 �y=8C� � 0:562 . (7)

For the silica sand bed specimen, the ls values can also be obtained from equa-
tion (8), by transformation of equation (5), by using the measured le values, physical
properties of the sand bed, and equations (6) and (7):

ls �
" 

le
fÿks l n

wl
p
a

!1=m

ÿ lw �1ÿ fs �
#

1

fs

. (8)

However, in the present experiment, we did not expect that ls will be accurate enough
because of the larger scatter of the le values. Therefore, we used the mother rock of the
artificial silica sand to measure directly ls, the thermal conductivity of Aichi quartzite.
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Figure 4. Regressed effective thermal conductivity, lereg , of the silica sand bed specimens for
(a) y � 30 8C, and (b) y � 80 8C, as a function of particle size index, F.N. Solid lines show regres-
sion equations.
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Figure 5 shows the thermal conductivity of the three cylindrical specimens made of
Aichi quartzite as a function of temperature. By curve fitting, the following formula and
its coefficient of determination, R 2, were obtained:

l=W mÿ1 Kÿ1 � 0:0302�y=8C� � 4:64 , (R 2 � 0:1926) . (9)

This expression is barely valid because R 2 is 0.1926, but the order of l agrees with
literature data by Touloukian et al (1989). However, the temperature dependence of l is
different in the two cases. Touloukian et al found the average temperature dependence
of l of quartzite in the temperature range 300 ^ 1000 K to be negative. This may be
correct, if one extrapolates from the temperature dependence of the thermal conductivity
of high-purity quartz crystal (Touloukian et al 1989). In contrast with this, the tempera-
ture dependence of l obtained by us is slightly positive in the temperature range 27 8C
(300 K) ^ 90 8C (363 K) as shown in figure 5.

To check our results on l of quartzite, we have measured it again by the following
two different methods in cooperation with A Omura and T Takahashi.

Figure 6 shows the results of measurements of l of three sets (A-1 and A-2, B-1 and B-2,
and C-1 and C-2) of cubical specimens (60 mm660 mm660 mm) from the same Aichi
quartzite by the hot-disk method (Omura and Tsuboi 2002). The results seem to support
our results, because the dependence of l on temperature is similar to that found by us.

At our request, Takahashi et al (2002) measured the thermal conductivity, l, of the
same cubical specimens of the Aichi quartzite. At prescribed three points on a diagonal
line on a selected surface of each specimen, l was measured with a thermal probe by the
instantaneous-point-contact method (Takahashi and Emori 1999) at room temperature
(y � 27 8C). Table 8 shows the experimental results which express individual differences
between the values of l of specimens A, B, and C, and those measured at the three
different points on the same surfaces of the specimens. Overall average of the values
of l for the eighteen different points is lTakahashi � 5:63� 2:15 W mÿ1 Kÿ1 at y � 27 8C.
The value of l regressed at y � 27 8C, obtained from equation (9) by the authors, is
lKiyohashi � 5:46 W mÿ1 Kÿ1. The difference between lTakahashi and lKiyohashi is seen to be
very small.
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Figure 5.Thermal conductivity, l, versus temperature, y, in the case of cylindrical specimens of Aichi
quartzite. The solid line shows a regression equation.
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reported by Omura and Tsuboi (2002). The solid line shows a regression equation.
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For reference, the average value of l of 140 samples of quartzite collected by
Touloukian et al (1989) is 5:12� 2:56 W mÿ1 Kÿ1 at (the estimated) room temperature
and their arithmetic mean value is 5.02 W mÿ1 Kÿ1. There are very few systematic studies
of the variation of thermal conductivity of quartzite with temperature between 0 and
100 8C. Ensor (1931) obtained for South African quartzite the following relation:
l � ÿ0:0102 (y=8C)� 6:25 W mÿ1 Kÿ1. The variations in the conductivity of samples of
the same kind of rock `quartzite' are much greater than would be accounted for by the
uncertainties in the measurements on individual samples. These variations are undoubt-
edly due in part to differences in the compositions of the rock, which may have been
quarried from widely separated locations.

Considering the above geological circumstance, we can regard the results by Omura
and Takahashi on l of the cubical specimens from the same Aichi quartzite as guaran-
teeing the quality (validity) of equation (9) obtained by us from measurements on
cylindrical specimens of Aichi quartzite. However, we think that more careful measure-
ments of l are needed over a wider temperature range to resolve the problem of the
temperature dependence and data scatter of l.

5.4 Evaluation of the effective thermal conductivity of silica sand bed in situ
Evaluation of effective thermal conductivity of packing materials in situ is very important
in order to establish a firm scientific basis for the safe disposal of HLRW in deep geo-
logical formations.

Kiyohashi and Deguchi (1998) proposed a three-phase correlation formula, equa-
tion (5), for the effective thermal conductivity, le , of porous materials, which was derived
from experimental results for 18 kinds of porous rocks under dry, moist, or water-saturated
conditions.

We tried to evaluate the effective thermal conductivity of free-falling silica sand beds
using equations (5), (6), (7), and (9), on the basis of the following assumptions:
(i) ls in equation (5) corresponds to the thermal conductivity of Aichi quartzite,
expressed by equation (9);
(ii) though equation (5) was derived for rock specimens with relatively large porosities
(0.05 4 f 4 0:51), it may also apply to specimens with much larger porosities (0.45
4 f 4 0:55) of the powdered material;
(iii) volume fractions fa , fs , and fw (fw � 0 in this case) are given in table 5.

Table 9 shows a comparison of the experimental results, lereg , of the silica sand beds
calculated from the regression equation (4), and leest , estimated from the three-phase
model equation (5), and also their ratio at 30 8C and 80 8C. As shown in the table, the
ratio leest=lereg ranges from 1.35 to 2.82. The ratio is much smaller for sand beds with
large-sized particles and at the lower temperature.

Table 8. Experimental measurement results on l=W mÿ1 Kÿ1 of the cubical specimens of Aichi
quartzite at y � 27 8C by Takahashi et al (2002).

Specimen Point 1 Point 2 Point 3 Mean

A-1 7.49 6.65 6.86 6:99� 0:45
A-2 6.44 7.66 6.62 6:91� 0:75

B-1 5.97 3.45 4.15 4:52� 1:45
B-2 4.56 6.05 4.89 5:17� 0:85

C-1 5.59 5.01 3.98 4:86� 0:75
C-2 5.21 5.09 5.73 5:34� 0:35

Overall mean 5:63� 2:15
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Finally, in order to try to find the reason for these results, we obtained the solid-
phase thermal conductivity, lsest , estimated from another three-phase model equation (8)
and the related values, as shown in table 10, figure 7, and equation (10):

lsest =W mÿ1 Kÿ1 � 0:01�F.N� � 2:201 , �R 2 � 0:8652� . (10)

lsest increases with increase of particle size index, F.N. Precision (reliability) of
equation (10) is very high because R 2 � 0:8652. This behaviour may be explained by
increased content of high-conductivity materials, Al2O3 (36 � 46 Wmÿ1 Kÿ1) and Fe2O3

in the case of grain size number 8 as shown in table 1. However, generally, ls must be
constant regardless of the value of F .N as shown in table 10 at lsqua � 7:07 W mÿ1 Kÿ1

being the l value of Aichi quartzite. But the differences between lsqua and lsest are large
and they may be due to the effect of thermal contact resistance between sand particles
of SSB specimens.
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Figure 7. Estimated solid-phase thermal conductivity, lsest , calculated from equation (8) at y � 80 8C
versus particle size index F.N.

Table 9. Comparisons of the experimental results, lereg , of the silica sand beds from equation (4), with
estimated results, leest , calculated from equation (5) and the related values at y � 30 8C and 80 8C.

Specimen y � 30 8C y � 80 8C

lereg = leest = leest =lereg lereg = leest = leest =lereg
W mÿ1 Kÿ1 W mÿ1 Kÿ1 W mÿ1 Kÿ1 W mÿ1 Kÿ1

SSB-2 0.331 0.445 1.35 0.334 0.536 1.61
SSB-3 0.285 0.445 1.56 0.342 0.536 1.57
SSB-4 0.251 0.601 2.41 0.274 0.721 2.63
SSB-5 0.268 0.622 2.32 0.278 0.749 2.69
SSB-6 0.248 0.591 2.38 0.251 0.707 2.82
SSB-7 0.245 0.541 2.21 0.252 0.645 2.56
SSB-8 0.214 0.448 2.28 0.253 0.581 2.31

Table 10. Results of estimated solid phase thermal conductivity, lsest , calculated from equation (8)
and the related values, and some related values to thermal contact resistance between sand
particles of SSB specimens at y � 80 8C.

Specimen lsest =W mÿ1 Kÿ1 lsqua =W mÿ1 Kÿ1
lsqua ÿ lsest

lsqua

JIS
F.N

SSB-2 1.736 7.07 0.7545 7.8
SSB-3 1.786 7.07 0.7474 14.7
SSB-4 3.355 7.07 0.5255 32.9
SSB-5 3.099 7.07 0.5617 50.7
SSB-6 3.176 7.07 0.5508 119
SSB-7 4.136 7.07 0.415 169.7
SSB-8 5.771 7.07 0.1837 369.9
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Solid particles of varying sizes and shapes make up the `skeleton'of the SSB specimens.
Between these solid particles are interconnected pore spaces that vary in size and shape.
In perfectly dry sand, all of the pore space would be filled with air. The physical proper-
ties of the sand bed, including its ability to store water, are highly related to the fraction
of the total solid volume that is occupied by the solid and the fraction that is the pore
volume.

In a completely dry sand, the main mechanism of heat transmission in the sand bed
is controlled by (i) heat conduction resistance within each sand particle; (ii) contact heat
transfer resistance between particles; (iii) air ^ film thermal resistance around contact
points of the particles; and (iv) conduction and radiation thermal resistance of air in the
pores. Thermal resistances (ii) and (iii) will increase with an increase of F.N. However,
the contribution of F.N to the total thermal resistance of the sand bed is still unknown.

Figure 8 shows the relation between (lsqua ÿ lsest )=lsqua and F.N. This shows that
some component of the total thermal contact resistance in the sand bed decreases with
an increase of F.N.

Figure 9 shows ratios of the experimental results, lereg , of the sand bed obtained
from equation (4), and estimated results, leest:FN calculated from equations (5) and (10) at
y � 80 8C plotted against F.N. As shown in the figure, the ratio of leest:FN =lereg is nearly
equal to unity at smaller F.N, but above F.N � 32.9, the ratio increases logarithmically
with increase of F.N, to 2.1 at F.N � 370.

The results show that we cannot apply equation (5) to estimate the effective thermal
conductivity of the sand beds used in this experiment. It seems that the serious difference
between lsreg and lsest , and between lereg and leest:FN is mainly due to the difference in
the solid structure of the two porous bodiesörocks and sand beds. The solid structure
of the former is a continuum, and that of the latter is discontinuous. For this reason,
if we macroscopically deal with the sand bed as one material, we must introduce, for
example, a kind of apparent thermal conductivity for the solid phase of the sand beds,
taking account of thermal contact resistance between the sand grains in them. Much
wider application of equation (5) to macroscopically porous bodies, such as the sand
bed, is a problem to be solved in the near future by more systematic experimental and
model studies.

0.8

0.6

0.4

0.2

0.0

l s
q
u
a
ÿ
l s

es
t
=
l s

q
u
a

0 100 200 300 400
F.N

y � ÿ0:0014�F.N� � 0:6888

R 2 � 0:8653

Figure 8. Relation between y � �lsqua ÿ lsest � =lsqua and F.N for SSB specimens at y � 80 8C.
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6 Conclusions
The effective thermal conductivities of fourteen macroscopic porous specimens made of
free-falling artificial silica sand beds, produced in Aichi prefecture, Japan, have been
measured by an unsteady heat probe method under various conditions of dry bulk
density (1180 ^ 1460 kg mÿ3), porosity (45%^ 55%), in the temperature range of 25 to
85 8C in dry state.

Mild temperature dependence of the effective thermal conductivity was generally
observed in the tested temperature range for each grain size of the sand beds. The
measured effective thermal conductivity was 0:26� 0:10 W mÿ1 Kÿ1 at 25 8C and
0:29� 0:10 W mÿ1 Kÿ1 at 85 8C.

Particle size index, that is foundry sand number, F.N, which was defined as gross
surface area per unit weight of sand particles was satisfactorily correlated with the effec-
tive thermal conductivity of all the sand bed specimens.

The experimental results were arranged and discussed in order to estimate the effective
thermal conductivity of the sand bed in situ by means of a three-phase model previously
presented for porous rocks. As the results of this trial ended in failure, introduction of
an apparent thermal conductivity for the solid phase of the sand beds, taking account
of thermal contact resistance between the sand grains, is proposed.
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