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ABSTRACT

Thermal conductivity has a profound impact on the design and performance of energy-
related geosystems. In some cases, high thermal conductivity is advantageous such as
for the foundation of nuclear reactors, ground heat pump exchangers and the
production of geothermal reservoirs. However, low thermal conduction may also be
sought for example for the foundation and isolation of molten salt thermal storage
systems. Heat transfer in soils involves diverse conduction mechanisms, starting with
lattice vibrations in non-metallic mineral particles, the movement of electrons in metallic
components, and molecular collisions and convection in fluids. As these phases come
together to form the particulate medium, thermal conduction takes place through
particle-particle, particle-fluid, and particle-fluid-particle heat conduction paths. Multiple
conduction mechanisms and paths, pore fluids and grain mineralogy give rise to a broad
thermal conductivity range in natural geomaterials (typically between 102 to 10° W-m™
K™), and open the opportunity to engineer soils to attain unique thermal characteristics.
Experimental and analytical results evaluate the performance of granular mixtures and
show the controlling effect of the pore fluid.

1. THERMAL CONDUCTIVITY IN GRANULAR MEDIA

Granular media are composed of solid, liquid and gas phases, each of which
possesses distinct thermophysical properties. Heat transfer by conduction differs
radically among phases both in nature and magnitude.

1.1 Thermal conductivity in solid phases

Heat conduction in amorphous and crystalline dielectric solids occurs through lattice
vibration waves, i.e., phonons. Thermal conductivity in non-metallic minerals is a
function of temperature; in terms of the Debye temperature 6 corresponding to the
highest phonon vibration mode: (1) at low temperatures 7<)s6, atom vibrations are
highly correlated and can be described by the propagation of elastic waves in a
continuum, (2) at intermediate temperatures 30 <7<6, the lattice vibration mode leads
to dispersion, (3) at high temperatures T—6@, atoms vibrate independently of their
neighbors (Touloukian et al. 1970).
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Thermal conduction in metals takes place through lattice vibration waves and freely
moving valence electrons. Phonon heat conduction in metals, alloys, and semimetals is
of the same order of magnitude as that of non-metals of similar elastic properties.
Electron heat conduction parallels electrical conductivity by the Wiedemann-Franz law
(Touloukian et al. 1970).

Heat-induced deformation in amorphous or semi crystalline polymers changes the
internal structure, deters heat transfer, and renders polymers in general poor thermal
conductors. At ambient temperatures the thermal conductivities of most plastics range
between 5x102 and 10° W-m™-K" (Bhargava 2004). The introduction of thermally
conductive fillers yields a linear increase in density and heat capacity and can produce
an exponential increase in thermal conductivity and diffusivity depending on the degree
of interconnectivity of the filler (Chung 2001; Droval et al. 2006).

1.2 Thermal conductivity in fluid phases
Bridgman’s equation captures the key variables that determine the thermal
conductivity At in liquids (Bridgman 1923):

A, = 20057 (1)

where « is the Boltzman-Drude constant (2.02x107'%), v is the speed of sound in the
liquid, and ¢ the mean separation distance between the molecules in a simple cubical
array. Bridgman’s equation can be written as (Bird et al. 1960):

2/3
1T=2.8.K-v.(§j 2)

where « is the Boltzmann constant (1.380x107% j-K™"), the factor V/N is the volume per
molecule, and (V/N)”3 is the center-to-center distance in a simple cubic packing
configuration.

In the case of gases, the mean-free path theory provides an estimate of the thermal
conductivity based on energy transfer though inter-molecular collisions. For dilute gases,
(Touloukian et al. 1970):

ZT=%-p'\7-5-CV 3)

where p is the gas density, 7 is the mean molecular speed, J is the mean free path, and
C, is the heat capacity of the gas at constant volume.

1.3 Thermal conductivity in dry granular media

The thermal conductivity of mono-size lead granular beds in vacuum is 0.07 W-m™"-
K™ (Masamune and Smith 1963), which corresponds to 0.2% of the thermal conductivity
of solid lead, i.e., 35.3 wW-mtK™. Similarly, the thermal conductivity of a packing of
mono-size glass particles in vacuum is 0.05 W-m™-K™" which corresponds to 5% of the
thermal conductivity of solid glass (1.05 W-m™K™"). Furthermore, the thermal
conductivity of glass particle packings in vacuum is independent of particle size;
however, this is not the case when air is present in the pore space: in air, the effective
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thermal conductivity of the packing increases with gas pressure at a rate that is particle-
size-dependent (Masamune and Smith 1963).

Tests on mixtures of binary-size spherical glass particles with a size ratio Ry = 2.6
show that the effective thermal conductivity traces porosity i.e., interparticle coordination:
the effective thermal conductivity peaks when porosity is at a minimum (Guyon et al.
1987; Okazaki et al. 1981).

The thermal conductivity of mono-size mixtures of copper (400 W-m™-K™) and glass
(1.05 W-m'1-K'1) spherical particles increases linearly with the fraction of copper. An
increase in particle size results in a uniform increase in the effective thermal
conductivity for all glass-copper mixtures (Okazaki et al. 1981).

1.4 Thermal conductivity of saturated granular media

The effective thermal conductivity of granular media is strongly affected by the
presence of liquids. Experiments results for water-saturated glass particle packings
show an increase in thermal conductivity from 0.153 W-m™"-K™" for air-filled specimens to
0.797 W-m K" for water saturated specimens (Gori et al. 2001).

1.6 Summary

These results highlight the importance of contacts on thermal conductivity in dry
sediments, and the contribution of fluid conduction along alternative conduction paths
next to contacts (Yun and Santamarina 2008). Indeed, experimental dataset show that
thermal conductivity in granular media is a function of the mineralogical composition of
the solid phases (Gangadhara Rao and Singh 1999; Tarnawski et al. 2002), particle
size (Aduda 1996; Batchelor and O'Brien 1977; Gangadhara Rao and Singh 1999;
Tarnawski et al. 2002), packing density and coordination number (Tarnawski et al.
2002), water content (Andersland and Ladanyi 2004; Farouki 1985; Lu et al. 2007;
Singh and Devid 2000), and effective stress (Batchelor and O'Brien 1977; Chung 2001;
Cortes et al. 2009; Droval et al. 2006; Vargas and McCarthy 2001; Yagi and Kunii 1957).

2. EXPERIMENTAL STUDY

We explore herein the effects of high thermal conductivity solid metallic intrusions in
coarse grained soils, and the effects of changes in pore fluid in the effective thermal
conductivity of granular mixtures.

2.1 Measurement method and calibration

The thermal needle method is used in this study (Stalhane and Pyk 1931). The
linear heat source is an electrical wire connected to a current source to create a
constant heat input ¢ per unit length and time. A thermocouple at the center of the
needle tracks the temperature evolution with time. The thermal conductivity can be
inverted from the temperature-time 7-¢ record as:

q t
A, = In| — 4
" 4nAT (r} “)
where AT is the temperature change between time ¢, and .

The needle probe method was calibrated using gelated water specimens to prevent
convective transport. Calibrations using different specimen size and chamber materials
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show no boundary effects on measurement conducted in chambers as small as 15 mm
in diameter when the effective thermal conductivity is 0.56 W-m™-K™ and the transient
heat input is 100 seconds long (Figures 1-a and 1-b Note: measurement variability is in
the order of £ 8%). The distance to boundaries must be increased when the specimen
conductivity or the pulse duration increase. All measurements reported next were
obtained using a ID=78 mm glass container and a transient heating period of 90
seconds. Measurements were repeated 9 times on each specimen; the probe was
removed and the specimen was stired and allowed to equilibrate with room
temperature after each measurement.
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Fig. 1 Needle probe calibration and evaluation of boundary effects on gelated water.

3. RESULTS AND DISCUSSION
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3.1 Air saturated binary mixtures

Binary mixtures of mono-size glass and lead particles 1mm in diameter were
prepared at different solid volume fractions as indicated in Table 1. Results in Figure 2
show that the effective thermal conductivity of the granular mixture increases linearly
with the volume fraction of the high thermal conductivity particles until fi.,q < 0.8;
thereafter, there is a pronounced increase in thermal conductivity as fi.a > 0.8. At low
volume fractions of lead fi..q < 0.2, the effective thermal conductivity is controlled by the
low thermal conductivity glass particles; high conductivity particles are suspended in a
matrix of glass particles and contribute very little to heat conduction. At intermediate
lead volume fractions 0.2 < fi.,a < 0.6, high conductivity grains form interconnected
structures, but these are stochastic in nature and the data exhibits high variability
(shaded area in Figure 2). At high lead volume fractions fi..s > 0.8, percolating chains
made of interconnected lead particles define the mixture heat conduction. Note that
there is no marked percolation threshold given the low contrast in thermal conductivity
among the pure granular phases (Mamunya et al. 2002). In general, results agree with
previous studies (Gori et al. 2001; Okazaki et al. 1981). There are additional sources of
variability, as hinted by the pure lead shot data, in part due to the lose packing at very
low effective stress, and the particle size being similar to the probe diameter (Inaba
1986).

Since the P-wave velocity of lead is lower than that of glass (Viea= 1900 m-s™ vs.
Vlass= 3500 m-s™'), phonon heat conduction is expected to be higher in glass. Yet,
electron conduction prevails in lead and increases its conductivity above that of glass:
50lid-Aieaa = 35.3 W-m™-K" vs. solid-Agass = 1.05 W-m™-K™". Despite the pronounced
difference in thermal conductivity between solid-lead and solid-glass, the difference in
the thermal conductivities of granular-glass and granular-lead is surprisingly small:
granular-he, = 0.32 £ 0.05 W-m™"-K™" vs. granular-iy., = 0.16 = 0.005 W-m™"-K™". The
higher thermal conductivity of lead shot indicates that while photon conduction is
drastically reduced, it does still contribute to heat transfer.

Parallel conduction and series conduction models are plotted along with the
experimental data in Figure 2, taking into consideration the data variability at lead
fractions f,.., =0 and f.., = 1. Data trends plot closer to series conduction

Table 1 Binary mixture proportions; ... is the fraction of lead in the total volume of solids.

Glass Lead
St N Tar Ty [m]x10° | M [kg]l | ¥ [m?]x10®
0 0.80 28.6 0.00 0
0.2 0.64 22.9 0.66 6
0.4 0.48 17.1 1.32 12
0.6 0.32 11.4 1.98 17
0.8 0.16 5.7 2.64 23
1 0.00 0.0 3.30 29
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Fig. 2 Effective thermal conductivity of mono size air saturated binary mixtures. The theoretical

upper and lower bounds defined by the parallel and series conduction models are presented for
comparison.

ﬂ’parallel = (l - f}ead )/Iglass + f}ead /llead (5)
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Fig. 3 Effective thermal conductivity of mono size water saturated binary mixtures. The
theoretical upper and lower bounds defined by the parallel and series conduction models are
presented for comparison.

2487



3.2 Water saturated binary mixtures

Water-saturated mixtures were prepared by pouring grains into fluid-filled containers
and removing entrained air using vacuum while stirring. Similarly to the air-dry case,
water saturated binary mixtures show a quasi-linear increase in thermal conductivity
with the volume fraction of lead shot (Figure 3), followed by a decisive increase when
fiead > 0.8. Once again, measurement variability between fi..s = 0.2 and 0.4 is a precursor
to the onset of percolation. Parallel and series conduction bounds are superimposed on
the figure.

3.3 Lead-shot in kaolinite paste

The thermal conductivity of kaolinite is 1.96 W-m™-K" (Zweifel et al. 2009); thus,
when in suspension kaolinite particles act as high thermal conductivity colloids. A
stable kaolinite-water paste was prepared at a water content twice the liquid limit w =
172%; the measured thermal conductivity is Ang = 0.94 + 0.07 W-m™"-K" which
corresponds to twice the thermal conductivity of water and one half of the thermal
conductivity of kaolinite at the liquid limit (Cortes et al. 2009).

Water saturated lead shot
Ar=53£1.0 Wm!-K'!

Thermal conductivity [W-m™2-K1]
N

Kaolinite paste
Ar=0.94+0.07 W-m-K!

Lead void ratio [ ]

Figure 4. Effective thermal conductivity of kaolinite paste as a function of lead content. The
thermal conductivities of water saturated granular lead and kaolinite paste are plotted for
reference; the gray bands show the variability in the data.

Lead particles were added in equal increments and mixed in the kaolinite paste. The
effective thermal conductivity data of the lead-kaolinite paste mixtures is best plotted
against the lead void ratio ep, defined as:

Ve
e, =—— 7
=y (7)
where Vp, is the volume of solid lead and 7V is the volume of kaolinite paste (Figure 4).
The lead void ratio decreases with an increase in the volume of lead particles. The
asymptotic thermal conductivity for large ep; is Ayse. The effective thermal conductivity
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and the measurement variability increase rapidly for values of ep, < 5 as interconnected
lead particles start contributing to heat conduction. The thermal conductivity when lead
shot is loosely packed (as in the case of air or water saturated - void ratio ep, = 0.75) is
Apb-pasie=5.55 = 0.3 W-m™-K™",
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Fig. 5 Effective thermal conductivity of water and mineral oil saturated granular lead: (a) thermal
signatures of all tests, and (b) effective thermal conductivity of the saturated granular media in
comparison to the thermal conductivity of the individual phases.

3.4 Compatrison: air, water, mineral oil and paste-saturated lead shot
At a lead void ratio ep,~0.72, the thermal conductivity of lead shot saturated with
different fluids is App.ir=0.32 £ 0.05 W-m™ K™, Appoi= 1.65 = 0.3 W-m™ K", Appyarer= 5.29
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+ 1.0 W-m™-K", and Apppaste=5.55 = 0.3 W-m™-K™". Figure 5 summarizes these results
along with the thermal conductivities of the individual phases for comparison. Water
saturated lead shot offers a more pronounced increase in thermal conductivity; however,
mineral oil remains liquid up to temperatures as high as 200 °C under atmospheric
pressure and may be advantageous for high-temperature applications.

4. CONCLUSIONS

Thermal conductivity increases with the volume fraction of lead particles in binary
mixtures of mono size glass and lead particles. A decisive increase in thermal
conductivity for high volume fractions fi..q > 0.8 suggests the formation of a post-
percolation conductive structure. Conversely, high data variability at intermediate
volume fractions 0.2 < fi..q < 0.6 indicate the formation of interconnected chains of
conductive particles that are precursors to percolation. The thermal conductivity of
mixtures tracks closer to the series conduction bound.

The thermal conductivity of lead shot is higher than the thermal conductivity of glass
beads, despite the higher p-wave velocity of glass particles. Hence, photon heat
conduction prevails at high lead volume fraction.

The effective thermal conductivity of air saturated loosely packed lead shot
increases 5 times or 16.5 times when either oil or water is the saturating pore fluid
respectively.

Suspended kaolinite particles increase the thermal conductivity of water by a factor
of 2 at a water content equal to twice the liquid limit. Suspended lead grains start
affecting the conductivity in kaolinite paste when the lead void ratio is less than ep,<5.

The average effective thermal conductivity of lead filled with kaolinite paste is 5.55
+ 0.3 W-m™"-K", indicating that the beneficial effect of the higher conductivity pore fluid
can be lessened by an increase in particle-to-particle heat conduction resistance
induced by the paste coating.

REFERENCES

Aduda, B. O. (1996), "Effective thermal conductivity of loose particulate systems."
Journal of Materials Science, Vol. 31(24), 6441-6448.

Andersland, O. B., and Ladanyi, B. (2004). Frozen Ground Engineering, John Wiley,
Hoboken, N.J.

Batchelor, G. K., and O'Brien, R. W. (1977). "Thermal or Electrical Conduction Through
a Granular Material." Proceedings of the Royal Society of London. A.
Mathematical and Physical Sciences, Vol. 355(1682), 313-333.

Bhargava, A. K. (2004). Engineering Materials: Polymers, Ceramics and Composites,
Prentice-Hall of India, New Delhi.

Bird, B. R., Stewart, W. E., and Lightfoot, E. N. (1960). Transport Phenomena, John
Wiley & Sons, Inc., New York.

Bridgman, P. W. (1923). "The thermal conductivity of liquids." Proceedings of the
National Academy of Sciences of the United States of America, 9, 341-345.
Chung, D. D. L. (2001). "Materials for Thermal Conduction." Applied Thermal

Engineering, Vol. 21(16), 1593-1605.

2490



Cortes, D. D., Martin, A. |, Yun, T. S., Francisca, F. M., Santamarina, J. C., and Ruppel,
C. (2009). "Thermal Conductivity of Hydrate-Bearing Sediments." Journal of
Geophysical Research-Solid Earth, Vol. 114, B11103.

Droval, G., Feller, J. F., Salagnac, P., and Glouannec, P. (2006). "Thermal Conductivity
Enhancement of Electrically Insulating Syndiotactic Poly(styrene) Matrix for
Diphasic Conductive Polymer Composites." Polymers for Advanced
Technologies, Vol. 17(9-10), 732-745.

Farouki, O. T. (1985). "Ground Thermal Properties." Thermal Design Considerations in
Frozen Ground Engineering, T. G. Krzewinski, and R. G. Tart, eds., ASCE, New
York, N.Y., 186-203.

Gangadhara Rao, M. V. B. B., and Singh, D. N. (1999). "A generalized relationship to
estimate thermal resistivity of soils." Canadian Geotechnical Journal, Vol. 36(4),
767-773.

Gori, F., Marino, C., and Pietrafesa, M. (2001). "Experimental measurements and
theoretical predictions of the thermal conductivity of two phases glass beads."
International Communications in Heat and Mass Transfer, Vol. 28(8), 1091-1102.

Guyon, E., Oger, L., and Plona, T. J. (1987). "Transport Properties in Sintered Porous
Media Composed of Two Particle Sizes." Journal of Physics D: Applied Physics,
Vol. 20(12), 1637.

Inaba, H. (1986). "Measurement of the Effective Thermal-Conductivity of Agricultural
Products." International Journal of Thermophysics, Vol. 7(4), 773-787.

Lu, S., Ren, T., Gong, Y., and Horton, R. (2007). "An Improved Model for Predicting Soil
Thermal Conductivity from Water Content at Room Temperature." Soil Science
Society of America Journal, Vol. 71(1), 8-14.

Mamunya, Y. P., Davydenko, V. V., Pissis, P., and Lebedev, E. V. (2002). "Electrical
and Thermal Conductivity of Polymers Filled with Metal Powders." European
Polymer Journal, Vol. 38(9), 1887-1897.

Masamune, S., and Smith, J. M. (1963). "Thermal Conductivity of Beds of Spherical
Particles." Industrial & Engineering Chemistry Fundamentals, Vol. 2(2), 136-143.

Okazaki, M., Yamasaki, T., Gotoh, S., and Toei, R. (1981). "Effective Thermal
Conductivity for Granular Beds of Various Binary Mixtures." Journal of Chemical
Engineering of Japan, Vol. 14(3), 183-189.

Singh, D. N., and Devid, K. (2000). "Generalized Relationships for Estimating Soil
Thermal Resistivity." Experimental Thermal and Fluid Science, Vol. 22(3—4), 133-
143.

Stalhane, B., and Pyk, S. (1931). "New Method for Determining the Coefficients of
Thermal Conductivity." Teknisk Tidskrift, Vol. 61(28), 387-393.

Tarnawski, V. R., Leong, W. H., Gori, F., Buchan, G. D., and Sundberg, J. (2002).
"Inter-particle contact heat transfer in soil systems at moderate temperatures."
International Journal of Energy Research, Vol. 26(15), 1345-1358.

Touloukian, Y. S., Powell, R. W., Ho, C. Y., and Klemens, P. G. (1970). Thermal
Conductivity Metallic Elements and Alloys, IFI/Plenum.

Touloukian, Y. S., Powell, R. W., Ho, C. Y., and Klemens, P. G. (1970). Thermal
Conductivity Nonmetallic Solids.

Touloukian, Y. S., Powell, R. W., Ho, C. Y., and Klemens, P. G. (1970). Thermal
Conductivity-Nonmetallic Liquids and Gases, IFI/Plenum, New York.

2491



Vargas, W. L., and McCarthy, J. J. (2001). "Heat Conduction in Granular Materials."
AIChE Journal, Vol. 47(5), 1052-1059.

Yagi, S., and Kunii, D. (1957). "Studies on Effective Thermal Conductivities in Packed
Beds." AIChE Journal, Vol. 3(3), 373-381.

Yun, T. S., and Santamarina, J. C. (2008). "Fundamental Study of Thermal Conduction
in Dry Soils." Granular Matter, Vol. 10(3), 197-207.

Zweifel, H., Maier, R. D., and Schiller, M. (2009). Plastics Additives Handbook, Hanser
Publications.

2492



	Main
	Return

