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Effect of Pressure and Temperature on the Thermal Conductivity of Rocks

lImutdin M. Abdulagatov,* Subkhanverdi N. Emirov, Zumrud Z. Abdulagatova, and Sabir Ya. Askerov

Institute for Geothermal Problems of the Dagestan Scientific Center of the Russian Academy of Sciences,
367003 Makhachkala, Shamilya Strasse 39-A, Dagestan, Russia

Effective thermal conductivity (ETC) of five dry rocks (sandstone, limestone, amphibolite, granulite, and pyroxene
granulite) have been measured over a temperature range from (273 to 423) K and at pressures up to 350 MPa
with a steady-state parallel-plate apparatus. It is an absolute, steady-state measurement device with an operational
temperature range of (273 to 1273) K and hydrostatic pressures up to 1500 MPa. The estimated uncertainty of the
method is 2 %. The porosity of the samples (sandstone, limestone, amphibolite, granulite, and pygoxaunée)

was 5 %, 5 %, 1.0 %, 1.0 %, and 1.2 %, respectively. A sharp increase of ETC was found for rocks at low
pressures between (0.1 and 100) MPa along various isotherms between (273 and 423) K. At high pRessures (
100 MPa), a weak linear dependence of the ETC with pressure was observed. The measured values of ETC of
rocks were used to test and confirm of applicability of the various theoretical and semiempirical models. The
effect of structure (size, shape, and distribution of the pores), porosity, and mineralogical composition on temperature
and pressure dependences of the ETC of various rocks types is discussed.

Introduction working, electron beam drilling, artificial heating and cooling

Thermal conductivity is a key thermophysical property of ©Of buildings, weather control, drying of food grains, space
rocks. In the earth’s lithosphere, conduction of heat generally technology, aviation, metallurgy, geothermal energy develop-
dominates among other mechanisms as radiation and advectionent techniques, etc.) and scientific applications involving heat
For estimations of crustal temperatures from heat flow and trans_fer to or from various types of excavation. Th_ermal methods
geothermal gradient data, the thermal conductivity of crustal Of il recovery processes and shale oil retorting operations
layers and its dependence on temperature and pressure is neefféPresent problems for which knowledge of the ETC of dry and
Knowledge of temperature and pressure dependence of thermafltid saturated porous media at high temperatures and high
conductivity, (P, T), allows extrapolating to greater depths in Pressures is importar. *° _ o
order to estimate the temperature on the basis of well-founded Determination of the ETC for rocks is a difficult problem
data; therefore, such data are essential to model the thermaPecause of the coupled nature of heat transfer phenomena in
evolution of the earth’s layefs? Recent geodynamic studies POrous matenal#‘?Therefore, the reported thermal conductivity
(geothermal modeling) show that the pressure and temperaturedata sets by various authors may vary significantly by as much
dependence of the thermal conductivity controls many aspects@S @ factor of (2 to 3) for any given rock type. Even within the
of mantle convectiond.Data on the variation of the thermal ~Same rock type, thermal conductivity can vary over a consider-
conductivity in the different layers of the earth is needed also @Ple range. For a large number of rocks, thermal conductivity
to get the information at higher depth by numerically solving data are available and classified by rock name and origin in
the heat transfer differential equatiohs. Luchenbruch and ~ Several extensive compilatioh’.? _

Sas& and Pribnow et af.used rock thermal conductivity data "€ main purposes of this study are (1) to provide accurate
and temperature gradients in the crust to estimates temperaturéestimate uncertainty of 2 %) experimental ETC data for
down to several tens of kilometers based on data from the upperdeological porous materials (rocks) sandstone, limestone, am-
few kilometers. To develop the geothermal model of Earth Phibolite, granulite, and pyroxergranulite with various
(Earth’s thermal field map), @mak used the temperature  POrosities from (1 to 5) % at temperatures from (273 to 423) K
dependency of the thermal conductivity/as: 1o(1 + AT) ~ L. anq at pressures up to SSQ MPa using a parallel-plate method,
To calculate of the local heat flow (heat fluR, = — A(P, T)- which ha_s been used previously f(_)r accurate measurements on
gradr, to identify subsurface heat flow fields) in the earth and Other solids and rock (dry and fluid-saturated) matefii3}
localization of the superheated zones (heat flow anomalies), the(2) t0 study the effect of temperature and pressure on the ETC
values of thermal conductivity of cored samples of rocks as a Pehavior of dry rocks; and (3) to test the validity (applicability)
function of temperature and pressure are also net¥&iTo of th_e various theoret!cal and semiempirical models f(_)r the
increase the accuracy of the modeled temperatures distributionPrediction and calculation of the ETC of rocks as a function of
within the earth, more precise thermal conductivity data of rocks t€mperature and pressure. _
and rock-forming materials are requiréd. _ High Temperature and High-Pressure Thermal Condusti
Knowledge of the ETC of porous materials is of interest also ity Measurements of Rocks: Literature Réew. The thermal

to a wide range of engineers (heat containment, thermal rock conductivity of various rock_ types and rocks forming minerals
at high temperatures and high pressures have been reported by
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and low pressures. The study of the combined effect of high rocks between (290 and 1250) K. Chai ef%teported the
temperature and high pressure on thermal conductivity of rocks thermal diffusivity measurements of mantle minerals at high

is scarce. Muake/? Ito et al.”® and Kiyohashi and DegucHi temperatures and high pressures.
reported the ETC data of unsaturated moist rocks: sandstone Prediction and Correlation Techniques: Réw.Since high-
and shale, silt, tuff, and sandstone, respectively, 293 K. temperature and high-pressure measurements are difficult and

Measurements were made with the hot-wire comparative since it is not possible to duplicate in the laboratory the
method. Woodside and Messmermeasured the thermal conditions of the earth’s interior, theoretical and prediction
conductivity for six consolidated sandstones using air, water, methods can be used to extrapolate laboratory measurements
and heptane as pore saturants. to high temperatures and high pressures. This has been done

Buntebarth performed measurements of the thermal con- by several author&:%9.7.78:8991 The main difficulties in devel-
ductivity of rock samples from a pilot well at temperatures up ©PiNg theoretical models to predict thermal conductivities for
to 200°C and at uniaxial pressures up to 60 MPa using heat 'ocks are the complexities of the geometries of the rock
flowmeter techniques. He found the effect of closure of pores Structures. Due to irregularity of the microstructures, theoretical
and cracks on the thermal behavior of metabasites. Seipold ancfalculation of the ETC of porous materials, especially for fluid-
co-workerd®39:3741 ysed a pulse method to study the ETC and Saturated porous materials, is rather difficult and some times
thermal diffusivity of rocks (amphibolite, granites) at high impossible. Existing prediction methods are based on certain
temperatures (up to 80TC) and high pressures (up to 1000 Simplifications such as parallel cylinders, spheres dispersed in
MPa). Kukkonen et a2 used a transient method to measure @ conducting medium, ef€:16.9295 Even with a well-defined
the thermal conductivity of high-grade rocks at temperatures Microstructure, the problem remains complex due to the
up to 1150 K and at pressures up to 1000 MPa. A decrease oféXistence of the interface resistance. A semiempirical approach
(12 to 20) % in the thermal conductivity was found between IS the only practical way of predicting the ETC of porous
room temperature and 1150 K, typical of phonon conductivity. Materials. Therefore, the models for calculating the ETC strongly

Horai and Susak} made measurements of the ETC of silicate g_epend_ on Atelal matenetl)l’s sftrtL;]cturet_anld m|c_roge9meltry %f
rock at temperatures from (300 to 700) K and at pressures up 'SP?FS"?”- d a}rgﬁ nurE er 3 ?ore cle?, tshemlen&plz_lca, ?tr;]
to 1200 MPa with an uncertainty of (4 to 5) % using a steady- empirical models have been developed Tor e prediction ot the

H i 16,51,53,74,92101 -
state method. Huenges et2ateported anisotropic thermal ETC of multiphase porous materidfs: An ex

conductivities for 500 core samples. Measurements were madet€nsive review of literature on thermal conductivity models for

with a transient heat-flow method. The uncertainty of the rocks is performlt(e)gl by Somert8hOdalevskiiy® Mendel,®and
measured values of thermal conductivity was about 5 %. Liubimova et ak

Ljubimova et ak® reported the ETC of some sedimentary rocks . The ET(b: 9f rocks are affected by many fa_lctors_, thelm(_)stl
and one sample of granite and andesite basalt at pressures uégportant eing temperature, pressure, porosity, mineralogica

to 100 MPa. Popov et &t .and Popov and Romushkevfélused B mlggﬁltlona ancIJI mlgrostructluie. Walsktm_ ar:cd cheé‘ketf_nd i
an optical scanning technique to measure the ETC for sedi- ec ave developed a correlation equation for the estimating
mentary rocks. of the E_TC of geological porous materials by a three-phase
- . geometric mean model. The predicted values of the ETC agree
Thermal conductivity of dry and water-saturated low-porosity it experiments within 22 %. Three different methods (nu-
crystalline rockg (granmc samples) measured with a quick merical, predictive analytical, and bounds obtained by variation
thermgl ponducnwty meter at room temperature was reported methods) for calculation of the ETC of composite porous
by Schigli and Rybaclf® Sass et & used two apparatus (USGS  aterials were developed by Staicu et@lThe numerical
divided-bar, a steady-state comparative method, and the Sho|cyjations used the actual microstructure of the porous media.

therm “Quick Thermal Meter” (QTM), a transient strip heat  pecently, the semiempirical Debye’s model was developed by
source) to measure the ETC of rocks. The uncertainty of both Giesting and Hofmeist&t (based on the concepts of a phonon
devices was about 5 %. They reported ETC data for 17 55 and damped harmonic oscillators) to calculate the thermal

specimens of most common rocks (andesite, basalts, sandstongnqyctivity of garnets at ambient conditions with uncertainty
and granite). Schatz and Simméhsneasured the ETC of 4 g o5 The model was applied for natural (more complicated

several important eart_h materials in the temperature range fmmstructures) mixed crystals with well-constrained chemical
(500 to 1000) K. Birch and Clafk have measured the oy hositions. Giesting et #.calculated the thermal conductivi-
temperature and composition dependencies of the ETC of rockS.ieg of majoritic garnets at room temperature and pressure from
Some researchers used an indirect method (thermal diffusivity infrared and Raman scattering data. They used a semiempirical
measurements) of thermal conductivity measurements. Themodel by Hofmeistéf and Giesting and Hofmeist@r to
values of the thermal conductivity from thermal diffusivity calculate the thermal conductivity for solid solutions from new
measurement are defined as= apCp. The theoretical and  measurements of their vibration spectra. The uncertainty in
experimental problems of the laser flash technigue of the thermal thermal conductivity determination is about (5 to 10) %.
diffusivity measurements has been discussed by Blumm and At higher uniaxial pressure (above 100 MPa) the effect of pres-
Lemarchang and Blumm and Opfermarfi.Osako and co-  sure on ETC can be described with a linear relatfo#f:33:4243
workerg®77 simultaneously measured the thermal conductivity
and the thermal diffusivity of garnet and olivine at pressures AP) =21+ aP) Q)
up to 8.3 GPa and at temperatures to 1100 K by using a pulse
heating method. Xu et &F calculated the lattice thermal wherea = 1/4o(d4/0P)r is the pressure derivative (pressure
conductivities from thermal diffusivity results using heat capac- coefficient), 1o is the reference thermal conductivity at zero
ity and an equation of state for olivine, wadsleyite, and pressure R = 0). Zimmerman's model an extension of the
ringwoodite at temperatures up to 1373 K and at pressures toMaxwell model2 can be used to represent measured values of
20 GPa. Héer and Schilling® reported thermal diffusivity data  the ETC of low-porosity rocks. If the pores are assumed to be
for quartz, orthoclase, and sanidine at elevated temperaturesrandomly oriented spheroids of aspect ratij (the parameter
Tommasi et af” also measured the thermal diffusivity of mantle that characterizes the shape of a spheroid, and randomly
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distributed, the ETC has been given by Zimmernan: 3
v
A _[@—¢)1—Db)+Dbg @ 1 )E\ o A
s | @-¢)a-b)+pe ¥ 7

wherea is defined as the ratio of the length of the unequal axis
to the length of one of the equal ax&sjs a factor that depends
on the aspect ratio of the poeeandb ~ (0.001 to 0.008) for
gas-saturated rocks, apidis the constant defined froml, a,
andb. In its limiting cases, the spheroid can represent a needle-
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[

like tubular pore § — «), a spherical porea(— 1), or thin Compressors |:‘:5| @;
“penny-shaped” cracka(— 0). With the crack porosity known GCA-10 —
as a function of pressur®) from compressibility measurements - —

and using the value df = 0.008, corresponding to air saturation, Figure 1. Experimental pressure measuring and pressure controlling unit:

the Zimmerman modd#&l yields the following expression for 1, gas cylinder; 2 and 3, standard manometers; 4, compressing cylinder; 5,
thermal conductivity: compressor (GCA-10); 6, high-pressure chamber; 7, pressure transducer;
V1 and \, valves.

A= /IO(T)% (3) Discrepancies in d Ii/dP reach 1000 % (see Hofmeistef9
: due to deformation, which alters the geometry of the samples,
#(P) = ¢, exp(—PIPy) 4) and cracking, which reduces thermal conducti¥fy1°8 As one
can see from eq 8, the second term of the pressure coefficient
where¢(P) is the crack porosity at applied streBsP; is the is d InA/dP ~ Kr. Therefore, at low pressureB < 100 MPa),
crossover pressur¢o is the crack porosity at low pressurés ( WhereKT exhibits a Sharp anomaly, the first term is Sma”, while
= 0), and(T) is the thermal conductivity of solid at high ~the second term is increasing proportionallykia Therefore,
pressuresR — o) when all of the cracks are assumed to be d In A/dP at low pressures exhibits a rapid change. The
closed. Equation 3 was used, as discussed below, to represerfiependence of the ETC of porous mica ceramic on porosity
the present ETC data of rocks at high pressures. and compressibilityKr) under pressure was discussed in our
Anand” studied the effects of a various physical properties Previous work:®
on the ETC of dry sandstone samples. He used reported ETC  Seipold and Schillin® examined the ETC of a variety of
data by Zierfuss and Vilié? to develop correlation equations ~ Serpentinities as a function of temperature at ambient pressure.
for ETC. We have slightly modified the equation developed by The combined effects of pressure and temperature on the ETC

Anand” by including one more fitting parametet.f as are presented af(P, T) = (1 + aP)/(A + BT). The lattice
thermal conductivity data derived from thermal diffusivity
A=Al =1, exp(_p/po)]4 + 2, (5) measurements were presented by Xu &6 als
where/; (i = 0, 2) are the fitting parameters. Equation 5 was AP, T) = Ayd(298MY 41 + oP) 9)
used to represent the present experimental ETC data of rocks
(see below). Experimental Apparatus and Procedure

The temperature dependence of the ETC for most crystalline
rocks in the upper part of the crust at temperatures up to 600
°C can be expressed by the simple relafién:

The thermal conductivity apparatus and experimental proce-
dure details were described in several of our previous
publications*#~28 The apparatus will only be briefly reviewed

AT T=A+BTKori= 2o/(1+ ATIK) (6) he_re. It consists _of a high-pressure_chamber, a thermal conduc-
tivity cell, an air thermostat, a high precision temperature
This relation has been used by Seip8ltb represent of the  regulator, and high-pressure liquid and gas compressors. In this
ETC results for granites and amphibolite. Buntebadbter- method, thermal conductivity is obtained from simultaneous
mined A and B from measurements on 113 samples of measurements of the steady-state heat flux a_nd temperature
metamorphic rocks in the temperature range from (50 to 200) 9radient in the sample placed between the heating and cooling
°C. Kukkonen et af? analyzed various correlation equations Plates. Two thermocouples were embedded in the center of the
for the temperature and pressure dependence of the ETC ofner surface of the bronze disk. The heater was located between

rocks. Several types of functions have been used by Séild ~ these thermocouples. The other two thermocouples were
and Clauser and Huend&¢or the fitting of measured ETC data soldered to the body of the heater. The temperature difference

for rocks. The most common used functiont®is and temperature of the chamber were measured with four
copper-constantan thermocouples. The pressure was created with
AM(T) = A+ B/(350+ T/K) @) liquid and gas compressors (Unipress Type GCA-10, Poland).

) ) The pressure in the chamber has been measured with a manganin
and eq 6. Equations 6 and 7 are valid at temperatures from (300pressure transducer with an uncertainty of 0.25 %. The pressure
to 1300) K where phonon (lattice) conductivity dominates.  measuring and pressure controlling unit is schematic shown in

HofmeisteP? studied the pressure and temperature depend- Figure 1. Argon from the gas cylinder (1) under pressure (about
ences of the thermal conductivity of silicates from the Gruneisen 1 MPa) was supplied to the space above the piston of the
parameterfrn = aVKr%Cy), bulk modulus Kr), and thermal cylinder (4). Then the valve ¥was turned off and by using

expansivity (): the compressor (5) (GCA-10), the oil was pumped to the space
under the piston. The compressor (5) had two standard
dinz _ 13+ 4%m dina 1 AoVKy (8) manometers (2 and 3). Manometer 2 read the pressure of the

P Ky dP 3Ky G oil below the piston, while manometer 3 read the pressure of
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gas (argon) above the piston and in the high-pressure chamber
(6). The readings of the both manometers were same. In the
order to control the readings of the manometers (2 and 3), an
additional manganin pressure transducer (7) was mounted in

the high-pressure chamber (6). The difference between the BUT- 2
readings of the manometers (2 and 3) and the pressure transducer
(7) was almost zero. 5
The high-pressure chamber is located in the air thermostat. « PBH-20
The temperature in the air thermostat was controlled automati- —
cally to within & 5 mK. The thermal conductivityl] of the 8
specimen was deduced from the relation
A= & (10)
EATl + EZATZ Figure 2. Experimental apparatus for the porosity measurements: 1, vessel;
hl hz 2, speciment (rock); 3, feed tube; 4, 5, and 8, vacuum valves; 6, flask with

pure water; 7, vacuum glass chamber; PBH-20, vacuum pump; BHT-2,
whereQ = Q; + Q2 + Qus is the heat flow transferred from  electric vacuum-gauge.
the heater to the upper and lower speciméps= 1S/h;AT, ) .
andQ, = 1.S/h,AT, are the heat flows transferred by conduction SPECIMENS. Therefore, the total uncertainty in Fhe Fhermal con-
through the lower and upper specimens, respectivekg is ductivity measurement stems from uncertainties in measured
the heat losses through the lateral surface of the sam@les: guantities of less thar: 2.0 %. To check the reproducibility,

and$; are the cross-sectional areas of the specimens that heaf’® measurements at each experimental temperdjaed pres-

flows through:h; andh, are the height of the samples: and; sure P) were repeated (5to 10) times. The scatter of the experi-
and AT, are the temperature differences across the samplesmental results did not exceetl0.5 %. The measurements were
thickness. The thermal conductivity was obtained from the Made with temperature differencéd; between (1 and 2) K.
measured quantitie®, Qos, AT1, ATs, S1, S, hi, andhy. The In porous materials, heat_ls propagat_ed basically by ther_mal
heat flow Q) from the heater was distributed between the two conductivity through the solid, by radiation, and by convection
samples Q; and Q,). The values ofQ were corrected by a through the pores. When the size of the pores are small (

specimens side loss factofs). The values ofQes were 1076 m, therefore a small temperature difference across f[he
estimated from the relation pores,ATyore &~ 0.003 K), convection can be neglected. This
makes it possible to minimize the risk of the convection in the
Qu.= A AT 27h (11) pores. The absence of convection in the pores was verified
os™ "M In(d/D) experimentally by measuring the thermal conductivity with

various temperature differencAg;. Heat transfer by radiation
whered = 12 mm andD = 22 mm are the diameter of the increases as the pore size is increased, and its effect can be
sample and the inner diameter of the high-pressure chambercalculated by the method described in our previous publi-
respectivelyh = h; + hy is the height of the samplea;, is the cations2%-28 Because it has @3 (1724 = 4feoT 3r) dependence,
thermal conductivity of the media of transmitted pressure (oil), variation obviously plays an increasingly active role at high
and AT = Tm — Tc is the temperature difference between temperatures¥1200 K). In this work it has been assumed that

average valueSm = (T2 + T1)/2 or T = (T3 + T,)/2 of the the solid phase is transparent to thermal radiation. Therefore,
temperaturesTg andTs) of the lateral surface of the specimens  heat transfer through the pores by radiation can be neglected.
and temperaturesT{ and T,) of the inner surface of the high- Cylindrical rock samples 12 mm in diameter and 3 mm in

pressure chambeTe = T, = Ta. The values of the temperature  |ength were prepared from cored samples of the original rock
difference were almost constam{T ~1.2 K. The heat losses  blocks. Before measurements, the samples were dried at a
by conduction along the electrical leads, by radiation and temperature of 120C for (5 to 6) h and then were slowly
heating, are negligibly small (see refs-288). The maximum  cooled. Then the porosity of the specimens was measured by
relative uncertainty of thermal conductivity measurements using the apparatus shown in Figure 2. To determine the
associated with measured quantities can be estimated from theyorosity, the samples were saturated with pure water under
equation vacuum. Vacuum pump PBH-20 was used to evacuate air from
the glass chamber (7). After reaching a vacuunt 2072 in
0Q + 0Qps + 0S, + oh, + 0(AT)) the chamber (7), the vacuum-gauge (BHT-2) was isolated by

o4 1 Q_.OS Q_.OS_ 1 14 %EA_TZ using the va_Ive (5). Then the vessel (1) was filled with pure
Q Q S h, AT, water by using valve 4 at room temperature (20). The_
0S, + 0h, + (AT, specimen was saturated with pure water for 72 h. The specimen
2 (12) was weighted before (dry) and after saturation. Porogityvas
S h, AT, calculated from the ratio pore volum# to the total volume
S, h, AT, of the dry rock ¥rock):

The uncertainties of all measured quantities @@= 0.57 %; @1(%) = 1005/ V4010

0Qios = 2 %; Q = 0.28 W;Qpos = 0.02 W;AT; = 2 K; AT, = with Vp = (Mg — My ) p,, andV, g = My /ogry, (13)
1.5K;0S,2=0.33 %;0h; 2= 0.33 %;0(AT1,2) = 0.1 %. The

propagation of uncertainties related to the uncertainties of whereVp is the volume of the pore¥/ o is the volume of dry
pressure, temperature, and height are (0.03, 0.01, and 0.002) %ock; msy and mqry are the mass of saturated and dry rock,
respectively. Heat losses through the side surface of the specitespectively;p,, andpqry are the density of water and dry rock
mens were 3.5 % of the total amount of heat supplied to the at atmospheric pressure and at room temperature. The uncer-
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Table 1. Experimental Effective Thermal Conductivities of Rocks as a Function of Temperature and Pressure

Sandstone (Aktash, Dagestan, Russia, 2977 m, Porosity-o0b %)
AM(W-m~1-K-1) atP/MPa

T/IK 0.1 50 100 150 200 250

273 2.01 2.05 2.08 2.10 2.12 2.14
323 1.93 1.96 1.99 2.01 2.03 2.05
373 1.88 1.91 1.93 1.94 1.96 1.98
423 1.82 1.85 1.87 1.88 1.90 1.92

Limestone (Soltagasha, Dagestan, Russia, 201 m, Porosity=05 %)
M(W-m~1-K-1) atP/MPa

TIK 0.1 50 100 150 200 250

273 1.94 2.13 2.19 2.21 2.22 2.25
323 1.78 2.01 2.06 2.07 2.08 2.10
373 1.65 191 1.94 1.96 1.97 1.98
423 1.55 1.84 1.86 1.87 1.88 1.89

Amphibolite (Kola Ultra-Deep Borehole Sample, 10000 m, Porositynef 1 %)
M(W-m~1-K~1) at P/MPa

T/K 0.1 50 100 150 200 250 300 350

275 3.52 3.78 3.87 3.91 3.93 3.95 3.97 3.99
323 3.02 3.27 3.35 3.40 3.42 3.44 3.46 3.48
373 2.63 2.89 2.98 3.06 3.08 3.10 3.12 3.14
423 2.35 2.58 2.70 2.75 2.78 2.81 2.83 2.85

Granulite (Saxonian Granulite Mountains, Germany, Porosity of 1 %)
M(W-m~1-K~1) atP/MPa

TIK 0.1 25 50 100 150 200 250

273 2.06 2.14 2.19 2.27 231 2.34 2.37
323 1.96 2.06 2.13 2.19 2.24 2.28 231
373 1.85 1.97 2.06 2.11 2.16 2.20 2.23
423 1.77 1.87 1.93 2.04 2.09 2.13 2.15

Pyroxene-Granulite (Saxonian Granulite Mountains, Germany, Porositp ef 1.2 %)
M(W-m~1-K~1) atP/MPa

TIK 0.1 25 50 100 150 200 250

273 2.06 2.14 2.19 2.27 2.31 2.34 2.37
323 1.96 2.06 2.13 2.19 2.24 2.28 2.31
373 1.85 1.97 2.06 2.11 2.16 2.20 2.23
423 1.77 1.87 1.93 2.04 2.09 2.13 2.15

tainty of the porosity determination from this method was about ~ Amphibolite. The density was 2.61-gm3; porosity was 1
0.4 %. Only the open and interconnected pore space can be%. The sample was taken for the study in the Kola ultra-deep
evaluated by this method. borehole; strong (hard) packing structure. The forming material
To check and confirm the validity of the method and had a crystalline structure. The sample was collected from wells
procedure of the measurements, the thermal conductivity in a depth interval of 20000 m.
measurements were made with standard (reference) materials Granulite. Quartz 38 %, plagioclase 9 %, K-feldspar 47 %,
(fused quartz and quartz ceramic) in our previous studging biotite 1 %, and granite 4 %; sampled at the location Saxonian
the present apparatus. Excellent agreement withth5 % was Granulite Mountains, Germany. The structure was fine grained.
found between our value and literature data. This excellent Porosity was 1.0 %. The density was 2.06rg~3. The forming
agreement for fused quartz and quartz ceramic demonstratesnaterial was a mix of the crystalline and amorphous structure.
the reliability and accuracy of the present measurements for  pyroxene-Granulite. Clinopyroxene 39 %, plagioclase 34
rocks and correct Operation of the instrument. %’ opaque minerals 11 %’ Orthopyroxene 9 %, granite 6 %’
Characteristics of the Samples ambibpl <1 %. The structure was fine.grained. .The grains were
The samples contained open and interconnected pores withot onen_ted and almost the same sizé (plagioclase, 0.15 mm
random orientation. The brief description of physical and 2nd granite (0_'5 t0 0.8) mm). Porosity was 1.2 %. The density
chemical characteristics of the samples is given below. was 3'27 gem -, mostly amorphous structure; sampled at the
SandstoneThe density was 2.18-gm 3, weakly cemented, location Saxonian Granulite Mountains, Germany.
weakly carbonated, color is gray, moderate grained, and porosity . .
was 5 %. The sample come from Aktash, Dagestan, Russia,ReSUltS and Discussions
borehole #1, depth 2977 m (80 to 90) %. The forming material The results of ETC measurements for five dry rocks
basically has crystalline structure. (sandstone, limestone, amphibolite, granulite, and pyroxene
Limestone.The density was 2.38-gm~3, porosity was 5 %. granulite) with porosities between (1 and 5) % are reported in
Origin of the sample was the Soltagasha, Dagestan, Russia,;Table 1. Temperature dependence was measured from (273 to
borehole #96, depth 201 m. The forming material had a 423) K at 50 K intervals, and pressure dependence up to 350
crystalline structure. MPa at 50 MPa intervals. Figures 3 and 4 show the experimental
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Figure 3. Experimental ETC of rocks as a function of temperature along various isobars together with values calculated with egs 6 and 14. (a) Sandstone
(m =5 %). (b) Amphibolite tn = 1 %). (c) Pyroxine-granulite (1.2 %)®, 0.1 MPa;a, 50 MPa;O, 100 MPa;x, 150 MPa;0, 200 MPa;¢, 250 MPa;
M, 300 MPa.

ETC of the rocks as a function of pressure and temperature, pressure leading to a decrease in internal thermal resistances of
respectively. Equation 9 predicts the present ETC data to within the sample (increasing mechanical contacts between thelghains
(10 to 15) % at high temperatures and (5 to 6) % at low This reduces thermal contact resistance as well as porosity and
temperatures. density. At a cross-over pressufbetween (50 to 100) MPa
Effect of Pressure on the Thermal Condueity of Rocks. depending on initial porosity of the rogkhis process comes
Effect of pressure on ETC is smaller than the effect of to an end. Therefore, a rapid increase of the ETC was noted at
temperature. The pressure effect on ETC strongly depends onlow pressures (below 100 MPa) (see Figure 4). Some authors
the rocks nature, from mineralogical composition, porosity, and have missed this low pressure range where the rapid pressure
density. The ETC of rocks increases with pressure. However, dependence of the ETC of porous materials is observing. At
the effect of pressure on ETC of porous materials is different high pressures when all of the cracks are assumed to be closed,
for distinct pressure range. The fractures and microcracks a further pressure increase does not affect thermal conductivity
developed after stress release, when the sample was brought tsignificantly (see Figure 4). If the pressure continues to increase,
the surface, begin to quickly close (some pores closing there is reduction of the rock’s intrinsic porosity that is not
completely and others become narrow) again with increasing artificially created by stress release. The same behavior of the
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Figure 4. Experimental ETC of rocks as a function of confining pressure along various isotherms together with values calculated with eq 3. (a) Sandstone
(m =5 %). (b) Amphibolite (n = 1 %). (c) Pyroxine-granulite (1.2 %)®, 273 K; O, 323 K; O, 373 K; W, 423 K; —, eq 3.

ETC in the low-pressure range was found for most rocks (see, to 0.27) % per 10 MPa in the high-pressure range. The measured
for example, refs 1923, 33, 42, 43, and 110). For some rocks ETC were used to calculate the pressure coefficienti(dR)

the increasing of the ETC at pressures up to 50 MPa was reachedor each rock. The derived values of dldP are given in Table

up to 100 % (see, for example, ref 21). The linear behavior of 2. This table does not include the values of dAdP at pressures
pressure dependence of the ETC of rocks at high pressures idelow 100 MPa where rapid changes in ETC are observed. As
typical as reported by many other auth&#42:43.69.76.77,109. 1 oy one can see from Table 2, the pressure coefficient of ETC for
rocks with small porosity, the increase of the ETC is about 1.3 rocks under study is changes within (0.076 to 0.81) GPBhe

% per 10 MP&92223Edmondsoff has found the increases in  pressure dependence of the ETC of rocks reported by some
ETC of sandstones to be (8 to 12) % per 7 MPa in the stressauthors [Kukkonen et at2 Osako et al’8 and Kutsur&!! (for
range of (6 to 25) MPa. Woodside and Messfhérreported thermal diffusivity)] is very small (0.03 to 0.04) GP&a Horai
almost the same results of 11.5 % per 7 MPa in the stress rangeand Susak? found that in the pressure range from (2 to 12)
of between (0 and 7) MPa and 2.5 % per 7 MPa in the range of kbar the rate of pressure change of the ETZdR) of rocks is

from (14 to 28) MPa. The present ETC increases by about (0.1 >0.09 Wm™1-K~1-kbarl. The highest rate of 0.33
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Table 2. Values of the Pressure Coefficient of Rocks as a Function of Temperature
(d In A/dP)/1073 MPat

TIK sandstone limestone amphibolite granulite pyroxegeanulite
273 (0.076-0.08) (0.15-0.16) (0.16-0.11) (0.56-0.61) (0.36-0.38)
323 (0.19-0.20) (0.12-0.13) (0.1+0.12) (0.72-0.81) (0.36-0.38)
373 (0.17-0.18) (0.13-0.14) (0.12-0.13) (0.72-0.81) (0.36-0.38)
423 (0.17-0.18) (0.16-0.11) (0.17-0.18) (0.62-0.62) (0.31-0.33)

W-m~1-K~1-kbar ! was found for crystalline quartz. The values Table 3. Values of the Parameterd?; and ¢, in Equations 3 and 4
of pressure coefficient for amphibolites and granites reported 25 & Function of Temperature for Various Types of Rocks

by Seipold® are (0.08 to 0.25) GPa are close to our results TIK PY/MPa $o AoW-m~1-K~1
of (0.1 to 0.18) GPal (see Table 2). The data reported by Sandstone
Seipold et aP® shows the values of pressure coefficients are 273 120 0.0015 214
(0.016 to 0.16) GP&. Measurements of olivine by Beck eté4l. 333 gg 8-8812 i-gg
show a pressure dependen_cé mf (_5 to 6) GPal. The pressure 423 120 0.0012 102
dependence of thermal diffusivity for forsterite reported by Limest
Fujisawa et al!? shovys a higher va_llue than reported by other 273 50 'meso?gfso 25
authors. The calculation by Hofmeistgshows the values of d 323 35 0.0450 2.10
In A/dP for some minerals vary within (0.021 to 0.28) GPa 373 30 0.0500 1.98
Ljubimova et al!3 reported that the values of pressure coef- 423 30 0.0500 1.89
ficient for some rocks are within (0.02 to 0.70) GPa Amphibolite
Therefore, the literature values of the pressure coefficient of 273 125 0.0028 4.52
ETC for various rock types cover a wide range depending on g%g igg 8'8832 g'gg
the nature _of rocks and their r_nineralogi(_:al and structu_ral 423 150 0.0063 3.26
characteristics. Most thermophysical, electrical, and acoustical Granulite
properties of porous materials show typical pressure de- 573 70 0.0038 237
pendencgs346.114120 323 70 0.0045 231
The cross-over pressure results from a sharp changing in 373 70 0.0052 2.23
volume compressibility Kt = 1NV(8V/9P)r, of rocks with 423 70 0.0055 215
pressure increasirf§:11%122Bracé 19 shows that in the pressure Pyroxene-Granulite
range up to 50 MPa, very high volume compressibility was g;g gg 8'8812 g'gg
found due to the closure of great airfilled cracks. At pressures 373 90 0.0016 2.60
higher than 50 MPa a smaller constant compressibility was 423 90 0.0015 2.62

reached. Similar results were observed by Wang &t &ir
granite samples after thermal stress cracking. The compress-Table 4. Figure 6 shows comparisons of the pressure depend-
ibility Kt above 100 MPa varies slightly from linear behavior ences of the present ETC measurements for various type rocks
with pressurdd114-118 At pressures about 400 MPa the porosity at a selected temperature (323 K). This figure demonstrates the
of the samples changed (exponentially, see eq 4) is about (1 toeffect of the nature of the rocks on the values and pressure
2) %. As porosity decreased the convective conductivity in the dependence of the ETC of rocks. As one can see from Figure
pore space is also decreased. The ETC decreased considerably, the amphibolite shows the highest values of ETC among the
with increased porosityl[= 10o(1 — ¢),* see, for example, refs  other rocks at the same thermodynanticand T) conditions,
47 and 21]. Therefore, the ETC of porous materials is changing while sandstone observed lowest values.
due to porosity change is about (0.04 to 0.07nWi-K ~1.27.28 Effect of Temperature on the Thermal Conduefty of

To describe of the pressure dependence of ETC of rocks weRocks. The temperature dependence of ETC depends also on
have slightly modified the Zimmerman’s moéfeby including rock-type. Lattice or phonon thermal conductivity varies
one more parameter, namely, the cross-over pre$uesnd inversely with temperaturel (= T-1). The thermal expansivity
Ao(T) as a function of temperature (see eq 3). This is physically
very clear because cross-over pressg gtrongly depend on 218
the rocks characteristics and varies from (10 to 150) MPa. The
measured ETC data for rocks samples were fitted to the eq 3. 210}
Figure 4 shows the comparison of the calculated with eq 3 and
experimental values of ETC of rocks. The agreement between | .
the present experimental data and calculated values of ETC isg, 202 W@i
excellent (average absolute deviation, AAD, between (0.13 and ¢ I g
0.56) % over the entire range of pressure). The values of theZ te4r
cross-over pressur@®{) and reference porosity parameteg)( Fo
together with values ofg as a function of temperature derived 1l ¥
with present ETC data are given in Table 3. As one can see
from Table 3, the value d?; is almost constant for most rocks.
The values ofpo are slightly changes with temperature due to
thermal expansion. Figure 5 demonstrates the effect of parameter
¢o on the pressure dependency of ETC. As Figure 5 shows, the T T T T e v o 2%
low pressure anomaly of the ETC strongly depends on the values P/ MPa

of ¢o. Equation 5 was also used to represent the present ETCFigure 5. Effects of parametesg) on pressure dependence of the ETC of
data as a function of andP. The fitted results are given in  granulite (M = 1 %) at temperature 423 K=, eq 3.

1.78
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Table 4. Values of the Parameters.; (i = 0, 2) andPg in Equation 5 4.1
as a Function of Temperature for Various Type of Rocks

TIK  AgW-m LK1 A1 JW-m K1 PyMPa T

Sandstone 35
273 0.2085 0.3797 1.9791 140
323 0.1957 0.3356 1.8923 140 L 32t
373 0.1511 0.5244 1.8734 140 ¥
423 0.1511 0.5244 1.8134 140 Lt

. 2

Limestone
273 1.9540 0.0392 0.2821 60 26
323 1.2334 0.0669 0.8497 40 3
373 0.7518 0.1283 1.2172 30 23,
423 0.3903 0.3635 1.4872 20 \\

Amphibolite 20 ;§'\_€-\_\\.

273 0.6266 0.2296 3.2990 40 I
323 0.9548 0.1249 2.4607 40 17 —_—
373 1.2279 0.1103 1.8626 50 270 290 310 330 T/.?Ifo 370 390 410 430
423 10717 0'1265_ 17255 60 Figure 7. Comparison of experimental temperature dependence of the ETC

Granulite for various type rocks at selected pressure of 100 M aranulite (1 %);
273 0.3979 0.2925 1.9680 70 A, pyroxine—granulite (1.2 %)0, sandstonen = 5 %); 00, amphibolite
373 0.7585 0.1530 1.4679 70
423 0.5430 0.2656 1.6184 70 dependencies of the ETC of various rocks types is shown in

Pyroxene-Granulite Figure 7. The values of temperature coefficient fdiiT) of

273 0.3355 0.1745 2.2439 100 the ETC for sandstone, limestone, amphibolite, and granulite
323 0.3322 0.1664 2.2601 100 derived from the present experimental data are given in Table
373 0.3661 0.1496 2.2511 100 5. Heterogeneity provides a dramatic change in the temperature
423 0.9017 0.0515 1.7330 100 ' geneity provi : gel peratu

dependence of ETC thorough compositional effects. The ETC
increases with temperature and cracking may create contactof rocks depends on the conductivity of its mineral components,
resistances between mineral grains, thus contributing to thethe conductivity of pore fluids, the extent and geometry of the
observed decrease of ETC with temperature. Closed cracks acpore space, and the orientation of the pores. Rocks are very
as scattering centers for the heat carrying photfgfiginter- complicated and consist of oxides and minerals with various
rupting of the crystal lattice scatters the phonons). For most of chemical elements. Therefore, the temperature dependences of
the rocks with crystalline structure the ETC decreases mono-the ETC of rocks strongly depend on the conductivity of its
tonically with increase in temperatd?é until around (700 to skeleton solid mineral components (rock-forming minerals and
1200)°C. Radiation of heat is efficient only at high temperatures cementation substance) from which it is formed. For example,
{~ (700 to 1200y C}. Therefore, radiative thermal conductivity the decrease of ETC wifhis quite different, depending on the
will not be treated here. A review of heat radiation in the Earth feldspar content. Rocks with high feldspar content show an
is given by Clauset?* The radiative thermal conductivity, in  increase in ETC with temperature of some plagioclase feldspars
contrast, increase with temperaturefas T2. Thus the ETC which compensate the decrease in ETC with increase in
of rocks as a function of temperature shows initially a decrease temperature observed for other minerals and rocks. The rocks
with T, until (700 to 1200y C where the radiative component that are rich in feldspar show a decrease in ETC Withbout
inverts this decreasing trend. For polycrystalline rocks the ETC 10 %, while for rocks that are poor in feldspar decrease more
decrease is about (1 to 5) % per 10 K. The experimental ETC than 40 %° The ETC of some rocks with high feldspar content
of the rock studied as a function of temperature along selectedis relative independent of temperature or even increase with
isobars is shown in Figure 3. The comparison of the temperaturetemperaturé® The pyroxene-granulite, which contains 34 %
plagioclase, shows an increase of the ETC wit{see Figure
3c). The ETC of rocks decrease with temperature as porosity
and amorphous phase in rocks increase. The ETC of crystalline
rocks decreases almost linearly at temperatures up to (700 to
1200)°C (see Figure 3a,b). Thermal conductivity of rocks with
a high amorphous phase (for example, volcanic or magnetite
containing rocks) linearly increases with temperature. For
amorphous materials (for example, fused quartz, silica glasses,
and vitreous materials) the thermal conductivity increases with
A temperature &3’ 4 O T", wheren > 0. The increase of the
e thermal conductivity of fused quartz with temperature was
23k studied by refs 27, 43, and 128. Therefore, temperature
I dependence of the ETC in rocks materials depends whether
20} crystalline or amorphous structure dominate. More complicated
- behavior of the ETC is found for rocks with mixture of
17 . N N S amorphous and crystalline structure. The thermal conductivity

» &0 100 140 180 220 260 for mixed crystals varies more slowly thari T, where 0<

P/ MPa . - .
<
Figure 6. Comparison of experimental pressure dependence of the thermal n = 1. Pyroxene-granulite is a mixed crystalline and amorphous

conductivity for various type rocks at selected temperature of 32®K: structure. Since the ETC_: for _pyroxeﬁgranulite increase with
granulite (1 %);a, pyroxine-granulite (1.2 %)0O, sandstoneni = 5 %); temperature, therefore, in this sample the amorphous structure

O, amphibolite (n = 1 %); M, limestone (= 5 %); —, eq 3. dominates crystalline components. Therefore, precise thermal
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Table 5. Values of the Temperature Coefficient of Rocks as a Function of Pressure
(dIinA/dT)/1074 K1

P/MPa sandstone limestone amphibolite granulite pyroxgmanulite

0.1 (6.2-6.8) (14-17) (23-34) (9-11) (1.6-1.7)

50 (6.4-7.1) (9-11) (21-31) (8-9) (1.8-1.9)

100 (6.7-7.4) (10-12) (20-29) (7-8) (1.8-1.9)

150 (7.0-7.8) (10-12) (20-29) (6-7) (1.6-1.7)

200 (6.9-7.7) (10-12) (19-28) (6-7) (1.6-1.7)

250 (7.0-7.7) (11-13) (19-28) (6-7) (1.5-1.6)
Table 6. Values of Parameterio and A in Equations 6 and 14 as a amphibolite, granulite, and pyroxengranulite) with porosities
Function of Pressure for Various Types of Rocks between (1 and 5) % were measured in the temperature range

P/MPa (273 to 423) K and at pressures up to 350 MPa with an estimated
01 50 100 150 200 250 uncertainty ot 2.0 %. The effect of pressure and temperature

on the ETC behavior of rocks was studied. A sharp increase of
Sandstone
JJW-m-LK-1 2465 2531 2601 2664 2681 2669 the ETC was found for rocks at low pressures (between 0.1
Ax 109K1 8.406 8.766 9.318 9.940 9.807 9.677  and 100 MPa). At high pressurd3 ¢ 100 MPa) a weak linear
Limestone dependence of the ETC with pressure was observed. The
JJW-m~K-1 3,602 2996 3.259 3.304 3.311 3.455 pressure and thermal coefficients were derived using the
Ax10%K™* 3152 1505 1797 1.828 1.814 1979 measured ETC as a function of temperature and pressure. The
Amphibolite measured values of ETC of rocks were used to test and confirm
A/W-m~L-K-1 52824 26.218 19.216 17.752 16.897 16.140  of applicability of various theoretical and semiempirical models.
Ax 107Kt 5099 2157 1446 1293 1206 1129  The gffect of the structure (size, shape, and distribution of the
JWm LK 2083 2 Bg%fan;llg% s879 2877 2936 pores) and mineralogical compositions on ETC of various rocks
N 10YK-1L 1627 1142 009685 08912 08249 08548 types was studied. Reported in this work are the values of ETC
_ for rocks that can be used to test and improve the existing
AWem-LK-L 2,289 P%’_rggg”eg%u'”e 9409 2429 oa4e theoretical models which can be applied to estimate thermal
Ax 10YK-1 4048 4659 4659 4257 4257 4o04g conductivities of all types of rocks at high temperatures and
high pressures. The observed character of the temperature
conductivity measurements can provide information about the dependence of ETC of pyroxengranulite confirmed that its
order of crystallization of the rocks. Horai and Su$akbund structure is mostly amorphous, while for other rocks (sandstone,
that for andesite the ETC is far less temperature dependencelimestone, amphibolite, and granulite) the structure is basically
Euckeri?5 found that thermal conductivity of crystalline ~ crystalline.
materials decreases with temperature according to the eq 6. Thexcknowledgment
values of 4o and A for some porous materials have been |\ A thanks the Physical and Chemical Properties Division at

calculated:®1942126The present ETC results for sandstone, the National Institute of Standards and Technology (NIST) for the
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for the pyroxene-granulite we used the linear relation course of this research. The authors would also like to thank Dr.
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