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Abstract

We compared three laboratory methods for thermal conductivity measurements: divided-
bar, line-source and optical scanning. These methods are widely used in geothermal and
petrophysical studies, particularly as applied to research on cores from deep scientific boreholes.
The relatively new optical scanning method has recently been perfected and applied to geo-
physical problems. A comparison among these methods for determining the thermal con-
ductivity tensor for anisotropic rocks is based on a representative collection of 80 crystalline
rock samples from the KTB continental deep borehole (Germany). Despite substantial thermal
inhomogeneity of rock thermal conductivity (up to 40-50% variation) and high anisotropy
(with ratios of principal values attaining 2 and more), the results of measurements agree very
well among the different methods. The discrepancy for measurements along the foliation is
negligible (< 1%). The component of thermal conductivity normal to the foliation reveals
somewhat larger differences (3-4%). Optical scanning allowed us to characterize the thermal
inhomogeneity of rocks and to identify a three-dimensional anisotropy in thermal conductivity
of some gneiss samples. The merits of optical scanning include minor random errors (1.6%),
the ability to record the variation of thermal conductivity along the sample, the ability to
sample deeply using a slow scanning rate, freedom from constraints for sample size and shape,
and quality of mechanical treatment of the sample surface, a contactless mode of measurement,
high speed of operation, and the ability to measure on a cylindrical sample surface. More
traditional methods remain superior for characterizing bulk conductivity at elevated tempera-
ture. © 1999 CNR. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Precise and accurate thermal conductivity (1) measurements of rocks and soils are
necessary for the calculation of heat flow in both fundamental and applied geothermal
studies, and for petrophysical studies of geological materials. Thermal conductivity
is controlled primarily by the mineral composition and texture of the rock. Generally,
/ 1s an anisotropic property, but for many rocks the effects of anisotropy are minor
compared to the uncertainty introduced by variations in mineral composition. The
bulk value of / for earth material generally increases with water saturation and
pressurc and decreases with temperature.

Recently, advances in determining 4 have been made through the development of a
reliable in situ method (Burkhardt et al., 1990), thermal relaxation methods (Wilhelm,
1990), various types of logging (Williams and Anderson, 1990; Pribnow et al., 1993),
and the study of mineral composition and texture of rocks (Schon, 1996). While
valuable to specialized applications and important for interpolation between widely
spaced samples, these approaches are no substitutes for laboratory measurements on
rock samples when cores and cuttings are available.

Over the past century and more, the evolution of measurement techniques for
thermal conductivity has been guided by the available technology. The availability of
insulating material and the ability to maintain a constant heat inputl or a constant
temperature difference along a cylindrical ‘stack’ of materials of differing thermal
conductivity led to the steady-state divided-bar method, which has been described
often (see e.g., Bullard, 1939; Birch, 1950; Sass et al., 1971a; Blackwell and Spafford,
1987). J.C. Jaeger was among the first to recognize the potential of transient heat-
source techniques for use with solid rocks, and he suggested several configurations
involving primarily line-sources (Carslaw and Jaeger, 1947; Jaeger, 1958, 1959). The
availability of stable, portable clectrical power supplies and strip-chart recorders,
coupled with the need for fast, reliable measurements of unconsolidated sedimentary
material, led to cylindrical heat-source techniques for soils and permafrost (Lach-
enbruch, 1957; de Vries and Peck, 1958) and to the ‘needle probe’ techniques for
shipboard measurements on ocean sediments (von Herzen and Maxwell, 1959). The
availability of portable computers allowed the evolution of ‘half-space’ line-source
methods (see Pribnow and Sass, 1995, for a review) and pulsed line-sources (Lewis et
al., 1993). All of these methods have a sound theoretical basis, but their development
and validation were based primarily on systematic and meticulous experiments involv-
ing a range of standard materials.

Optical scanning is a relatively new approach to thermo-physical measurements
(Popov, 1983, 1984a). A series of theoretical and experimental investigations was
carried out in the 1980s and 1990s to evaluate its potential, and prototype measuring
units were constructed (Popovetal., 1985a, 1993). After establishing that the precision
and accuracy were satisfactory, the optical scanning method was adapted for the
study of thermal conductivity and diffusivity of cores from continental deep boreholes
(Popov et al., 1985a), from exploration boreholes of ore deposits and oil-gas fields in
Russia (Popov et al., 1991), and mineral samples (Popov et al., 1987). The advantages
of the optical scanning method include high speed of operation, contactless mode of
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measurement, and the ability to measure directly on a core sample and to estimate
the thermal anisotropy and inhomogeneity of rocks. It is an attractive alternative for
nondestructive measurements of thermal properties of large numbers of mineral, rock
and ore samples.

Both the optical scanning and line-source methods are transient, so that variations
in heat capacity may affect the accuracy of thermal conductivity measurements. Thus,
the comparison of optical scanning data with results of a steady-state method, e.g.
the divided-bar technique, is especially helpful for the evaluation of measurement
quality.

The determination of the main thermal conductivity tensor values with the divided-
bar technique is possible only by means of independent measurements on variously
oriented, disk-shaped plates sawed from one core sample. Rock inhomogeneity at a
sample scale may affect the results, and it is important to estimate this effect. The
temperature sensors (thermocouples) are inserted into copper disks that reduce the
temperature gradient along the surface of disk-shaped samples and minimize the
sensitivity of the sensor position relative to grains, cracks, and other local hetero-
geneities. The required diameter-to-thickness ratio of disks has been established only
for isotropic samples. When the lateral component of conductivity significantly
exceeds the vertical component, heat loss from the sample is proportionally higher
than in the 1sotropic case, and a systematic error in measurements may arise.

The comparative study is important for the line-source technique because the effects
of some experimental conditions related to this method remain controversial. These
include the required size of samples, the effect of thermal contact resistance, the
consistency of theoretical and experimental models in the case of measurements on
anisotropic samples, and possible consequences of the transient state.

With respect to the optical scanning method, it is important to establish whether
there is a significant effect imposed by a transient regime of measurements, and to
evaluate its reliability and accuracy in determining the principal components of the
thermal conductivity tensor. The volume of material involved in a measurement with
the optical scanning method is less in comparison with the other two methods, and
the effect of this difference has also to be evaluated.

Comparisons were made using the following equipment:

I the U.S. Geological Survey divided-bar apparatus (Pribnow and Sass, 1995);

2 the line-source apparatus made at the Technical University in Berlin for the KTB
field laboratory (Huenges et al., 1990), and

3 the laser unit based on the optical scanning method designed in the Moscow State
Geological Prospecting Academy (Popov et al., 1985a).

2. Thermal conductivity methods under comparison
2.1. The Divided-Bar Method (DB)

The DB is a steady-state comparative method in which the temperature drop across
a disk of saturated rock is compared with that across a disk of standard material of
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Fig. 1. The divided-bar apparatus for rock disks or cells filled with drill cuttings and water. Fused silica
with well-known thermal conductivity is used as a standard

known conductivity (Figure 1; see Pribnow and Sass, 1995, for a current, detailed
description). Samples are typically 30 to S0 mm in diameter and 10 to 30 mm in
thickness. The samples are saturated with water under vacuum and are held in place
under an axial load of 4 to 6 MPa. This combination allows closing of microcracks
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Fig. 2. Mutual orientation of vectors of temperature gradient, heat flow and principal axes of thermal
conductivity for the divided-bar method. A, B and C: main (orthogonal) axes of thermal conductivity; A
is perpendicular, B and C are parallel to the foliation: thin lines indicate (oliation or bedding.

and filling of pore spaces and cracks with fluid, thereby eliminating errors associated
with measuring dry samples at low axial pressures (Walsh and Decker, 1966). In
contrast to some early versions of the instrument, in which the temperature drop
across the stack was maintained by a constant heat input, most modern DBs operate
on the principle of constant temperature drop and reach steady-state conditions
very quickly. A measurement can be completed in 10 to 15min. Inter-laboratory
comparisons (Blackwell and Spafford, 1987), which included an early version of the
USGS apparatus used in this study, established that systematic errors are quite small
(~1%).

The vector of temperature gradient, V7T, is directed along the disk axis at any
orientation of the principal thermal conductivity axes A, B and C. Because of this,
measurements on anisotropic samples prepared in such a way that the disk axis
coincides with A, B, or C yield the principal values of the thermal conductivity tensor,
a. g and A, along a given axis. In a more general case, the effective thermal
conductivity, 4, is determined when the disk axis and the vector of temperature
gradient are inclined to a main axis of thermal conductivity (Figure 2). Here, both
vectors of temperature gradient and heat flow are inclined relative to each other. The
effective thermal conductivity A4 connects an absolute value of the vector of tem-
perature gradient with an absolute value of a vector of heat flow (¢) across the sample:

lgl=2:|VT] (1)
Using appropriate transformations, we obtain

lgl=/ Gk + g3 + gt = S 23-(VTa) +13-(VT5)? +72-(VTc)? (2)
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where VT4, VT and VT are the principal components of the temperature gradient
corresponding to the main axis of thermal conductivity A, B and C, respectively. In
this case, A is the axis perpendicular to the foliation, and B and C are axes parallel
to the foliation.

Taking into account the relations following from Fig. 2:

VT'\=|VT]-cos(w)
VTy=|VT]-cos(¢)

VT =|VTl-cos(y) (3)
we obtain from eq. (2):
lgl =+/Ax" cos® (@) + Az cos* (¢p) + A& cos® (W) |V T 4

where w, ¢ and y are angles between the vertical disk (sample) axis and the principal
axes of conductivity A, B and C, respectively.

According to eq. (1), we gain from eq. (4) the effective thermal conductivity
measured with the divided bar apparatus:

A:V’Ti' cos?(w)+ Az- cos?(¢) + A& cos () (5)

A two-dimensional anisotropy model is adapted here for the samples: A, = Appr and
Ap=Ac=Apar, Where Apgr and Apar represent the thermal conductivity components
perpendicular and parallel to a bedding or, in the case considered in this paper, to the
foliation. Using the known relation

cos?(w)+cos?(¢) +cos* () =1 (6)

it can be readily shown, according to eq. (5), that in the case of two-dimensional
anisotropy we measure an effective thermal conductivity referred to principal values
of the conductivity tensor:

Jo=1/ 7er- €08* (W) + Agag- sin® (w) (7)

where o is the angle between the vertical disk axis and the principal axis of thermal
conductivity corresponding to Apgg.

2.2. The Line-Source Method (LS)

This method is based on the theory of a line-source in an infinite medium (Carslaw
and Jaeger, 1947). The apparatus used here is a half-space LS, i.e. a needle probe
embedded in and flush with the surface of a material of very low thermal conductivity
(Plexiglass). Details of the construction and a special evaluation algorithm are
described in Huenges et al. (1990). It can be shown that the requirement of an infinite
probe length is realized in a satisfying way if the length-to-diameter ratio of the needle
probe is larger than 30:1 and if the probe temperature is recorded at the center of the
probe. Possible consequences of such point temperature measurements are discussed
in a later section on the random error of LS.
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According to Grubbe et al. (1983), the result obtained from measurement of an
anisotropic sample is related to the principal values of the thermal conductivity tensor:

A=/ Aa A0S’ (7) + Aa-Ac cOs (B)+ A Acr cos® (x) (8)

where «, ff and y are angles between the line-source axis and principal axes of thermal
conductivity A, B, and C, respectively. As follows from this relationship, in a general
case the principal thermal conductivity tensor values can be determined by means of
three measurements with non-collinear and non-coplanar positions of the LS, pro-
viding a knowledge of «. 5 and y. It is evident that the most precise measurements are
provided by a consecutive arrangement of the LS along each principal axis of thermal
conductivity.

For the two-dimensional anisotropy model (A, = Apgr; Ag=4Ac=4par) and to rule
out an uncertainty in estimating the principal axes from visual inspection of the cores,
the LS was placed on the top plane of the core (perpendicular to the core axis) and 2
was measured with varying azimuth (Figure 3; see also Pribnow and Sass, 1995).
Considering that the thermal conductivity parallel to the foliation is higher than that
perpendicular to it and that the measured thermal conductivity for an LS represents
a value from a plane approximately perpendicular to the line-source axis, the strike
of the foliation was defined by the LS position with the lowest thermal conductivity
value. The core was then cut parallel to its axis and perpendicular to the estimated
strike of foliation (Fig. 3). Again, 4 was measured for varying angles. The maximum
measured A represents Ap, . For the position perpendicular to the latter, the measured
A is defined as Ay n. According to eq. (8), Apgg can be determined from eq. (9) if Apag
is known (a=[=90° y=0"):
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Fig. 3. Determination of main thermal conductivity components with the half-space line-source.
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2.3. The Optical Scanning Method (OS)

The Optical Scanning Method (OS) is relatively new to both Earth science and the
field of thermal physics. The theoretical model is based on scanning a sample surface
with a focused, mobile and continuously operated constant heat source in combination
with a temperature sensor. The heat source and sensor move with the same speed
relative to the sample and at a constant distance to each other (Figure 4; Popov,
1983). The temperature sensor displays the value of the maximum temperature rise
along the heating line behind the source. The maximum temperature rise, ©, is
determined by the relationship

Q

- 274 (10)

where Q is the source power and x is the distance between source and sensor.

If the sample(s) under study and a reference standard with known conductivity, Ag,
are aligned along the scanning direction, the thermal conductivity of each sample can
be determined from Ay and the ratio of ® to @y or, in actual application, from the
ratio of electric signals U and Uy, which are proportional to ® and ®y. This relation
1s expressed as
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Fig. 4. Principle of optical scanning method. V: velocity of scanning; O: area of the heat spot; S: detection
area of the radiometer; A, B and C: main axes of thermal conductivity with angles o, f# and y to line of
scanning, respectively.
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Or\ . (U
z:xR-<5“>=AR-<;) (1)

For an anisotropic solid, the maximum temperature rise is determined by the relation-
ship (Popov and Mandel, 1998)

0 0

21 x\/ A dy €OSP () + Aptd €OSH(B) + ApAc cos? (@)

(12)

where o', i and " are angles between the A, B and C principal axes of thermal
conductivity and the scanning line. Consequently, the relationship for the thermal
conductivity from a single measurement is similar to that for the LS (a=a', f=F,
v=7") and can also be expressed using eq. (8).

After scanning along three non-collinear and non-coplanar directions which are
located on two non-parallel planes, eq. (8) provides a means of determining the
principal values of thermal conductivity from a set of three equations with three
unknowns. For a sample with two-dimensional anisotropy, the principal values of
conductivity can be determined from two non-collinear scans on one face, if this face
is not parallel to the foliation (Popov et al., 1985b).

The OS apparatus is shown schematically in Fig. 5 (Popov, 1983; Popov et al.,
1983, 1985a). It provides simultaneous measurement of thermal diffusivity as well as
conductivity, but the theory and application of the thermal diffusivity measurements
are beyond the scope of this paper (see Popov, 1984a, for details). The stationary
laser heat source and an infrared radiometer for measurements of initial and maximum
sample temperature are placed on a mobile platform that moves at a constant speed
(1 to 10mms™") relative to samples and reference standards. The speed chosen is
based on the layer thickness required for the study. Measurements are carried out on
either plane or cylindrical surfaces of the dry or saturated samples. In the case of
cylindrical samples, scans are oriented along the core axis and the bottom face of the
core. Surface roughness of up to 1.0mm is allowable. In general, it is not necessary
to polish a sample surface. If the scanned surface is too rough systematic errors can
be corrected based on results from reference standards with a similarly rough surface.
The working surface of the sample is covered with an optical coating (25-40 um thick)
in order to minimize the influence of varying optical reflection cocflicients. Sample
sizes in this study varied from 3—-17cm in length, 3-9cm in width, and 2-6cm in
thickness.

The specific feature of OS is the ability to change the thickness of the investigated
surface-layer depending on the sample size and research goals. This can be done by a
change in measurement regime including the speed of scanning and the distance
between the heated spot and the area of temperature recording. The layer thickness
also depends on the thermal properties of the sample and may reach 2-3 cm or more
for samples with thermal conductivity exceeding 67 Wm~'K ~' (see Popov et al.,
1993, for more details).

The signal-processing algorithm yields the effective conductivity of two per-
pendicular directions for an inhomogeneous layered sample. The mean level of tem-
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Fig. 5. (a) Scheme of the optical scanning apparatus; |—standard with known thermal conductivity; 2—
samples; 3—heat source; 4—infrared radiometers (the lower one is for the determination of thermal
diffusivity). (b) Example of a measurement; ®—temperature detected with 4 (solid line); /—thermal
conductivity (dashed lines and bars) calculated with eq. (11).

perature along the scanning profile is used in eq. (11) for the determination of thermal
conductivity in the orientation coincident with the scanning direction, and the thermal
conductivity normal to the heated surface is determined as an arithmetic mean of
local conductivities along the entire scanning line (Popov, 1983). Experimental studies
of inhomogeneous samples consisting of up to 20 layers with thermal conductivities
ranging from 1.35 to 21.0 Wm™' K" and thicknesses varying from 1 to 15 mm have
shown that this determination of effective thermal conductivity does not differ sig-
nificantly from the calculated conductivity of layered samples (Popov et al., 1993).
Local conductivities can be determined for grain scales as small as 7 to 10 mm.
After the scanning is completed, the following information is available for each
sample:
1 a conductivity profile (including minimum and maximum values A,;, and A,
respectively) along a single scanning line,
2 the effective thermal conductivity of each sample for two mutually perpendicular
directions and the related macro-anisotropy factor,
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3 the thermal inhomogeneity factor ¢ (defined as the maximum difference in con-
ductivity along the scanning line divided by the effective thermal conductivity), and
4 the RMS deviation of local thermal conductivity values along each scanning line.

At present, the measurable range of conductivity is 0.2 to 70 Wm ™' K~'. The basic
measurement error, including random and systematic components estimated from
tests on standards, 1s not more than 3% at 0.95 confidence level. The rate of measure-
ments is between 50 and 70 measurements per hour, and permissible sample lengths
range from | to 70cm. Discrepancies between theoretical and experimental models
of the method have been discussed in detail by Popov (1983, 1984b) and Popov et al.
(1993).

Quartz monocrystals were used to check the adequacy of experimental and theor-
etical models for anisotropic samples. Errors were less than 0.5%. Our results for the
A and B axes (6.05+0.05Wm~'K ") and the C axis (10.7+0.1 Wm~'K ') at room
temperature (Popov et al., 1990) are consistent with the A and B axes
(6.07+0.1Wm~'K™") and C axis (10.5+0.1 Wm~'K™") values obtained by Beck
(1987). The apparent thermal conductivity of a quartz monocrystal as measured by
the OS unit at a progressing series of angles relative to the C axis is shown in Fig. 6
in comparison with theoretical values determined from eq. (8). According to these
results, the random error of a single measurement (95% confidence interval) lies
within the range of 0.5 to 2.0%.

S SR IS | S NUSVOUS AR R R .

0 15 30 45 60 75 90
angle between scanning line and quartz c-axis (y, °)

Fig. 6. Theoretical and experimental results for the effective thermal conductivity of a quartz monocrystal
for different angles between the C-axis and the line of OS scanning. Continuous curve—result of the
theoretical calculations according to eq. (8). Diamonds with vertical bars— the average values of thermal
conductivity (6-24 measurements) with 0.95% confidential probability.
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3. Sample collections and measurement procedure

Thermal conductivity measurements with the three methods (OS, LS, and DB)
were performed on two sample collections, both consisting of gneiss and amphibolite
from the KTB borehole (see also Pribnow and Sass, 1995).

Collection I includes 44 core samples of amphibolite, gneiss, and, to a lesser degree,
other lithologies from the KTB section. Two principal values were determined by LS
measurements for 34 water-saturated samples; in 10 cases, sample preparation partly
destroyed the core piece. Proceeding from the two-dimensional anisotropy model,
two disks—along and across the foliation—were sawed from each core sample for
the DB after LS measurements. Both components of thermal conductivity, Ap,g and
Aper. Were determined for 38 core samples from this collection; for one sample, only
Aper Was determined and for 5 samples, only Apar. The lack of one of the components
for these six samples resulted from problems in preparing satisfactory disk samples.

The study of samples from Collection I with OS was also based on the two-
dimensional anisotropy model, with Apsx and Apgg determined on end-pieces of core
left over after the disks had been sawed for the DB. As previously mentioned, one
sample face is enough for the measurement of Apsr and Apgr With OS under the
condition that this face is not parallel to the foliation. In our case, the angles between
this face and the foliation were in the range of 45 to 90°. Scanning along 2-4
equally spaced lines parallel to the intersection of foliation with the working face was
performed first. Then, scanning was carried out along 2—4 lines perpendicular to the
first set [Fig. 7(a)]. Several lines for each direction must be scanned in order to take
appropriate account of possible sample inhomogeneity. The number of scanning lines
was chosen depending on the face length. To estimate and decrease random error, the
measurements along each line were repeated 2—4 times. This is important for the
calculation of principal conductivity values because, according to eq. (8), the total
random error for Jpgpr increases not less than by \/5 times ( for one measurement).
The mean apparent conductivity for each of two chosen directions was derived from
measurements along all parallel lines. Mean values of apparent conductivity for each
of the two directions and a measured angle between the scanning lines and foliation
were substituted into eq. (8). By solving this system of equations, Aper and Apar Were
determined for every sample. If possible, the face with the maximum angle to the
foliation was chosen, because then the error in determining the actual foliation
plane least affects the results for the principal thermal conductivity components. For
virtually all anisotropic samples, the thermal inhomogeneity factor was higher when
the scanning line was oriented perpendicular to the intersection of foliation and
working face. In this orientation, the scanning line traverses all layers of variable
mineral composition whereas scanning parallel to the foliation involves a single,
homogeneous layer.

Collection 11 1s a subset of Collection I and included 36 disks prepared for measure-
ments with the DB and OS on identical samples. The disk diameter was 36 mm and
the thickness varied from 8 to 12 mm. For one set of disks, the foliation was parallel
or nearly parallel (with an inclination < 10°) to the disk plane. For another set of
disks, the foliation was perpendicular or nearly perpendicular (>80°) to the disk
plane; for one disk, the inclination angle was 60°.
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Fig. 7. Lines of scanning on samples of collections I (a) and II (b). Dashed lines show lines of scanning for
measurements with the optical scanning method: thin lines show foliation planes.

The thermal conductivity of 33 of these disks was measured with the DB in a water-
saturated state. Subsequent measurements on each disk with the OS included at least
three scans along three lines parallel to the intersection between the foliation and the
disk plane. Spacing between the lines was 7-8 mm [Fig. 7(b)] and the measurements
were performed on both disk planes. Then the operation was repeated for three
perpendicular lines on each disk plane. In addition, several scans along 5-8 lines were
made on the cylindrical surface of every disk [Fig. 7(b)]. This required a specific choice
of the distance between temperature sensor and sample [‘x" in eq. (10)] for the OS
apparatus because of the small disk thickness. Without these scans on the cylindrical
surface it would have been impossible to determine principal thermal conductivity
values in the case when the foliation was oriented subparallel to the disk plane. The
third scanning direction allowed us to study a possible 3-D anisotropy of the rocks.

As in Collection I, Apar and Apgr were determined and, in the case of obvious 3-D
anisotropy, expressed as significantly distinct A5, Az and Ac. In many cases, the DB
measurements did not yield principal Apag and Apgr values but some effective values
according to eq. (5) or eq. (7) in the case of 3-D or 2-D anisotropy, respectively. The
correct comparison of DB and OS results required computation of the effective disk
conductivity corresponding to a value measured with DB and taking into account the
angle of foliation. For Collection 11, therefore, we took into account the real incli-
nation angles between the foliation and disc planes in order to transform OS results
of Apgr and Apag to thermal conductivity values Ay that are effective for DB measure-
ments. For this study, inclination angles are close to 0° or 90° and the corresponding
effective thermal conductivity values are A" and A", respectively. For collection 1, we
had neglected some uncertainty in these angles, considering them to be exactly 0° and
90° for Apar and Apgy, respectively.

Optical scans for Collections I and II were performed in surface-layers that are 6
9 and 5-7mm thick, respectively. A short length of scanning line on the cylindrical
surfaces of disks (8-12mm) required a reduction of the distance between the heated
spot and the area of temperature recording. This led to a decrease of the layer
thickness to 4-5 mm.
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The random error for DB is between | and 2% and for this version of LS is below
5%. Using a high scanning speed for the OS, more than 3000 measurements were
performed {or Collections I and I1. Discrepancies between average and single results
for cach typical scanning line yielded a random error for single OS measurements of
1.6% (at 0.95 confidence level). Repeated scans were necessary mainly for the esti-
mation of random error; the determination of principal thermal conductivity values
requires only a single scan of each line.

4. Results and discussion

Table 1 lists the results of DB, LS and OS for Collection I, and Table 2 for Collection
I1. In addition, all results have been analyzed separately for each component, Apar
and Apgr, considering:

1 number of values: N,
2 range of values: 4., to 4., along one scanning line;

)
3 anisotropy: K="TRR,
Arer Do — Ao
4 inhomogeneity (for OS only): 8:M;
5 linear regression for DB vs. OS, LS vs. OS and LS vs. DB; I—1
6 relative differences for DB vs. OS, LS vs. OS, and LS vs. DB: 2 /’l+/”j'
i+ 4

The results of steps (1) through (6) are summarized and discussed below.

4.1. Collection I

Correlations between Apar and Apgr, measured with different methods, are exhibited
in Fig. 8. DB and OS results reveal the closest correlation. The results obtained with
these methods are characterized by higher correlation coefficients (0.87 to 0.91) and
substantially lower standard deviations (0.23 to 0.25) relative to comparisons with
the LS (0.78 to 0.86, 0.30 to 0.37, respectively). However, while the linear coefficient
for the comparison of DB and OS is close to 1 (0.93 and 0.90, respectively), the
coefficient for Apgr alone is somewhat worse (1.16). Nevertheless, a rather small
intercept value indicates that Jpgr measurements with DB and OS are well correlated,
too. Considering the inhomogeneity and anisotropy of the samples studied, this
range is acceptable. Comparing both components from OS and LS, the correlation
cocflicient is 0.86 and the intercept is relatively small (0.15). However, LS and OS
results for Apgr have the lowest correlation coetficient (0.69).

For all methods compared, the average relative differences between results for
Apar arc negligible (0.03 to 0.8%) and those for /pgr acceptable (1.4 to 3.2%). The
discrepancies for the anisotropy factor are in the same range (0.4 to 3.8%) but OS
and LS, on average, show higher values than the DB. It should be noted that when
all data are highly representative and random errors for OS and DB are small, the
systematic divergence for /pgr (and thus the related deviation for the anisotropy
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Table |

Results of thermal conductivity (1) measurements from divided-bar (DB), optical scanning (OS) and line-
source (LS) methods parallel (4p,r) and perpendicular (4pgg) to the foliation for Collection I (see text). z—
depth; lithology: AM-—amphibolite; GN-—gneiss; Lamp-—lamprophyre; HblGn—hornblende gneiss.

Sample z (m) Lithology  Jpar (Wm™'K ') Jrer (Wm 'K 1)

DB oS LS DB oS LS
62H4s 423.4 Am 2.38 2.39 2.72 2.15 2.30 2.66
117G4ab 617.2 Gn 3.66 3.87 3.71 3.59 2.84 2.95
168B1j 800.9 Gn 4.14 3.71 3.59 3.34 2.76 3.13
207C4g 887.4 Gn 3.88 3.50 3.61 2.82 2.75 2.94
234Dlaa 943.7 Gn 3.27 3.84 4.04 2.79 2.84 1.94
253D1k 1179.2 Am 2.38 2.58 2.55 2.31 2.44 2.35
284HIr 1361.1 Am 2.32 2.52 2.55 2.13 2.26 2.30
323BI1d 1542.2 Am 2.32 2.10 2.66 2.16 2.07 2.29
349B1; 1661.3 Gn 3.92 3.63 3.41 3.27 2.79 3.19
402F6e 1788.6 Gn 3.64 3.46 - = 3.32 -
443E2n 1961.9 Gn 3.82 3.82 4.32 2.15 2.35 2.10
471F 1t 2063.4 Gn 3.12 3.58 3.61 2.23 2.29 2.05
480D 1k 2098.8 Gn 3.55 3.69 - 2.14 2.10 -
505B2b 2181.3 Gn 3.57 3.77 3.26 2.56 2.52 2.37
532ElIr 22442 Lamp 3.15 2.94 - 3.15 2.73 -
561Dt 2329.6 Gn 3.32 3.39 3.22 2.17 2.19 1.86
584A1b 2404.8 Gn 3.48 3.63 342 2.36 2.30 1.89
S92A1f 2434.0 Gn 3.28 3.76 3.38 2.65 2.65 2.45
6]17BlcK 25329 HblGn 2.92 3.06 2.83 2.67 2.62 2.71
627B1h 2587.5 Gn 3.58 3.90 - 2.64 2.79 -
640A2a 2692.6 Gn 3.60 3.65 - - 2.72 -
664F 1sK 2768.6 Lamp 3.65 3.59 4.07 3.09 2.97 3.13
705Dl 2874.9 Gn = 3.85 - 2.34 2.40 -
736BIf 3005.2 Gn 3.37 343 3.62 3.13 2.95 3.58
T43CIf 3038.5 Gn 3.54 3.61 3.49 2.99 2.89 2.61
755B2g 3085.2 Gn 3.28 3.73 - 1.30 1.78 -
783E6av 3207.1 Gn 3.28 3.19 2.87 3.16 3.00 2.81
796A8e¢K 3262.5 Gn 3.38 3.26 - - 2.28 -
804D 1m 3299.6 Gn 3.66 3.47 2.96 2.44 2.31 2.88
815BIrK 3349.9 Gn 3.85 3.85 4.23 3.11 2.67 3.25
824EIn 3380.1 Gn 3.77 3.69 4.26 3.07 3.25 3.35
831A3b 3407.2 Gn 3.73 3.89 4.30 - 3.24 2.90
837DI1k 34259 Gn 3.93 3.31 3.26 - 2.87 3.14
848E1p 3474.3 Gn 3.88 3.47 3.72 3.35 3.09 3.56
863F2af 3531.5 Gn 4.18 3.67 - 3.02 2.88 -
870C9%¢ 3551.7 Gn 3.50 3.60 3.56 2.88 2.65 2.99
882A4j 3601.5 HblGn 2.64 2.46 2.53 2.55 2.17 2.49
891E1u 3647.8 Am 293 2.98 3.00 2.80 2.72 2.67
904E1h 3679.5 Am 2.44 2.56 - 2.30 2.16 -
909B1d 3706.4 Am 2.65 2.76 2.71 2.55 2.22 2.63
917B1cK 3748.1 Am 243 2.23 2.51 2.40 2.09 2.31
920C2d 3766.3 Am 2.54 245 2.40 2.38 2.31 2.38
938Ala 3829.7 Am 2.61 2.59 2.53 2.49 2.59 2.18

944E6s 3857.8 Am 2.60 2.50 2.27 2.36 2.31 2.21
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Table 2

Results of thermal conductivity (1) measurements from divided-bar (DB) and optical scanning (OS)
methods parallel (1p5x) and perpendicular (/pgr) to the foliation for Collection II (see text). z—depth, 3D
anisotropy occurs when Zpsg ) % Apar .2 for OS; Ayv—transformation of OS results (eq. (5) for 3D anisotropy:
eq. (7) for 2D anisotropy) corresponding to values from DB (A x Apar: A"~ Apgg; fOr isotropic rocks:
A'=24"). Lithology: AM—amphibolite; GN—gneiss.

z (m) Lithology OS DB
ApeR Zpar.l ApAR2 Ay A N
800.0 Gn 2.93 3.39 3.39 2.94 2.90 -
800.0 Gn 2.59 3.46 3.46 2.60 2.82 -
800.0 Gn 2.59 4.45 3.56 4.38 - 4.11
800.0 Gn 2.61 4.63 3.65 4.52 - 4.21
885.1 Gn 2.47 4.38 3.58 4.34 4.30
885.1 Gn 2.52 4.59 3.82 4.54 - 4.63
887.2 Gn 1.98 3.43 318 2.02 2.19 -
887.2 Gn 2.62 3.62 3.62 2.64 2.70 -
1273.5 Am 2.74 2.74 2.74 2.74 2.84 2.84
1273.5 Am 2.69 2.69 2.69 2.69 2.68 2.68
1357.6 Am 241 2.65 2.65 2.65 2.65 2.65
1357.6 Am 2.36 2.79 2.79 2.79 2.70 2.70
1746.3 Gn 2.78 4.36 3.67 4.34 4.30
1746.3 Gn 3.64 4.45 4.45 4.45 4.38
1746.3 Gn 2.78 4.07 3.67 4.05 - 4.19
1746.3 Gn 2.75 4.25 3.56 4.20 - 4.00
1746.3 Gn 2.60 3.88 3.88 2.60 3.20 -
1746.3 Gn 2.35 3.57 3.57 2.35 2.80 -
1859.7 Gn 2.56 3.64 322 2.57 2.39
1859.7 Gn 2.21 3.80 3.30 2.25 2.35 -
1859.7 Gn 2.13 4.00 3.46 397 - -
1859.7 Gn 2.08 4.49 3.31 4.38 - -
2447.3 Gn 2.88 435 3.99 4.33 - 4.61
2447.3 Gn 2.74 4.45 3.75 4.43 -
2447.4 Gn 291 3.79 3.79 2.91 2.94 -
2447.4 Gn 2.96 3.89 3.89 2.96 3.08 -
2497.0 Gn 2.26 3.30 2.97 3.30 - 3.18
2497.0 Gn 2.44 3.52 3.08 3.52 - 3.33
2497.1 Gn 2.58 2.97 2.97 2.58 2.66 —
2497.1 Gn 2.58 2.88 2.88 2.59 2.50
3146.1 Gn 2.63 3.68 3.68 3.45 - 3.62
3146.1 Gn 2.68 3.80 3.80 2.71 2.81 -
3146.2 Gn 2.68 3.72 3.72 2.68 2.96 -
3146.2 Gn 3.01 3.75 3.75 3.01 3.40
3723.7 Am 2.51 2.51 2.51 2.51 2.53 2.53

3723.7 Am 2.53 2.53 2.53 2.53 2.58 2.58
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Fig. 8. Comparison of results. (a)—(c) Collection I; (d) Collection 1II; solid diamonds: thermal conductivity
perpendicular to the foliation (/pgr): open diamonds: thermal conductivity parallel to the foliation (Zpag):
open circles: isotropic samples.

factor) is significant. This was also noted for Collection 11, and possible sources of
the discrepancy will be discussed below. The same tendency was noted for DB and
LS results (see also Pribnow and Sass, 1995) but the significance of this difference is
obscured by a4 more substantial random error of the LS.

Because many samples from Collection I are significantly inhomogeneous (¢~ 0.46)
and (in contrast to Collection II) the measured samples were not identical, the random
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discrepancies in measurement results obtained with different methods may in many
cases be explained by inhomogeneity.

4.2. The random error of LS

The comparison of methods indicates a lack of systematic differences in principal
thermal conductivity values and anisotropy factors. The results obtained with LS are,
however, more unstable than for other techniques. There are two apparently equally
significant sources of this instability. The first is the relatively high random error of
measurements with LS. From our study on six standard samples with a thermal
conductivity range of 1.35-6.89 Wm~'K ~!, and on 25 samples from the Kola bore-
hole with thermal conductivity of 2.3-5.0 Wm ™' K !, the LS unit has a random error
of single measurement in the range of 7-9% at 0.95 confidence level. In the course of
n repeated measurements, the random error is reduced by a factor of \/n, so that the
random error of five measurements was 3-4%, still higher than for other methods.
The second source of LS instability may be related to a local position of the tem-
perature sensor in the probe. Comparison of LS and OS data for 25 inhomogeneous
core samples from the Kola borehole indicates that readings substantially depend on
the local thermal conductivity close to the sensor. This occurs despite a significant
but incomplete equalization of temperature along the probe by its thin steel shell. For
example, if the sensor was located above a grain with a thermal conductivity that
exceeds the mean conductivity of the sample (derived from the OS measurement) by
50-60%, the readings of the LS were overestimated by 30-40% relative to the average
value. When a zone of reduced conductivity occurred under the probe the readings
were underestimated. For example, when the sensor was located above a short narrow
crack the readings were 20% lower than the mean value. This can lead to a random
measurement error of up to 10-15% for inhomogeneous samples. Because the factors
causing LS instability are not correlated, the net random error of LS for measurements
on samples from Collection 1 can reach 11-15% for this study. Recently, the interpret-
ation of LS measurements has been significantly improved (H. Honarmand, pers.
comm.), and in combination with greater experimental efforts the error of modern
LS measurements can be reduced to 2%.

4.3. Collection I1

For this collection, it was not always possible to prepare samples strictly per-
pendicular or parallel to the foliation. The angle between the foliation and the sample
axis deviated up to 10° from the desired value (0" or 90”), and for one disk the angle
was 60". To correspond to a value obtained with DB, the OS measurements of Apsp
and Apgr were transformed into an effective thermal conductivity (4y) with eq. (5) or
eq. (7). The DB results and the effective conductivity values obtained with OS can be
considered in two groups: A" close to Apar (90° +107) and 1" close to Apgg (07 £ 10°).
Three-dimensional anisotropy (4, perpendicular to the foliation plane, 1; and Ac
parallel to the foliation plane) was recognized for some samples with the OS technique
(see also Table 2). Here, the Apar range implies a combined range of both Ay and Ac.
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Six massive amphibolite samples were devoid of preferred foliation orientation; OS
results from these disks along three mutually perpendicular directions were not sig-
nificantly different.

The correlation between 4y (OS) and A" or 2”7 (DB) is shown in Fig. 8(d). If no
anisotropy was detected with the OS, DB results were included in both data sets
(A"=2")1n Table 2. As can be seen from Fig. 8, the consistency of DB and OS results
for Collection II is better than for Collection I. This is due to the use of identical
samples for measurements conducted with both methods and our taking into account
the real inclination angles between the foliation and disc planes.

In general, for Collection II the discrepancy does not exceed +10%. Only three
samples stand out because of somewhat higher differences. The thermal inhom-
ogeneity factor for one of these samples was extremely high (0.33). The results of Apgg
(OS) and /A" (DB) for two samples from 1746 m depth deviate significantly more than
all others (see Table 2). Possible reasons are not known yet but under investigation.
However, as this deviation is statistically anomalous for this comparison, these results
are excluded in the following analysis.

Similar to Collection I, linear regressions demonstrate consistency of OS and DB
results: high values of correlation coefficients (0.78 to 0.98), linear coefficients close
to 1 (0.91 to 1.1), and small intercepts (0.11 to 0.34) and standard deviations (0.16 to
0.20). The average relative difference for the A and 1" data obtained with both
methods is 2.1% and the standard deviation is 6.5%. The average relative difference
is 0.7% (standard deviation is 3.9%) for A", and 2.9% (standard deviation is 4.8%)
for 2" (4.6% with standard deviation of 6.8% if the two anomalous samples mentioned
above are included in the analysis).

4.4. Aspects of high-resolution OS results

The effect of cracks that form an effective barrier for heat flow when dry but have
a negligible effect when the rock is saturated is discussed by Walsh and Decker (1966)
for stress relief dilatancy and by Pribnow et al. (1996) for thermally-induced cracks.
In our experience studying cores derived from great depths, microcracks close to
their cylindrical surface are often observed, reducing the thermal conductivity of the
respective areas measured with OS on dry samples. In cores of exploration boreholes
500-700 m in depth, we have not commonly observed a noticeable change. However,
thermal conductivity reductions in the outer layer (712 mm thick) of drill cores were
observed for deeper drill holes: 7-8% for crystalline rocks from the Kola borchole
(2—-10 km depth, Lat.: 690025 N, Long.: 300044 E, the Kola Peninsula), 14-20% for
crystalline rocks recovered from the Ural borehole (depth to 5.3 km, Lat.: 580000 N,
Long.: 590044 E, the Ural Mountains), and 20-30% for sedimentary rocks from the
Timan—Pechora borchole (7km deep, Lat.: 650032 N, Long.: 4600 12 E, northern
part of the European territory of Russia). By analogy, a similar drop in thermal
conductivity could be expected for the outer layers of disks from KTB rocks. However,
the introduction of appropriate corrections led to an insignificant but noticeable
deviation from the DB and LS results, which are based on water-saturated samples
and thus are only minimally influenced by the effect of microcracks. Further, samples
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of massive amphibolites show virtually complete coincidence of conductivity measure-
ments on plane and cylindrical surfaces of disks without any correction. The intro-
duction of stress-relief corrections for cylindrical surfaces of disks was thus rejected.

For two disks (gneiss samples from a depth of 2497.05 and 3146.21 m), the OS
resulted in significant differences (18 and 12%, respectively) for opposite planes only
8—12mm apart. This indicates a substantial sample inhomogeneity along the disk
axes. A detailed examination of these samples has shown that, in the first case, the
heterogeneity is related to the occurrence of dark-colored minerals on one face whereas
light-colored minerals of higher thermal conductivity are predominant on the opposite
face. In the second case, the inhomogeneity was caused by an enrichment of quartz
on one face, and this face has a higher thermal conductivity. In order to study the
inhomogeneity of these samples and to estimate their conductivity more precisely,
measurements on both planes of each disk were carried out with the distance between
the heated spot and the temperature recorder increased by a factor of 6; this allowed
us to increase the thickness of the measured surface-layer approximately 2.5 times
and to actually accomplish thermal sounding throughout the sample. The results
establish that thermal conductivity varies with depth in an irregular manner, and this
variation was taken into account in the computation of the principal values.

Repeated thermal conductivity measurements were performed for three disks after
their saturation in water for 6-7 h. These disks represent gneisses with high anisotropy
factors: 1.46, 2.16. and 1.51 for samples from 1746.30 m, 1859.73 m and 2447.28 m,
respectively. After saturation, there was no significant change in conductivity com-
ponents along the foliation, whereas the component oriented perpendicular to the
foliation increased by 3.8, 4.8, and 1.5%, respectively, relative to the values for the
dry samples. Taking into account the random error of single measurements (1.6% at
0.95 confidence interval), this variation is considered to be significant. This indicates
some contribution of oriented fracturing to the anisotropy, which is mainly caused
by micas occurring in the gneiss. These fractures will have little effect in a parallel
configuration (along bedding), but when they are in series with the minerals saturation
should increase thermal conductivity, as we observed. These observed effects of
saturation on Apgr are consistent with the average relative difference between A"
(saturated DB) and Apgr (unsaturated OS).

A 3-D anisotropy was established for 16 of the 36 samples measured with the OS.
The most favorable conditions for the study of anisotropy existed when the foliation
was parallel or nearly parallel to the disk plane. In this case, the foliation and a
clear lineation in grain arrangement were helpful in the precise choice of principal
conductivity axes. The first axis was perpendicular to the foliation and the second
and the third axes lay in the foliation plane parallel and perpendicular to lineation.
More complicated problems related to the principal axis choice arose when the
foliation was oriented perpendicular or nearly perpendicular to disk planes. In cases
of proven 3-D anisotropy, the anisotropy ratio lies within the range of 1.42-2.16; the
mean value is 1.66, and the standard deviation is 0.19. The two principal values
corresponding to the foliation plane are closer to equal than the value perpendicular
to the foliation plane. For the case of 2-D anisotropy, the range of anisotropy factor
1s 1.10-1.52, the mean value is 1.30, and the standard deviation is 0.14.
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5. Summary

Because we chose frequently-used instruments with a prolific data output that
typify the methods compared, the results obtained are of general significance. The
DB unit used in this study was constructed by the U.S. Geological Survey in the late
1960s (Sass et al., 1971b) and continually studied and improved (Pribnow and Sass,
1995). The LS unit was created on the basis of previously proposed scientific
recommendations and applied to numerous measurements of thermal conductivity
on cores of KTB boreholes (Huenges et al., 1990). OS apparatuses were conceived
(Popov et al., 1985a), studied, and developed in the 1980s and 1990s in the course of
their application to conductivity measurements on more than 70,000 samples from
various geological objects, including over 23,000 core samples from Russian scientific
deep boreholes. The careful comparisons among the three independently developed
methods provide strong empirical validation of all of them.

In general, the deviation of the results from the three methods is less than 4%. For
samples with a thermal inhomogeneity factor of less than 0.1, the agreement of the
results is better than 2%. The DB and OS show the best agreement; a higher scatter
of the LS is the consequence of point temperature measurements. For all three
methods, values parallel to the foliation agree better than the perpendicular
components. This is expected to be the case if the anisotropy is not 2-D (as assumed)
but 3-D. In average, the DB reveals the lowest anisotropy factors, as a result of the
difficulty of preparing samples accurately oriented parallel and perpendicular to the
foliation. Comparing identical (Collection II) rather than closely-spaced (Collection
I) samples improved the agreement between OS and DB. The high-resolution measure-
ments with the OS revealed additional aspects of thermal conduction, such as small-
scale inhomogeneities of mineral composition and artificially introduced micro-
cracks.

Although we cannot propose an unequivocal explanation for a small but statistically
significant difference in Apgr measurements for both collections, some possible causes
may be suggested: (1) water saturation of the DB and LS samples that minimizes the
effects of fracturing parallel to the foliation; (2) closure of cracks aligned with the
foliation under the axial load of the DB, (3) fracturing along foliation and bedding
due to residual internal stresses that arose in deep-derived samples during two years
between DB and OS measurements (as observed in cores from Vorotilovo and Tyumen
boreholes); and (4) regularities in heat transfer previously established for isotropic
materials studied with DB and LS may be disturbed in the case of anisotropic rocks.
Anisotropy might require some corrections to recommended relationships between
the sample size and the device elements. In particular, it is possible to quantify
enhanced radial heat losses in DB study of disks with the axes perpendicular to the
/par direction,

6. Conclusions

Numerous measurements of thermal conductivity on isotropic and anisotropic
rocks carried out with divided-bar, line-source, and optical scanning indicate that
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these methods yield consistent results. Significant inhomogeneity of rocks is a possible
reason for the observed minor discrepancies. The closest agreement was noted between
DB and OS. Widespread use of the contactless OS method should provide a dramatic
increase in the information output from the study of rock conductivity. This high-
speed method provides (1) measurement of principal values of thermal conductivity
both for 2-D and 3-D anisotropic samples; (2) recording of thermal conductivity
distribution at each sample with determination of local values; and (3) measurement
on both plane and cylindrical surfaces without any severe constraints for sample size
and quality of surface treatment. The application of OS allowed us to obtain new
information on thermal inhomogeneity and the three-dimensional anisotropy of rocks
from the KTB borehole.

We have shown conclusively that the three methods are interchangeable, within
their combined errors, for the characterization of thermal conductivity. Details of the
specific application and the degree and kind of technical assistance available will have
a strong bearing on which method is chosen in a given instance. For example, the DB
will be the technique of choice when an unambiguous characterization of thermal
conductivity in a given direction is the goal and when the appropriate rock-machining
equipment and skilled personnel are available. The LS provides a convenient con-
figuration for reconnaissance surveys of large numbers of thermally nearly isotropic
rocks. It is also the most casily adapted to measurements at elevated temperatures,
particularly for saturated rocks (e.g. Williams and Sass, 1996). OS methods are also
well suited to reconnaissance surveys, especially when sample size is an issue. They
are useful in examining the details of heat conduction in samples with complex
structure and composition.
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