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Thermophysical Properties of Diorites along
with the Prediction of Thermal Conductivity
from Porosity and Density Data
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The main focus of this paper involves the use of models to predict the ther-
mophysical properties of diorites. For the prediction of thermal conductivity, an
existing mixing law and empirical models have been used. Due to the porosity
dependence in all the existing models, ASTM (American Society for Testing and
Materials) standard methods have been applied to measure the density, porosity,
and specific gravity of diorite rocks taken from the Shewa-Shahbaz Garhi volca-
nic complex near Mardan, Pakistan. The chemical composition of these samples
has been analyzed using the X-ray florescence technique. The theoretically cal-
culated values of specific gravity and the density of the specimen based on the
chemical composition and porosity are in good agreement with those obtained
from experimental measurements at ambient conditions. The thermal conduc-
tivity and thermal diffusivity of these rocks have been measured simultaneously
using the transient plane source (TPS) technique at room temperature. The effec-
tive thermal conductivity calculated from various models is in agreement with
the experimental data within 15%. Simple correlations between estimated den-
sity and porosity and between the effective thermal conductivity and porosity
are also established.

KEY WORDS: density; diorite rocks; mixing law models; porosity; thermal
conductivity; thermal diffusivity; transient plane source technique.

1. INTRODUCTION

The most important thermal properties of rocks are the thermal conduc-
tivity (A), heat capacity (c,), and thermal diffusivity (). The first two
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parameters give the capacity of a material to conduct or transmit and
accumulate heat, respectively; and the last one gives an estimate of what
area of the material has been affected by the heat per second. The ther-
mal diffusivity is a function of thermal conductivity (1), density (p), and
specific heat capacity (cp) at constant pressure.

The thermal conductivity of dry rocks has been shown to be a func-
tion of the density, porosity, grain size and shape, mineral composition,
and the degree of cementation. The first two parameters are easily mea-
sured, and precise values may be assigned for correlation purposes. Quan-
tification of the grain size, shape, and cementation are difficult. However,
other related properties can be used to characterize these properties in
developing models/correlations.

The samples studied here belong to the igneous rocks that are formed
by the cooling of magma and are primary rocks (granite, diorite, basalt,
dunite). They are conventionally subdivided, according to their silica con-
tent [1, 2], into the granite group (SiO; > 65%), diorite (SiO =65 to 52%),
basalt (SiO; =52 —40%), and dunite (SiO; < 40%). The samples studied in
this paper belong to the diorite group.

The thermal transport properties of 13 diorite samples taken from the
Shewa-Shahbaz Ghari volcanic complex have been measured using the
transient plane source (TPS) technique. The Shewa-Shahbaz Ghari vol-
canic complex is located about 60km south of the Indus River and is
an isolated triangular outcrop exposed between Shewa-Shahbaz Ghari and
the Machai, which represent corners of the complex. It covers an area of
about 85km? and is emplaced into a meta-sedimentary sequence known
as the Swabi-Chamla group.

As reported earlier [3] the National Centre of Excellence in Geology
and Mineral Testing Laboratory and the Serhad Development Authority,
Peshawar (Pakistan) have been involved in petrological investigations and
the study of the physical properties of these rocks from an application
point of view. Our research group undertook a study of the thermophys-
ical properties with the availability of the well-developed TPS technique
and other physical methods of measurements. The variations of thermal
conductivity, thermal diffusivity, and volumetric heat capacity in the tem-
perature range from 253 to 333K have already been reported [3]. All the
samples under study were characterized by chemical composition, density,
porosity, and specific gravity at ambient conditions.

In this study, simple models to predict the thermal conductivity
of diorites based on the porosity and thermal conductivity data of the
mineral contents and saturant have been established using mixing law
and empirical models [4, 5] at ambient conditions. The predicted values
of the thermal conductivity have been compared with the experimental
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measurements. Simple correlations between the estimated density and
porosity and between the effective thermal conductivity and porosity are
also established.

2. MODELS FOR ESTIMATION OF THERMAL CONDUCTIVITY

Precise measurements of thermal conductivities of rocks are difficult
to make and are very time-consuming. To make laboratory measurements
on all types of rock of interest and under all environmental conditions of
temperature, pressure, and fluid saturation would be prohibitive in terms
of time and expense. There have been many attempts [4, 6-11] to develop
a simple physical model to explain the measured thermal conductivities of
porous rocks filled with fluids ranging in conductivity from that of air to
that of water. Three basic types of models for the thermal conductivity of
multicomponent system have been used in the past. The first type involves
the application of mixing laws for porous mineral aggregates containing
various fluids. Since these models do not take into account the structural
characteristics of rocks, they are of limited applicability. A second type
is the empirical model in which more easily measured physical properties
are related to thermal conductivity through the application of regression
analysis to laboratory data. This method also has its shortcomings in that
the resulting model may be applicable only to the particular suite of rocks
being investigated. For example in two separate papers, Sugawara and
Yoshizawa [7, 8] have chosen different exponents for essentially identical
sets of experiments on similar rocks. The third type is a theoretical model
based on the mechanism of heat transfer applicable to simplified geome-
tries of the rock/fluid system. In the literature, efforts in this direction have
been made by many authors [9, 12-18]. The proposed models have lim-
ited applicability and cannot be used for all types of systems, especially
when the difference in the thermal conductivities of the constituent phases
is very large. A general expression to predict the effective thermal conduc-
tivity is still lacking. A short description of the models used for the esti-
mation of thermal conductivity of diorites is given below.

2.1. Mixing Law Models

If we assume that minerals with thermal conductivities A; and volume
concentration V; are arranged in parallel in a nonporous rock, then the
thermal conductivity Ag of the solid rock will be

YAV
A= ———— 1 1
=5 (M
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Mixing law models combine values of the thermal conductivities of
the rock solids (Ag) with the thermal conductivity of the fluids (Af) on the
basis of porosity (¢). The porosity weighted arithmetic mean would be the
equivalent of parallel arrangement of the components relative to the direc-
tion of heat flow;

Ae:)‘f¢+)¥s(l_¢)v (2)

where As and A¢ are the thermal conductivities of the rock solids and the
fluid, respectively. This form gives the largest values of thermal conductiv-
ity of the rock/fluid system (A.) of all the mixing law models. The har-
monic mean model would imply a series arrangement of the components,
¢ 1——¢}1

Ae=|—
¢ |:)\f+ As

(€)

This model gives the smallest values of Ae.

A modification of the weighted arithmetic mean or parallel model,
Eq. (2), was used by Sugawara and Yoshizawa [8] to obtain good agree-
ment between their experimental and estimated thermal conductivities of
two-phase, fluid-saturated rocks. Their model is given as

de=(1—A)As+ Ay, “)
where
A= -7 I-a+9)™].

and n >0 is an empirical exponent dependent on the porosity, shape, ori-
entation, and emissivity inside the pores.

The geometric mean model of Woodside and Messmer [19] is expressed
as

he=p)? A7 (5)

The dispersive or extended Maxwell model has a thermal conductivity

[4] given by
(Z+1)-20(2-1)

2 s
(B+1)+0(2-1)
The first two models, Egs. (2) and (3), have a firm physical basis, but

are essentially special cases, which are unrealistic in most practical situa-
tions. The weighted geometric mean model, Eq. (5), has no physical basis,

e =As (6)
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but it is easier to use than Eq. (6) and gives similar results over the limited
range of heat flow work; some authors prefer to use it.

The Maxwell model [20], which is the direct analog of the electrical
case and has a good physical basis, gives quite reliable results when the
porosity (¢) of one of the two components does not exceed about 0.25
and the conductivity ratio (r =2As/Ar) does not exceed 10. Beck [4], using
an empirical approach, extended the useful range of porosity (¢ >0.3) and
r > 300.

2.2. Empirical Correlations

The effects of a number of physical properties on thermal conductiv-
ities of several dry sandstone samples have been investigated [21, 22] and
the existence of several correlations between thermal conductivity, density,
and porosity are reported. For example,

Ae X ,04, (7

where 1. is the thermal conductivity in W-m~!-K~! and p is the bulk den-
sity. The bulk density is also correlated with the porosity as

px(l—¢), ®)
and by substituting Eq. (8) into (7), one obtains
reoc(1—g)*. )

The proportionality constants may vary according to the suite of
rocks. Extrapolations of empirical models to suites of rocks other than
those used in developing the correlation equations may not be reliable.

3. MEASURED PROPERTIES
3.1. Density-Related Properties

Density-related properties of rocks include specific gravity, density,
and porosity. These parameters have one thing in common, the fact that
they have no connection with any external factor and so are not mechani-
cal. They must, however, be considered first before any other properties of
rocks can be studied.

In our experimental work, the definitions of the American Society for
Testing and Materials Standards (ASTM) [23] have been followed. The
density, porosity, and specific gravity of the samples were measured by
using ASTM standard methods, and details are already given [24].
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3.2. Thermal Transport Properties

The TPS technique, also known as the Gustafsson probe [25], was
used to perform simultaneous measurements of thermal conductivity, ther-
mal diffusivity, and heat capacity per unit volume of the diorites. This
technique is based on three-dimensional heat flow inside the sample, which
can be regarded as an infinite medium, if the time of the transient record-
ing is ended before the thermal wave reaches the sample boundaries. The
TPS method uses a resistive element both as a heat source and a tem-
perature sensor. For data collection the TPS element (20 mm diameter) is
sandwiched between two specimen halves in a bridge circuit [25]. When a
sufficiently large amount of direct current is passed through the TPS ele-
ment, its temperature changes, which causes its resistance to change and
consequently there is a voltage drop across the TPS element. By record-
ing this voltage drop for a particular time interval, detailed information
about the thermal conductivity and thermal diffusivity of the test speci-
men is obtained. The heat capacity per unit volume is then calculated from
pcp=»X/k. For further details, see Gustafsson [26].

The entire samples were taken from the Shewa-Shahbaz Garhi vol-
canic complex near Mardan, Pakistan. These samples were then cut into
rectangular shapes. Each sample consisted of two identical rectangular
slabs of approximately 0.045 m x 0.045m x 0.025m. The chemical compo-
sitions were analyzed using the X-ray fluorescence technique and are given
in Table I. The surfaces of these samples were polished to provide good
thermal contact with the TPS element and to minimize thermal contact
resistance.

Table I. Chemical Composition of Diorite Samples (in Mass%).

Sample SiO; TiO; ALO3; FepO3 FeO MnO MgO CaO Na,O KO P,0s

SSG-D1  55.25 0.08 2428 1.13 1.02 041 0.01 074 13.83 471 0.02
SSG-D2  57.03 0.27 23.11 0.87 1.40 0.10 025 1.21 10.13 5.55 0.04
SSG-D3  58.30 0.11 21.34 0.67 1.07 0.08 0.06 068 11.16 6.52 0.02
SSG-D4  58.63 0.72 20.68 1.19 191 020 0.73 226 792 5.64 0.12
SSG-D5  58.77 094 19.08 1.82 291 021 121 286 6.88 516 0.25
SSG-D6  58.77 1.53 17.28 298 328 0.17 1.78 406 520 454 042
SSG-D7 58.87 0.16 21.92 1.12 1.80 0.13 0.08 0.67 10.28 4.95 0.01
SSG-D8  60.83 0.84 18.6 1.87 206 0.17 045 210 550 7.52 0.05
SSG-D9  61.63 0.58 19.47 1.03 1.64 0.16 028 125 7.99 593 0.04
SSG-D10 61.77 0.83 1824 1.72 192 015 043 195 551 743 0.07
SSG-D11 61.87 0.52 1933 1.21 192 012 023 145 727 6.04 0.04
SSG-D12 62.17 0.46 1890 1.16 1.86 0.10 023 1.79 7.58 5.73 0.03
SSG-D13 63.93 0.46 18.63 1.38 1.52 011 035 123 7.09 538 0.12
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Measurements of thermophysical properties were carried out with air
as the saturant in the pore spaces. For this purpose, the samples were
dried at 105+ 2°C in a furnace (Heraeus laboratory furnace M110) for
24h. After drying, the samples were cooled at room temperature for
30 minutes and then placed in a closed desiccator (to avoid any mois-
ture interference). For every sample, four experiments were carried out; as
described earlier [25]. The thermal conductivity and thermal diffusivity of
13 samples were measured at room temperature and atmospheric pressure.
The thermal conductivity and thermal diffusivity data include uncertainties
of 5 and 7%, respectively.

4. RESULTS AND DISCUSSION
4.1. Density-Related Properties

Table II gives the measured values of specific gravity (agp), porosity
(¢), and density (p). The specific gravity of the minerals depends on the
chemical composition and structure. The specific gravity of all these sam-
ples lies between 2.554 and 2.838. This is explained by the fact that the
specific gravity of slightly porous rocks depends on the extent of their min-
eral composition. In these samples SiO, lies between 55 and 64% and the
specific gravity of SiO, is 2.65. Also, the specific gravity of igneous rocks
ranges from 2.17 to 3.74. Thus, these reported measurements are in good
agreement with the earlier studies [2]. As noted earlier, the specific grav-
ity of a rock is wholly dependent on the specific gravity of minerals form-
ing it. This parameter can be predicted by using the Felsic-mafic index F
[27] that provides a better correlation curve than the silica content when
attempts are made to correlate specific gravity and chemical composition.
However, the correlation becomes less useful when the rock is more felsic
than quartz monzonite. The useful curve of Young and Olhoeft [27] is

specific gravity (aes) =2.643 4 0.444¢F/4,

where
_ 8i0,+Na,0+K0
~ FeO + Fe,03 +CaO+MgO'

(10)

Using this relation and the data of Table I, a.; of all the sam-
ples was calculated and is tabulated in Table II. There is good agreement
between the observed and calculated specific gravity parameters. Table II
also shows the porosity and density of the diorite samples. The porosity
of these samples varies from 0.162 to 0.490 vol%. This variation in poros-
ity depends on the composition of the samples and the shape and size of
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Table II. Measured Specific Gravity (ap), Estimated Specific Gravity (aest), Measured
Porosity (¢) and Density (p ), and Estimated Density (pes) of the Specimens at Normal
Temperature and Pressure

P Pest
S. No. ap+0.003 Qest ¢(vol%) (103 kg -m3)4£0.002  (10° kg -m™)
SSG-D1 2.624 2.644 0.335 2.615 2.641
SSG-D2 2.599 2.646 0.167 2.594 2.646
SSG-D3 2.603 2.643 0.162 2.599 2.646
SSG-D4 2.608 2.666 0.490 2.595 2.637
SSG-D5 2718 2.702 0.353 2.708 2.641
SSG-D6 2.838 2.751 0.397 2.827 2.639
SSG-D7 2.589 2.646 0.234 2.583 2.644
SSG-D8 2.723 2.669 0.469 2411 2.638
SSG-D9 2.627 2.648 0.206 2.622 2.645
SSG-D10 2.621 2.663 0.347 2,612 2.641
SSG-D11 2.624 2.652 0.424 2.613 2.638
SSG-DI2 2.554 2.653 0.413 2.544 2.639
SSG-D13 2.706 2.649 0.358 2.697 2.641

the grains of which they are composed and on the degree of their sorting,
cementation, and packing.

The density of the samples lies between (2.411 and 2.827) x 103 kg-m~3.
These values are again in agreement with the reported data. It was possible
to establish a correlation between bulk density and fractional porosity for
the rock samples as

Pest =2.65x 10° (1 —¢), (11)

where pest 18 the bulk density in kg - m 3 and the density of SiO, is 2.56 x
103kg-m 3,

As is evident from Table II, there exists excellent agreement between
the experimental and estimated bulk densities and specific gravities.

4.2. Thermal Diffusivity and Thermal Conductivity at Ambient Conditions

In Fig. 1, the thermal diffusivity is plotted as a function of the ther-
mal conductivity at ambient temperature. A linear regression yields a slope
of 1/pcp, =1/2.33 x 1067 - m—3. K~!; this agrees with Beck’s [28] result
pcp,=2.3x10% J.m=3 - K~ £20%.

The remainder of this discussion involves the calculation of the ther-
mal conductivity using the above models. As shown in Table III, Aexp, lies
between 1.422 and 1.688 W.m~!.K~!at room temperature, and normal
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Fig. 1. Variation of thermal diffusivity as a function of thermal
conductivity along with linear fit (solid line).

pressure. The thermal conductivity of the solid phase, Ag, was assumed to
be 1.5 W-m~!.K~!, corresponding to biotite [30, 31] and Ag = A,j =0.026
W.m~!. K~ [32] for the calculation of the effective thermal conductivity
(Xe) of the samples.

All of the samples have more or less similar composition (Table II),
with a porosity ranging from 0.162 to 0.490vol%. Using the values of
As, Ar, and ¢, the effective thermal conductivities corresponding to the
mixing law models, Egs. (2) and (6), and the empirical relation, Eq. (9),
were calculated and are compared in Table 111 and Fig. 2.

The experimentally measured thermal conductivity values are higher
than the effective thermal conductivity values, for all the models for ¢ <
0.35 vol%, although the average deviation is within 10%. For ¢ > 0.35
vol%, the effective values are higher compared to the experimentally mea-
sured values and the difference is within 8%.

For low porosities (¢ <1 vol%) two models have been proposed by
Walsh and Decker [29]:

(a) for isolated, more or less, isometric pores, a “minimum” value,
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Fig. 2. Comparison of measured and predicted thermal conductivities of diorite
samples as a function of porosity (vol%).

I

; (12)
240+ (i—f)
and
(b) for interconnected, rock-type pores, a “maximum” value,
Asir (3
o= £( +¢)’ (13)
s+ 3Ar

Using Eq. (13), the effective thermal conductivity was calculated and A.
appeared to be much lower compared to all the other models (Table III).
This is the shortcoming of these models, and they are often suitable for
a given suite of samples. Similarly, the modified weighted arithmetic mean
model proposed by Sugawara and Yoshizawa, Eq. (5), gave A.values for
n=1, which agreed with experimental data within experimental error.

In sedimentary rocks the primary porosity is subjected to digenitic
changes and further to processes like fracturing which may lead to sec-
ondary porosity. Therefore, pores can be present in different forms and
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configurations, to which all the above models could contribute, depending
upon the grain type and size of the rock in question. All models as well as
the correlations between A, and ¢ appear to be suitable within 10%. For
the values of porosities ¢ <0.35 vol%, all the models used here gave lower
values compared to experimental results, and for ¢ > 0.35 vol%, experi-
mental results are lower than the calculated values. It is to be noted that
the experimental as well as the calculated values of A, using different mod-
els decreases with an increase of the porosity. This observation is in agree-
ment with others [8, 19, 33].

5. CONCLUSIONS

The diorite samples have been characterized by chemical composi-
tion, porosity, and density. ASTM standard methods have been applied to
study the density-related properties. Simple correlations between the chem-
ical compositions and specific gravity, density, and porosity are established.
The chemical composition of these samples has been analyzed using the
X-ray florescence technique. The theoretically calculated values of specific
gravity and density of the specimen based on the chemical composition
and porosity were in good agreement with those obtained from experi-
mental observations. The thermal transport experiments were performed at
room temperature and normal pressure with air as the fluid in the pore
spaces, using the Gustafsson probe. The thermal diffusivity varies linearly
with thermal conductivity. To predict the thermal conductivity of diorite
samples, the existing mixing law and empirical models have been used.
Empirical models are often used as an alternative, and they are generally
satisfactory for a given suite of rocks. In this study, it is noted that experi-
mental and calculated thermal conductivity values are in agreement within
10% on the average as shown in Table III.
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