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Thermophysical Properties of Porous Sandstones:
Measurements and Comparative Study of Some
Representative Thermal Conductivity Models
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The thermal conductivity and thermal diffusivity of porous consolidated
sandstones have been measured simultaneously by the transient-plane source
(TPS) technique in the temperature range from 280 to 330 K at ambient pres-
sure using air as the saturant. The porosity and density parameters are mea-
sured using standard American Society for Testing and Materials (ASTM)
methods at 307 £ 1 K. Data are presented for five types of samples rang-
ing in porosity from 8 to 17vol.%, taken from various positions above the
baseline. The thermal conductivity and constituents of the minerals vary with
porosity as well as with the position of the sample from the baseline. The
thermal conductivity data are discussed in the framework of simple mixing
laws and empirical models. Simple correlations between the effective density
and porosity, and between the effective thermal conductivity and porosity, are
also established.

KEY WORDS: density; mixing law models; porosity; sandstone; thermal con-
ductivity; thermal diffusivity; transient plane source (TPS) technique.

1. INTRODUCTION

The most relevant thermal parameters of rocks are the thermal
conductivity, heat capacity, and thermal diffusivity. The first two param-
eters give the capability of a material to conduct and accumulate heat,
respectively, and the last one gives an estimate of what area of the mate-
rial has been affected by the amount of heat per second. A knowledge of
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the thermal transport properties of rocks as a function of temperature has
become important with the widespread interest in thermal processes, e.g.,
underground fluid-bearing reservoirs. Some of these processes include ther-
mal methods of enhanced oil recovery, management of geothermal reser-
voirs, and underground disposal of nuclear waste.

The design of thermal-insulating materials depends upon the heat trans-
fer characteristics of porous media. The thermal conductivity of a given
piece of rock depends, at constant temperature and pressure, on the miner-
alogical composition as well as on its porosity and pore filling (which can
be air, water, oil, etc.) and also on the geometrical composition.

The present work presents thermal parameters of five porous sand-
stones taken from various positions from the base of Khewra sand-
stones located in the north of Pakistan. The porosity, density, and mineral
compositions of the samples were determined, and the effect of these
parameters on the effective thermal conductivity has been investigated.
The variation of thermal conductivity and thermal diffusivity in the tem-
perature range from 280 to 330K is also reported.

2. THEORIES
2.1. Thermal Conductivity Prediction Models

Precise measurements of thermal conductivities of rocks are difficult
to conduct and can be very time-consuming. To make laboratory measure-
ments on all types of rock of interest and under all environmental condi-
tions of temperature, pressure, and fluid saturation would be prohibitive in
terms of time and expense. Consequently, a great deal of effort has gone
into the development of models relating thermal properties and behav-
ior to more easily measured properties (such as porosity, density, etc.)
of rock/fluid systems. These models often predict thermal conductivities
within 20%. By using these models, it is also possible to tailor [1] the
materials for a specific application.

A large number of expressions [2-6] have been developed for predic-
tion of the effective thermal conductivity of multiple-phase porous materi-
als. Most of them, originally developed for two-phase systems, have been
extended to three-phase systems.

Existing models can be classified into three major categories. The
first type involves the application of the mixing laws for porous min-
eral aggregates containing various fluids. Since these models do not take
into account the structural characteristics of rocks, they are of lim-
ited applicability. A second type is the empirical model in which more
easily measured physical properties are related to thermal conductivity
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through the application of regression analysis to laboratory data. One can
distinguish between semi-empirical and empirical relationships; the for-
mer do not include any adjustable parameters, whereas the latter include
such parameters [5, 7] and thus some thermal conductivity measurements
are required. This method also has its shortcomings in that the resulting
model may be applicable only to the particular suite of rocks being inves-
tigated. The third type is a theoretical model based on the mechanism of
heat transfer applicable to simplified geometries of the rock/fluid system.
In the literature, efforts in this direction have been published [6, 8-16]. The
two models proposed to date have limited applicability and cannot be used
for all types of systems, especially when the difference in the thermal con-
ductivities of the constituent phases is very large. A general expression to
predict the effective thermal conductivity is still lacking.

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

YA Vi
Ag= ——. 1
=%y (1)

When a low conductivity phase, such as a pore with porosity ¢ is pres-
ent along with a solid phase of conductivity Ag, there is equal probability
of them occurring in series or in parallel. The resulting effective thermal
conductivity A. takes the following form:

)\ez)\f‘p‘f‘)ts(l_qj)» (2)

where As and Ar are the thermal conductivities of the rock and the fluid,
respectively. This form gives the highest values of thermal conductivity of
the rock/fluid system (A.) of all mixing-law models. The harmonic-mean
model implies a series arrangement of the components;

® 1-o7!
)»ezl:)L—f—F ™ j| (3)

This model gives the lowest value of Ae.

A modification of the weighted arithmetic-mean or parallel model,
Eq. (2), is used by Sugawara and Yoshizawa [7] to obtain good agreement
between their experimental and calculated thermal conductivities of two-
phase, fluid-saturated rocks. This model is given by

he=(1—A)hs+ Alg, 4)
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where A is an adjustable parameter that is defined by
A:[zn (2"—1)‘1] [I-(+®)™]; n>0

Here, n is the empirical exponent depending on porosity, shape, orienta-
tion, and emissivity inside the pores.
The geometric-mean model [15] is

he=p)2 AP (5)

The dispersive or extended Maxwell model has a thermal conductivity [2]

given by
s As
(Z41)-20 (1)
2 s
(Grr1)+o (1)
The first two models, Egs. (2) and (3), have a firm physical basis, but are
essentially special cases that are unrealistic in most practical situations.
The weighted geometric-mean model, Eq. (5), has no physical basis. But
since it is easier to use than Eq. (6) and gives similar results over the lim-
ited range of heat flow work, some authors prefer to use it.
The Maxwell model [17], 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 thermal conductivity ratio (r = /x\_;) does not exceed 10.

Ae=As (6)

2.2. Empirical Correlations

The effects of a number of physical properties on the thermal conduc-
tivity of several different dry sandstone samples have been investigated [18,
19], and the existence of several correlations between thermal conductivity,
density, and porosity are reported, for example,

reocpt, (7)

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

po(l—d), ®)
and by substituting Eq. (8) into Eq. (7) one obtains

reox (1 —@)*. ©)
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The proportionality constants may vary according to the origin of rocks.
Extrapolations of empirical models to suites of rocks other than those
used in developing the correlation equations may not be reliable.

3. EXPERIMENTAL TECHNIQUES AND SAMPLE
CHARACTERIZATION

All the samples for thermal transport studies were obtained from
Jhelum Khewra, with the collaboration of the Pakistan Natural History
Museum Shakar Parian, Islamabad. The sandstone is about 156 m thick
and displaced fine-grained to medium-grained sandstone, siltstone, shale,
and occasional carbonates. The Khewra sandstones have been proved as
oil reservoirs in some of the oil fields located in the Potohar areas of
Pakistan.

Five samples were taken from different positions above the baseline
(Table I) and were cut into specimens of rectangular shapes of 0.043 x
0.045 x 0.025m>. The thickness of the samples was chosen to satisfy the
probing depth criteria [20] of thermal conductivity measurements. Each
sample consists of two identical slabs. The surfaces of these samples were
polished to provide good thermal contact with the transient plane source
(TPS) sensor and to minimize thermal contact resistance. The mineral con-
tent was obtained by the thin-section technique and by chemical analy-
sis. The density and porosity of the samples were (see Table I) measured
by using American Society for Testing and Materials (ASTM) standard
methods [21] and details have been published by the present authors [22].
The TPS technique was chosen to measure the thermophysical parameters
because of the simplicity of the technique [23] and its applicability to insu-
lators, fluids, metals [24], and superconductors [25]. This technique uses a
resistive element (Fig. 1) as both a heat source and temperature sensor. To
measure the thermal transport properties, a simple bridge circuit is used
as shown in Fig. 2. By supplying a constant current to the TPS sensor
(20 mm diameter) and by monitoring the subsequent voltage increase over
a short period of time (after the start of the experiment), it is possible to
get precise information about thermal transport properties of the material
surrounding the heat source. Prior to transient recording, the bridge is bal-
anced. Then a constant current pulse is passed through the TPS sensor,
which changes the bridge to the off-balance mode. Under this condition,
the time-dependent resistance of the TPS during the transient recording
can be expressed, according to Ref. 26, as

R()=R, (1 +,3AT(r)), (10)
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Connecting Leads

Sample Pieces

Insulating Layers Nickel Foil

Fig. 1. Arrangement of the sample pieces with the TPS element.
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Fig. 2. Block diagram of the electrical bridge circuit along
with the rest of the experimental setup, DVM, digital voltme-
ter, Rs, standard resistance, Ry, lead resistance, and Rp, series
resistance.

where Ry is the resistance of the TPS sensor before the start of transient
recording, 8 is the temperature coefficient of resistivity of the TPS sensor,
and AT(t) is the mean value of the temperature increase of the TPS sen-
sor during the transient recording. In this equation the temperature change
expressed as a function of the dimensionless variable 7, is defined by

t=@/0"?, 0=d*/a, (11)
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where ¢ is the time measured from the start of the transient heating, d is
the measure of the overall size of the resistive pattern or the radius of the
disk, a is the thermal diffusivity of the sample under test, and 6 is the
characteristic time.

The mean temperature change AT (r) can be calculated by the solu-
tion of the basic heat conduction equation aV2T = 3T / ot under non-
steadystate conditions which gives the following results [23, 26] for the ring
source solution:

AT (t) = Po(n*2dr) "' Dy (7). (12)

Equation (12) shows that AT (r) depends on Py, the output power
in to the TPS sensor, A, the thermal conductivity of the material. The
design parameter of the resistive pattern is denoted by Ds(t). The resis-
tance increase of the TPS sensor (Figs. 1 and 2) can be expressed as

AR(t)=BRyAT (7). (13)
Substituting Eq. (12) in Eq. (13), we get
AR(t)=BRyPy(r dr)~ Dy(7). (14)

The relation with temperature changes in the TPS sensor, and the
off-balance voltage variation of the bridge can be expressed via a third
parameter AE(t) as

AE(t)=Ry(Rs+ Ro) "' I)AR(1), (15)

where Iy is the intensity of the constant current pulse measured across a
10 @ standard resistance R;. The bridge constant ¢ (Fig. 2) in this experi-
ment was kept equal to 100. However, one can adjust this ratio according
to the experimental conditions. The constant current Iy should be chosen
such that the total temperature increase should be kept less than 1 K [23].
The scatter in the thermal conductivity measurements is about 0.14% and
is about 0.66% and 0.52% in the thermal diffusivity and volumetric heat
capacity measurements, respectively [26, 27].

By recording the voltage drop over a particular time interval, detailed
information about the thermal conductivity, A, and thermal diffusivity, a,
of the test specimen is obtained. The heat capacity per unit volume, pcp,
may be calculated from the relation, pcp = %

All samples were dried at 105 £ 5°C for 8h, then cooled down
to room temperature, and finally kept in a desiccator. The thermal
conductivity and thermal diffusivity of all the samples were measured as a
function of temperature. Results are shown in Figs. 3 and 4. The thermal
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Fig. 3. Variation in thermal conductivity with temperature. Estimated uncertainties
in Aexp are about 6%.

conductivity and thermal diffusivity data are characterized by uncertain-
ties of 6% and 8%, respectively [26]. The characteristics of the samples
obtained by visual inspection, the main lithology, the mineral contents,
and the position above the baseline are summarized in Table 1.

4. RESULTS AND DISCUSSION

The measured porosity, density, and thermal conductivity at room
temperature along with the calculated values of densities and effective
thermal conductivities using various relations, are listed in Table II. The
porosity and density of the samples were measured at 307 £ 1 K. The
porosity of the samples varies from 8 to 17 vol.%. For a comparison of the
experimental and calculated thermal conductivities, the conductivity data
corresponding to the associated temperature will be considered.

Experimental results of the thermal conductivity and thermal diffusivity
of the five sandstones as a function of temperature are shown in Figs. 3 and
4, respectively. The thermal conductivity of all five samples ranges between
2.82 and 420 W -m~!. K~ at room temperature. The thermal conductivi-
ties of all sandstones under investigation increase slightly with temperature
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Fig. 4. Variation in thermal diffusivity with temperature. Estimated
uncertainties in aexp are about 8%.

except for Kh SS3, which decreases slightly. Both of these effects have
already been observed in this type of sandstone [19]. The change in ther-
mal diffusivity as a function of temperature is similar to that of the thermal
conductivity, as it depends directly upon the thermal conductivity.

Figures 5 and 6 show the variation of the experimental thermal con-
ductivity and thermal diffusivity of the five sandstones with porosity at
307+ 1 K. Both the thermal conductivity and thermal diffusivity decrease
with increasing porosity, which is in agreement with reported results [5,
16]. An increase in porosity results in a greater contribution from the
pore filling and a decrease in the apparent density (Table II) and, hence,
a reduction in the thermal conductivity. However, the minimum thermal
conductivity cannot be smaller than that of the fluid in the pores.

For the estimation of X., the mineral and air thermal conductivity
values at room temperature were taken from Horai [28] and Zimmerman
[6]: A (air) = 0.026 W-m~'.K~!, A (quartz) = 7.69 W -m~! . K~!, i (cal-
cite) = 3.59W-m~! . K~!, A (dolomite) = 3.34W-m~'.K~!, and A (potas-
sium feldspar) = 2.31W-m~!.K~!. All the samples are multi-mineral,
with characteristic porosities ranging from 8 to 17 vol.%. Figure 7 shows
comparisons of measured and predicted thermal conductivities of the sam-
ples as a function of porosity at 307+ 1K. Here, A, was calculated using
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Thermal conductivity, wm'K'

Porosity ¢ , vol%

Fig. 5. Variation of measured thermal conductivity of five sandstones (see text) with
change in porosity at 307 £ 1 K and at atmospheric pressure: (—), fitted by least-
squares to second-order polynomial. Estimated uncertainties in Aexp are 6%.

Egs. (4), (5), and (9) and the thermal conductivity of the solid phase, Ay,
was determined from Eq. (1) with the use of the mineral content in each
sample as stated in Table 1. In estimating the value of A., it is noticed
that our experimental data give better agreement with the predicted ther-
mal conductivities of the adjustable parameter A of Eq. (4), modified to

A=2? [ﬁ] {“[aim}}'

The decrease in thermal conductivity with increasing porosity is in
agreement with previous observations [4, 15]. From Fig. 7 it is clear that
the experimental and calculated thermal conductivities are in good agree-
ment within experimental uncertainties. The Maxwell model could not be
used for the prediction of A because the ratio f—} exceeds 10.

Figure 8 shows the variation in porosity with an increase in the
position of the sample above the baseline, which again is in agreement
with the observations. Figure 9 shows comparisons of the experimental
and calculated thermal conductivities for the present work at 307 £ 1K
and atmospheric pressure. Good agreement exists, i.e., within experimental
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Fig. 6. Variation of measured thermal diffusivity of five sandstones (see text) with
change in porosity at 307 & 1K and at atmospheric pressure: (—), fitted by least-
squares to second-order polynomial. Estimated uncertainties in aexp are 8%.

uncertainties. Further investigations into the effect of saturant, pore size,
and pressure on the thermal transport properties should be carried out.

5. CONCLUSIONS

All the experiments were performed at atmospheric pressure with air
as the fluid inside the pores. An important aspect of the TPS-method is
the design of the TPS-clements, which are such that the TPS-elements can
be used repeatedly and, furthermore, when comparing this technique with
other methods such as the hot-wire [16] and transient hot-strip techniques
[20], it must be remembered that the experiments are performed with
very small temperature perturbations of the sample material. Under these
circumstances, the agreement must be considered exceptionally good com-
pared with any other method, particularly in view of the fact that the ther-
mal conductivity, thermal diffusivity as well as volumetric heat capacity
can be obtained from a single recording.

The density and the porosity of all the sandstones have been deter-
mined using the ASTM standard method at 307 &+ 1 K. The experimen-
tal and calculated thermal conductivities of all the five sandstones as a
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function of porosity at 307+ 1K are in good agreement. For estimation
of the thermal conductivity, the formula proposed by Sugawara and Yo-
shizawa [5] is slightly modified. It is also possible to predict the density of
the samples by a simple relation with an average deviation of 10% from
the experimental observations.
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