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Abstract
This paper addresses experimental and modeling investigations of heat transfer in sandstones subject to low-temperature 
conditions. At low temperature, pore liquid (e.g., water) would freeze; thus, heat is transferred not only in the form of specific 
heat but also in the form of latent heat. Moreover, the melting point is not constant; it depends on the pore size. Considering 
these characteristics, a governing equation of heat transfer with phase transition is established using the equivalent heat-
capacity method. To calculate the equivalent heat capacity, the relation between ice content and temperature is assessed 
by the pore-size distribution curve. Heating tests (from 77 to 293 K) of sandstone samples in three saturation conditions 
(water-saturated, oil-saturated, and dry) are conducted and simulated using the model established. The results reveal that 
the temperature sensitivity of the heat capacity of dry sandstone is more pronounced in the low-temperature regime than in 
the high-temperature regime. The thermal conductivity of dry sandstone increases with temperature in the low-temperature 
regime. This is different with the case of the high-temperature regime at which the thermal conductivity decreases with tem-
perature. The temperature evolution curve for the water-saturated sample features a plateau regime, that is, the temperature 
remains quasi-constant with time. The analysis demonstrates that the position and length of this temperature plateau are 
governed by the pore-size distribution.

Keywords Freezing–thawing · Sandstone · Convective boundary · Heat capacity · Thermal conductivity · Pore-size 
distribution

List of Symbols
As  Convective area
a, b, aj, bj  Coefficients describing the dependence of 

heat capacity on temperature; j can be i (ice), 
w (water), s (solid) or o (oil)

Bi  Biot number
c  Specific heat
D  Spreading coefficient
e  Thickness of pre-melting liquid film
h  Convection coefficient
k  Thermal conductivity

L  Latent heat
Lc  Characteristic length
m, n  Coefficients describing the dependence of 

thermal conductivity on temperature
p  Mercury pressure
r  Pore radius
ri  Smallest pore-access radius invaded by ice 

crystals
ra  Given radius
R  Correlation coefficient
Sw, Si  Molar entropy of water (w) and ice (i)
t  Time
T  Temperature
Ti  Initial temperature
T∞  Environment temperature
Ts  Temperatures of the solid surface
Tm  Melting point at atmospheric pressure
V  Volume
V̄i, V̄w  Molar volume of ice (i) and water (w)
α  Contact angle of ice–water interface
ρ  Density
�i, �w, �s  Density of ice (i), water (w) and solid (s)
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∇  Gradient operator
θi  Volumetric fraction of ice
�  Porosity
�iw, �si, �sw  Interface stress of ice–water (iw), solid–ice 

(si) and solid–water (sw)
�  Range of intermolecular forces
�Hg  Interfacial tension of mercury

1 Introduction

Rocks buried deeply in the earth commonly are subject to tem-
perature ranges from dozens to hundreds of Celsius degrees. 
Accordingly, the physical properties of rocks have been inves-
tigated abundantly at such temperature regimes (Chakrabarti 
et al. 1996; Hajpál 2002; Hajpál and Török 2004; Yavuz et al. 
2010; Tian et al. 2012; Brotons et al. 2013; Lin et al. 2014; 
Zhu and Arson 2015; Wang et al. 2017). However, rocks also 
may suffer from low temperature in polar and alpine regions 
(which can drop to 243 K). At low temperature, pore water in 
rocks would freeze. The volumetric expansion of water upon 
freezing and ice segregation during the freezing process can 
fracture bedrock permafrost, commonly called frost weather-
ing (Walder and Hallet 1986). Ice segregation also leads to 
degradation of permafrost upon thawing, causing unexpected 
slope instability (Gruber and Haeberli 2007; Jin et al. 2007; 
Hasler et al. 2012). Weathering due to freezing/thawing is 
of crucial importance to geomorphology, quaternary science 
and engineering (Murton et al. 2006). In addition, gas hydrate 
abundantly exists in permafrost and is considered a promis-
ing unconventional energy resource (Boswell 2009). Recently, 
rocks suffering the effects of low temperature are also encoun-
tered in a new petroleum-industry: liquid-nitrogen fracturing. 
Liquid-nitrogen fracturing consists of generating fissures in 
reservoir rock by a thermal shock from liquid nitrogen (77 K) 
(Clifford et al. 1991; Detienne et al. 1998; Cha et al. 2014). 
Being waterless and eco-friendly, liquid-nitrogen fracturing is 
an alternative to conventional hydraulic fracturing.

All contexts mentioned above involve heat- and mass-
transfer processes accompanied by induced mechanical 
responses at low temperature (Scherer 1999; Zuber and 
Marchand 2004; Coussy 2005, 2006; Coussy and Monteiro 
2008; Wardeh and Perrin 2008; Zeng et al. 2011; Fen-Chong 
et al. 2013), among which, the heat transfer is primarily fun-
damental but poorly investigated. Although research results 
at high temperature are abundant, research results of the ther-
mal properties (e.g., heat capacity, thermal conductivity) of 
rocks at low temperature are extremely lacking. In addition, 
rocks at low temperature are subject to a phase-transition 
(freezing/thawing) process (Michalowski and Zhu 2006). In 
this process, the thermal heat is stored not only in terms of 
specific heat but also in an additional term of latent heat. 
In the former case, temperature varies with heat charging/

discharging; in the latter case, however, temperature remains 
constant when the pore liquid transitions into ice. Accord-
ingly, heat transfer at low temperature is governed not only by 
thermal properties of rock but also by phase transition (i.e., 
the evolution of ice content). Rocks are porous solids with 
a wide range of pore sizes. For such materials, the melting 
point is not fixed; it depends on the pore size (i.e., curvature). 
Thus, the ice content varies continuously with temperature 
(Sun and Scherer 2010). The ice content also is affected by 
a pre-melting film that never freezes at the pore wall (Yang 
et al. 2015, 2016). All these factors complicate the investiga-
tion of heat transfer in rocks at low temperature.

This paper is composed of five parts. Following the intro-
duction, a governing equation of heat transfer in rocks at 
low temperature is established through combination of both 
the specific- and latent-heat terms into a single “equivalent 
heat-capacity” term. In the third part, the heat transfer in a 
sandstone material is investigated experimentally in a wide 
temperature range (77–293 K), which covers all the low-
temperature circumstances mentioned previously. Three 
types of samples (water-saturated, oil-saturated, and dry) 
are tested, enabling the influence of pore liquid on the heat 
transfer to be studied. In the fourth part, the experimental 
results are used to calibrate thermal properties, including the 
convection coefficient, heat capacity and thermal conductiv-
ity. The dependence of these coefficients with temperature 
in the low-temperature regime is discussed further. The final 
part provides the conclusions.

2  Theoretical Modeling

2.1  Governing Equation of Heat Conduction 
with Phase Transition

Considering heat conduction as the only form of energy 
exchange, the governing equation of heat transfer in rocks 
is given by Poisson’s law:

where T is temperature, t is time, ρ is the density of rock, kg/
m3, c is the specific heat, J/(kg K), and k is the thermal con-
ductivity, W/(m K). ∇ is the gradient operator. When phase 
transition occurs in the pores, heat is transferred not only 
in the form of specific heat (with a T-variation, but without 
phase transition) but also in the form of latent heat (without 
a T-variation, but with phase transition). Accordingly, the 
governing equation of heat conduction with a phase transi-
tion (considering the water/ice transition here) is:

(1)�c
dT

dt
= ∇(k∇T)

(2)�c
dT

dt
− L�i

d�i

dt
= ∇(k∇T)
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 where L is latent heat of fusion per unit mass of water, 
3.33 × 105 J/kg, ρi is the density of ice, and θi is the volu-
metric fraction of ice. Assuming that the phase-transition 
process is instantaneous, we get dθi/dt = (dθi/dT)(dT/dt). 
Accordingly, Eq. (2) can be rewritten as:

where �c − L�id�i∕dT  is termed the equivalent volumetric 
heat capacity afterward.

The volumetric heat capacity of rock is given by:

where subscripts w and s stand for water and solid skeleton, 
respectively, and � is porosity.

2.2  Dependence of Ice Content with Temperature

To solve Eq. (3), the term dθi/dT must be determined. At 
atmospheric pressure (i.e., 0.1 MPa), freezing occurs at 
a constant temperature Tm = 273 K. However, in the case 
of freezing in pores, the melting temperature is not fixed; 
rather, it depends on the pore size (i.e., pore curvature). 
The phase transition in porous solids is governed by the 
Gibbs–Thomson equation (Coussy 2011):

where ri is the smallest pore-access radius of the pore vol-
ume currently invaded by ice crystals, S is the molar entropy 
of material, J/(mol K), V̄i represents the molar volume of ice, 
 m3/mol, �iw is the ice–water interface stress, 0.04 J/m2, and 
α is the contact angle of ice–water interface (assume α = 0 
here). The Gibbs–Thomson equation reveals that a critical 
radius of pores exists at a given temperature: ice crystals 
only form in pores larger than the critical radius (shown 
in Fig. 1). This is the principle of thermoporometry, which 
measures pore-size distribution through the relation between 
ice content and temperature.

However, because of disjoining pressure, a pre-melting 
liquid film exists between pore wall and pore ice, which 
never freezes. The thickness of pre-melting liquid film, e, 
depends on temperature, and the relation is expressed in the 
following form (Coussy 2011):

where characteristic length ξ reveals the range of intermo-
lecular forces (assume ξ ~ 2.3 Å here), and D is the spread-
ing coefficient, D = �si − �sw − �iw (assume D ~ 0.33 J/m2). 

(3)
(

�c − L�i
d�i

dT

)
dT

dt
= ∇(k∇T)

(4)�c = �wcw(� − �i) + �ici�i + �scs(1 − �)

(5)ri =
2V̄i𝛾iw cos 𝛼

(Sw − Si)(Tm − T)

(6)e = 𝜉 ln
V̄wD

𝜉(Tm − T)(Sw − Si)

Therefore, the thickness of this pre-melting film determines 
the real size of pores in which water freezes (Scherer 1999‚ 
2004; Yang et al. 2015), which, then, can be expressed by:

The relation between ice content and temperature can 
be obtained using Eqs. (5)–(7) if the pore-size distribution 
is known. This distribution for porous solids commonly 
is obtained by mercury intrusion porometry (MIP). The 
principle of MIP is described by the Washburn equation:

 where p is the mercury pressure (MPa), �Hg is the interfacial 
tension for Hg, 0.48 mN/m, �Hg is the contact angle of the 
Hg column and wall surface (assume cos �Hg = 0.765).

Combining Eqs. (5)–(8), we get the relation between 
the melting point and the intrusion pressure for the pores 
with a given radius:

The evolution of ice content with temperature can be 
assessed from the data of MIP by replacing p with T, using 
Eq. (9). Nevertheless, due to the presence of the pre-melt-
ing liquid film, the pore volume obtained by MIP (i.e., 
�Hg = VHg∕V ) is larger than the ice content (i.e., �i = Vi∕V ). 

(7)r = ri + e

(8)r =
2�Hg cos �Hg

p

(9)p =
2𝜎Hg cos 𝛼Hg

2V̄i𝛾iw cos 𝛼

(Sw−Si)(Tm−T)
+ e

Fig. 1  Dependence of the smallest pore-access radius with tem-
perature: Gibbs–Thomson equation (G–T) and that considering the 
pre-melting film (G–T + e). Dependence of the smallest pore-access 
radius with Hg pressure in mercury intrusion porosimetry (MIP)
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Assuming the pores are cylindrical, the relation between ice 
content and MIP volume for the pores with a given radius ra is:

It should be noted that the derivation of the above equa-
tions relating ice content with temperature is based on an 
assumption that freezing/thawing occurs independently 
in each pore. However, freezing of water involves creat-
ing a surface of the nucleus of ice in a bulk water and 
thus requires the loss of surface energy (the supercooling 
phenomenon). Therefore, freezing consists of penetrating 
a freezing front, rather than occurring independently in 
each pore (Sun and Scherer 2010). In other words, freez-
ing depends on pore connection, that is, freezing in a pore 
also depends on its entrance. Considering a large pore with 
a small entrance, with decreasing temperature, the large 
pore would not freeze first, but will freeze at the same 
temperature when the small entrance-pore freezes. Con-
versely, due to the existing pre-melting liquid film, the 
thawing process involves no surface energy loss and, thus, 
occurs independently in each pore. Therefore, the model 
established above merely holds for the thawing process 
that is not affected by pore connectivity.

3  Experiment

To investigate heat transfer at low temperature, heating tests 
from 77 to 293 K were conducted on a sandstone material. 
The tested sandstone is composed of 95.3% quartz and 4.7% 
clay minerals. Cylindrical samples, 50 mm in height and 
25 mm in diameter, were machined from the same core. The 
cylinder axes are perpendicular to the bedding plane. For 
each sample, a hole with a diameter of 6 mm and a depth of 
20 mm was drilled for placement of a PT100 temperature 
sensor. Three types of samples were prepared with different 
saturation conditions: dry, oil-saturated, and water-saturated. 
All the samples first were dried at 353 K in an oven for 
1 week. For the oil- and water-saturated treatments, the sam-
ples then were saturated by the fluids with 10 MPa for 24 h 
in a container.

Mercury intrusion was performed to assess the pore-size 
distribution, shown in Fig. 2. The total porosity of the tested 
sandstone is 16.2%. The maximum intrusion pressure is 
413 MPa, corresponding to a pore radius of 3.0 nm.

All samples first were cooled to 253 K in a refrigerator for 
1 h and then immersed in liquid nitrogen for 4 h (77 K). This 
staged cooling can prevent the samples from fracturing. After 
cooling, the samples were taken out from the liquid-nitrogen 
tank to the ambient temperature (293 K), and the temperature 
evolution was measured using a PT100 temperature sensor 

(10)d�i
|
|r=ra =

(
ra − e

ra

)2

d�Hg
|
|
|r=ra

(Fig. 3). It can be seen in Fig. 5 that the curve of the water-
saturated sample features a temperature plateau around 273 K 
(the temperature evolution rate is smaller than 0.01 K/s.). In 
addition, an initial concave-up portion occurs in the curve of 

Fig. 2  Cumulative curve of MIP

Fig. 3  Experimental setup (left) and geometric model (right) of the 
heating test
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the dry sample. However, this portion disappears in the curves 
of oil- and water-saturated samples.

4  Simulation and Discussion

Considering the sample geometry and the boundary condi-
tions, the simulated problem is axisymmetric (Fig. 3). Being 
in contact with the atmosphere, the outer boundary of the 
sample is convective: that is, q = h(T∞ − Ts) , where Ts, T∞ 
are the temperatures of the solid surface and the environ-
ment, respectively, and h is the convection coefficient, W/
(m2 K), which only depends on the properties of air and 
the roughness of the contact surface. The symmetric axis is 
null flux. The PT100 temperature sensor is composed of an 
insulator coated with an extremely thin silver coat; thus, the 
sample boundary in contact with the sensor reasonably can 
be considered to be null flux.

4.1  Biot Number and Simplified Solution

For the conduction problem involving surface convection, 
a dimensionless parameter, the Biot number, commonly is 
calculated:

where Lc is a characteristic length and usually is expressed 
as the ratio of sample’s volume to contact area (i.e., 
Lc = V∕As = 0.005 m here). The Biot number can be inter-
preted as a ratio of thermal resistances. Especially when 
the Biot number is smaller than 0.1, the resistance to heat 
convection across the fluid boundary layer is much greater 
than that to heat conduction within the rock (Bergman et al. 
2011). In other words, in the case of Bi < 0.1, the conduc-
tion is so significant (in comparison with the convection) 
that the temperature distribution within the rock is always 
uniform during the heat transfer process (see Fig. 4). When 
Bi is large enough, the temperature inside the material can-
not be changed immediately at the beginning of heat transfer 
process, and a concave up portion will occur in the curve of 
temperature evolution (see Fig. 4). Comparing Fig. 4 with 
Fig. 5, it is inferred that the heat transfer in the oil- and 
water-saturated samples may belong to the case of Bi < 0.1, 
while the dry sample may belong to the case of Bi > 0.1.

In the case of Bi < 0.1, the term of heat convection is the 
only one that should be considered in the entire heat trans-
fer process. Accordingly, the temperature evolution can be 
described by energy conservation:

(11)Bi =
hLc

k

(12)�cV
dT

dt
= hAs(T∞ − T)

where V is the volume of rock, and As is the convective area.
Similar to Eq. (4), the heat capacities of oil- and water-

saturated rocks depend on the heat capacity of the solid 
skeleton and those of substances in the pores. Also, the heat 
capacities of the solid skeleton (Eppelbaum et al. 2014), ice 
(Petrenko and Whitworth 1999), oil, and water (Bergman 
et al. 2011) are temperature-dependent and commonly are 
expressed as (ρc)j = aj + bjT, where j can be s (solid), i (ice), 
o (oil) and w (water). Therefore, the effective heat capaci-
ties of oil- and water-saturated rock are ρc = a + bT, where 
a = aoϕ + as(1 − ϕ), b = boϕ + bs(1 − ϕ) for oil-saturated rock 
and a = aw(ϕ − θi) + aiθi + as(1 − ϕ), b = bw(ϕ − θi) + biθi + bs
(1 − ϕ) for water-saturated rock. Compared to water, oil is 
a mixture of hydrocarbons and has no fixed melting point. 
Hence, the term of latent heat is neglected, and the influence 
of phase transition is incorporated into the change of heat 
capacity here.

Substituting the expression of temperature-dependent 
effective heat capacity into Eq. (12) and integrating both 
sides, we obtain a simplified solution of the temperature 
evolution with time in the case of Bi < 0.1:

where Ti is the initial temperature of rock. This simplified 
solution merely includes the convection coefficient rather 
than the thermal conductivity.

(13)b(T − Ti) + (a + bT∞) ln
T − T∞

Ti − T∞
= −

hAs

V
t

Fig. 4  Temperature evolutions inside (point 1) and outside the tested 
sample for different Biot numbers. The results are obtained from 
numerical simulations on the model described in Fig. 3
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4.2  Convection Coefficient and Heat Capacity

From the above discussion, the evolution of temperature 
with time in the oil- and water-saturated samples can be 
described simply by Eq. (13). The heat capacities of water, 
ice and oil can be found in the literature (Table 1). Then, 
the heat capacity of the solid skeleton (i.e., as and bs) and 
the convection coefficient, h, can be calibrated from the 
experimental data for the oil- and water-saturated samples. 
It should be noted that the phase transition modifies the 
ice/water content in pores and thus varies the effective heat 
capacity of rock. From the MIP data, the smallest pore 
in the tested sandstone is 3 nm, corresponding to a melt-
ing point at 198 K from Eq. (7). Thus, the calibration is 
conducted only in the low-temperature range (77–193 K), 
in which no-phase transition is encountered. Calibration 
using the least-squares method gives rise to h = 26 W/
(m2 K), ρs cs = 1,960,000 + 7800 T, with a correlation coef-
ficient (R) 0.996. The comparison between the experimen-
tal data and simulated data using the calibrated values is 
shown in Fig. 5.

The convection coefficient depends on the surface geom-
etry, the nature of fluid motion, and an assortment of fluid 
thermodynamic and transport properties (Bergman et al. 
2011). In our tests, the samples were prepared following the 
same procedures; thus, the roughness of sample surfaces 
can be considered invariable; the tests were conducted in 
the same laboratory conditions, so the properties concern-
ing the convective fluid also were identical for all the tests. 
Therefore, the value of h can reasonably be considered to be 
constant for all the tests.

The values of as and bs are calibrated from the tempera-
ture range between 77 and 193 K. However, Fig. 5a shows 
that the simulated result correlates well with the entire 
heating test in oil-saturated samples, which implies that the 
values of as and bs are valid for a much wider temperature 
range (at least 77–273 K from Fig. 5a). The heat capacity of 
sandstone skeletons calculated from the calibrated values of 
as and bs is shown in Fig. 6, together with the values for the 
high-temperature range (273–573 K) found in the literature 
(Eppelbaum et al. 2014). From Fig. 6, the heat capacity of 
dry sandstone is more sensitive to temperature in the low-
temperature regime (with high bs value) compared with that 
at high temperature. Nevertheless, this is consistent with 

a

b

c

Fig. 5  Simulation of the heating tests in a oil-saturated, b water-satu-
rated, and c dry rocks

Table 1  Heat capacities of oil (Bergman et  al. 2011), water and ice 
(Touloukian 1970)

Oil Water Ice

a, J/(m3 K) 967,000 4,706,000 263,000
b, J/(m3 K2) 2400 − 1809 6000
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the evolutionary tendency of the temperature-dependent heat 
capacity of pure quartz, also shown in Fig. 6.

The experimental results reveal that the heating rate in 
the water-saturated sample is slightly higher than that in the 
oil-saturated sample. From Eq. (12), because the coefficient 
h is constant for both samples, the difference in the heating 
rate is related only to the heat capacity. Actually, the heat 
capacity of water is higher than that of oil (Table 1); thus, 
the heating rate in the water-saturated sample is larger.

4.3  Thermal Conductivity of Dry Sandstone

As discussed previously, the heating test in the dry sample 
seems to be unsatisfied, with the condition Bi < 0.1 and thus 
cannot be described by Eq. (13), in which the heat conduc-
tion need not be considered. In other words, the evolution 
of temperature in the dry sample depends on the thermal 
conductivity of rock; accordingly, this coefficient can be 
calibrated by the experimental data for the dry sample. The 
heating test in the dry sample is simulated using the com-
mercial finite-element software Abaqus. The heat-conduc-
tion module of the software is employed, except the heat 
capacity is replaced by an equivalent heat capacity, consid-
ering the latent heat during the phase transition (see Eq. 3). 
The simulation model (the geometry, mesh, and boundary 
condition) is shown in Fig. 3, and the spatiotemporal evolu-
tion of temperature is shown in Fig. 7. The thermal conduc-
tivity of rock is temperature-dependent and is expressed here 
as k = m + nT, where m and n are two material constants. The 
calibration yields m = 0.4105 W/(m K), n = 0.0014 W/(m2 K) 
(R is 0.991.) according to the average value of experimental 
data. The simulated temperature–evolution curve is shown 

in Fig. 5c, which shows a good reproduction of the experi-
mental results.

The thermal conductivity of dry sandstone varies from 
0.14 to 0.43  W/(m  K) in the tested temperature range 
(Fig. 8). Using Eq. (11), the Biot number is, accordingly, 
between 0.3 and 0.9 (i.e., always > 0.1). As discussed previ-
ously, when Bi > 0.1, the thermal conductivity is not large 
enough to dissipate immediately the heat absorbed from the 
environment by convection. Hence, heating is delayed inside 
the dry sample (point 1) in comparison with those in the 
water- and oil-saturated samples, and an initial concave-up 
portion emerges for the dry sample in Fig. 5.

It should be noted that the calibration requires an expres-
sion of k = m + nT (i.e., k increases with T), which is totally 
different from the common expression found in the literature, 

Fig. 6  Heat capacity of dry sandstone

Fig. 7  Simulated spatiotemporal evolution of temperature inside the 
dry sample

Fig. 8  Thermal conductivity of sandstone
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k = 1/(m + nT), which implies k decreasing with T (Birch 
and Clark 1940; Wen et al. 2015) (see Fig. 8). Recall that 
the expression k = 1/(m + nT) is a phenomenological model 
established by fitting a wide variety of rocks (including 
sandstones) in the high-temperature regime. Nevertheless, 
it seems to be less suitable for the sandstone at low tempera-
ture. Note that pure quartz and air, the two main components 
of the dry sample, own thermal conductivities both increas-
ing with T. (See the experimental data in Fig. 8.) Therefore, 
we suggest that the thermal conductivity of dry sandstone 
increases with temperature. The contrary results found in 
the literature may be related to the pore liquid (e.g., water 
and oil) with k decreasing with T in the high-temperature 
range (Fig. 9).

4.4  Temperature Plateau During the Heating 
of Water‑Saturated Sandstone

Phase transition is encountered in the test of the water-
saturated sample. The temperature evolution in this case is 
governed by Eq. (3), which contains the term of latent heat 
multiplied by change rate of ice content with temperature. 
As discussed previously, the change rate of ice content with 
temperature for the tested material can be assessed with pore 
distribution (Fig. 2) through Eqs. (6), (9) and (10) (shown in 
Fig. 10). Then, the heating test in the water-saturated sam-
ple is simulated using the equivalent heat-capacity method. 
All the material properties employ the values calibrated in 
the previous section, and the simulated results are shown 
in Fig. 5b. The simulation curve gives rise to a good repro-
duction of the experimental data (except the bias of the 

temperature plateau length), demonstrating the validation 
of the established model.

The experimental results of the water-saturated sample 
feature a temperature plateau (i.e., with a slight temperature 
change rate) around 273 K. The appearance of temperature 
plateau is related to a sharp rise in the equivalent heat capac-
ity (due to a dramatic increase in the latent heat term) in the 
corresponding temperature regime (Fig. 11). The dramatic 
increase in the latent term is related to a rapid accumulation 
of ice content, implying a significant phase transition (Fig. 10).

Fig. 9  Thermal conductivity of quartz, air, oil (Bergman et al. 2011), 
ice, and water (Touloukian 1970)

Fig. 10  Evolution of the volume fraction of each phase with tempera-
ture in the water-saturated sample

Fig. 11  Evolution of the equivalent heat capacity of the water-satu-
rated sample with temperature
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Consider further the temperature range of the temperature 
plateau. We propose that the temperature plateau arises when 
the temperature-change rate satisfies dT/dt ≤ 0.01. As the heat 
transfer in the water-saturated sample satisfies the condition 
Bi < 0.1, dT/dt can be expressed by Eq. (12). Note that the heat 
capacity in Eq. (12) should be replaced by the equivalent heat 
capacity. Then, it can be rewritten as:

Using Eq. (10), the term dθi/dT can be expressed into dθi/
dT = (1 − e/ra)2 (dθHg/dp)(dp/dT). Finally, we obtain:

In Eq. (15), the left side of the inequality is the derivative 
of the MIP pore volume to intrusion pressure, while coeffi-
cient F on the right side is related only to some material con-
stants, as dT/dp can be calculated from Eq. (9). This implies 
that the temperature plateau is governed by the shape of the 
MIP curve (i.e., the pore-size distribution). The relation of 
dθHg/dp with p is provided in Fig. 12, together with the coef-
ficient F. From Fig. 12, dθHg/dp is larger than F in the range 
of 0.0748–10.2 MPa. The corresponding temperature range 
is 272.23–273.08 K, defining the length of the temperature 
plateau (see Fig. 5b).

It should be noted that the simulated temperature pla-
teau 272.2–273.1  K is inconsistent with the range of 
274.0–276.3 K found by the experiment. Because the melting 

(14)−L�i
d�i

dT
⩾

100h(T∞ − T)

Lc
− �c

(15)

d�Hg

dp
⩾ F(T), with

F(T) = −

(
ra

ra − e

)2

⋅

100h(T∞ − T) − Lc�c

LcL�i
⋅

dT

dp

point of ice should be always lower than 273.2 K, the tem-
perature range found by the experiment might be incorrect. 
We suggest that this may be related to the measurement pre-
cision of the PT100 temperature sensor (± 0.6 K), particu-
larly with the occurrence of phase transition. Moreover, the 
length of the simulated temperature plateau is longer than 
that in the experiment (Fig. 5b). It indicates that isolated 
pores, which involve phase transition, have little influence 
on this experiment. This might be related to a mis-estimation 
of the pore-size distribution by MIP because of the pore-
connection effect. It is acknowledged that the porous spaces 
in rocks consist of a network of pores with different sizes 
(Diamond 2000; Kaufmann et al. 2009). When a pore is con-
nected with entrances of smaller sizes, mercury would enter 
the pore only if the entrances were intruded at higher pres-
sure. In this case, a large pore would be considered as one of 
small size, and the pore-size distribution is mis-estimated. 
Based on this pore-connection effect, we suggest that the 
pore volume in the range of 0.0721–9.8315 µm (correspond-
ing to the range of the temperature plateau) is overestimated. 
Proof of this overestimation is that no pore larger than 10 µm 
is detected from the MIP data for the tested material (Fig. 2). 
In addition, the sample must be dried in a MIP test, and 
the induced capillary pressure leads to alteration of smaller 
pores (Espinosa and Franke 2006). Moreover, the intrusion 
pressure can reach 413 MPa, which results in significant 
deformation of the pores. However, these MIP disadvantages 
can be overcome in the thermoporometry method (Sun and 
Scherer 2010). Furthermore, the amount of ice present at a 
given temperature can be determined directly through ther-
moporometry. Hence, the thermoporometry method might 
be a better alternative of MIP for the proposed model and 
needs to be investigated further.

5  Conclusion

Heat transfer in sandstones in the low-temperature regime 
(77–293 K) was investigated experimentally and theoreti-
cally. Three types of samples were studied: water-satu-
rated, oil-saturated, and dry. The main findings include the 
following.

Phase transition (i.e., freezing/thawing) is involved at low 
temperature; thus, the rate of heat transfer is governed by the 
evolution of ice content. Accordingly, a governing equation 
is established to describe the heat transfer with phase transi-
tion. In the governing equation, both the specific heat term 
and the latent heat term are combined into a single param-
eter called the “equivalent heat capacity”. The evolution of 
ice content with temperature is assessed using the pore-size 
distribution.

Fig. 12  Evolution of dθHg/dp with intrusion pressure
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The process of heat transfer in rocks is influenced largely 
by the pore liquids that own contrasting thermal properties 
(e.g., heat capacity). The heating rate of the water-saturated 
sample is higher than that of the oil-saturated sample, and 
the heating rate of the dry sample is the lowest among these 
three samples.

Concerning the sandstone skeleton, the temperature sen-
sitivity of the heat capacity is more pronounced in the low-
temperature regime than that at the high-temperature regime. 
The literature commonly documents a decreasing tendency 
of the thermal conductivity with increasing temperature in 
the high-temperature regime. However, our results reveal 
that thermal conductivity increases with temperature in the 
low-temperature regime.

The temperature evolution of the water-saturated sample 
features a quasi-constant regime at around 273 K. This is 
related mainly to an intense phase transition that absorbs a 
great quantity of latent heat.
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