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Abstract Microwave irradiation is widely applied as

a heating method since this approach avoids the

intrinsic limitations of heat transfer via conduction.

However, microwave heating in highly heterogeneous

materials, such as rocks, remains poorly understood.

Current approaches applied to rocks typically ignore

(i) state transformations of liquid and solid, (ii)

impacts of the temperature-dependent dielectric per-

mittivity and specific heat capacity, and (iii) innate

microscale mineral heterogeneities in the evolution of

temperature within mineral aggregates. We address

these limitations with a dual-component effective-

medium approach. In this approach, mineral aggre-

gates in the shale matrix are separated into high- and

low-transformative-capability materials (HTC and

LTC systems), coupled by heat transfer. The temper-

ature increase in the HTC and LTC systems is affected

by both microwave irradiation and heat transfer. The

temperature differential between these two systems

increases with increasing irradiation time, and heat

transfer acts to ameliorate this differential. A three-

stage temperature-evolution profile is replicated for

rocks comprising linearly increasing, stable and

rapidly increasing stages. The peak in the specific

heat capacity-temperature curve is the main contrib-

utor to the plateau stage. Additionally, in the case of a

high heat transfer coefficient, all three stages can be

observed in both systems, while in the case of a low

heat transfer coefficient, not all three stages occur. The

impact of the real part of the dielectric permittivity is

not universal, while a higher value of the imaginary

part results in a larger increase in temperature. This

work proposes an alternative approach to simulate the

microwave heating process in heterogeneous

materials.

Highlights

• Mineral aggregates in the rock matrix are separated

into high- and low-transformative capacity sys-

tems, coupled by heat transfer.
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• A dual-component effective-medium approach

considering the above two systems is proposed to

simulate the microwave heating process in hetero-

geneous rocks.

• A three-stage temperature-evolution profile is

replicated for rocks comprising linearly increasing,

stable and rapidly increasing stages.

Keywords Mineral aggregates � Phase transition �
Specific heat capacity

1 Introduction

Microwave irradiation is a widely applied heating

method, primarily due to its notable advantages over

conventional conductive and radiative heating tech-

niques (Farag et al. 2012; Liu et al. 2018). In areas

related to rock mechanics, this method is mainly

applied in rock breakage (Hartlieb et al. 2012; Lu et al.

2017; Yu et al. 2021), drilling (Jerby et al. 2002),

grinding (Kingman et al. 2000), leaching (Wen et al.

2017), and unconventional gas/oil recovery (Hascakir

and Akin 2009; Bera and Babadagli 2017; Cui et al.

2020a). Rock microwave heating has been frequently

explored since the 1980s (McGill et al. 1988; Ulaby

et al. 1990), while the mechanisms in highly hetero-

geneous rocks remain unclear.

Most rock types encountered in the Earth crust have

been heated to examine variations in temperature and

mechanical and dielectric properties through micro-

wave irradiation, such as granite (Li et al. 2020; Deyab

et al. 2021) and basalt (Yuan et al. 2020). As observed

in these works, the temperature increases with the

irradiation time but is highly dependent on the rock

types. The microwave heating process of rocks can be

divided into three stages with increasing temperature,

and the rock response of each component is different.

During the first period, the temperature increases

linearly with the irradiation time over the short term in

most rock types (Peinsitt et al. 2010; Chandrasekaran

et al. 2013; Hartlieb et al. 2018). Following this period,

the temperature remains nearly constant as irradiation

continues. During this period, all absorbed electro-

magnetic power contributes to water evaporation or

mineral phase conversion (Bobicki et al. 2014; Nicco

et al. 2018). During the third period, the temperature

again increases once all water has evaporated or

mineral conversion has been completed (Pickles 2004;

Liu et al. 2016). Whether each of these three periods

occurs depends on the electrical and thermodynamic

parameters of the rocks and mineral aggregates. Li

et al. (2020) and Deyab et al. (2021) observed only the

first period during microwave heating of granite.

Without a fundamental understanding of the underly-

ing mechanisms of the microwave heating process in

heterogeneous rocks, researchers have not quantifi-

ably evaluated the induced rock breakage process.

Rock is a highly heterogeneous material compris-

ing many different minerals with differing responses

to microwave irradiation (Tahmasebi et al. 2011; Li

et al. 2019a): (i) microwave transparency, (ii) micro-

wave absorption, and (iii) both microwave reflection

and absorption. Both rapidly and slowly heating

minerals typically coexist within a given rock type,

where irradiation is absorbed by minerals with a high

dielectric loss and passes through those minerals with

a low dielectric loss or microwaves are totally

reflected (Haque 1999; Jones et al. 2002). As a

pioneering and fundamental work, Ford and Pei

(1967) microwave-heated 17 compounds and found

that dark colored minerals were rapidly heated, while a

longer exposure time was required for light colored

minerals. A comprehensive investigation was con-

ducted by Chen et al. (1984), in which 40 minerals

were subjected to microwave heating. These earlier

works emphasized mineral processing instead of rock-

forming minerals. Eleven basic rock-forming minerals

were microwaved by Lu et al. (2017) with a mutimode

microwave instrument, and enstatite exhibited a high

microwave adsorption capacity, while the other min-

erals exhibited a low adsorption capacity. Based on

their observations, the microwave-adsorbing minerals

included plagioclase, pyroxene, ilmenite, enstatite and

biotite, and the poorly microwave-adsorbing minerals

included quartz, orthoclase, calcite, albite, feldspar,

and muscovite.

The microwave heating-related parameters of dif-

ferent minerals have also been widely characterized.

The dielectric permittivity is generally employed to

characterize the capacity of mineral aggregates to

interact with electromagnetic waves (Meisels et al.

2015; Toifl et al. 2016). There are several approaches

to determine the dielectric permittivity of minerals.

The resonant cavity perturbation approach was

employed by Cumbane (2003) to investigate the

dielectric properties of 11 minerals including silicates,
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metal oxides and sulfides. A similar approach was

adopted by Zheng et al. (2005) to determine the

dielectric properties of certain minerals and rocks.

Moreover, the dielectric permittivity is not a constant

but varies with the temperature. The dielectric

permittivity of most minerals, such as pyrite, gradually

increases with the temperature (Jones 2005; Flesoura

et al. 2019), while that of other minerals exhibits a

sudden increase over time (Lovás et al. 2010). The

specific heat capacity (Cp) is also an important

parameter in describing the microwave heating pro-

cess and defines the temperature (T) increase related to

a given energy input. The specific heat capacity

usually grows up with the temperature for a specific

material (Jones et al. 2007). However, during mineral

crystal phase transition or water evaporation, a large

amount of energy is absorbed without any notable in-

crease in temperature—represented as a peak in the

Cp–T curve. For example, the heat capacity of quartz-

rich rocks considerably increases when quartz is

transformed from the a- to the b-phase (Hartlieb

et al. 2016). The impacts of temperature-dependent

properties such as the dielectric permittivity and

specific heat capacity on the microwave heating

process have not been frequently reported.

In tandem with experimental approaches, numeri-

cal approaches have been widely employed to assist in

obtaining a greater understanding of microwave

heating and the resulting rock breakage. In most

previous work, the binary mineral model was widely

adopted. Wang and Djordjevic (2014) established a

two-dimensional circular plate model in which pyrite

was embedded in calcite to investigate the microwave

heating and breakage processes. Ali and Bradshaw

(2010) numerically investigated the effect of micro-

wave irradiation on a two-phase conceptual mineral

ore consisting of 10% galena and 90% calcite.

Similarly, a 3-D numerical model was employed by

Toifl et al. (2016) to characterize the microwave

heating process in inhomogeneous rocks, including

transparent and absorbent phases. More recently, the

microwave heating process of a rectangular

0.864 cm 9 1.194 cm 9 30 lm thin section com-

prising quartz, orthoclase, plagioclase, and chlorite

was numerically examined by Li et al. (2019b).

However, these discrete models cannot be applied to

micro- and macromodels, as the mineral topology

structure is hardly determined at these large scales. To

achieve the goal of the continuum medium approach,

several theoretical approaches have been applied to

synthesize the dielectric permittivity of different

components into that of a single equivalent composite

material. In early models, the dielectric permittivity of

the composite material was directly related to the

volume fraction of the different components (Zakri

et al. 1998; Simpkin 2010), with the relative location

and texture of the different components ignored. The

later Maxwell–Garnett model and its derivatives

accommodated the impact of the shape and concen-

tration of dispersed components (Yamada et al. 1982;

Tuncer et al. 2001). More recently, a more reliable

mixture theory has been proposed that considers the

polarization of adjacent particles (Smith 1977). In the

aforementioned approaches, highly heterogeneous

materials such as rocks were homogenized, and

differences in the electromagnetic and thermodynamic

properties between the different minerals, hypothe-

sized as the main mechanism of rock damage (Hartlieb

et al. 2016; Toifl et al. 2016), were ignored.

To address these limitations, we introduce the

concept of a double-porosity medium and propose an

alternative approach to investigate microwave heating

in heterogeneous rocks. In this approach, mineral

aggregates in the shale matrix are divided into high-

and low-transformative-capability (HTC and LTC

systems) materials, coupled by heat transfer. The

new approach is verified based on the experimentally

observed temperature evolution in aggregates com-

bined with numerical experiments to investigate

parameter sensitivities.

2 Conceptual model

In this section, we introduce the conceptual model

representing the microwave heating process in hetero-

geneous rocks as a dual-medium model.

2.1 Microwave heating process in rocks

The microwave heating process in heterogeneous

rocks is characterized by varying microwave absorp-

tion capacities: one group exhibits a high dielectric

permittivity and a notable capability to transform

electromagnetic energy into heat and a second group

with a low dielectric permittivity exhibiting a low

transformative capacity. The second parameter

includes two extreme cases: a given mineral is totally
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microwave transparent or microwaves are entirely

reflected. The first group is sensitive to microwave

radiation, whereas the second group is insensitive.

An SEM image of shale is selected to illustrate the

microwave heating process. The bright particles are

pyrite with a high dielectric permittivity, while the

surrounding gray minerals include quartz, clay, and

calcite, characterized by low dielectric permittivity

values. In this case, we represent the matrix as quartz,

which is the dominant mineral in the shale matrix

(Chen et al. 2019). The mineral aggregate occurs in a

thermal equilibrium at the initial temperature T0

(Tp = Tq = T0), as shown in Fig. 1a. T denotes the

temperature, and p and q denote the minerals of pyrite

and quartz, respectively. When the aggregate is

irradiated, the temperature of pyrite rapidly increases

because of its high dielectric permittivity, while that of

the surrounding quartz increases only slightly due to

its low dielectric permittivity. At this stage, the

temperature of pyrite is higher than that of quartz,

i.e., Tp[ Tq, as shown in Fig. 1b. At the second stage,

thermal energy is transferred through conduction from

high- to low-temperature zones, driven by the tem-

perature gradient, as shown in Fig. 1c. In the final

state, the heat conduction process is finished, and the

temperature of the entire aggregate equilibrates as

Tp = Tq, as shown in Fig. 1d. It should be noted that

during the heat transfer process (the second process),

the first process (microwave irradiation) continues,

and Tp[ Tq always applies. A thermal equilibrium

(Tp = Tq) may not be achieved during the period of

microwave irradiation.

2.2 Continuum medium approach

In microwave heating, the mineral components can be

categorized into two groups: a first group with a high

transformative capacity (HTC) of the incident elec-

tromagnetic energy into heat and a second group with

a low transformative capacity (LTC). The behavior of

the second component group includes two extreme

responses: minerals that are either totally microwave

transparent or totally microwave reflective. In this

study, the first component group is sensitive to

microwave heating, while the second component

group is insensitive. The microwave heating process

is directly analogous to the gas injection process in

porous-fractured rocks, but the microwave suscepti-

bility and thermal conductivity are the controlling

properties rather than the gas storage capacity and

permeability, respectively. Similarities between the

dual-porosity response during both gas injection into

porous fractured rocks and microwave heating of

highly heterogeneous rocks are clearly observed, as

indicated in Table 1.

In the continuum approach, the mineral aggregate

system is divided into HTC and LTC components with

an appropriate length scale (representing the texture)

and an appropriate heat transfer coefficient linking

these component groups. In the calculation process,

each computing node represents the surrogate tem-

peratures in both the HTC and LTC systems linked by

heat and mass transfer.

3 Mathematical model

We describe a mathematical model and governing

equations capturing the coupling process of heat

transfer and electromagnetic field propagation.

3.1 Microwave heating of mineral aggregates

3.1.1 Heat transfer in the HTC or LTC components

In this work, (1) the coupling process between thermal

and mechanical energy is ignored and (2) the presence

of fluids is neglected, microwave-induced heating

adheres to the modified Fourier law of heat conduction

as follows (Zhang et al. 2016):

qiCi
oTi

ot
þr � qi ¼ Qhtr þ Qwave�i ð1Þ

where qi denotes the density of the HTC or LTC

minerals, kg/m3 (i = h or l, respectively); Ci denotes

the specific heat capacity of the HTC or LTCminerals,

J/(kg*K); Ti is the temperature of the HTC or LTC

minerals, K; and Qwave-i is the heat source induced by

microwave dissipation in the HTC or LTC minerals, J/

(m3*s). Based on the calculation of the electromag-

netic loss, the heat source (Qwave-i) may be calculated

as (Jiajia et al. 2015; Li et al. 2019a):

Qwave�i¼
xe0e00 Ej j2

2
ð2Þ

where e0 represents the permittivity in vacuum and e’’
represents the imaginary part. Furthermore, E
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represents the electric field, V/m, which can be

obtained from Maxwell’s equation; x = 2pf is the

angular frequency, rad/s; and f is the frequency, Hz.

The heat flux qi, J/(m
2*s), is expressed as:

qi ¼ �kTirTi ð3Þ

where kTi is the thermal conductivity of the HTC or

LTC minerals, W/(m*K).

3.1.2 Heat transfer between the HTC and LTC

components

Heat transfer is driven by the temperature difference

between the two systems and mainly depends on the

thermal conductivity of the LTC system. Heat transfer

between these two systems is proportional to the

temperature difference (Cui et al. 2018a), as follows:

Qhl ¼ klðTh � TlÞ ð4Þ

Fig. 1 Illustration of microwave heating in rock aggregates

using overprinted SEM images (https://www.jsg.utexas.edu/

microbeam/novanano/). a Initial preheating state; b first irradi-

ated state; c continued heating and d final thermal equilibrium

state. The red dots indicate the absorption of microwave energy,

and the purple dots indicate the transfer of thermal energy via

conduction
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where kl is a newly defined parameter representing the

heat transfer rate between the HTC and LTC systems,

J/(m3*s*K).

3.2 Electromagnetic field propagation

Maxwell’s equation is applied to describe how electric

and magnetic fields generate through the charges,

currents and changes in these fields (Onwude et al.

2018; Dirisu et al. 2019). The equation comprises four

sub-equations as following:

Gauss’s law for electric fields : r � E ¼ q
e0

ð5Þ

Gauss’s law for magnetic fields: r � B¼0 ð6Þ

Maxwell - Faraday equation : r� E¼ � oB

ot
ð7Þ

Maxwell - Ampere’s law : r

� B¼l0 � J þ j0
oE

ot

� �

ð8Þ

where r is the differential operator; r� is the

divergence operator; r� is the curl operator; E rep-

resents the electric field, V/m; B represents the

magnetic field,Wb/m2; q is the electric charge density,
C/m3; e0 represents the permittivity of the free space

(8.854187817 9 10–12 F/m); l0 represents the per-

meability of the free space (1.2566370614 9 10–6

H/m); and J is the current density, A/m2.

3.3 Coupling process

Four physical fields are simultaneously solved in this

work. These processes include the propagation of the

electromagnetic field and the resulting heating pro-

cesses in both the HTC and LTC systems. The

coupling process is shown in Fig. 2. In this case, the

electromagnetic field propagates within the HTC and

LTC systems separately as a heating source driving

heat transfer toward the complementary HTC and

LTC systems, respectively, based on Eq. (2). As the

temperature in the HTC and LTC systems changes, the

electromagnetic parameters vary, thus affecting the

propagation of the electromagnetic field. Heat transfer

between the HTC and LTC systems is driven by the

heat transfer term of Eq. (4). The electromagnetic field

propagation processes in the HTC and LTC systems

are considered interdependent, although polarization

in one mineral aggregate affects the electromagnetic

propagation process in an adjacent aggregate (reason-

able simplification).

4 Numerical model and verification against

experimental observations

The above coupled electromagnetic-heating model is

implemented and solved in COMSOL Multiphysics�
(Version 5.4) with the modeling process displayed

below.

4.1 Simulation approach

The heating geometry must include both the micro-

wave source and the heated object. A large difference

in time scale exists when solving the electromagnetic

Table 1 Comparison of the gas injection and microwave heating processes in dual-porosity rock media and rock-containing minerals

Objects Dual-porosity rock media Rock-containing minerals

Subsystem Fracture system (f) Matrix system (m) HTC system (h) LTC system (l)

External disturbance Gas injection Microwave heating

Controlling variable Gas pressure (P) Temperature (T)

Sensibility High Low High Low

Interactions Mass transfer Heat transfer

Conductive medium Gas mass Thermal energy

Key parameter Permeability (k) Dielectric permittivity (j)
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and heating coupling process since microwave prop-

agation involves a transient process at the timescale of

nanoseconds (ns), while the heating process is a

relatively slower process at the timescale of seconds

(s) or minutes (min). COMSOL Multiphysics� pro-

vides a feasible approach to solve this mismatch in

time scale. In this approach, Maxwell’s equation is

first solved in the frequency domain with the assis-

tance of Helmholtz vector equation (Pitchai et al.

2014):

r� l�1
r r� Eð Þ � k20 er �

irE

xe0

� �
E¼0 ð9Þ

where k0 = x/c0 is the free-space wavenumber; c0

denotes the speed of light in vacuum, m/s; and

x = 2pf represents the angular frequency. Then, the

heating process is defined in a time-dependent manner

through the calculated electric field (E) with Eq. (2).

In contrast to previous approaches, we divide the

component minerals into the binary phases of the HTC

and LTC systems. The microwave propagation and

heating processes are calculated considering these two

separate systems by utilizing the heating process

coupled with a heat transfer term. To realize this aim,

electromagnetic wave frequency domain modules are

applied to each system with unique electromagnetic

parameters. This approach defines the EM heating

process as a result of the heating source (Eq. (2) with

the heat transfer module. The heat transfer term

[Eq. (4)] is then applied to each system with the same

value but the opposite sign. In the calculation process,

each computing node represents the state (tempera-

ture) of both the HTC and LTC systems.

4.2 Microwave heating experiment on a shale

sample

A microwave heating experiment was conducted in

our laboratory with a shale block collected from an

outcrop categorized into Longmaxi Formation in

Sichuan Province. The main component minerals

include quartz, clay, and calcite, with quartz account-

ing for more than 30% of the shale mineral compo-

nents (Chen et al. 2019), as indicated in Table 2.

In the laboratory, the shale block was prepared into

a cylinder with a size of

100 mm 9 50 mm(height 9 diameter), as displayed

in Fig. 3a. A household microwave oven (Galanz,

G70F20CN1 L-DG (B0), as shown in Fig. 4a) with a

constant power of 700 W was employed to irradiate

and heat the shale sample. The internal heating space

is cuboid shaped with a size of 329 mm 9 315 mm 9

180 mm. A waveguide is located at the upper-right

side of oven exhibiting cuboid shape (18 mm 9 50

mm 9 78 mm). The microwave exposure time was

stepped increased. After each microwave irradiation,

the sample was taken out from the oven with the

temperature slowly cooled down to 90 �C (reservoir

temperature). Then, the next microwave heating step

was conducted with the irradiation time 30 s longer

Fig. 2 Schematic of the

coupling process among the

different physical fields
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than that in the previous step. Before and after each

irradiation step, the temperature at a certain point on

the upper surface of the sample (Fig. 4b) was

measured with a Fluke infrared thermometer (model:

568–2). The microwave heating process was contin-

ued for 30 min with microfractures developing, but

the sample remained intact, as shown in Fig. 3b. The

mechanisms contributing to microwave heating-in-

duced fracturing have been reported in our recent

studies (Cui et al. 2020a).

4.3 Numerical model

4.3.1 Geometric model

A numerical model was established with the micro-

wave-heating module in the application library of the

COMSOL Multiphysics (COMSOL 2018) platform

and comprised three physical objects: a shale sample,

a microwave oven, and a waveguide. The microwave

oven and waveguide were both rectangular. The

microwave oven was drawn as cubic shape with size

of 329 mm 9 315 mm 9 180 mm. The waveguide

exhibited a size of 18 mm 9 50 mm 9 78 mm. The

Fig. 3 Image of the shale sample for the microwave irradiation

experiment a before microwave heating and b after microwave

heating

Fig. 4 Picture of a the household microwave oven and b the location of the temperature measurement point

Table 2 Mineral composition of the shale sample

Mineral composition (%) TOC (%) Ro,max (%)

Quartz Feldspar Pyrite Clay minerals Calcite Dolomite

32.45 3.42 3.13 18.57 32.16 8.02 2.24 2.41
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shale sample was cylindrical with a size of

100 mm 9 50 mm(height 9 diameter) and rested at

the center of the base of the microwave oven. The

relative positions and sizes of these three objects are

illustrated in Fig. 5.

4.3.2 Boundary conditions and mesh

The coupled microwave heating process was achieved

with the microwave propagation process imitated in

the oven and both microwave propagation and heating

processes replicated in the sample. This was achieved

with two electromagnetic wave modules and two heat

transfer processes in the above solid models.

The boundary conditions for the electromagnetic

wave modules were specified as follows: (1) an

impedance boundary was employed to the oven walls

of the oven to make sure the retention of all

electromagnetic radiation; (2) a rectangular-shaped

port boundary was defined to the entrance of the

waveguide, acting as the source of electromagnetic

waves at a frequency of 2.45 GHz in the TE10 mode.

The cutoff frequencies for the different modules are

analytically determined with the following the

relationship:

ðmcÞnm ¼ c

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m

a

� �2

þ n

b

� �2
r

ð10Þ

in which m and n denote the mode numbers and

c represents the speed of light. In the TE10 mode

applied in this work, we have m = 1 and n = 0. As

defined in the geometric model, a = 78 mm and

b = 18 m, the TE10 mode is the only propagating

mode for frequency of 2.4 GHz.

Heat transfer in the solids module is only specified

to the sample with the boundary conditions defined as

follows: (1) a thermal insulation boundary condition is

employed to the base of the sample; (2) a convective

heat transfer boundary is assigned to all other faces.

The initial temperature (ambiance temperature, Tamb)

is 300 K.

A physically controlled mesh was employed to

mesh the whole geometry. The element size was

specified to fine. To obtain an accurate result, the

maximum element size was refined to 1/5th of the

microwave wavelength. After meshing, a total of

143,975 elements was obtained with an average

element quality of 0.6623. A desktop computer with

an Intel(R) Core(TM) i7-9750 CPU and 40 GB of

random access memory (RAM) was used for calcula-

tion purposes.

4.3.3 Temperature-dependent parameters

The dielectric permittivity is a key parameter control-

ling microwave irradiation, as this parameter measures

the adsorption capability of electromagnetic waves

(real part) and the capacity to convert microwave

energy into heat (imaginary part). The main minerals

in the Longmaxi shale sample are quartz, clay, calcite,

and pyrite, with quartz accounting for more than 30%

of all minerals (Chen et al. 2019), as listed in Table 2.

The dielectric permittivity values of pyrite and quartz

vary with the temperature, as shown in Fig. 6 (Lovás

et al. 2010; Zhou et al. 2011). In the case of pyrite,

changes in the permittivity value occur within the

temperature range from 720 to 870 K. The oxidative

transformation process of pyrite into hematite

(2FeS2 þ 11=2O2 ! Fe2O3 þ 4SO2) (Corradi et al.

1996) occurring in this region could be the main cause

of the sudden variation in the dielectric permittivity.

The dielectric permittivity values of the other minerals

are listed in Table 3 (Church et al. 1988; Zheng et al.

2005; Aqil and Schmitt 2010; Josh and Clennell 2015).

The specific heat capacity (Cp) is another important

parameter and defines the temperature (T) increase

related to a given energy input. The specific heat

capacities of the different minerals also vary with the

temperature, as shown in Fig. 7, where the specific

heat capacity increases with the temperature for mostFig. 5 Dimensions of the simulation model
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materials (Skauge et al. 1983; Jones et al. 2007; Toifl

et al. 2017). In addition, a peak value for quartz due to

the transformation from the a- to the b- phase was

observed.

4.4 Model verification

4.4.1 Microwave heating process for the different

minerals

The responses of the different minerals to electro-

magnetic radiation and the resulting temperatures vary

because of the distinct thermodynamic parameters. In

this section, the temperature changes in the different

minerals with the irradiation time are investigated.

During the calculation process, a small area at the

center of the sample is specified to represent the

different minerals with the above defined parameters

applied to calculate the microwave heating process for

each mineral. The average temperature in the small

area is shown in Fig. 8. It should be noted that the

temperature of pyrite and clay corresponds to the right

axis because of the higher values, while the temper-

ature of the remaining minerals corresponds to the left

axis.

As shown in Fig. 8, the temperature increase rates

are the highest for pyrite and clay compared with other
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Fig. 6 Temperature-dependent dielectric permittivity of a quartz (Zhou et al. 2011) and b pyrite (Lovás et al. 2010)
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Fig. 7 Temperature-dependent specific heat capacity of the

different minerals (Skauge et al. 1983; Toifl et al. 2017)

Table 3 Dielectric permittivity of the minerals in the shale sample

Quartz Feldspar Pyrite Clay Calcite Dolomite

Real part Figure 6a1 5.522 Figure 6b3 44 9.26 7.416

Imaginary part Figure 6a1 0.012 Figure 6b3 0.25 0.0056 0.026

1–6 are retrieved from Zhou et al. (2011), Zheng et al. (2005), Lovás et al. (2010), Josh and Clennell (2015), Aqil and Schmitt (2010)

and Church et al. (1988)
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minerals because of the corresponding higher permit-

tivity value (pyrite) and lower specific heat capacity

value (clay). A two-stage temperature rise is observed

for pyrite attributed to the sudden increase in dielectric

permittivity at approximately 700 K. In regard to the

remaining minerals, the temperature increases linearly

over time in the sequence of dolomite, feldspar,

calcite, and quartz. Based on the above characteristics,

the individual minerals are separated into two groups:

pyrite and clay with higher temperature increase rates

are defined as the HTC system, and the remaining

minerals with lower temperature increase rates form

the LTC system.

4.4.2 Verification results

In this section, temperature-dependent dielectric per-

mittivity and specific heat capacity values are assumed

for the HTC and LTC systems to match the experi-

mental data. The value and variation in the dielectric

permittivity and specific heat capacity of clay and

pyrite define the HTC system. Similarly, the param-

eters of the LTC system are specified based on the

value and variation in the dielectric permittivity and

specific heat capacity of the remaining minerals. The

established relationships between the assumed dielec-

tric permittivity and specific heat capacity values and

the temperature are shown in Figs. 9 and 10,

respectively.

As shown in Fig. 9a, the variation in the dielectric

permittivity with the temperature of the HTC system is

similar to that of pyrite, while the value of the

imaginary part is closer to that of clay. Both the

imaginary and real parts of the dielectric permittivity

of the LHC system gradually increase with increasing

temperature. In regard to the variation in the specific

heat capacity with the temperature, there occurs a

rapid increase in the LTC system with the temperature

because of the phase transition of quartz and a slow

increase in the HTC system, as shown in Fig. 10.

The remaining parameters for model verification

are displayed in Table 4. With the comparisons of the

simulation results to experimental data are illustrated

in Fig. 11. The position of the temperature measure-

ment point in the simulation model cannot be deter-

mined. Therefore, the simulated temperature curve

was measured as the average value across the top

surface. In the verification process, the temperature of

the LTC system is considered for comparison purposes

since the LTC system dominates the shale matrix

response with the response of the HTC system usually

embedded in that of the LTC system. The goodness of

fit (regression coefficient, R2) reached 0.92, indicating

an excellent fitting result.

In the above table, e denotes the dielectric permit-

tivity, Cp denotes the specific heat capacity, and kl is

the heat transfer rate between the two systems.

The temperatures of both systems, both with and

without consideration of the heat transfer term, are

also shown. As shown in the figure, the heat transfer

term increases the temperature of the LTC system at

the expense of the HTC system.

5 Results and discussions

In this section, the verified numerical model is applied

to investigate the impacts of different parameters on

the microwave irradiation process, with the limitations

and future work regarding the novel approach out-

lined. Mesh-dependent convergence is first analyzed.

The details are introduced below.

5.1 Mesh-dependent convergence analysis

The element quality exerts an important influence on

the convergence and accuracy of finite element

analysis. In this section, five scenarios with different

mesh element quality (MEQ) were designed for grid-

independent analysis as displayed in Table 5. The

MEQ in the table is calculated as:

0 1000 2000 3000 4000

500

1000

1500

2000

2500

3000

3500

4000

4500

Te
m

pe
ra

tu
re

(K
)

Time (s)

Pyrite
Clay

300

400

500

600

700

800

Quartz
Feldspar
Calcite
Domolite

Te
m

pe
ra

tu
re

(K
)

Fig. 8 Temperature changes with the irradiation time for the

different minerals
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Fig. 11 Comparison of the experimental data and fitted results

Table 4 Parameters for the microwave heating simulations

Component Value Component Value

Microwave frequency 2.45 GHz Microwave power 700 W

Oven size (cuboid) 329 9 315 9 180 (mm) Guide size (cuboid) 78 9 50 9 18 (mm)

Sample size (cylinder) 100 9 50 (mm) Sample density 2600 kg/m3

Initial temperature 300 K Dielectric constant of air 1

e of the HTC system Figure 9a e of the LTC system Figure 9b

Cp of the HTC system Figure 10 Cp of the LTC system Figure 10

Microwave output mode TE10 kl 2000
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MEQ ¼ 4
ffiffiffi
3

p
A

h2
1 þ h2

2 þ h2
3

ð11Þ

where A denotes the area of the element and h1, h2 and

h3 are the side lengths of the triangle.

In the case of a coarser element size, the simulations

did not converge, and as a result, the computation time

and R2 value could not be determined. In the

remaining four cases, the computation time and

temperature increased with the element number and

mesh element quality. In the case of a finer element

size, the computation time largely increased, with the

R2 value only enhanced by 0.01. Therefore, a fine

element size was selected for the following

calculation.

5.2 Impact of the heat transfer rate

5.2.1 Three temperature increase stages

As mentioned above, heat transfer increases the

temperature of the LTC system and compensates for

the temperature of the HTC system. The heat transfer

term is proportional to the product of the temperature

difference and the newly defined parameter, i.e., the

heat transfer coefficient (kl). In this section, the impact

of the heat transfer coefficient is investigated with

values ranging from 1000 to 8000. The temperatures

of both the LTC and HTC systems are shown in

Fig. 12.. In the following figures, the average value of

the whole sample is considered unless stated

otherwise.

In regard to the LTC system, the temperature

increase process occurs in three stages, with each stage

determined from the curve: (i) A linearly increasing

stage: at this stage, the temperature increases linearly

with the irradiation time due to the low specific heat

capacity value; (ii) temperature plateau: as the

temperature reaches a certain threshold value, the

temperature remains constant despite a continuous

input of energy. At this stage, the absorbed energy

mainly contributes to mineral phase transition or water

evaporation. (iii) Rapidly increasing stage: at this

stage, the temperature again increases with the irra-

diation time as the mineral phase transition process is

finished and the specific heat capacity decreases to

follow its original increasing trend.

It should be noted that not all three temperature

evolution stages are observed under the different heat

transfer coefficients (kl). Given a high value of the heat

transfer coefficient (kl), all three stages are observed

for both systems. Conversely, given a low heat transfer

coefficient value, only the first two stages (the linearly

increasing stage and temperature plateau) are

observed for the LTC system, while the first and last

stages (the linearly and rapidly increasing stages,

respectively) are observed for the HTC system.

Fig. 12 Variation in the temperatures of the LTC and HTC

systems under the different heat transfer coefficients (kl)

Table 5 Mesh-

independence validation of

the geometry model

Element size Element number Mesh element quality Computation time R2

Coarser 1707 0.6123 –

Coarse 3194 0.6519 1 min 44 s 0.7

Normal 48,246 0.6635 5 min 59 s 0.85

Fine 143,795 0.6625 14 min 14 s 0.92

Finer 239,172 0.6619 26 min 10 s 0.93
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5.2.2 Contributions of the different heat source

mechanisms

As mentioned above, the temperature increase in the

LTC system is induced by both microwave dissipation

and heat transfer from the HTC system. In this section,

the contributions of these two mechanisms and their

variations with the heat transfer coefficient (kl) are

examined, as shown in Fig. 13. In the figure, the total

energy is calculated through temperature integration

with the specific heat capacity, and the microwave

dissipation energy is calculated through time integra-

tion with the microwave-supplied heat source

(Eq. (2)). The transferred heat energy is the difference

between the above two values. The microwave

irradiation energy level is consistent across the

different cases, as the value varies slightly with the

heat transfer coefficient (kl).

Figure 13a shows that the level of transferred

energy increases with the heat transfer coefficient

(kl) and is first lower than the microwave irradiation

level but then increases with increasing irradiation

time. Additionally, Fig. 13b reveals that the propor-

tion of transferred energy increases with the irradia-

tion time and heat transfer coefficient (kl). Regarding

the proportion of microwave irradiation energy, the

opposite situation is observed.

5.3 Impact of the temperature-dependent

parameters

In the model verification process, the two key

parameters (the dielectric permittivity and specific

heat capacity) are both assumed to be temperature-

dependent variables. In this section, the impacts of the

above two temperature-dependent parameters are

investigated. For simplicity, only the effects of the

dielectric permittivity on the HTC system and the

impact of the specific heat capacity on the LTC system

are explored.

5.3.1 Impact of the dielectric permittivity

Five scenarios are designed to elucidate the impact of

the dielectric permittivity on the temperature increase

process. The real part is varied under the first three

scenarios, and the imaginary parts are different

between the last two scenarios. The details of the

designed scenarios are described as follows:

Scenario I: The real and imaginary parts of the

dielectric permittivity, as shown in Fig. 9a, are

applied in this scenario.

Scenario II: The real part, as shown in Fig. 9a,

without the sudden increase after 800 K and the

imaginary part, as shown in Fig. 9a, are applied in

the calculation.

Scenario III: The real part without the low value

before 800 K, as shown in Fig. 9a, and the

Fig. 13 a Contributions and b proportion of the microwave dissipation energy and transferred energy and corresponding variations in

the LTC system with the heat transfer coefficient (kl)
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imaginary part, as shown in Fig. 9a, are applied in

this scenario.

Scenario IV: The real part, as shown in Fig. 9a, and

the imaginary part, as shown in Fig. 9a, but without

the peak are applied in the calculation.

Scenario V: The real part, as shown in Fig. 9a, and

the imaginary part, as shown in Fig. 9a, but without

the decrease after the peak are applied in this

scenario.

The dielectric permittivity values under the five

designed scenarios are also shown in Fig. 14a with the

results depicted in Fig. 14b. In this section, the

average temperature of the whole sample is selected

for comparison. The impact of the real part is first

investigated by comparing the first three scenarios. As

shown in the figure, the temperature is lower than that

under Scenario I when ignoring the sudden increase

(Scenario II). Additionally, the temperature is higher

than that under Scenario I when ignoring the initial

relatively low values (Scenario III). It seems that a

higher value of the real part results in a higher electric

field intensity and therefore a larger temperature

increase. However, this response is not universal.

The electric field intensities in the sample under

varied real parts are shown in Fig. 15. The real part

changes not only the electric field intensity but also the

field distribution. Therefore, the average value of the

electric field intensity in the shale sample does not

always increase with the value of the real part. As

shown in the figure, the electric field intensity given a

value of 9.10811 of the real part is the highest among

the four cases. The impact of the imaginary part could

be determined by comparing Scenarios I, IV, and V. A

higher value of the imaginary part leads to a greater

increase in temperature, which is consistent with

Eq. (2).

5.3.2 Impact of the specific heat capacity

Additionally, five scenarios are designed to reveal the

impact of the peak value of the specific heat capacity

on the temperature-evolution profile. The specific heat

capacity values depicted in Fig. 10 with varying peak

values are applied under the different designed

scenarios, as shown in Fig. 16a, with the results

illustrated in Fig. 16b.

As discussed above, the temperature-evolution

curve can be divided into three stages. Only the first

two stages occur under both Scenarios I and II without

the third stage, as shown in Fig. 16b. Under Scenario

V, the second stage disappears with the first and third

stages occurring. Under Scenarios III and IV, all three

stages can be observed, while under Scenario IV, the

third stage is rapidly reached. Therefore, we can obtain

that: the peak in the specific heat capacity-temperature

curve is the main contributor to the second stage (the

temperature plateau) of the temperature-evolution

curve. The integral value of the specific heat capacity

peak and temperature area, as shown in Fig. 16a,

represents a trough in the energy potential, and

notable energy is required to overcome this stage.

Fig. 14 a Dielectric permittivity and b temperature variations over time under the five designed scenarios
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Fig. 15 Evolution of the

electric field intensity for

real part values of a 8.13,

b 9.11, c 15.16 and d 18.08

Fig. 16 a Determined specific heat capacity and b temperature variations over time under the different scenarios
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When the absorbed energy is below this value, the

temperature-evolution curve occurs at the second

stage (the temperature plateau), and when the

absorbed energy exceeds this value, the curve pro-

gresses into the third stage (the rapidly increasing

stage).

5.4 Study limitations and future work

The limitations of the assumptions of the novel

simulation approach proposed in this work are

discussed, and directions warranting future study are

defined.

5.4.1 Limitations of the established approach

As mentioned above, an alternative approach is

established to simulate microwave irradiation in

strongly heterogeneous rocks with the following

limitations:

(a) Mineral aggregate groups.

In this novel approach, the mineral aggregates in

the shale matrix are divided into a binary mixture of

minerals with either HTC or LTC characteristics with

the experimental temperature curve considered for

separation, which results in the following limitations:

(i) rock exhibits highly heterogeneous and, besides

minerals, also contains cracks, grain boundary weak-

nesses and cleavage planes, which are ignored in the

current model; (ii) phase transition and reaction

processes of minerals are not fully investigated. In

this work, only the phase transition process of quartz is

considered, while the phase transition and reaction

processes of the other minerals and their impacts are

not included. (iii) The transformative capacity of

microwave radiation energy into heat varies with

increasing temperature between the different minerals.

For example, a specific mineral may belong to the

LTC component group at a low temperature but

transitions into the HTC component group at a higher

temperature due to the change in transformative

capacity.

(b) Parameter determinations for both systems.

In the simulation process, electromagnetic and

thermodynamic parameters are needed for both the

HTC and LTC systems. In this work, the related

parameters are artificially assumed via fitting of the

measured temperature curve. These parameters are

difficult to determine since only aggregate parameters

for an ensemble sample may be measured in the

laboratory.

(c) Heat transfer in the subsystem.

In this novel approach, the two systems interact via

heat transfer under the assumption of a pseudosteady

state. In this state, the geometric shape and interior

structure of each system are ignored, and therefore, the

heat transfer process and temperature gradient in the

system are neglected. These two factors can affect heat

transfer between the two systems based on our

knowledge of dual-porosity media (Cui et al. 2020b,

c).

(d) Impacts of water and gas.

Most rock types can be categorized into porous

media with more or less water occurring in the pore/

fracture system. Selecting shale gas reservoirs as an

example, a nonnegligible amount of connate water

occurs (Xiong et al. 2020; Li et al. 2016). In addition to

connate water, more than 50% of the fracturing fluid is

retained in shale formations after flowback (Cheng

2012). The dielectric permittivity of water (with an

imaginary part value of 12 at 25 �C and 2.45 GHz)

(Liu et al. 2020) is much higher than that of rock-

forming minerals. In terms of source rock samples

with a moderate amount of pore water, after micro-

wave irradiation, the temperature of water in the pores

rapidly increases when heating the rock matrix due to

energy transfer. In the presence of water or other high-

dielectric permittivity liquids (such as oil), the

proposed approach remains suitable by choosing

water as the HTC system. Under these conditions,

the proposed approach is analogous to the classical

dual-porosity model, as most water is present in the

pore/fracture system.

In addition to water, certain gases are deposited in

rocks, such as natural gas reservoirs. The gas stored in

rocks can be categorized into the LTC system due to

the lower dielectric permittivity and higher specific

heat capacity. In most natural gas reservoirs, gas and

water molecules coexist in pore/fracture systems.

Under these conditions, whether the pore/fracture

systems belong to the HTC or LTC system depends on

the relative content of water and gas. In most of these

cases, we recommend treating the pore/fracture
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system as the HTC system because of the higher

dielectric permittivity of water.

5.4.2 Future work

(a) Improved coupling processes.

In this work, a preliminary electromagnetic thermal

coupling model is established (Fig. 2), but the follow-

ing improvements are necessary: (i) Coupling of the

electromagnetic fields between the HTC and LTC

systems. In the current work, this relationship is not

considered. The electromagnetic field propagation

processes in the HTC and LTC systems are interde-

pendent since polarization in one mineral aggregate

affects the electromagnetic propagation process in

adjacent aggregates (Smith 1977); (ii) feedback of the

heating process to electromagnetic field propagation.

In the current work, the temperature-dependent

dielectric permittivity is adopted as the mechanism

of heating in response to the electromagnetic field. The

relationship between the dielectric permittivity and

temperature of the minerals is difficult to determine, as

individual minerals usually occur on a micrometer

scale. (iii) Variation in the heat transfer coefficient

(kl): in the current work, the heat transfer coefficient

(kl) is treated as a constant. In fact, this parameter is

not a constant but varies with the temperature

difference between the two systems and the stress–

strain state based on knowledge of analogous dual-

porosity media (Cui et al. 2018b, b).

(b) Mechanical interaction between the two

systems.

(In this novel approach, the mineral aggregates are

divided into two groups, namely, HTC and LTC

minerals, considering heat transfer between these

groups. The thermal strain developed in each system

and the thermal stress resulting from mechanical

interaction are ignored. This is a key mechanism for

microwave heating-induced fractures or damage and

is driven by the different thermal expansion coeffi-

cients and nonhomogeneous distribution of the dielec-

tric permittivity of the various minerals (Metaxas and

Meredith 1983; Wang and Forssberg 2005). This

results in microcracking at the interface between

adjacent minerals (intergranular fractures) or within

the minerals (transgranular fractures) (Metaxas and

Meredith 1983; Wang and Forssberg 2005) and the

potential to impact the heat transfer response.

The novel approach provides an alternative method

to predict failure modes and fracture types. The

thermal stress in each system can be calculated as the

product of KaDT, where K is the bulk modulus of each

system and a denotes the thermal expansion coeffi-

cient. A maximum tensile stress criterion can be

applied to determine the initiation and progression of

transgranular fractures. Additionally, the shear stress

along crystal faces can be evaluated as a function of

the thermal stress difference between these two

systems and their geometric shape. Intergranular

fractures can be predicted with a criterion limiting

the maximum shear stress.

5.4.3 Implications for field applications

As mentioned above, the application prospects of

microwave heating for mechanical excavation in rock

projects (Hartlieb et al. 2012; Lu et al. 2017), drilling

(Jerby et al. 2002) and energy exploitation (Chen et al.

2021; Cui et al. 2020a) have been extensively studied,

both experimentally and numerically. The majority of

the simulation works focused on the mineral scale and

demonstrated that thermal stress differences between

the different minerals could generate new fractures

damaging rocks. While limited works focused on the

field scale (Gasbarri et al. 2011; Liu et al. 2018), they

did not consider the damage process, exact miner-

alogical composition nor distribution at this large

scale.

The proposed approach in this work offers a

convenient and efficient way to address the rock

damage process at the field scale. The suggested

process is as follows: (i) fresh rock blocks should be

selected to drill samples with a diameter of 5 cm and a

height of 10 cm with offcuts applied for mineral

composition measurement; (ii) the sample should then

be microwave heated to determine the temperature–

time profile, but the irradiation time should be long

enough to acquire the whole temperature increase

curve; (iii) the dielectric and thermodynamic proper-

ties of the two systems should be artificially assumed

referring to the corresponding mineral compositions to

fit the obtained temperature–time profile; (iv) the two

systems and verified parameters should be applied at

the field scale to simulate the microwave process, with
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the damage process determined as described in

Sect. 5.4.2.

6 Conclusions

An effective dual-medium approach is proposed to

investigate the microwave heating process in hetero-

geneous rock, and a coupled electromagnetic-thermal

model is established. In this approach, mineral aggre-

gates in the shale matrix are divided into a binary

system of either high- or low-transformative capacity

(HTC or LTC, respectively) materials coupled by heat

transfer. The new approach is verified based on

experimentally observed temperature profiles com-

bined with numerical experiments to investigate

parameter sensitivities. Furthermore, the limitations

and future research prospects of the current work are

outlined. Based on the aforementioned results, the

following conclusions can be drawn:

(1) The temperature increase in the HTC and LTC

systems is affected by both microwave irradia-

tion and heat transfer between the two systems.

The heat transfer process, proportional to the

heat transfer coefficient (kl), increases the

temperature of the LTC system and correspond-

ingly decreases the temperature of the HTC

system. The proportion of microwave irradia-

tion energy transformed into heat decreases with

the irradiation time, while the proportion of

transferred energy increases with the irradiation

time.

(2) A three-stage temperature-evolution profile is

broadly observed in rocks consisting of linearly

increasing, stable and rapidly increasing stages.

These three stages may not all appear in all

rocks, with the temperature–time profile

depending on the thermodynamic composition.

The peak in the specific heat capacity-temper-

ature curve, resulting from temperature-depen-

dent mineral phase transition or water

evaporation, is the main contributor to the

temperature plateau over time under a continued

EM irradiative input. Additionally, in the case of

a high heat transfer coefficient, all three stages

can be observed for both systems, while in the

case of a low heat transfer coefficient, not all

three stages occur.

(3) The impact of the real part of the dielectric

permittivity is not universal since the real part

not only influences the value of the electric field

intensity but also the field distribution. Con-

versely, the impact of the imaginary part is

determined, with a higher value resulting in a

larger increase in temperature.

(4) The limitations of the current work and required

future work are also outlined. The division of

the mineral aggregates and parameter determi-

nations for both systems are two limiting factors

of the application of the proposed approach. The

mechanical interactions between these two

systems and the completion of the coupling

process are two urgent tasks that should be

addressed since the former term provides the

key mechanism for microwave heating-induced

fracturing or damage. Additionally, the latter

term could enhance the coupling model and

yield more accurate results. Implications of the

proposed approach for field applications are

further examined with a feasible process

recommended.
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