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1 Abstract—This paper reports a novel dielectric model 

developed for estimating the complex permittivity of 

unconsolidated porous media containing gas hydrate. The 

complex permittivity spectra were experimentally obtained 

by using open-ended-coaxial-probes over a frequency range 

between 1MHz and 3GHz, in which the dielectric dispersion 

of both hydrate and liquid solution are covered. With 

tetrahydrofuran used as the hydrate former, reflection 

coefficients were recorded during the hydrate formation 

and dissociation processes in quartz sands and the complex 

permittivity spectra were inversed. Volumetric fractions 

estimated from the X-ray-tomography were used as the 

referenced values. Experimental data showed that the 

Maxwell-Wagner effect, surface conductance, and phase 

configuration can affect the bulk permittivity. The 

discrepancy was found to be unacceptable when the fitting 

was conducted with pre-existing models such as Complex-

Refractive-Index-Method and Maxwell-Wagner-Bruggeman-

Hanai. In this study, by modifying the nested Wagner’s 
theory, a shell coated model was applied, and the surface of 

the solid sphere was assumed to possess surface 

conductance when it was humidified by the liquid solution. 

In contrast to Complex-Refractive-Index-Method and 

Maxwell-Wagner-Bruggeman-Hanai, the proposed model 

allows more accurate estimation of the volumetric fraction. 

By adopting this model with a range of dielectric 

measurements with different phase configurations, 

temperature, particle size, surface conductivity, and 

frequency, the contents of components and their influences 

onto the bulk permittivity can be physically estimated. The 

proposed model provides an essential tool for the 

interpretation of dielectric dispersion curves and the 

prediction of the volumetric fractions, which can be useful 

for both the field and laboratory applications. 
Index Terms—Gas hydrate, Complex permittivity, Dielectric 

mixing law, Porous Media  
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I. INTRODUCTION 

as hydrates are clathrate crystalline solid compounds 

consisting of gas molecules  trapped in water cages[1].  

The naturel gas hydrate could be a future unconventional gas 

resource, if its exploitation is  environmentally friendly and 

technically recoverable [2]. Methane hydrate is abundant in 

many locations such as sea floor sediments which can be 

regarded as an unconsolidated porous medium and permafrost 

regions[3-5], and  research on the identification and drilled gas 

hydrate has been conducted in many countries[6-9].  

Geophysical well logging methods widely used in traditional 

oil and gas engineering were applied to gas hydrate 

exploration[7, 10-12]. The EPT (Electromagnetic Propagation 

Tool) working at 1.1GHz was reported to provide hydrate 

saturation in reservoirs in  Alaska, and the inversion results had  

good consistency with other logging methods such as ultrasonic 

and electrical resistivity tools[13-15]. Compared to the 

electrical resistivity methods, the dielectric method has many 

advantages such as less prone to water salinity and better 

vertical resolution, which  are desirable for hydrate reservoir 

evaluation of  the sea floor sediments such as salt water invasion  

and quantitative evaluation of  hydrate saturation in thin 

layers[16, 17]. Physical characteristics of unconsolidated 

porous media containing hydrate crystals are important to 

natural gas hydrate detection and exploitation from the sea 

bottom and tundra. Hence, many dielectric spectroscopic  

studies of  the dielectric properties of porous media containing 

hydrates have been carried out in the laboratory [18-22], and 

moreover, studies  of  hydrates in oil and gas transportation have 

also been conducted[23]. Bulk permittivity both in the wide 

band and frequency points can be affected by hydrate fractions, 

and dielectric information was found to be a good indicator of 

hydrate formation and dissociation[24-26].  

Calculating the dielectric properties of mixtures has been a 

challenging problem of both theoretical and practical 

importance. The bulk permittivity is always determined not 
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only by volumetric fractions of each component, but is also 

affected by other complicated factors, such as phase distribution, 

ion transportation, electric double layer, and interfacial 

polarization[27, 28]. The situation is much more complicated in 

the frequencies below 100MHz. Many geophysicists extended 

the polarization behaviors to lower frequencies by relating to 

Maxwell-Wagner polarization effect[29]. Other approaches 

were  based on the surface conductance mechanism with 

colloidal chemistry[30, 31]. Studies showed that the bulk 

permittivity of multi-phase mixtures can be predicted by 

dielectric mixing models applied in the microwave band [18, 

21]. The dielectric spectrum of hydrate-bearing sand and 

sediments containing clay in 200MHz to 1.3GHz were obtained 

with the open-ended coaxial method, and by adopting the 

Complex-Refractive-Index-Method (CRIM) for the dielectric 

constant at 1GHz. hydrate saturation during the phase 

transformation were calculated[18, 21]. The CRIM type models 

were also applied in field logging data inversion[13, 14]. The 

formation around the borehole was approximated as a 

homogenous and continuous medium, and the porous media 

were assumed to consist of multi components such as solid 

grains, hydrates, free water, and clay. When the CRIM was used 

as the fitting method, the dispersion properties at the frequency 

band below 100MHz were ignored[32]. However, gas hydrates 

have relaxation frequencies in the band from 0.1MHz to 

100MHz, which depends on  guest molecules[33, 34]. 

Additionally, previous studies have proved that the presence of 

free charges and numerous pore filler such as  liquid and clay 

grains, generate  a Maxwell-Wagner effect that can critically 

affect the bulk dielectric measurement in  the frequency band 

below 100MHz[35, 36]. Taking interfacial polarization into 

consideration, fitted  calculations based on the Maxwell-

Wagner-Bruggeman-Hanai(MWBH) method were used in 

predicting the dielectric spectrum during hydrate agglomeration 

and melting in emulsions, and the MWBH method has been 

extended to model the spherical particles with a confocal shell 

[25, 35, 37]. However, there has been no dielectric mixture 

model which is applicable in a broad frequency range from 

MHz to GHz for porous media containing gas hydrate yet 

reported, which is of interest in geophysics.  

Previously we reported experimental work on the 

permittivity dispersion spectra of the unconsolidated porous 

media containing gas hydrate and the permittivity variation  

during the hydrate agglomerating and melting process, by using 

the open-ended coaxial method [38]. Because of the complete 

miscibility of tetrahydrofuran(THF) in water, stability under 

atmosphere pressure, analogous electrical properties with 

methane hydrate, and uniform spatial hydrate distribution, THF 

was widely used as the hydrate former instead of methane in 

laboratory studies[39].  

In this paper we would report an extended study in which 

model based on Wagner’s equation was developed to estimate 

the volumetric fractions of each component in unconsolidated 

quartz sands containing hydrate. To improve the performance 

of the model the solid surface conductance was also taken into 

consideration. Briefly the modelling procedures were as 

follows: First, the measured spectra were fitted with the 

proposed model during the process of hydrate formation and 

dissociation. Then the fitted performance of the proposed model 

at different experimental stages was compared with the CRIM 

and MWBH models. The volumetric fractions obtained with X-

ray CT were regarded as the standard value, and the prediction 

of the volumetric fraction obtained by the proposed model was 

more precise than the CRIM and MWBH models. Finally, 

variable factors such as temperature, surface conductivity, and 

particle size were taken into consideration, and model 

parameters were presented to aid the analysis of the interaction 

mechanism between the multiple components and the physical 

component transformation processes.  

 

II. THEORETICAL CONSIDERATIONS 

A.  Complex Refractive Index Method (CRIM) 

   The CRIM model predicts the bulk permittivity by making a 
linear weighted sum of the complex permittivity square root of 
each component at a single frequency. In this study, the 
complex permittivities of the four components were together 
considered to influence the bulk permittivity εmix

*. As shown in 
(1), εsand

*, εsolution
*, εhydrate

*, and εair
* are complex permittivities 

of quartz sand, THF solution, THF hydrates, and air, 
respectively, and A, B, C, and D represented volumetric 
fractions of the complex permittivity of quartz sand, THF 
solution, THF hydrates, and air, respectively. 

* * * *

mix solution

*

sand hydrate air
A B C D                 (1) 

The CRIM was initially proposed and validated in[40], and 
then was widely used in the interpretation of remote sensing and 
geophysical detection [41]. By taking the different performance 
of bounded water and free water, and to include the prediction 
of moist soil, the CRIM was extended as a generalized 
refractive mixing dielectric model (GRMDM)[32]. In recent 
years, the CRIM model has been applied in both laboratory 
hydrate-bearing sediments [18, 21] and reservoir evaluation of 
hydrate with the electromagnetic propagation tool (EPT)[13, 
14]. This model became one of the most popular models in 
geophysics application, but it does not take interactions 
between the components in the lower frequency band into 
account, such as the Maxwell-Wagner effect (or M-W effect), 
electrochemical effects below 100MHz, size and shape of the 
particles, and pore structure. For experiments in this study, 
liquid existed in several stages, and the structure and 
components of the mixture varied in the experimental process, 
which made the fitted performance of CRIM uncertain in a low 
frequency range. 

 

B. Approaches Considering the M-W and Electrochemical 

Effects 

 A mixture composed of multiple components with different 
dielectric constants and electrical conductivities shows a 
dielectric dispersion due to the so-called interfacial polarization, 
which varied with texture, grain size, and solution salinity[42]. 
This phenomenon was first pointed out by Maxwell by means 
of a stratified model[43], but it did not possess practicality since 
the differences between the dispersed phase and continuous 
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medium was  left out in Maxwell’s model[44]. Wagner 
explained that for a mixed  system where spherical particles are 
sparsely distributed throughout a continuous medium,  the 
complex permittivity of the heterogeneous mixture can be 
expressed by the following equation[29], by solving the 
Laplace equation with boundary conditions at the surface of the 
spheres: 

  
 
 

p p

p p

2 2
=

2

* * * *

m m* *

mix m * * * *

m m

    
 

    

  

  
                       (2) 

Where εmix
* is the complex permittivity of the two-phase 

mixture. Dispersed particles p and continuous medium m 
correspond to permittivities εp

* and εm
*, and the volumetric 

fractions Ф and 1-Ф, respectively. If the conductivities at low 
frequency are taken into consideration, εp

* and εm
* are presented 

as: 

*

0

m
m m

j
 


                                  (3) 
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σp and σm are the conductivity of the dispersed phase and 
continuous phase, respectively. Many experimental studies 
have been carried out on the interfacial polarization. It has been 
certified that the same as other dispersions such as water 
molecular polarization, the interfacial polarization implied in 
the bulk permittivity can be mathematically described with the 
Cole-Cole formula: 

=
1

* l h
mix h mix

q

j j
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Where the relaxation time τ, the high frequency dielectric 
constant εh,, and its difference with low frequency dielectric 
constant of the mixture εl -εh can be expressed as (making εmix

* 

equal in (2) and (5)) [45]: 
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It has been recognized from previous studies that Cole-Cole 
parameters τ and εh are affected by the phase composition. 
However, when σp is much less than σm with high particle 
concentrations, the fitted bulk complex permittivity does not 
agree with the experimental data. Therefore, Wagner’s theory 
is suitable only for a continuous media with dilute particle 
inclusions in which there is little interaction between particles.  

For concentrated particle suspensions, it is difficult to 
rigorously solve the problem. An effective medium theory that 
provides a reasonable approximation to the problem was 
provided by Bruggeman[46]. In this model, the initially low 

content of the dispersed phase is gradually increased by an 
infinite-small addition of particles. After the small amount of 
particles with εp are added, the mixture can be regard as a new 
homogeneous media with a refreshed bulk permittivity. At each 
step, the added amount of particles is infinitesimal, and then the 
mixture permittivity is obtained with (2), and the volumetric 
fractions are synchronously recalculated. By continuous 
additions of infinitesimal particles, the mixed system ultimately 
reaches the final volume ratio and permittivity. Then an integral 
equation is established, and by solving it, and the Bruggeman’s 
model is obtained. The sophisticated derivation is skipped  here, 
as it  can be found in several classical references[46, 47]. The 
Bruggeman’s model was extended to the condition of complex 
permittivity by Hanai[45], and the Maxwell-Wagner-
Bruggeman-Hanai (MWBH) model was established. Especially 
for spherical particles, the MWBH model is presented as the 
following equation:  

1/3

p

1

* * *
mix p m

* * *

m mix

  
  

   
        

                       (9) 

Both Wagner’s model and the MWBH model can be 
extended to a three-phase system by simply setting up a 
confocal shell of the third phase between the spherical core and 
the external medium[48]. As shown in Fig. 1(a), the shelled 
spheres act as the dispersed phase possessing the inner cores 
with complex permittivity ε1

* and the outer shells with ε2
*, and 

the effective complex permittivity of the spheres εp
* can be 

presented as: 
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Where the Ф’ is the volumetric fraction of the inner cores of 
the shelled spheres: 

                       (11) 

By substituting (10) into (9), the final effective mixture 
permittivity εmix

* for a three-phase system is obtained. Similarly, 
a combination of (10) and (2) can also provide a prediction of 
effective permittivity for a dilute dispersion system. In addition, 
the three-phase models can be further extended to more 
complicated multi-components systems[49-51].  

In this study, in order to fit the complex permittivity of 
unconsolidated porous media containing hydrate and to 
estimate volumetric fractions, we defined a confocal multi-shell 
sphere model as shown in Fig. 1(b) to illustrate the procedure. 
The sphere includes n layers of confocal shells numbered from 
1 to n in the radial direction between the inner core and the 
continuous phase. For the core covered with the first shell, the 
equivalent complex permittivity of the particle εs1

* is given by: 
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Where εc
* and εp1

* are the complex permittivity of the core 
and the first shell, respectively and Ф’1 is the inner core’s 
volumetric fraction. Then, the particle with the 1st layer of the 
shell is regarded as a new homogeneous inner phase with 
volumetric fraction Ф’2, and the effective complex permittivity 
of the particle with the 2nd shell is represented as: 

3

3 34 4
=

3 3

r
' r R

R
                

π π
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Circularly, with a similar analogy, for the spherical particle 
with n layers of shells, its equivalent complex permittivity εpn

* 
can be obtained with εp(n-1)

*, εsn
*, and Ф’n. Finally, substituting 

εpn
* into (2), the bulk permittivity can be calculated with this 

nested Wagner model (the confocal multi-shell sphere model is 
called the NW model, for short).  
 

*

p

*

m

*

1

*

2 r

R
   

*

( 1)p n 

*

pn*

sn
*

1p
*

1s

*

c

 
（a）                                         (b) 

Fig. 1. Electrical models for three-phase systems and multi-shell systems, and 

the schematic diagrams derivation procedure of the theoretical equations. (a) 

the three-phase system where r represents the inner core’s radius and R 
represents the outer radius of the shell, (b) the multi-shell model. 

 

C. Modification with Solid Surface Conductance 

The M-W effect is not the exclusive contribution to the low-
frequency dielectric dispersion of the grain packs containing 
liquid. The other contribution is  the electrical double layer 
coating the surface of grains: the electrochemical effect[31]. A 
fixed charge density is located at the surface of grains in contact 
with the water solution, and the conductance in electrical 
double layers is called the surface conductance. The surface 
conductance ∑ 

S can be written as the sum of two parts[52]: 
EDL Stern

S S S
                          (13) 

Where ∑EDL 

S and ∑Stern 

S  are the contributions from the ionic 
conduction in the electrical diffuse layer (outer layer) and in the 
Stern layer (inner part of the double layer), respectively. For 
very low salinity, the first part ∑EDL 

S  is a minor component 
compared to ∑Stern 

S , which is formed by ions adsorbed on the 
solid surface. The double layer effect is believed to play the 
dominate role in a frequency range lower than the M-W effect. 
However, in the intermediate frequency range (10kHz to 
10MHz), where both the M-W and electrochemical effects exist, 
many  theoretical approaches have been proposed to interpret 
the experimental data, e.g. extending the M-W mechanism to 
lower frequencies and establishing standard models of colloidal 
chemistry[53]. In the geophysical literature, the low frequency 
range is envisioned to be dominated by the M-W effect, which 
is due to the discontinuity of the displacement current at the 
interface between different components. Counterions in the 
Stern layer can  move tangentially to the mineral surface, and 
beyond that they attain  some degree of freedom to get sorbed 
and desorbed[54]. M-W polarization and surface conductance 
should  be considered together in the intermediate frequency 
range[55-59], and they are  both affected by the porous media’s 
geophysical properties, e.g. grain size distribution and the 
mineral surface[57, 60]. As a side note, the neglect of the 
surface conductance leads to spurious interpretations, and in 
quartz sands, it cannot be ignored at very low salinities[61]. 

The CRIM, Wagner, or the MWBH models do not consider 
the surface conductance with an assumption that the 
conductivity of the solid phase is negligibly small. In this study, 
we took the surface conductance contributed by the electrical 
double layers into consideration, and the NW model was 
modified by introducing the surface conductivity to the 
outermost layer of the solid phase.  
 

III. EXPERIMENTAL METHOLOGY 

A.  Complex Permittivity 

  The complex permittivity is a combination of the material’s 
dielectric constant and loss factor, and both its real and 
imaginary spectrum are always changing with frequency. 
Taking the conductivity into account, the complex permittivity 
can be expressed as: 

* ' ''

0

= j j
  


                             (14) 

Where ε* is the complex relative permittivity, and ε’ and ε’’ 
are the dielectric constant and dielectric loss, respectively, and 
σ, ε0, ω, and j are conductivity, vacuum dielectric constant, 
angular frequency and the imaginary unit, respectively. In this 
study, the mixture is composed of the liquid THF solution, THF 
hydrate, quartz sand, and air together or partially depending on 
the experimental process. Thus, to illustrate the differences 
between dielectric properties of the four components, the 
dielectric constant and loss factor spectra at a frequency range 
from 1 kHz to 10 GHz are schematically presented in Fig. 2. 
Both THF solution and THF hydrate have a prominent 
dispersion, compared with the invariable spectra of air and 
quartz sand. The dielectric constant is related to the net 
polarization opposing the applied EM field, and the loss factor 
(ε’’+σ/ωε0) is interpreted as the joule heat loss and polarization 
loss. Different polarization phenomena such as relaxation of 
polar molecules, the Maxwell-Wagner effect, and the 
displacement of atoms’ electronic cloud result in the dispersion 
of the complex permittivity [62].  In clathrate hydrates the 
dispersion peak which is located below 10MHz, theoretically 
depends on the properties of the encaged guest molecules, and it 
always overlaps the interfacial polarization in the frequency 
domain[34]. The permittivity spectrum of THF solution is 
affected by the solution proportion, and a predominate dispersion 
caused by molecular polarization can be observed over 1GHz. 
Moreover, it was  reported that both the spectra amplitude and 
dispersive frequency of the hydrate and solution vary with 
temperature [63-65]. In the displayed frequency range, the 
dielectric constant of quartz sand and air are stable, and their loss 
factors are both negligibly small. In brief, the existence of THF 
solution and THF hydrate can be determined with their specific 
dispersion of complex permittivity. 
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(a) 

 
(b) 

Fig. 2. Dielectric constant (a) and loss factor (b) of the complex permittivity 
of quartz sand (blue), the THF hydrate (red), air (orange), and THF solution 
(black). 

 

B. Dielectric Measurement  

The complex permittivities  in this study were obtained with 
a dielectric measurement system which is the same as the 
equipment used in our previous work[38]. The dielectric probe 
acts as the key-part of the system and its detailed structure is 
shown in Fig. 3. The length of in-house made open-ended 
coaxial dielectric probe is 200mm, and its open section’s 
transverse dimension are presented in the subgraph of Fig. 3 
(outer diameter of inner conductor 2a=0.51mm, the inner 
diameter of outer conductor 2b=1.67mm, and these two 
parameters will be used in complex permittivity inversion). A 
Pt100 resistance temperature detector (RTD) probe was bound 
with the slim type dielectric probe, and the RTD’s terminal was 
a little higher than the open end of the dielectric probe, so that 
the interference of the metal resistance element to dielectric 
measurement could be avoided. The integrated probes 
penetrated into the measured medium, the dielectric probe and 
RTD were connected with the vector network analyzer (VNA 
type 5061B from Keysight) and temperature recorder (type 
IV3000 from IVYTECH). In the whole experimental process, 
the vector network analyzer and the temperature recorder were 
controlled by a master computer to periodically record both the 
reflection coefficient from 1MHz to 3GHz and temperature. The 
dielectric spectra were inversed from the complex reflection 
coefficient, and this calculation will be discussed in the next 
section. 

0.51mm

1.67mm

2.2mm

RTD Probe

Open Ended 

Coaxial Probe 

3.5mm 

Connector

Measured 

Medium

Reference 

Plane

 
Fig. 3. Schematics of the probes for dielectric and temperature measurement. The 
open-ended coaxial dielectric probe and the RTD probe are bound together and 
penetrated into the measured medium. The detailed structure of the open-ended 
probe is shown in the subgraph at the right side. 

 
The THF (>99.9%) and deionized water were mixed as the 

hydrate former, and the mass ratio was 1: 4.25 that guarantees no 
liquid remained after the hydrate formed. Quartz sand with two 
particle sizes (to simplify the calculation, quartz sand particles 
with diameter about 0.9mm and about 0.28mm were 
homogenized as spheres with diameters of 0.9mm and 0.28mm) 
was prepared as the porous media, and the sand was carefully 
washed to make the residual soluble ions as few as possible. This 
is because the pore liquid salinity not only affects the permittivity 
of the mixture, also can change the formation process and 
equilibrium condition of the hydrate[66-68]. In this study, 
salinity was kept extremely low to diminish its influence, and the 
effect of the pore liquid salinity will be studied in our following 
works. The THF solution was added into the quartz sand until 
supersaturated. The electrical conductivity of the pore liquid was 
monitored with the TDS probe and conductance meter, and the 
conductivity was less than 1e-5S/m which was at least one order 
smaller than surface conductivity in this study. All the mixtures 
were placed together into a glass reactor which was sealed with a 
rubber plug and placed inside the computer-controlled 
thermotank.  
 

C. Inversion of the Complex Permittivity 

  Before the measurement of complex permittivity was carried 
out, the VNA was calibrated with calibration kits (type 85033E 
from Keysight), and as shown in Fig. 3, its reference plane was 
located at the 3.5mm connector which links the dielectric probe 
and the phase stable cable. The electromagnetic wave with 
transverse electric and magnetic (TEM) mode incident on the 
open end of the dielectric probe was partially reflected back, 
with a part of it radiated into the material attached to the 
terminal. Simultaneously, the incident wave generated many 
other higher order modes over the annular open end[69]. The 
complex reflection coefficient is significantly affected by the 
dielectric and loss properties of the material under test (MUT). 
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When the size of the probe terminal  aperture is  electrically 
small, the relationship between complex reflection coefficient 
Г* and the complex permittivity of MUT εs

* can  be established 
with the quasi-static model in the frequency domain[70]: 

*
0 1 0 1
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2 20
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            (15) 

Where a is the outer radius of the inner conductor (mm), b is 
the inner radius of the outer conductor (mm), d is the effective 
thickness of the MUT, kc is the continuous eigenvalue which 
acts as the integrating factor, ε0 and μ0 are the permittivity and 
magnetic permeability of vacuum, respectively,  ε1 and μ1 are 
the relative permittivity and relative magnetic permeability of 
the dielectric probe’s filling material, respectively, (the 
cylindrical dielectric material of our probe was  Teflon with μ1 
=μs =1and ε1=2.1), and εs and μs are the relative complex 
permittivity and relative magnetic permeability of the MUT, 
respectively.  

Although the characteristic impedance of the open-ended 
probe was 50 Ohm, insertion loss of the 3.5mm connector and 
the probe’s length can both introduce errors into the complex 
reflection coefficient Г*. The systematic error of directivity (ed), 
frequency response error (er), and equivalent source match error 
(es) gave rise to deviations between the reflection coefficient 
measurement by the VNA Гm and the actual reflection 
coefficient Гa. Compensation corrections by measuring three 
materials with known reflection coefficients provided a solution 
for the systematic errors in the frequency domain. Then the 
three systematic errors were mathematically removed from 
subsequent permittivity measurements.  Гa is derived from the 
following equation, and it equals the complex reflection 
coefficient Г* in (15)[71]: 

dm
a

s d rm( )

Γ eΓ
e Γ e e




 
                            (16) 

   In this study, the compensation was carried out by using 25℃ 
deionized water, a short circuit kit with gold plated rubber, and 
air. The permittivity of pure water at standard atmospheric 
pressure and the temperature of 25℃ was adopted as the 
referenced permittivity of the 25℃ deionized water [72], and 
the reflection coefficients with air and deionized water were 
derived with (15).  The inversion method for open-ended 
coaxial probe was established, and the complex permittivities 
in a very wide frequency range (1MHz-3GHz) were obtained 
with the open-end coaxial method. 
 

D. Validation of Volumetric Fraction Results 

  In order to further verify the accuracy of the fitted results, we 
build the standard of volumetric fractions with an X-ray CT 
system (‘SOMATOM Definition AS’ from SIEMENS with 
100μm resolution). The glass reactor containing the mixed 
media was scanned before the hydrate’s formation started (state 

without the hydrate-WHE) and after its formation was 
completed (state of no liquid solution left-NLL). In the 
following studies, the standard values of volumetric fractions 
were quantitatively obtained with this system in the two 
experimental states. The scanning time for each sample was 
about 1 min, which was adequately short to prevent the hydrate 
from unwanted melting. The distribution of the mixture was 
approximatively homogeneous, and a short cylindrical area 
(radius r=1cm, height h=0.5cm) was selected around the probes’ 
terminal and false-colored with Matlab. The reconstructed 3D 
images are presented in Fig. 4, where the top horizontal plane 
is parallel to the open end of the coaxial probes which 
penetrated about 1 cm into the mixture, and the particle size was 
about 0.9mm. The reversed results slightly varied with the size 
of the sand particles. For the sake of brevity, the X-ray CT 
image with a particle size of about 0.28mm are not shown. The 
standard value of volumetric fractions can be found in Table I. 
The green color indicates the quartz sand particles, the blue and 
yellow inclusions indicate the fluid solution and THF hydrate, 
respectively, and the black color is the air which can be 
observed more clearly in the sub-figure of Fig 7(b). The 
dimension of the thermotank’s outline exceeded the scanning 
area, and what is more, the electric circuit of the X-ray CT 
system cannot function below 4.4℃. Due to these limitations, 
the volumetric fraction standard values of experimental stages 
during the formation and dissociation processes of the hydrate 
which occurred below 4.4℃ can only be speculated from data 
at WHE and NLL states.  

 

   
(a)                                   (b) 

Fig. 4. The reconstructed 3D X-ray CT images with Matlab. Blue, green, 
black, and yellow represent THF solution, quartz sand, air, and THF hydrate 
respectively. The radius of the selected cylinder r=1cm, and the particle size is 
about 0.9mm. (a) Image before THF hydrate’s formation started, (b) image 
after THF hydrate’s formation was completed. 

 
   From the X-ray CT analysis, it can be seen that the 
distribution of the mixtures is basically uniform in the vicinity 
of the probe’s open end. As presented in Table I, the inversed 
volumetric fraction of samples with different particle sizes are 
roughly the same. For each particle size, the gas phase inclusion 
appeared after the hydrate formation had been completed (as 
shown in Fig. 4(b)), even though the gas phase content was 
critically small (see  Table I) which came from the air initially 
dissolved in the THF solution[73, 74].  Furthermore, there was 
a slight decrease in the fraction of quartz sand in the NLL state. 
This is because that with the agglomeration of the hydrate the 
boundary of the hydrate cluster gradually expanded, and the 
bulk volume of the mixture increased. At the same time, with 
the liquid consumed, a tiny amount of air inclusions dissolved 
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in the solution initially appeared. It can be observed from the 
subgraph of Fig. 4(b) that many air inclusions existed as a 
membrane covering the hydrate and sand particles. The 
proposed mixed model was applied to the quartz sands 
contacting the hydrate, and compared to the X-ray CT results, 
the fitted or prediction performance will also be estimated based 
on the standard values in Table I. 
 

TABLE I 
THE STANDARD VALUES OF VOLUMETRIC FRACTIONS 

Particle 
Size(mm) State 

Volumetric Fractions 

Quartz 
Sand 

THF 
Solution 

THF 
Hydrate 

Air 

0.90 WHE 45% 55% 0% 0% 
0.28 WHE 47% 53% 0% 0% 
0.90 
0.28 

NLL 
NLL 

44% 
45% 

0% 
0% 

53% 
54% 

3% 
1% 

 

IV. RESULTS AND ANALYSIS  

This section is divided into two parts. First, experimentation 
with the complete process of hydrate formation and dissociation 
will be presented. The nested Wagner’s theory was modified 
with the surface conductance theory, and then it was applied to 
fit the time-varying measured dielectric spectrum at some 
representative stages. The fitted performance will be compared 
with the CRIM and MWBH model which has been commonly 
used in bulk dielectric prediction of porous media. In the second 
part, the effect of several factors, temperature, surface 
conductivity and particle size on the proposed model will be 
examined. The experimentation results showed that, the 
proposed NW model has demonstrated an excellent 
performance. It is capable of providing a good estimation of the 
components’ fraction in the mixtures, under a number of 
changing influencing conditions.   
 

A.  Fitting Performance of Different Phase Configuration 

Saturation is associated with a complex configuration of 
liquid, solids and gas phases in pore space in the unconsolidated 
quartz sand, which play an important role in complex 
permittivity evaluation. In this part, the measured complex 
permittivity of a representative experiment will be presented, 
and the spectra recorded at each experimental stage with 
different component configurations will be discussed. In the 
typical experiment, the quartz sand with a particle size of about 
0.9mm was used as the unconsolidated porous media, and the 
THF solution was added to supersaturate it. For the phase 
transition of gas hydrate, temperature was  both the control 
means and status indicator, especially for THF hydrate which is  
stable at atmosphere pressure (phase equilibrium temperature 
of THF hydrate is 4.4℃ [18, 20]). Fig. 5 shows the measured 
dielectric constant and loss factor at three typical frequencies 
(3.5MHz, 300MHz, and 3000MHz) and the recorded 
temperature as a function of time during the whole experimental 
process. 

The whole experimental process was divided into six stages, 
and significantly different characteristics were found with 
permittivity and temperature at each stage: 

For stage A, the temperature was controlled dropping from 
room temperature until reaching around 0℃, which was 

obviously a supercooled temperature for THF hydrate. During 
this stage, the mixture was in the ‘WHE’ state, and it can be 
seen from Fig. 5 that the complex permittivity changed with 
temperature. This is due to the temperature sensitivity of the 
liquid solution’s dielectric properties, and moreover, analogous 
details were  discussed  in our previous publication [38], which 
will  not be repeated  here.  

Stage A was terminated with drastic changes in both 
temperature and complex permittivity, which indicate the quick 
formation of hydrate around the probe, also there was liquid 
solution leaving the area far from the probe. Then the temperate 
recorded by the RTD was kept at 4.4℃ for about 100mins in 
stage B, even though the temperature inside the thermotank 
continued dropping. Another interesting fact is that the 
dielectric constant at 3.5MHz kept pace with the RTD 
temperature, and a reverse process was  found in stage D. This 
is because of the temperature dependence of the hydrate 
dielectric dispersion at low frequency, which has already been 
previously clarified[38]. As the hydrate formation was 
completed in the whole reactor, the RTD temperature remained 
stable around -10℃ which is the lower limit of the target 
temperature. As a consequence, the mixture was in the ‘NLL’ 
state during stage C. 

Compared to the quick formation, the time of the dissociation 
process was much longer. During stage E, the temperature was 
kept at 4.4℃, the equilibrium temperature of THF hydrate, but 
which was different from stage B in that the complex 
permittivity at all three frequencies varied with time and 
showed an explicit dispersion. According to our experiments, 
temperature did not break the equilibrium 4.4℃, until the 
hydrate in the whole reactor melted. However, it can be seen 
from the dielectric change that for the area inside the detection 
zone of the dielectric probe (about several millimeters adjacent 
to the probe’s terminal), the dissociation process was 
concentrated in the time period between 746th to 758th min 
which is colored with dark grey in Fig. 5. When the equilibrium 
temperature was broken, it was converted to stage F, which 
returned to the ‘WHE’ state. 
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     (b) 

Fig. 5. Measured dielectric constant and loss factor at 3.5MHz, 300MHz, and 
3GHz, and the recorded temperature during a representative experiment. Quartz 
sand was selected with a particle size of about 0.9 mm. Corresponding to 
distinct states of the mixture, the whole experimental process was divided into 
six parts with dashed vertical lines. The light gray area indicates the existence 
of hydrate in the whole reactor, and the hydrate dissociation process occurred 
inside the detection area of the dielectric probe, concentrated in the dark gray 
area.  

 
Estimation of component contents based on permittivity data 

can be reliable when a suitable mixing model is applied. CRIM, 
MWBH, and the modified NW model were used to fit the 
measured complex permittivity curve at stage A, B, D, E, and 
F. The first two models were used in previous studies on the 
hydrate fraction calculation, and the modified NW model 

proposed in this study was first adapted to hydrate estimation. 
σPS represents the surface conductivity of the solid phase, and 
the conductivity of liquid solution was set as zero, because the 
THF solution is prepared with deionized water which can 
provide few free ions, and what is more, this was verified by 
applying the conductivity meter in stage A and F.  

In the microwave range, the non-dispersive relative dielectric 
constant of pure quartz sand (SiO2>99.9%) was  εsnad=4 and it 
had  a negligibly small loss factor[75]. The complex relative 
permittivity of THF solution ε*

solution and THF hydrate ε*
hydrate 

can both be calculated with the Cole-Cole model: 

  *

1

0

= ' ''
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      (17) 

Where ε*(ω) is the dispersive complex permittivity of either 
THF solution or THF hydrate, ε’, ε’’, εs, and ε∞ are the dielectric 
constant, loss factor, dielectric constant at static, and infinity 
frequency, respectively, ω is the angular frequency, α is an index 
parameter which is less than 1, τ is the relaxation time, and σ is 
the conductivity. According to  former study results, complex 
permittivity of both the liquid solution and hydrate showed 
obvious dependence on temperature [63-65]. As mention above, 
the conductivity of the liquid solution was set as zero. Moreover, 
the dielectric dispersion of THF solution is analogous to liquid 
water, and it was crucially influenced by the proportion of the 
solution. The relationship between parameters α, τ, εs, ε∞, and 
the temperature were  illustrated in our previous study [38]. 
Specifically, the parameters of the Cole-Cole model that were 
used in this part are presented in Table II. 

 
TABLE II 

COLE-COLE PARAMETERS OF THF HYDRATE AND SOLUTION 

Stage Temperature 
THF Hydrate  THF Solution 

ε∞ εs α τ(s)  ε∞ εs α τ(s) 
A 6.6℃ None None None None  5.85 67.5 0 1.59e-11 

B -1.1℃ 7 61.77 0.018 5.65e-8  None None None None 

D -10℃ 7 63.62 0.018 8.12e-8  None None None None 

E 4.4℃ 7 60.7 0.018 4.59e-8  5.85 67.8 0 1.65e-11 

F 6.6℃ None None None None  5.85 67.5 0 1.59e-11 

 

The fitted results and the measured data are shown in Fig. 6 
and Fig. 7, and the estimated volumetric fractions and other 
parameters are listed in Table III. The dielectric properties at 
stage C were quite similar to stage B, because in the region 
inside the detection range of the open-end probe, the mixtures 
at the two stages were both in the ‘NLL’ state. So it is not 
necessary to present the fitted results at stage C. The measured 
dielectric constant and loss factor are depicted as little dots in 
Fig. 6 and Fig. 7 in the whole experimental frequency range. 
For the band below 3MHz, obvious distortion could be found, 
which is attributed to the performance limitation of the open-
ended coaxial method. To evaluate the uncertainty of the 
measured results, the absolute value of the error calculated with 
the moving average are presented as bar graphs in Fig. 6 and 
Fig. 7. The amplitude of the uncertainties significantly rose 
below 3MHz, therefore, only data measured over 3MHz were 
taken into consideration in this study. For stage A and F (both 
in the WHE state), two permittivity dispersions can be observed 
before the hydrate formation begins or after the dissociation is 
complete. One of them is the interfacial polarization caused by 

the M-W effect below 100MHz, and the other is molecular 
polarization due to the dipole relaxation of the liquid solution 
over 1GHz. For frequencies higher than 100MHz, the fitted 
performances were all acceptable with the three models, which 
can also be extended to other stages. However, regarding the 
frequency lower than 100MHz, the CRIM which is a mixture 
law based on the weighted sum of the complex refractive index, 
does not take the M-W effect caused by the migration of ions at 
low frequency into consideration. For the ‘WHE’ state, we 
consider a two-phase configuration where quartz sand particles 
are embedded in a liquid solution background. Then the 
MWBH and the NW model were simplified to (9) and (2) 
respectively, and the dispersed phase is the quartz sand. 
Equation (9) which is not a simple linear summation is 
complicated by the 1/3 power and integrations. Even if all the 
particle sizes of the dispersed phase are set to a unified profile, 
it is still not easy to be solved with the algebraic method. 
Moreover, the THF solution that acts as the continuous 
background was blended with pure THF and deionized water, 
and it was almost an electrical insulation. Consequently, the 
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fitted results with CRIM and MWBH kept consistent as the 
frequency decreased in stage A and F. To match the dispersion 
near the lower limit of the frequency band, conductance at the 
solid surface was employed in this study. In stage A, E, and F, 
when the surface of the solid phase was humidified by the 
solution, there was surface conductivity assigned to the 
particles with an order of mS/m in the modified NW model 
which was believed caused by the electric double layer effect. 
As a result, in terms of dielectric dispersion at lower frequency 
(below 100MHz), the modified NW model achieved the best 
fitted performance among the three models. For example, in 
stage F as shown in Fig. 7, the fitted dielectric constant curves 
with CRIM and MWBH obtain slopes in low frequency range, 
which are obviously more gentle than that from NW model. 
Besides that, the upper limit of the dispersion below 100MHz 
fitted with CRIM and MWBH extend to higher frequencies, and 
the discrepancy from the experimental results of them are both 
larger than the NW model. Furthermore, the fitting effect of 
CRIM critically distorted in frequency range below 100MHz, 
for it neglects the interaction between different components. 
Analogous phenomena could be found in the loss factor fitting 
and other experimental stages. 

After the hydrate formation was completed in stage B, as 
shown in Fig. 6, only the dispersion of the THF hydrate can be 
observed. According to the 3D X-ray CT result in the NLL state, 
there was a slight amount of air (colored as black in Fig. 4(b)) 
between the solid blocks. This is because that the density 
decrement as the hydrate was forming was accompanied by a 
volume inflation and an exothermic process, and consequently, 
the gap between unconsolidated sand particles might possibly 
be extended. As the THF solution was consumed, air initially 
dissolved in the solution escaped from the liquid and filled the 
micro gaps between solid blocks[73, 74]. Therefore, in stage B 
and D, the gas phase component has been added into the 
mixture, and except for stage A and F, there would be at least 
three kinds of phase components in the rest of the stages.  
 

  
(a) 

  
(b) 

Fig. 6. The dot spectra are the complex relative permittivities in stage A and 
stage B. The uncertainties of the measured data are presented as bar graphs. 
The solid spectra are fitted to measure the permittivities with three models. 
The dielectric constant and loss factor are with a quartz sand particle size of 
about 0.9 mm. 

 

 
(a) 

 
 (b) 

Fig. 7. The dot spectra are the complex relative permittivities in stage D, stage 
E, and stage F. The uncertainties of the measured data are presented as bar 
graphs. The solid spectra are fitted to measure the permittivities with the three 
models. The dielectric constant and loss factor are with a quartz sand particle 
size of about 0.9 mm. 

 
Regarding the detailed parameters in Table III, both MWBH 

and the modified NW models described the dispersed phase 
(quartz sand in stage A and F, hydrate coated quartz sand in 
stage B, D, and E) as naked or confocal shelled spheres in 
different stages. r and d in millimeters are the radius of sand 
particle and hydrate shell thickness, respectively, and it should 
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be noted that all the parameters were set as a spatially uniform 
value for the same condition. r was 0.45mm all the time, and d 
always changed throughout the whole experiment. In stage B 
and D, the hydrate shell was completely formed, and there was 
just a difference in temperature, so the shell thickness d 
remained the same. When it came to stage E, the hydrate began 
to dissociate, at the specific time node 758th min shown in Table 
III, the thickness d decreased to 0.092mm and 0.105mm in the 
MWBH and NW models, respectively. Moreover, liquid 
generated by the hydrate melting gradually accumulated, air 
bubbles were immediately filled with the fluid solution, and the 
gas phase vanished very early in stage E. The surface 
conductivity of the solid particle -- σPS, was located at the outer 
shell of the solid spheres. Also, as the fraction of liquid solution 
grew, the double layer effect was enhanced, and the value of the 
surface conductivity increased. The surface conductivity σPS 
was introduced to the complex permittivity of the solid phase at 
the interface with a form of -jσPS/ωε0. Specifically, in stage A 
and F, the dielectric properties of quartz sand became, 
dependent on frequency, equal to εsnad-jσPS/ωε0=4- jσPS/ωε0, and 
in stage E, by making σ in (17) equals to σPS, the complex 
permittivity of the hydrate, which acted as outer shells of the 
solid spheres, was redefined. In this section, the value of σPS was 
obtained by fitting the optimum performance to the measured 
data. 

Compared with the standard volumetric fractions obtained 
with X-ray CT, some advantages of the modified NW model 
were revealed. The deviations of the fitted result with the 
modified NW model was smaller than 1.5% compared to the 
standard values, and results calculated with the other two 
models were both much larger. For example, the volumetric 
fraction of quartz sand calculated with CRIM were always 
smaller than 40%, which is obviously incorrect. Limited by the 
X-ray equipment, we could not monitor the real-time X-ray 
images as the experiment was going on. Although only standard 
fractions at WHE and NLL states could be provided, we could 

still analyze the hydrate melting process in stage E by referring 
to the two states. It seems unusual that for the selected time 
node at stage E, the estimated volumetric fraction of quartz sand 
was only about 1/3 of the standard from X-ray CT. This is 
probably due to the flush effect of the melting solution which 
made the local microstructure different e.g. the fragile sand 
matrix collapsed and was reconstructed with bigger gaps 
containing more fluid. Eventually, the temporarily unstable 
fluid state resulted in the distinctions between stage E and other 
stages. For the three models, the mixture as homogeneous 
media, and the parameters in those models were obtained by 
normalizing the heterogeneous distribution in the microscopic 
view. In the beginning of the dissociation period, the solution 
liquid flushed over the surface of hydrate shells, where there 
was no surface charge. Also, as the hydrate melted, some shells 
collapsed and the surface of sand grains gradually contacted the 
solution, which had surface charges. Furthermore, as the liquid 
phase amount increased, the surface conduction apparently 
increased (see σPS from stage E to stage F). As well as stage A, 
stage F was also in the WHE state, and the estimated volume 
ratios were nearly the same. For the same temperature condition, 
σPS in stage F was a little larger than in stage A, because the 
mobility of counterions located at the solid surface were slightly 
enhanced by the liquid flow, when the hydrate melted. As a 
result, we can draw the conclusion that, no matter at which 
experimental stage, the modified NW model obtained better 
accuracy than the CRIM and MWBH models, and the surface 
conduction modification helped to match the interfacial 
polarization below 100MHz. Concerning both fitting effects 
and accuracy, the modified NW model showed its advantages, 
although as shown in Table III, the other two reference models 
possessed same σPS as applied to the proposed model. At the 
same time, the modified NW model can also provide physical 
mechanism explanations when compared with  semi-empirical 
models [76]. 

TABLE III 

PARAMETERS FITTED IN EACH STAGE 

Stage Temperature Time 
(min) 

Model Quartz 
Sand 

Hydrate Solution Air σPS(S/m) r(mm) d(mm) 

A 6.6℃ 44th  
CRIM 38.0% 0% 62.0% 0% 4.2e-3 None None 

MWBH 40.0% 0% 60.0% 0% 4.2e-3 0.45 None 

NW 43.7% 0% 56.3% 0% 4.2e-3 0.45 None 

B -1.1℃ 228th  
CRIM 39.8% 60.1% 0% 0.1% 0 None None 

MWBH 40.3% 52.7% 0% 7.0% 0 0.45 0.145 

NW 43.0% 55.0% 0% 2.0% 0 0.45 0.147 

D -10℃ 320th  
CRIM 39.9% 60.1% 0% 0.1% 0 None None 

MWBH 42.0% 52.0% 0% 6.0% 0 0.45 0.139 

NW 43.0% 55.0% 0% 2.0% 0 0.45 0.147 

E 4.4℃ 758th  
CRIM 27.0% 22.4% 50.6% 0% 3.0e-5 None None 

MWBH 29.4% 22.0% 48.6% 0% 3.0e-5 0.45 0.092 

NW 30.1% 26.3% 43.6% 0% 3.0e-5 0.45 0.105 

F 6.6℃ 896th  
CRIM 37.1% 0% 62.9% 0% 6.5e-3 None None 

MWBH 40.0% 0% 60.0% 0% 6.5e-3 0.45 None 

NW 43.5% 0% 56.5% 0% 6.5e-3 0.45 None 

A typical example of the modified NW model’s application 
on hydrate dissociation process is illustrated in Fig. 8. The 
forward direction of the timeline is from the left side to the right 
side, and regarding Fig. 5, the time axis could not be reversed. 

At the beginning, the mixture in stage D is in the ‘NLL’ state, 
and the continuous background was air (white color in the 
picture), the dispersed inclusions were quartz sand balls (green 
color) with hydrate shells (yellow confocal shells). From the 
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temperature curve depicted in Fig. 5, the hydrate dissociation 
was triggered by increasing temperature, and the melting 
process was time consuming in contrast to the momentary 
formation. So, from the middle segment of Fig. 8, an obviously 
gradual change appeared both in the background and the 
inclusion balls: pores were filled with the liquid solution (color 
from light blue to dark blue) by degrees, and the hydrate shell 
little by little became thinner. The temperature remained at 4.4℃ 
all though the hydrate dissociation in stage E, until there was no 
hydrate remaining. Then the mixture returned to the ‘WHE’ 
state as shown in the right segment of Fig. 8, and the yellow 
shells totally vanished. For the component configuration in 
unconsolidated porous media in this study, the modified NW 
model can provide an appropriate description of the phase 
transition process. Furthermore, concerning more complex 
natural sediments, as more components were added, the NW 
model with a single shell layer was extended to a multi-layer 
type as depicted in Fig. 1(b). 

 
Fig. 8. Artist's interpretation schematic of how a hydrate dissociating process is 
fitted with the modified NW model in unconsolidated porous media. Green 
balls, yellow shells, white and blue background represent quartz sand particles, 
hydrate, air, and liquid solution respectively. The scale in the figure is just for 
purpose of model demonstration and does not represent the actual sizes. 

 

B. Model Application for Different Conditions 

 
Temperature: Considering that complex permittivity is always 
temperature dependent, and moreover as described in the 
previous section, there are close relationships between the 
mixture components and temperature for porous media 
containing hydrate. To illuminate the temperature influence on 
the proposed model, we used two situations as examples: 
temperature varying without phase transition and phase 
transiting at the invariable phase equilibrium temperature. For 
the first situation, the measured data and fitted results are 
illustrated in Fig. 9 at three different temperature points in stage 
B. As there was no liquid phase left, the dispersion peaks below 
100MHz can only be from THF hydrate, and these peaks drifted 
to lower frequencies as the temperature fell. Viewing the fitted 
parameters exhibited in Table IV, volumetric parameters of 
every component remained invariant as the temperature fell. 
This is because that Cole-Cole parameters for THF hydrate are 
functions of temperature, and for static permittivity ε0 (high 
frequency permittivity was constant ε∞=7) and relaxation time 
τ, the relationship was  shown as [38, 65]: 

0 =14900 / T                                 (18) 

log( )=-11.9+1265.7/T                              (19) 

Applying the Cole-Cole parameters in the modified NW 
model according to varying temperatures, low frequency 
dispersion changed and the fitted curves well matched the 
experimental data, although there was no difference in the 
mixture’s components and structure. 

 
(a) 

 
  (b) 

Fig. 9. The dot spectra are the measured complex permittivity at the same 
position in stage B. The solid spectra are fitted permittivity with the modified 
NW model.  
 

For the second situation, the mixture in stage E was 
maintained at the equilibrium temperature of 4.4℃ with the 
hydrate melting. Complex permittivity was selected at four time 
points in the dark grey area (between 746th min and 758th min, 
inside the probe’s detection zone, the dissociation process 
mainly occurred in this time range) in Fig. 5, and the measured 
and fitted spectra are presented in Fig. 10. Both the dielectric 
constant and loss factor showed obvious differences at the four 
time points in the whole frequency range, while the variation 
tendencies were stable over time. The dielectric constant over 
10MHz integrally decreased, but for the range below 10MHz, 
the decrement became smaller as the frequency declined. The 
loss factor part over 100MHz grew, and the low frequency part 
shrank. The process of hydrate melting and liquid accumulation 
are clearly revealed in volume fractions changing in Table IV. 
Also, the slight increment of the quartz sand fraction can be 
perceived, and it showed a   tendency approaching 43.5% (the 
sand volumetric percentage after dissociation was complete in 
stage E). To sum up, even if the temperature is stable, phase 
transition can be revealed from the parameters of the modified 
NW model, and combined with the temperature dependent 
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Cole-Cole model, the modified NW model performed well in 
both situations with different temperature conditions. 

 
(a) 

 
(b) 

Fig. 10. The dot spectra are the measured complex permittivity at the same 
position in stage E. The solid spectra are fitted permittivity with the modified 
NW model. All the spectra were obtained at the equilibrium temperature of THF 
hydrate 4.4℃. 

 
TABLE IV 

PARAMETERS FITTED IN STAGE B AND STAGE E 

Stage Temperature Time(min) Quartz Sand Hydrate Solution Air σPS(S/m) 

B 

3℃ 180th  42.0% 56.0% None 2.0% None 

-1.1℃ 228th  42.0% 56.0% None 2.0% None 

-9℃ 305th  42.0% 56.0% None 2.0% None 

E 

4.4℃ 746th  28.4% 50.7% 20.9% None 2.0e-6 

4.4℃ 749th  28.8% 46.3% 28.9% None 5.0e-6 

4.4℃ 

4.4℃ 

753th 
758th  

29.5% 
30.1% 

32.0% 
26.3% 

38.5% 
43.6% 

None 
None 

1.0e-5 

3.0e-5 

Surface Conductance: There were interfaces between the 
liquid and solid in three stages A, E, and F. For stage A and F, 
interfaces occurred between the quartz sand and THF solution, 
while in stage E, interfaces were between the outer surface of 
hydrate shells and the solution. Hence, as we illustrated in 
section II, we configured the modified NW model in that quartz 
sand in stage A/F and hydrate in stage E possessed surface 
conductivity respectively. For the same temperature of 6.6℃ at 
one measuring position, the differences between the complex 
spectra before hydrate formed and after hydrate completely 
melted can be found in Fig. 11. The fluid flush during the 
melting process increased the surface mobility, and as the fitted 
σPS listed in Table III, the surface conduction in stage F (896th 
min) was 1.5 times larger than in stage A (44th min) at 6.6℃. 
Because the volumetric fractions were almost the same, spectra 
over 10MHz coincided in Fig. 11, while the larger surface 
conductivity in stage F caused a higher rise as the frequency 
decreased below 10MHz. Then we considered the surface 
conduction changing with the hydrate melting in stage E. First, 
as the fitted results presented in Table III and IV show, the 
surface conductivity in stage E was smaller than in stages A/F 
at the surface of the quartz sand, and the surface conductance 
occurred at the surface of hydrate shells in stage E. Second, 
although obvious growth was found in surface conduction with 
the hydrate dissociating, it can hardly act as counterweight to 
the decrease of the hydrate’s characteristic dispersion. 
Referring to the fitted results with the modified NW model, a 
conclusion can be drawn that the surface conduction scarcely 
has an influence on bulk dielectric properties at low frequencies 
when the hydrate is in the process of dissociating with 
extremely low salinity, but nonetheless, when the mixture 

comes to the ‘WHE’ state, a different phenomenon emerges. 
Furthermore, it should be stated that, the conductivity of liquid 
in all experiments of this study are near the level of the 
deionized water, and under this prerequisite, surface 
conductance dominated in the M-W effect. Whether the effect 
of the liquid conductance surpass the surficial charges will be 
verified in our future works, if the liquid is mineralized. 
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(b) 

Fig. 11. Dot spectra are the measured complex permittivity at the same 
temperature 6.6℃y in stage A and F, respectively. The solid curves are fitted 
bulk permittivity with the modified NW model. 

 
Particle Size: To investigate the influence of the porous media, 
another experiment of hydrate forming and dissociating inside 
the quartz sand with a different particle size with an average of 
0.28mm was carried out.  Fig. 12 and 13 show the fitted curves 
using the modified NW model and corresponding measured 
permittivity in the ‘NLL’ and ‘WHE’ states. To control 
variables, the temperatures are the same in each figure. 
Considering the fluidity of the solution during the hydrate 
formation and dissociation processes, and to maximize the 
accuracy and spatial homogeneity of the measured data, 
permittivity in the ‘WHE’ state was measured in stage A, and 
the ‘NLL’ state was measured in stage C. 
 

  
(a) 

 
 (b) 

Fig. 12. The measured results and fitted performance according to two 
different particle sizes in the ‘NLL’ state. Dielectric constant and loss factor 
are presented in (a) and (b) respectively.  

   

When the grain size of the sand is very uniform (sorting 
coefficient close to 1), porosity is almost grain size 
independent[77]. The fitting volumetric fractions in Fig. 12 and 
Fig. 13 are listed in Table IV, and there were no substantial 
differences according to the change of the particle size. 
Referring to the standard ratio in Table I, the error of the fitted 
results was 2.7%. For the ‘NLL’ state, spectra of both the 
dielectric constant and loss factor of the two particle sizes 
significantly coincided in Fig. 12, and because there was no 
liquid phase, dispersion peaks below 100MHz were totally 
contributed by the formed THF hydrate, and the temperature 
and component ratio were almost the same. 
 

 
(a) 

 
(b) 

Fig. 13. The measured results and fitted performance according to two different 
particle sizes in the ‘WHE’ state. Dielectric constant and loss factor are 
presented in (a) and (b) respectively. 

 
However, as shown in Fig. 13, the increment of the complex 

permittivity with particle size of 0.9mm was larger as the 
frequency decreased below 100MHz, when compared with 
particle size of 0.28mm. The overlapping parts in the frequency 
range over 100MHz, and the very close fitted fraction ratios in 
Table IV indicated that the volumetric ratio was not the factor 
which made the permittivity vary, but the particle size was the 
critical cause. As previously analyzed on surface conductance , 
inherent parameters of the rock matrix but not the properties of 
the solution were the determinant for surface conductivity with 
low solution salinity[54]. Gaps between the quartz sands can be 
assumed as a micro capillary network, which can be uniformly 
quantified with geometrical parameters effective length l, 
radius rc, and effective cross section area A. The surface 
conductivity σPS can be derived with the equation containing 
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streaming potential △Φ, streaming current I, and solution 
electrical conductivity σsolution [78, 79]:  

S2
=

PS solution

c

l

r
 

 
∑ I

A Φ△
                   (20) 

The length of the capillary l becomes longer with a larger 
particle size. In the two experiments the conductivity of 
solution σsolution is negligible, and thus the surface conductivity 
σPS is in direct proportion to the capillary length l. Concerning 
the surface conductivity of the ‘WHE’ state in Table IV, σPS 
with a particle size of 0.9mm was about 1.8 times larger than 

that with a particle size of 0.28mm, which did not precisely 
match the size ratio of the two particles. This resulted from 
idealization of all the pore spaces as uniformed capillaries, 
however, in fact, they are not uniform. Not only that, the change 
of capillary’s geometry caused by different particle sizes is not 
limited to length l, and the section area A can also change. 
Although it is impossible and fruitless to evaluate the practical 
geometrical parameters of the pores, it is sure that the grain size 
can affect the complex permittivity of the mixture through the 
surface conductivity.  
 

 
TABLE IV 

PARAMETERS FITTED WITH DIFFERENT PARTICLE SIZE USING THE NW MODEL 

State Temperature Particle 
Size(mm) 

Quartz 
Sand 

Hydrate Solution Air σPS(S/m) r(mm) d(mm) 

WHE 6.6℃ 0.9 42.7% 0% 57.3% 0% 4.2e-3 None None 

WHE 6.6℃ 0.28 44.3% 0% 55.7% 0% 2.3e-3 None None 

NLL -10℃ 0.9 42% 56% 0% 2% None 0.45 0.147 

NLL -10℃ 028 44% 54.5% 0% 1.5% None 0.14 0.0431 

V. CONCLUSION 

A physics based novel model for predicting the bulk complex 
permittivity of unconsolidated porous media containing hydrate 
was proposed and validated. The model was developed based 
on the nested Wagner’s theory which was applied to dielectric 
properties estimation of a multi-component mixture, and it was 
modified by taking the solid surface conductance into account. 
Experimental results were obtained with deionized water, and 
thus the influence of salinity was diminished. In the proposed 
NW model, surface conductivity was assigned to the solid 
sphere, and the M-W polarization was believed to be enhanced 
by the surface conductance. In comparing with other existing 
models, a major improvement is that the proposed NW model 
has taken the physical mechanism during the hydrate formation 
and dissociation into consideration, while at the same time, 
improving the fitted performance with emphasis on the low-
frequency range (below 100MHz) where the hydrate dispersion 
and the interfacial polarization are located. Large discrepancies 
appeared in fitted results with the CRIM model, and it cannot 
appropriately match the experimental results in the frequency 
band below 100MHz, although the fitted performance is 
acceptable in the higher frequency range. Referring to the 
standard values of volumetric fractions acquired with X-ray CT, 
the fraction estimation obtained with the modified NW model 
better agreed with experimental data than the MWBH model 
throughout the whole experimental process. Combined with the 
temperature dependent Cole-Cole parameters, the proposed 
model can relate the dielectric properties with the microscopic 
processes of component transformation at different temperature 
conditions. In addition, it was found that the dependence of the 
dielectric dispersion on surface conductance is significantly 
affected by the different experimental stages and particle sizes, 
especially in the low frequency range. Using the modified NW 
model established in this study, the hydrate saturation and 
volumetric fractions of other components can be successfully 
estimated from the measured complex permittivity spectra, and 
this model can provide a better fitted performance, compared 
with other common mixing methods. By adding more nested 

layers, this model can potentially be applied to unconsolidated 
media containing more components not only restricted to 
hydrate, but also including liquid and gas. It can be of practical 
significance for the exploration and exploitation of hydrate and 
other geophysical applications.  
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