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: ABSTRACT To develop a more efficient and environmentally friendly exploitation and production method of
gas hydrate, a better understanding of the formation and disassociation process mechanism of gas hydrate in
porous media is indispensable. The permittivity spectra of gas hydrate differs from water, oil, ice and gas, and
thus measurement of its permittivity properties is a potential approach to detect hydrate existence and content.
In this study, THF (tetrahydrofuran) was used as the hydrate former. The permittivity dispersion of hydrate in
quartz sand was measured with open-ended coaxial method in the processes of formation and disassociation
at a wide radio frequency band from IMHz to 3GHz. From the dielectric measurements, the hydrate
concentration in the porous media was identified with dispersion properties, and the characteristic of the
permittivity response upon the hydrate formation and dissociation were also provided. Moreover, by applying
dielectric mixing models, the fractions of the solution and hydrate could be estimated. These results implied
that the permittivity dispersion could be an effective monitor for the formation and disassociation of the

hydrate, and hydrate content could be evaluated in real time with complex permittivity spectra.

coaxial line, porous media.

I. INTRODUCTION

Clathrate hydrates are crystalline solid compounds consisting
of hydrogen-bounded water molecules forming a lattice of
polyhedral cages that trap gas molecules [1]. [2]. Methane
hydrate is abundant in many locations such as sediments and
permafrost regions [3]. It was reported that the disassociation
of the gas hydrate in reservoir exploitation was caused by
depressurization as well as a temperature increase, and hence
the dissociation procedure of many kinds of hydrate crystals
has been studied and modeled based on data with various
experimental methods [4]-[10]. Mechanisms of the forma-
tion and dissociation of hydrate crystals in porous media
are important to establish efficient techniques for natural gas
hydrate exploitation from the sea bottom sediment and tundra
in order to avoid gecohazards [1]. [11]. [12]. On the other
hand. to develop reliable technology for preventing internal
hydrate-plug formation in stored and transported natural gas.,

The associate editor coordinating the review of this manuscript and

approving it for publication was Abhishek K. Tha

175362

This waork is licensed under a Creative Commons Attribution 4.0 License. For more information, see httpy//o
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it is meaningful to study the formation process of hydrate
crystals [13]. [14]. For the formation of gas hydrates in emul-
sions gives rise to achange in the bulk permittivity, the dielec-
tric spectroscopy obtained with open-end probe was found to
be a potential technique for the detection of gas hydrates in
emulsified systems [15]. [16]. e.g. to determine the thickness
of the hydrate layer (THF and methane-ethane mixture as
the hydrate former) deposited on pipeline walls [17] and to
monitor hydrate formation in oil-dominated systems [18].
The influence of pressure on the mechanical and electromag-
netic properties of gas hydrate was studied. and it was found
that the permittivity is a good indicator of the hydrate phase
transition [5]. [19]-[24]. The dielectric logging tool working
at 1.1GHz was used in a hydrate reservoir of Alaska, and
the dielectric logs provided similar trends as other logging
method such as sonic and induction, with much finer vertical
resolution. Practical logging results demonstrated the use-
fulness of dielectric logging tools for accurately quantifying
in-situ gas hydrate saturation [25], [26]. Permittivity
spectra provide valuable information not obtainable from

ans.org/ i WAL vaLume7. 2019
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single-frequency measurements, however, to the best of our
knowledge, there is still little study of the permittivity disper-
sion of the hydrate contained in porous media reported in the
literature.

Open-ended coaxial probes have been used to study
permittivity dispersion properties of hydrate deposits in
Water/Oil emulsions and metal pipe [18]. By measuring
a broad frequency range, the hydrate agglomeration and
deposition can be detected by permittivity spectra [27].
While THF is a Structure II, not Structure I (like methane).
hydrate-former, it offers important advantages for laboratory
studies, e.g. stability under more obtainable pressure and tem-
perature, and complete miscibility in water that guarantees
good control on the amount of hydrate formed in sediment
samples. For THF hydrate obtains analogical electrical and
acoustic properties to methane hydrate, THF has been used as
the hydrate former to research hydrate’s physical properties
and interaction with the porous media in many published
studies [5]-[7]. [28]. In addition, laboratory dielectric spec-
troscopy measurements of liquids, semisolids and biological
materials (e.g. muscles and tubers) in a wide microwave
frequency range are presented in recent years, and new mea-
surement methods for determination of complex permittiv-
ity have been developed [29]-[33]. Complex permittivity as
function of many factors e.g. water content, temperature,
salinity and pressure are tending to be studied in broader
frequency ranges [34]. [35]. The open-ended coaxial probe
is very attractive due to its applicability to nondestructive
measurements of complex permittivity in a wide microwave
frequency range, which can cover the dispersive frequencies
of both hydrate and liquid solution simultaneously(1MHz-
13.6GHz) [27]. However, concerning the existing studies on
dielectric properties of gas hydrate [5]-[7]. there was still no
research on formation and dissociation process of hydrate in
porous media with dielectric spectroscopy.

In this study, permittivity properties of THF hydrate’s for-
mation and disassociation processes in both its pure state and
quartz sand were studied using open-ended coaxial probes,
and an evaluation method based on the permittivity disper-
sion of the hydrate fraction in porous media was studied.
The results demonstrated that dispersion characteristics of
complex permittivity spectra on broadband can indicate the
existence of the THF hydrate and THF solution together.
Furthermore, there are evident differences in the permittivity
under 100MHz between the ice and hydrate [36]-[39]. which
showed that the permittivity dispersion could be used as a
potential technique in approaching in-situ hydrate saturation
in tundra reservoirs. By applying proper mixing laws, frac-
tions of each component can be precisely evaluated at any
period of the experiments.

Il. EXPERIMENTAL METHODOLOGY

A. PERMITTIVITY DISPERSION

The permittivity spectrum measuring the dielectric constant
and loss factor of materials is always dispersive in the fre-
quency domain, and it is a complex value normally related to
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FIGURE 1. Real part (a) and imaginary part (b) of the complex permittivity
of ice (blue), the THF hydrate (red), and water (black).

other physical properties [40], defined as:
E.*:Sf_js.rr (1)

where £* is the complex relative permittivity, and the real part
¢" and imaginary part ¢" refer to the dielectric constant and
loss factor, respectively. When an alternating electromagnetic
field is applied to the material, several polarization phenom-
ena such as the Maxwell-Wagner effect, displacement of the
electronic cloud of atoms, and orientation of polar molecules
contribute to the dispersion of the permittivity. The dielectric
constant can be interpreted as the net polarization of opposing
the applied EM field, and the loss factor is related to the trans-
formation of EM energy to joule heat and polarization loss.
Typical complex permittivity spectra of the THF hydrate, ice,
and liquid water from 1 kHz to 10 GHz are illustrated in Fig. |
[41], [42].

The permittivity spectroscopy of THF hydrates, ice, and
liquid water can be numerically described as a Cole-Cole
model [43].

&5 — &g a

J— @

£ = —je" =¢ _ -
(@) J ot 1+ (jr:ur)"" ey

where £(e) is the dispersive complex permittivity, &; and
£no represent the dielectric constant at static and infinity
frequency, respectively, w is the radian frequency. « is an
index parameter less than 1. t is the relaxation time in sec,
and o is the conductivity

As shown schematically in Fig 1. the prominent disper-
sion of liquid water’s permittivity spectrum caused by the
molecular polarization can be observed above 1GHz, while
ice and clathrate hydrates are characterized by a wide region
of the dielectric dispersion and absorption below 10MHz. For
clathrate hydrates, the dispersion depends not only on the
relaxation of water but also on the nature of the encaged guest
molecules, and may considerably vary with guest molecules
[37].[42]. [44]. Thus, the hydrate has distinct dispersion char-
acters from both the ice and liguid solution, and consequently,
the hydrate formation and disassociation can be monitored by
the permittivity spectrum measurement.

B. EXPERIMENT DESIGN

This research was conducted using an instrument as sketched
in Fig 2. A plugged glass reactor containing porous
media and the THF solution was placed in a program

175363
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Temp
Recorder

Diclectric

]—‘roja‘e RTID

Thermotank

FIGURE 2. Schematics of the experimental equipment. The control
accuracy of the thermotank was £0.5°C and the precision of the
temperature recorder with the RTD was is £0.15°C. The glass reactor was
sealed by a plug preventing volatilization of the solution. The slim-type
dielectric probe and the conductor wire for the RTD pierced through the
plug to penetrate into the media.

controlled thermotank. To form or dissociate the hydrate,
the reactor was cooled to —12°C or warmed to room
temperature with an automatic program control. A slim-
type open-ended coaxial probe (from Keysight, outer con-
ductor’s diameter of 2.2mm, inner conductor’s diameter
of 0.53mm, insulation layer between the two conductor is
Teflon) was connected to a VNA (Vector Network Analyzer
from Keysight, model: 5061B) with a 50 Ohm phase-stable
cable penetrating into the measured media inside the reactor,
and the complex permittivity was acquired with N1500A
software installed on the VNA. The measurements were
obtained after a calibration by measuring three known reflec-
tion coefficients (25°C deionized water, air and a short kit
were selected as calibration standards). The dispersive per-
mittivity was recorded every minute in a frequency range
from 1MHz to 3GHz with the logarithmic coordinate among
the whole experimental procession. A Pt100 resistance tem-
perature detector (RTD) mounted in the reactor was used
to monitor the temperature of the media and record the
temperature variations in real-time.

The THF (>99.9%) and water were mixed at a mass ratio
of 1: 4.25 as a hydrate former (¢ = 0.055/m) that did not
remain after the hydrate was formed. Six experiments were
carried out, and the porous matrix, initial/ target temperature,
and solution fraction are summarized in Table 1. Quartz sand
with two particle sizes was prepared as the porous media in
experiments 3-6, and the THF solution was supersaturated
in order to guarantee that no gas was in the pore spaces.
The pure THF hydrate formation and dissociation processes
were conducted in experiment 1 and 2 without quartz sand,
respectively.

The target temperature of the thermotank was setto —12°C
in experiments 1, 3, and 4. The motivation for this was to
shorten the formation time and increase the conversion rate of
the hydrate. During the cooling period, the temperature of the

175364

TABLE 1. Configuration details in the experiments.

Porous matrix Initial Target

Experiment and particle temperature  lemperature SO[UI}O"
Number size o0 o fraction
Experiment 1 None 26 -12 100%,
Experiment 2 None -12 20 100%
Quartz sand
Experiment 3 0.45mm- 24 -12 6%
1. 9mm
Quartz sand
Experiment 4 0.18mm- 25 -12 60%
0, 28mm
Quartz sand
Experiment 5 0.45mm- -1z 18 [ilh
0.9mm
Quaitz sand
Experiment 6 0.18mm- -12 18 60%
0,.28mm

bathing atmosphere inside the tank was always 3-4°C lower
than mixture inside the reactor because of the heat capacity
lag. These mixtures were cooled to a supercooling condi-
tion, and then hydrate nucleation was triggered by the colder
dielectric probe (it acted as a heat conductor through the plug,
s0 the temperature of the probe was between the temperature
inside and outside the reactor). Formation started with the
temperature suddenly jumping to 4.4°C, and was kept for
several hours until the temperature gradually dropped to a
lower temperature [22]. The dissociation of the hydrates was
triggered by setting the target temperature of the thermotank
to room temperature in experiment 2, 5 and 6. Experiment
| and 4 are terminated before reaching the target temperature
because the temperature and permittivity indicated that the
formation/ dissociation was completed.

lill. RESULTS AND DISCUSSION

This section is divided into five parts. First, the dielectric
properties of pure THF hydrate will be studied (experiments
1 and 2) in A. Then the effect of the porous media on the
hydrate formation and dissociation (experiments 3-6) will be
investigated in B and C'. The dielectric constant and loss factor
at some typical frequency points are illustrated as a function
of time, and the effect of the temperature and permittivity
on the formation and dissociation processes are concluded.
Then, in part D, the volumetric fraction is estimated by the
dielectric mixing law, and a fitted spectrum is presented and
compared with experimental results. Based on the experimen-
tal results, the ambiguity and deviations will be analyzed in
last part, E. and furthermore the peculiarity and advantages
of permittivity measurements for the hydrate evaluation in the
porous media will be stated.

A. DIELECTRIC PROPERTIES OF THE PURE THF HYDRATE
To better study the THF hydrate deposit in porous media,
experiment 1 and 2 were conducted to measure the complex
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FIGURE 3. Evolution of the complex permittivity spectra as a function of
time: (a) effect of the dielectric constant upon the formation process of
the pure THF hydrate in experiment 1 (b) effect of the loss factor upon
the formation process of the pure THF hydrate in experiment 1 (c) effect
of the dielectric constant upon the dissociation process of the pure THF
hydrate in experiment 2 (d) effect of the loss factor upon the dissociation
process of the pure THF hydrate in experiment 2.

permittivity spectrum during pure THF hydrate formation and
dissociation as a control group. Complex permittivity spectra
varying with time among the two experiments are illustrated
as contour maps in Fig 3.

It can be observed from the contour maps that the charac-
teristic dispersions of the THF solution and THF hydrate were
located at a frequency range over 1GHz and below 100MHz,
respectively. The dispersion of the liquid solution is mainly
due to the molecular polarization of water [46]. It makes the
dielectric constant large among the whole spectrum, and the
loss factor obtains a resonance peak with its center at dozens
of GHz (see the range before the 107th min in experiment
I and after the 250th min in experiment 2). Orientation
of restrained water and THF molecules inside the clathrate
hydrate contribute to the dispersion peak below 100MHz,
so the spectrum’s large amplitude below 100MHz could
potentially act as the indicator of the hydrate’s appearance
(see the range after the 107th min in experiment 1 and before
the 250th min in experiment 2). Similar spectroscopy prop-
erties e.g. dispersion frequencies and their temperature drift
of THF hydrate and THF/water solution have been found in
the results of formation experiments of pure THF hydrate
layers [27].

To evaluate the experimental process more clearly,
the complex permittivity at some frequency points (2.5MHz,
3.5MHz, 10MHz, 300MHz, 1GHz and 3GHz are selected
as typical frequencies) are presented with recorded tem-
perature in Fig 4. According to the results of experi-
ment 1, both the dielectric constant and loss factor sharply
dropped above 20MHz at the 107th min. while a steep
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FIGURE 4. Complex permittivity at 2.5MHz, 3.5MHz, 10MHz, 300MHz,
1GHz, and 3GHz and temperature as a function of time. The complex
permittivity is plotted with dot dash lines and temperature with solid
lines, and the legend that applies to the four subfigures is presented in
(a). (a) the effect of the dielectric constant upon the formation process in
experiment 1 (b) the effect of the loss factor upon the formation process
in experiment 1 (c) the effect of the dielectric constant upon the
dissociation process in experiment 2 (d) the effect of the loss factor upon
the dissociation process in experiment 2.
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temperature rise was observed. For a frequency below
20MHz, peaks appeared with increasing amplitude as the
frequency decreased both in the dielectric constant and loss
factor. Because the formation of hydrate is exothermic,
the temperature jump to 4.4°C vertically at the 107th min
indicates that the hydrate has formed in front of the probe’s
open-end. Compared with the flat and smooth spectrum dur-
ing the hydrate formation, complex permittivity was observed
drastically varying with time during the dissociation process
in Fig 3 (c). (d) and Fig 4 (c). (d) before the 550th min.

Considering temperature and complex permittivity
synthetically. a stepped change was found at the onset of
the formation, while during the dissociation process. the
permittivity spectrum fluctuated in a narrow range and the
temperature curve was smoother. We drew the conclusion
that the dissociation process of the pure THF hydrate is
critically slower than its formation, and thus the distribution
of the solution and hydrate could be time-varying and more
heterogeneous. In addition, as presented in Fig 4(c) and (d).
the permittivity’s amplitudes were abnormally higher than
the THF hydrate’s low frequency dispersion at 2.5MHz and
3.5MHz from the Oth min to the 300th min. Random noise
was found around the lower limit of the frequency band in
both experiment. Later, in the time range from the 400th min
to the 570th min, the complex permittivity drastically fluctu-
ated until the temperature broke through the 4.4°C ‘platform’,
which indicates the dissociation process finished. Moreover,
it can be observed that both the dielectric constant and loss
factor of the THF solution rose as the temperature declined
before the 107th min during the formation (experiment 1) and
after the 570th min during the dissociation (experiment 2).
These phenomena may imply mechanisms of multiphase
mixture or the measuring method itself, and will be discussed
in the last part of this section.

To show the temperature dependence of hydrate’s
permittivity, the spectrum of the THF hydrate at 2.9°C and
—11.2°C fitted with the Cole-Cole model are presented
in Fig 5. meanwhile, complex permittivity of THF solution
at 4.4°C is taken as comparison. A steep sloop and a peak
were observed in the dielectric constant and loss factor of
THF hydrate in low frequency range. respectively. and the
resonant frequency drifted to a lower band as the temperature
decreased. For temperatures around 0°C, the index parameter
o of the Cole-Cole model corresponding to THF hydrate has
a relatively small value 0.018 and conductivity o = 0S5/m
(both insensitivity to temperature). Early measurement of the
structure II hydrates suggested that there is approximately a
negative correlation between (ep-£oc) and temperature and
the high frequency permittivity £~ is relatively a statistical
value [42]. According to the complex permittivity obtained
within experiment 1 and 2, high frequency permittivity was
fitted as e, = 7, and the proper static permittivity £y as
a function of absolute temperature T (in Kelvin) can be
calculated as presented in equation (3) [42]. Referring to
the study at lower temperature ranges [45], the relationship
between relaxation time r and the absolute temperature T
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TABLE 2. Fitted cole-cole parameters of the three complex permittivity
samples.

Sampl . ) L4 o
AMples Ex & cer S/m L
2.89°C 4.87
Hydrate 7 61 o8 0 0018
-11.2°C 8.6
Hydrate 7 63,9 ot 0 0.018
44°C - 1.65
Soultion 383 678 e11 et 0
were concluded as equation (4).
£y — Eng = 14900/T (3)
log(t) = —11.9 + 1265.7/T 4)

The complex permittivity of the THF solution has anal-
ogous microwave resonant properties with liquid water and
its amplitude depends on volumetric ratio of THF [46]. [47].
For THF solution, the Cole-Cole model was transformed
to Debye type by setting « to 0. Parameters gg, £o, and
t fitted from the experimental data matches the results in
the early study fundamentally [47]. Table 2 showed the
fitted Cole-Cole parameters of the three pairs of complex
permittivity in Fig 5.

The fitting method in this section will be used in the calcu-
lation of component contents with mixing models in section
D and E, and the fitted parameters are selected according to
the recorded temperature (invariable para meters like & and
o will not be presented in the tables redundantly).

B. PERMITTIVITY DISPERSION UPON THF HYDRATE
FORMATION IN POROUS MEDIA

In experiments 3 and 4, quartz sand with a diameter of
0.45mm-0.9mm and 0.18mm-0.28mm was selected as the
porous matrix to study the THF hydrate formation process.
Supersaturated THF solution with a 60% volumetric fraction
was used as the hydrate former in these experiments. The
complex permittivity measured during the formation process
within the porous media is illustrated as contour maps in
Figs 6 and 7 respectively. Similar to experiment 1, before
the onset of the hydrate formation. the permittivity dispersion
associated with the liquid THF-water solution was observed
in the upper frequency range (especially apparent higher than
1GHz). By marking the abrupt change with dashed lines in
the four contour maps, the characteristic of the liquid solution
disappeared around the 80th min, which was earlier than
in experiment 1. The most striking difference between Figs
6 and 7 appeared in the lower frequency range after the forma-
tion: in experiment 4, the slope of the permittivity was about
2 times steeper than that in experiment 3 below 100MHz.
However, during the decreasing temperature period, the dis-
persion peak of the dielectric constant and loss factor drifted
to a lower frequency in both experiment. A larger particle
size weakens the dispersion peak, and it even seemed that
the dispersion disappeared in Fig 6(a). Therefore, from the
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FIGURE 5. Complex permittivity spectra of THF solution and THF hydrate.
Solid spectra are measured data, and dot dash spectra are fitted with
Cole-Cole model: (a) dielectric constant; (b) loss factor.
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FIGURE 6. Evolution of the complex permittivity spectra as a function of
time in experiment 3: (a) effect of the dielectric constant upon the THF
hydrate formation process in quartz sand with a particle size of
0.45mm-0.9mm (b) effect of the loss factor upon the THF hydrate
formation process in quartz sand with a particle size of 0.45mm-0.9mm.

contour maps, it can be concluded that the addition of porous
media accelerates the onset of the formation. Moreover, par-
ticle size could influent the dielectric properties during and
after the formation.

Four frequencies that were selected to show the permit-
tivity and temperature as a function of time are illustrated
in Figs 8 and 9. Accompanying the abrupt permittivity change
around the 80th min, the formation process was initiated by
a step change of temperature (red solid line) at the same
time which was 30 minutes earlier than the process without
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FIGURE 7. Evolution of the complex permittivity spectra as a function of
time in experiment 3: (a) effect of the dielectric constant upon the THF
hydrate formation process in quartz sand with a particle size of
0.18mm-0.28mm (b) effect of the loss factor upon the THF hydrate
formation process in quartz sand with a particle size of 0.18mm-0.28mm.
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FIGURE &. Complex permittivity at 3.5MHz, 10MHz, 300MHz, and 3GHz
(dot dash line) and measured temperature (solid line) in experiment 3.
Quartz sand was selected with a particle size of 0.45mm-0.9mm.

quartz sand (see data of experiment 1 in Fig 4). The dielectric
constant and loss factor obtained at the four frequencies in
experiments 3 and 4 before the hydrate appeared presented
different changing trends. In Fig 8(a). the dielectric constant
decreased at 3.5MHz and 3GHz while it remained stable at
10MHz and 300MHz, however, it changed synchronously at
all frequencies in Fig 9(a): The loss factor at 3.5MHz and
10MHz decreased with time, and increased at the two higher
frequencies in Fig 8(b) and Fig 9(b) in this period. The gray
shaded area indicates the phase equilibrium state which sig-
nifies the time interval from the onset of the formation to the
point where no solution remained inside the reactor. As soon
as the formation began, the dielectric constant and loss factor
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FIGURE 9. Complex permittivity at 3.5MHz, 10MHz, 300MHz, and 3GHz
(dot dash line) and measured temperature (solid line) in experiment 4.
Quartz sand was selected with a particle size of 0.18mm-0.28mm.

at 300MHz and 3GHz very quickly dropped to 7 and 0,
respectively, and then remained steady to the end. The per-
mittivity at 3.5MHz and 10MHz presented hydrate dispersion
characteristic peaks which were analogous to experiment 1,
while differences can be observed in their amplitude. In the
gray shaded zone, the permittivity remained constant as the
temperature stayed on the “platform™ of phase equilibrium
of the hydrate. In addition, in experiments 3 and 4. the time
duration of the equilibrium state was fundamentally the same.
As all the fluid converted to the hydrate, the permittivity
at low frequencies dropped with the temperature. When the
target temperature was achieved. all the parameters tended to
be stable.

Because the detection depth of the open-ended probe is
limited in several millimeters, evolution of the permittivity
kept in step with the temperature measured adjacent to the
probe end. With molecular polarization of water enhancement
at lower temperatures, the permittivity of the THF solution
increased at the higher frequency range, and at the same time,
the water molecule’s dispersion peak drifted to a lower fre-
quency. Thus, changes of permittivity at 300MHz and 3GHz
in Figs 8 and 9. were mainly affected by the temperature
sensitivity of liquid water’s dispersion before the hydrate
formation started.

To show how permittivity measurements with open-ended
probes can be used to monitor the hydrate formation in porous
media, 10MHz was used as an example. In experiment 3,
the dielectric constant and loss factor jumped to about
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13 and 10 at the 80th min (formation began). As the for-
mation continued (gray shaded area), the dielectric constant
and loss factor remained t unchanged until the formation
was completed. Finally, along with the decrease tempera-
ture, these two factors kept gradually dropping to about 3
(200th -400th min). Contrastively with the permittivity at
10MHz of experiment 4, the dielectric constant was 23, 22,
and 16, and the loss factor was 22, 21, and 19 at the 80th
min, the 200th min and the 400th min, respectively. Based
on the premise that the THF solution was e prepared with
the same fraction, and temperature curves showed a funda-
mentally analogous evaluation trend in the two experiments,
only the one curve of the permittivity obtained at 10MHz
could indicate differences of the two formation processes.
Also, more details such as particle size and regional deposits
of hydrate can be revealed from the permittivity spectrum on
broad band.

Moreover, after the hydrate formation had finished, a small
temperature vibration was marked with a dashed circle at the
250th min in Fig 8 and the 270th min in Fig 9. There was
no simultaneous change of permittivity, so this could not be
attributed to hydrate agglomerating. Inevitably there is a little
water evaporation during the experiment, and as the slight
temperature spring-back is located below the freezing point,
it is probably due to the condensation of water vapor which
is also an exothermic process.

C. PERMITTIVITY DISPERSION UPON THE THF HYDRATE
DISSOCIATION IN POROUS MEIDA

In this part, the complex permittivity upon the dissociation
of the THF hydrate in porous media was measured in experi-
ments 5 and 6, and presented in Table 1. The solution pro-
portions and porous media were the same as experiments
3 and 4, respectively. As shown in contour maps of Fig 10,
with a quartz sand size of 0.45mm-0.9mm, the characteristic
of the water solution dominated the permittivity spectrum
after the 150th min, the dielectric constant became larger than
30 in the whole frequency range, and the loss factor rose over
1GHz. On the basis of the counter maps, it seems that the
dissociation process lasted for merely 25mins in experiment 5
(between the vertical dashed lines and dotted line in Fig 10),
which is a bit shorter than the pure THF hydrate, and the
onset of melting was about 125mins earlier (see the spectrum
in Fig 3, the dissociation began at the 250th min and was
completed at the 420th min of experiment 2).

Experiment 6 was performed under the same temperature
conditions, and the permittivity obtained with a quartz sand
size of 0.18mm-0.28mm is shown in Fig 11. The dielectric
constant began to rise at the 200th min (marked with a vertical
dashed line) and the loss factor followed the same trend. The
hydrate started melting at around the 200th min in experiment
6. which is much later than in experiment 5. However, it was
a bit earlier than the pure THF hydrate melting process.
Maoreover, the loss factor presented in Fig 11(b) signified the
dissociation process extremely clearly. The characteristic dis-
persion of the hydrate in the frequency range below 100MHz
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FIGURE 10. Evolution of the complex permittivity spectra as a function of
time in experiment 5: (a) effect of the dielectric constant upon the THF
hydrate dissociation process in quartz sand with a particle size of
0.45mm-0.9mm (b) effect of the loss factor upon the THF hydrate
dissociation process in quartz sand with a particle size of 0.45mm-0.9mm.
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FIGURE 11. Evolution of the complex permittivity spectra as a function of
time in experiment 6: (a) effect of the dielectric constant upon the THF
hydrate dissociation process in quartz sand with a particle size of
0.18mm-0.28mm (b) effect of the loss factor upon the THF hydrate
dissociation process in quartz sand with a particle size of
0.18mm-0.28mm.

gradually drifted to a higher frequency until the 270th min
(marked with a vertical solid line), and then it returned to the
initial level of the experiment. A slope emerged near to the
upper frequency limit after the 240th min, and the strongest
amplitude was observed around the 380th min (marked with
a vertical dotted line). and coincidently the low frequency
“peak’ had its lowest trough and then slightly rose after the
380th min until the end of the experiment.

Taking the temperature into consideration, “peaks™ that
reemerged after the 150th min and the 380th min in Fig 10(b)
and Fig 11(b) were not induced by the polarization of water
or THF molecules inside the hydrate. This is because there
was no obvious increase in the dielectric constant, and the
temperature (see Fig 12 and 13) was higher than the phase
equilibrium point after this time. We drew w the conclusion
that no THF hydrate remained inside the reactor after the
150th min in experiment 5 and the 380th min in experiment
6. In addition, particle size made the dispersion properties
different during the whole experiment. The corresponding
evolution of the permittivity at typical frequencies is illus-
trated with temperature in Figs 12 and 13.

In order to prepare the dissociation experiments, the
thermotank was cooled to —12°C to make sure all the
solution was completely consumed. After several hours’
temperature maintenance to prevent uncontrolled hydrate
melting occurring, the target temperature was set to 18°C,
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FIGURE 12. Complex permittivity at 3.5MHz, 10MHz. 300MHz, and 3GHz
(dot dash line) and measured temperature (solid line) in experiment 5.
Quartz sand was selected with a particle size of 0.45mm-0.9mm.

and the dissociation experiment began. During this proce-
dure, a stepped temperature increase can be clearly observed
in Figs 12 and 13. Initially, the temperature rose to 4.4°C
at the 125th min and the 210th min in experiments 5 and 6,
respectively. and then the temperature was held at 4.4°C
for about 145min and 160min, respectively, which was
much shorter than the dissociation process of the pure THF
(320min, see Fig 4 (c) and (d)). Reviewing the result of exper-
iment 2, the temperature broke through the 4.4°C platform
with a steep rising edge at 570min (marked with a dashed
circle in Fig 4), which was different from experiments 5 and 6
(the temperature more gently rose after the hydrate dissoci-
ation). Concerning the permittivity in Figs 12 and 13, more
details of the phase transformation during the hydrate disso-
ciation surrounding the probes” open-end are illustrated more
definitely. Rising slopes were observed in all dielectric con-
stant curves within the phase equilibrium platform (125min-
150min in Fig 12(a) and 240min-380min in Fig 13(a)), while
simultaneously the loss factor of 3.5MHz and 10MHz fell
to the lowest value in the whole range at the end of the
gray shaded zone in Figs 12(b) and 13(b); Moreover, there
was an intersection point of the loss factor at 10MHz and
300MHz located around 145/320 min in experiments 5 and 6,
which is marked with a dashed circle in Figs 12(b) and 13 (b).
The permittivity change coincided with the phase equilib-
rium temperature in experiment 6. On the contrary, another
interesting feature in the permittivity/ temperature plot was e
found in experiment 5 in which the permittivity slopes did not
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FIGURE 13. Complex permittivity at 3.5MHz, 10MHz, 300MHz, and 3GHz
(dot dash line) and measured temperature (solid line) in experiment 6.
Quartz sand was selected with a particle size of 0.18mm-0.28mm.

match the temperature evaluation, and as presented in Fig 12,
the duration time of the phase equilibrium temperature far
exceeded the permittivity change period. This indicated the
hydrate melting near the probe (excess part is marked as
striped shaded area in Fig 12). A similar discrepancy was also
found in Fig 4. where the slopes of the permittivity occurred
at the incipient stage of the phase equilibrium platform both
for the pure THF hydrate and with 0.45-0.9mm quartz sand.

In this study. the permittivity information only represents
the phase transition several millimeters around the probe’s
terminal, and hydrate melting speed detected in this small
area may be significantly different from the rest of the space
inside the reactor. Nevertheless, according to the equilibrium
temperature duration, the total dissociation time in the two
experiment was almost the same (145mins in experiment
5 and 160mins in experiment 6, only a 15mins difference).
As the striped shaded area shows in Fig 12, the permittivity at
all four frequencies tended to be stable following the previous
gray shaded area at the phase equilibrium temperature of
about 4.4°C.

D. QUANTITATIVE ESTIMATION OF

THE HYDRATE PROPORTION

Estimation of the component content from the permittivity
data can be robust when a proper mixing model is avail-
able [5]. [7]. [16]. [43], [48]-[50]. In this study, CRIM
(Complex Refractive Index Method) — a volume type mixing
law that was feasible in previous researches on the hydrate
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fraction was selected to fit the measured permittivity [7].

e f / {
g% = A\ng.’:and + B\‘l'l‘ggnlullon + C\,n" ‘gg}'drare (5)

where £ is the whole mixture’s complex permittivity, and
€ nd Exolutions A0d sj';_‘:dmm are the complex permittivity of
pure quartz sand, the THF solution, and the THF hydrate,
respectively. Parameters A, B, and C are the volume fractions
of pure quartz sand, the THF solution, and the THF hydrate,
respectively [51]. Furthermore, under the assumption that
the pore space within the matrix must be filled either with
liquid or hydrate, the sum of A, B, and C should always
be 100%. Quartz sand has a dielectric constant of 3.8 and
a negligibly low loss factor both of which are insensitive
to temperature and frequency [52]. The &} .., and &j .
can be calculated with the Cole-Cole model, and correspond-
ing parameters as function of temperature were discussed
above. In the following calculation, &}, . —and e} .
were selected corresponding to temperatures from results of
section 3.1. The permittivity at four time nodes are presented
in Fig 14 for experiments 3 and 4. Considering that the major-
ity of the hydrate formation took a very short time as shown
in section 3.2, only the complex permittivity before and after
the complete hydrate formation are presented. As shown in
Fig 14 (a) and (b), the four spectra correspond to the complex
permittivity at the 14th min (black dot dash line) and 46th min
(red dot dash line) before hydrate formation, and the 228th
min (blue dot dash line) and the 305th min (green dot dash
line) after the hydrate formation of experiment 3, and the four
measured spectra at the 13th min (black dot dash line) and the
45th min (red dot dash line) before the hydrate formation, and
the 240th min (blue dot dash line) the 275th min (green dot
dash line) after the hydrate formation of experiment 4. The
measured curve became increasingly noisy with decreasing
frequency, because of the sensitivity of the reflection index
used for the permittivity reversion. Equation 5 was used for
the hydrate fraction estimation, and the fitted permittivity is
illustrated as a solid line in Fig 14.

In the permittivity spectra obtained before the hydrate
formation, two dielectric dispersions occurred. The disper-
sion over 1GHz was due to the molecular polarization of
water, and the interfacial polarization resulted in the disper-
sion peak below 100MHz. After the hydrate formation, only
the dielectric dispersion of the THF hydrate was observed.
Furthermore, as revealed from Fig 14, the dispersion prop-
erties of both the liquid solution and hydrates varied with the
temperature. The THF dispersion frequency drifted to a lower
band as the temperature decreased (see the 228th and 305th
min in Fig 14(a) and (b), and the 240th and 275th min in Fig
14(c) and (d)). The water dispersion also moved to a lower
frequency, and a slight decline was observed in the dielectric
constant as the temperature decreased before the hydrate
formation (see thel4th and 46th min in Fig 14{a) and (b).
and the 13th and 45th min in Fig 14(c) and (d)). These vari-
ation tendencies quantitatively matched experimental results
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FIGURE 14. The dash dot spectra are the complex permittivity obtained
with open-ended probes during experiments 3 and 4. The solid spectra
were fitted to the permittivity with Cole-Cole and CRIM models. (a) The
dielectric constant with a quartz sand particle size of 0.45mm-0.9mm
(b) The loss factor with a quartz sand particle size of 0.45mm-0.9mm
(c) The dielectric constant with a quartz sand particle size of
0.18mm-0.28mm (d) The loss factor with a quartz sand particle size

of 0.18mm-0.28mm.
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in previous studies, and the precise volumetric content can be
determined with further calculation.

By assuming that the THF solution and the THF hydrate
are dispersed in a continuous phase inside pores of the matrix
(quartz sand of two particle sizes), the volumetric fraction
of the THF hydrate, solution and quartz sand can be esti-
mated using equation 5. Correspondingly, Table 3 presents
the parameters A, B, and C, and the fitted data of the CRIM
and Cole-Cole model were used to obtain the solid spectra in
Fig 14. The Cole-Cole parameters depended on temperature,
and extraordinarily, parameters of hydrate were calculated
with equation 3 and 4 which were derived from the measured
data. The estimated solution fractions before hydrate forma-
tion had a slight deviation from the average level — 60% given
in Table 1, and this deviation was larger in experiment 3 than
in experiment 4. Furthermore, a similar phenomenon was also
observed after the hydrate formation in the two experiments.
Additionally, parameter A slightly decreased after the for-
mation process was completed, for instance, the estimated
volumetric fraction of quartz sand changed from 38% at the
46th min to 37.1% at the 228th min in experiment 3.

Since the time duration of the hydrate melting process
was much longer than the agglomeration, more details of
component change were obtained with the fitting method
mentioned above. To determine the phase transition during
the dissociation process, the permittivity at six time nodes
(two more extra time nodes during the dissociation process
were added, the 141th and the 153th min in experiment 5 and
the 309th and the 336th min in experiment 6) which are
presented in Fig 15 with the corresponding temperatures.
The fitted parameters are presented in Table 3. Similar to the
quantitative analysis on previous formation experiments, the
volumetric fraction of each component was estimated from
the measured complex permittivity with the CRIM model.
At the beginning, the dispersion peak of the hydrate moved
to a higher band as the temperature rose (see the 18th min
and the56th min of experiment 5. and the 22th min and
the 130th min of experiment 6), and it was reversed when
the temperature fell after the hydrate formation in Fig 14.
In Fig 15 (a) and (c), the light blue and brown solid spectra
were fitted before the onset of hydrate dissociation, and the
dielectric constant over 100MHz was nearly flat without
any perceived polarization, and hence no liquid solution is
assumed to spread around the probe at this stage. Afterwards,
once the temperature reached the THF hydrate’s phase equi-
librium state, the solid hydrate began to gradually melt. The
variation of the whole measured permittivity is illustrated
in Figs 12 and 13, as the temperature rose the dielectric
constant increased over 100MHz, while at the same time,
the amplitude of the THF hydrate’s dispersion among the
lower band was gradually reduced until it disappeared. Also,
components fraction changes during hydrate melting were
revealed by analyzing the fitted permittivity spectrum from
a single measurement relying on special time nodes. It can be
found in Fig 15 that the water’s dispersion characteristic first
began to emerge in the olive green solid spectrum over 1GHz.,
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TABLE 3. Parameters fitted to equation (5) during the formation process.

: Sand '
Expenment Temperature Tirme - THi s/
Particle e - A B C Eil £ Fga £
Number Si C Jmin = 'm sec S S0 sec
120

Experiment3 192 14 39% 0% 621%  Neme  Nome  Neme 585 6667 17
.Kplﬁ‘l‘l ent 3 0.9mm Foi RLE- Y MNone Ssone Ssane o Al 11
Experiment 3 h45- 6.6 46 3R% [ H2% Naone None None 585 G763 1.58
- p 0, %mim . - = ° - . o o e=ll
Experiment3 e -1.1 208 3% 2o 0% 7 ss 2% Nene  None  None
Experiment 3 043 - 105 372%  6LEY % 7 63.44 784 None None None

P 0.9 o - o [ B h )
Experiment 4 018 19 13 39.9%, 0% 60.1% None Nane None 588 6668 115
P 0.28mm - ’ - } : : ’ ! e-11
Experiment 4 015 6.6 45 39.7% 0% 60.3% None None None 548 67.63 158
P 0.28mm - - ’ - l : : ’ ! e-11

. 0.15- . . ) 5.69 . § .

Experiment 4 0.38mm -1.1 240 3% 609% %% 7 618 o8 None None None
Experimentd & % 75 0% 60O 0% 7 a8 "' Neme  Nome  Nome

0.28mm o - ! . -8 : : :

which was obtained during the initial stage of the dissociation
process. Then as the hydrate melted, the dielectric constant
continued to rise in the high frequency range. The orange
solid spectrum was fitted from the data obtained at a later
stage of the dissociation, and the water’s dispersion became
more conspicuous than in the olive green spectrum. The dark
blue solid spectrum had the largest numerical value of the
permittivity in the high frequency range and the most promi-
nent dispersion of water corresponded to the state where
no hydrate remained. The flat dielectric constant curves at
a lower frequency and at temperatures higher than 4.4°C
indicated that no hydrate deposit remained inside the reactor.

More details on the experimental process were revealed
from the fitted parameters of CRIM. As shown in Table 4.
a larger sand particle size caused s parameter A to be a bit
smaller corresponding to same stages in the two experiments.
Before the onset of the dissociation, the hydrate fraction
slightly rose with increasing temperature in both experiments.
For the phase equilibrium period, first, the estimated quartz
sand fraction drastically declined (from 36.9% to 22% in
experiment 5 and from 39.1% to 26.5% in experiment 6).
and then slightly increased, while the hydrate stock contin-
ued to be reduced and the solution accumulated during the
whole equilibrium period. After the dissociation was com-
pleted, parameter A recovered to the level before hydrate start
melting, and was even a little larger than this level. As the
results showed in the previous sections, the dissociation was
a relatively time-consuming process with the temperature
condition stable at 4.4 °C, so the components that changed
during the dissociation process cannot be estimated by only
with the recorded temperature.

As discussed above, by applying the Cole-Cole and CRIM
models to the permittivity, an estimation of each component’s
proportion can be achieved. Although there was a small devi-
ation below 100MHz, the fitted spectra were fundamentally
consistent with the experimental data. Taking the recorded
temperature into consideration, a detailed analysis was made
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on the evolution process of the apparent hydrate’s formation
and dissociation.

E. ANALYSIS AND DISCUSSION

1) ERROR ANALYSIS

From results in Table 3 and 4, it can be found that the discrep-
ancy between the estimated fractions varied among the whole
experimentation process, and the relative deviation of param-
eter A (calculated by taking the prepared volumetric fraction
of quartz sand 40% as standard) is smaller than 7.75% except
during the phase equilibrium period in experiment 5 and 6.
Inhomogeneous distribution of the measured media likely
results in the nonzero deviation of the estimated volumetric
fractions. Moreover, the abnormally big discrepancy could
be found in parameter A during the dissociation period in
experiment 5 and 6 (e.g. relative deviation of parameter A
at 141th min in experiment 5 reaches 45%), because the
fluid stream generated by the hydrate melting disrupt the
distribution of the fluid and solid seriously. Until no hydrate
left, distribution tended to be more stable and homogeneous,
and the volumetric fractions estimated with CRIM came back
to the values around the standard level (e.g. the relative
deviation of parameter A decreased to 0.25% at 504th min
in experiment 6).

For all the measured data exhibited above, errors were
found in the spectrum blow 10MHz, which was due to the
increasing uncertainty around the lower frequency limit of
the open-ended coaxial method [27]. The uncertainty at low
frequencies is mainly attributed to the low sensitivity in the
reflection coefficient for permittivity changes at the open-end
of the probe. Also, in the frequency range below 100MHz,
dispersive peaks with amplitudes that are bigger than the
hydrates” were observed in the period before the onset of the
formation or after the dissociation was completed. As these
periods were all out of the platform of the phase equilib-
rium state, it can be affirmed that the dispersive peaks must
be related to factors other than the hydrate’s dispersion.
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TABLE 4. Parameters fitted to equation (5) during the dissociation process.

Sand
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The Maxwell-Wagner effect could be the most probable fac-
tor [53]. [54]. Although the prepared quartz sand was well
elutriated, dissolved mineral ions could increase the conduc-
tivity of the solution. On the contrary, the Maxwell-Wagner
effect occurs in heterogeneous systems, however no quartz
sand was installed in experiments 1 and 2, so dispersion
peaks caused by interfacial polarization were not found in
Figs 3 and 4.

It must be clarified that in the contour maps of Fig 3,
the large amplitude below 2MHz may be due to systematic
error and not the interfacial polarization. Moreover, from
results in experiments 3-6 with two particle sizes, the char-
acters of interfacial polarization varied with particle size.
The experimental data and calculated spectra are presented
together in Figs 14 and 15, and the fitted results almost
matched the practical curves over the whole band. However,
in the same time period mentioned above, serious incon-
formity was still found between the fitted solid spectra and
measured permittivity at the lower band. and in fact, as shown
in Figs 14 and 15, low frequency dispersion peaks obtained
from experiments were far larger than the fitted ones. Con-
sidering the inherent inaccuracy of the open-end coaxial
method around the lower frequency limit, it is assumed that
there are another two factors causing these deviation: first,
the scouring effect accompanying the hydrate dissociation
process causes more ions to be dissolved, this discrepancy
in Fig 15 is larger than in Fig 14. Second, the CRIM model is
based on the weighted volumetric sum of each component’s
complex refractive index, so it cannot describe the interfacial
dispersion caused by fundamental ion transport. To take the
Maxwell-Wagner effect into account, Hanai’s generalization
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of Bruggeman’s equation [55] for two-phase mixture is used
to fit the permittivity measured before the hydrate formation
onset and after dissociation completed as control group (13th
min in experiment 3 and 297th min in experiment 5). In this
model, the volume fraction ¢, of the dispersed phase is given
as:

& * 1/3
— Edisp — Em (£ (6)
Efien — &6 fopd
disp cont m

where £, is the complex permittivity of the continuous
phase, sé"jsp is the complex permittivity of the dispersed
phase, and &% is the effective complex permittivity of the
mixture. As shown in Fig 16, when THF solution and
quartz sand acted as continuous phase and dispersed phase
respectively, curves fitted with Hanai’s formula matched
the experimental data much better than with CRIM in fre-
quency range below 100MHz. Therefore, it can be assumed
that the Maxwell-Wagner effect is the likely explanation to
the dispersive peaks at lower frequencies without hydrate
existence. Nevertheless, in consideration of the match-
ing effect at the whole band, a big deviation was found
between the fitted parameters of Hanai’s formula in Fig 16
{volume fraction of THF solution is 75.5%, and volume frac-
tion of quartz sand is 24.5% at both 13th min and 297th
min) and the reference values given in Table 1. As the
interfacial polarization was not the emphasis of this study,
more suitable fitting models on porous media containing
hydrates will be studied and developed in our following
work.
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2) THE ADVANTAGES OF THE PERMITTIVITY

DISPERSION MEASUREMENT

Both the temperature and permittivity can be strict indicators
of the hydrate formation and dissociation [1]. [7]. but these
two parameters did not always synchronize in this study.
The most conspicuous is that during the dissociation process
of the pure THF hydrate and with quartz sand of 0.45mm-
0.9mm, the increasing slope of the dielectric constant indi-
cated the accumulation of the liquid solution at the initial
segment of the **phase-equilibrium platform™, and the same
for time-varying curves of the loss factor. The stable state
of the equilibrium temperature was verified to indicate that
phase transformation was underway in the whole space of
the vessel. In other word. the phase transformation contin-
ues until the equilibrium platform breaks up. In contrast,
the detection range of the open-end coaxial probe. which
was stated above, approximately equals the diameter of the
coaxial line. and thus the complex permittivity in only several
millimeters around the probe could be precisely recorded.
As aresult, the deposit information of the hydrate at a partic-
ular point inside the porous media can be revealed from the
dispersion properties of the complex permittivity measured
with the open-end coaxial method. Practically, considering
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the inhomogeneous media inside the reactor and gradient
temperature on its boundary, it is possible that phase transfor-
mation process varies with position inside the reactor. Taking
the results of Fig 12 as an example, the phase transformation
among the permittivity measurement range was completed in
the gray shaded area. and permittivity remained almost stable
in the strip shaded area. As mentioned in 3.1, the permittivity
of both the hydrate and the solution depends on temperature,
and thus without phase transformation there would not be
obvious changes in the permittivity unless the temperature
changes. We can draw the conclusion that for an estimation of
the hydrate in porous media at a particular point, the equilib-
rium temperature is necessary for phase transformation of the
hydrate but it is not sufficient, while from previous analysis,
the complex permittivity is definitely a coincidental indicator
of the hydrate formation and dissociation.

IV. CONCLUSION

In order to develop a method to evaluate the hydrate contentin
porous media, the THF hydrate’s formation and dissociation
processes in quartz sand were monitored using permittivity
measurements with the open-ended coaxial method. First,
the permittivity of the pure THF hydrate was recorded as the
control group, and the complex permittivity of the pure THF
solution and the THF hydrate at different temperatures were
tested with the Cole-Cole model and corresponding parame-
ters varying with temperature were also calculated. Then the
temperature and the complex permittivity were studied during
the hydrate agglomeration and melting in quartz sand with
different particle sizes. Compared with the temperature, more
details were revealed both by analyzing how the permittivity
varies as a function of time, and from a single permittivity
spectrum at some specified time node. Results showed that
the characteristic dispersion peak could be used to determine
the accumulation of the hydrate, and a rising of the permittiv-
ity at low frequency indicated the formation of the hydrate,
while decline at high frequency indicated a consumption
of the solution liquid, and vice versa. Finally, by applying
CRIM to fit the experimental data, the volumetric fraction of
each component was quantitatively estimated. In conclusion,
a method to monitor the existence of hydrate and evaluate its
content in porous media is established with the measurement
of permittivity dispersion in this study. Analysis of results
presented here showed significant potential of the permit-
tivity and its dispersion for evaluating of hydrate deposits
in a porous matrix. To accurately estimate the proportion of
each component in real time, further investigation still need
to be carried out, and more appropriate mixing models will
be established in the next research.
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A Borehole Fluid Saturation Evaluation Method
Using Unidirectional Monopole UWB Antenna

Bin Wang, Kang Li, Member, IEEE, Fan-Min Kong, Jia Zhao, and Yang Gao

Abstract—A method based on a unidirectional monopole ultra-
wideband antenna was proposed to evaluate the fluid saturation
around borehole. The spectrum span of the excitation signal
covered 750 MHz to 2.5 GHz and the slot antenna was optimized
to transmit lateral wave more efficiently. The pulsed evaluation
method offers more superiority when compared with the electro-
magnetic propagation tool and dielectric tools based on discrete
frequencies. Measurement of complex permittivity in a wide-
band spectrum provides more accurate fluid saturation evaluation
around the borehole. This method has been proven to operate
effectively in a borehole filled with oil-based mud and to launch
enough wave energy into the formation directionally. In addition,
the proposed scheme is verified by using finite-difference time-
domain method, and the simulation results show that this design
adapts to evaluation of the fluid saturation and the detection of
formation boundary. This scheme may be used as an alternative
tool for logging while drilling the imaging application.

Index Terms—Complex permittivity, dielectric tool, fluid satu-
ration, ultrawideband (UWB) antenna.

[. INTRODUCTION

ECENT research on complex permittivity survey has been
Rprompted by an increasing interest in the formation fluid
saturation for residual oil and reservoir evaluation. The di-
electric measurements are particularly useful in characterizing
heavy-oil reservoirs. As early as the 1950s, petrophysicists
recognized that the dielectric permittivity of reservoir rock
measured in the range of microwave was primarily controlled
by the amount and kind of fluid in the pores of the rocks
[1], and this way, fluid containment and porosity of formation
could be interpreted through measurements of the dielectric
permittivity.

The electromagnetic (EM) propagation tool (EPT) was intro-
duced as a supplemental technology for the oil and gas industry
in the late 1970s [2]. It operated at a single frequency of
1.1 GHz, and from the measured phase shift and attenuation
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of wave traveling through the formation of petrophysical prop-
erties, dielectric permittivity and porosity were derived. After
the introduction of the EPT, other dielectric tools based on
single frequency were developed. Data recorded at different
frequencies often yielded different results and comparing the
results between wells was often problematic. Those differences
can be attributable to the frequency dependence of the dielectric
properties of the formation.

The electric properties of formation could be illustrated
by complex permittivity, which contains information of both
dielectric and conductive properties. Although the complex
permittivity of dry samples is constant over a wide range,
because several kinds of polarizations exist in fluid saturated
formation at microwave range, complex permittivity is fre-
quency dispersive there [1]. Thus, one single frequency point
is obviously limited in evaluating the complex permittivity of
the formation.

The dielectric scanner tool was developed to provide dis-
persive complex permittivity of formation at four discrete fre-
quencies in a range from 20 MHz to 1 GHz [3]. Porosity
and fluid saturation are available using dielectric permittivity
and conductivity analysis from the dielectric scanner tool at
the four different frequencies. Because of great differences
existing between dispersive properties of permittivity at the
water-saturated zone and the pay zone, dielectric information
provides clear benefits for carbonate reservoir interpretation,
shaly sand analysis, and heavy-oil reservoir evaluation [4]. Al-
though the dielectric scanner offers extra information log analy-
sis needs, it could not provide an entire and continuous complex
permittivity evaluation in the operation frequency range after
all. Moreover, the dipole antennas mounted in the tool could
not supply high emission efficiency for every operation fre-
quency. Thus, there are still improvements to evolve dielectric
logging tools.

This letter demonstrates a borehole fluid saturation evalu-
ation method based on wideband detection in both time and
frequency domains. A unidirectional monopole slot antenna
was optimized for the pulse emission with an operating band
from 750 MHz to 2.5 GHz. and the antenna performance
was tested. The permittivity evaluation system constituted by
such antennas and other basic assembly parts was tested in
layered formations with different fluid saturations. A numerical
simulated study of the system response on both the time domain
and frequency domain would confirm the feasibility of the inno-
vative method. Furthermore, the electric field distribution in the
borehole was presented for the detection scope discussion. The
simulation results were obtained from finite-difference time-
domain (FDTD) codes.

1545-598X © 2014 IEEE. Personal use is permitted, but republicationfredistribution requires IEEE permission.
See http:fwww.ieee.org/publications_standards/publications/rights/index.html for more information.
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ib)
Fig. 1. Diagram of the antenna. (a) Three-dimensional view. (b} Side view.
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Fig. 2. Simulated S11 in broadband with different loadings.

II. ANTENNA QPTIMIZATION

‘We made improvements on a monopole antenna described in
[5] to optimize antenna parameters for the complex permittivity
evaluation method. The geometrical parameter and the model
shape are shown in Fig. 1. The antenna contains a fan-shaped
monopole, thickened cavity, and a parasitic disc. Between the
tops of the monopole and the disk, a resistor and a capacitor
are mounted, and the antenna was fed by a coaxial line from
the bottom. As Fig. 1 shows, the dimension of the antenna
1s: 7=20 mm, =120, L=12.5 mm, H =10 mm, with the
monopole installed at the middle point of the cavity. The
monopole and parasitic disc are made of (.2-mm-thick copper
sheets, whereas the regular cavity is made of a 2-mm-thick
copper sheet.

The terminal load was always used to reduce the reflection
and ensure the broadband characteristics. The effects of the
loaded R and ' have been investigated, and the S in broad-
band varies with the terminal load. Fig. 2 shows the simulated
Sii. which was obtained in air with different resistor and
capacitor loadings. When the load was 100 © and 1.5 pF as
the previous design [5], around 1.5 GHz, S is unsatisfactorily
small, whereas 1.5 GHz is very close to the center frequency
of the pulse used as the excitation signal. When the resistor
was set as 150 (2, the two resonance frequency points tended
to converge to one point located between the previous two.
Then, the resonance point shifted to a range between 1.5 and
2 GHz when the capacitor was raised to 2.5 pF. This way, we
obtained the operating band of the optimized antenna covering
750 MHz to 2.5 GHz, and the resonance point matched the
center frequency of the excitation pulse.
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Fig. 3. Radiation pattern of the antenna. (a) xz-plane at 1. 1.5, and 2 GHz.
(b) zy-planeat 1. 1.5, and 2 GHz. (c) yz-plane at 1. 1.5, and 2 GHz. (d) Contour
map at 1.6 GHz.

The antenna’s directivity pattern at broadband when oper-
ating in oil-based mud was studied. The simulated directional
patterns at 1, 1.5, and 2 GHz were selected as examples shown
in Fig. 3. The coordinate axis is same as that shown in Fig. 1
and Phi and Theta of the polar coordinate system in Fig. 3(d) are
also shown in Fig. 1. Because the antenna structure is bilateral
symmetrical about the zz-plane, the radiation pattern in the yz-
plane and xy-plane, which is perpendicular to the xz-plane, as
in Fig. 3(b) and (c), is mirror symmetrical and toward the same
side of the borehole among the operating frequency bands. In
the rz-plane as in Fig. 3(a), the antenna also showed an obvious
directivity, and the power front-to-back ratio was bigger than
6:1 among the wideband, whereas structure in zz-plane is
unsymmetrical; thus, the radiation pattern was not symmetrical
in Fig. 3(a). Fig. 3(d) shows the contour map at 1.6 GHz, which
was the center frequency of the impulse, and strong unidirectiv-
ity allowed the antenna to have unidirectional detecting ability.

III. RESULTS AND ANALYSIS

Because of the huge difference between matrix and fluid,
particularly water permittivities, the dielectric permittivity of a
reservoir sample measured in the microwave range is primarily
a function of the fluid filling the pores. To be able to deduce the
effective permittivity from the volumetric fraction of matrix and
pore fluid, many mixing laws have been raised. The generalized
refractive mixing dielectric model was proved practical against
experimental data over a wide frequency range from 300 kHz

to 3 GHz [6]. It could be presented as
VEd + (/E — 1)W, W =W

VB + (B — )W, (1
+HEF - D)W —W,), W=W,

v Efor =

36



WANG eral.: FLUID SATURATION EVALUATION METHOD USING UNIDIRECTIONAL MONOPOLE UWB ANTENNA 431

1000 2000 3000 4000 1000 2000 3000 4000
Frequency, MHz Frequency, MHz
@ - water10% o)
- =water20%
— water30%
-— oi30%

Fig. 4. Complex permittivity of formations with different fluid saturation.
(a) Real part =’. (b) Imaginary part =",

Fig. 5. Schematic and physical dimension of the detecting system.

where Egormations £ds 6. and £ refer to the complex permit-
tivity of formation, dry matrix, bound fluid, and free fluid,
respectively. W and W} are the saturation and maximum bound
fluid fraction. Sand formations with different water/oil satu-
rations were selected as samples in the following numerical
simulation, and the corresponding complex permittivities are
shown in Fig. 4.

The schematic diagram and physical dimension of the simu-
lating model of this system are shown in Fig. 5. The antennas
used in the system are same as that shown in Fig. 1 and their
outer diameter Ry = 40 mm. The transmitting and receiving
antennas were mounted along the metal drill collar with outer
diameter R = 46 mm and inner diameter B} = 40 mm in a
single borehole, whose diameter R3 = 50 mm. Two slots with
length I = 45 mm are set at the center of each antenna for
signal emitting, and the distance between the two slots D* was
230 mm. Oil-based mud is used as drilling mud in practice,
whereas the permittivity of the oil-based mud is about 2-3;
thus, we here set the borehole as oil-based mud filled with
£* =24 0i in all the following physical simulation models.
The whole simulating area is 2 m x 2 m x 2 m, and the bound-
ary conditions are set as perfect matched layer. Antennas and
drilling collar are set perfect dielectric conductor (PEC), and
all the materials are homogeneous and isotropic. In practical
drilling, borehole fluid would invade into formation depending
on pressure, drilling azimuth, and many other factors. The
primary intention of this letter is to validate the system'’s
ability of evaluating fluid saturation around the borehole. Thus,
for simplification, the invaded zone has not been taken into
consideration in the following computing.

A modulated Gaussian pulse was the monocycle impulse of
the transmitting antenna. The waveform and the spectrum are
plotted in Fig. 6(a) and (b). The peak-to-peak width of the pulse
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Fig.6. Source waveform applied to the t itting (a) Time-domain

waveform. (b) Spectrum of the excitation signal.

Fig. 7. FDTD simulation shows the wave propagation at 6 ns after the
excitation. The borehole contains oil-based mud, and formation is sand with
30% water.

was about 250 ps, and the center frequency was 1.6 GHz. The
frequency bandwidth of the impulse covered the sensitive range
of the complex permittivity.

As early research on dielectric tools reported, excited energy
could be divided into two primary parts: lateral wave across
the invaded zone and the guided wave in the borehole [7], [8].
The proportion of the lateral wave, which is the main carrier of
formation dielectric properties, depends on transmitter structure
and borehole EM properties. Numerical study with FDTD helps
one to analyze the wave propagation in the prototype dielectric
tool testing [9]. The electric field intensity obtained by FDTD
simulation in the model with a formation of 30% water con-
tent is presented in Fig. 7. It was obviously the lateral wave
directionally propagated into formation as the radiation pattern
shows. Meanwhile, the detailed drawing along the borehole
shown in the inset of Fig. 7 reduced the color scale by 100 times
so that the guided wave, whose intensity was two orders of
magnitude weaker than the lateral wave, could be displayed.
Guided wave inside the borehole was too weak to be observed
in the full-scale drawing, because the most excited energy was
transferred to the lateral wave. The refractive index of the oil-
based mud is much smaller than that of the formation, and the
annular space between the borehole and collar is too narrow
to meet guided conditions: moreover, the space between the
slot antenna gap and the borehole is only 5 mm. the incident
angle of the transmitting wave could hardly excite guide mode.
Although the guided wave is formed around the transmitter, it
would radiate EM energy into the formation heavily, and its
amplitude would decrease gravely.
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Fig. 8. Response signals obtained from the receiving antenna when the system
operated in formations with different fluid saturations.

To explore the system response when operating in different
fluid-containing formations, we choose sandy reservoir forma-
tions shown in Fig. 4 as typical samples in the simulation.
Operating with Gaussian monocycle aforementioned, the sig-
nals obtained by the receiving antenna are presented in Fig. 8.
The response amplitude became gradually smaller as water
saturation increased, and the center frequency of the response
spectrum had a redshift. The imaginary part of the water-
containing samples” complex permittivity obviously grew in a
span larger than 1 GHz. This part represents the dielectric loss;
thus, more excited energy is absorbed in the span above the cen-
ter frequency. On the contrary, the oil-containing formation did
not create much shape change of the spectrum when compared
with the excitation signal, because the resonance peak of oil is
not in this frequency span and the complex permittivity curve is
very smooth, and thus, the oil-filled formation’s absorption to
the wave is generally even and much smaller than that of water
formation.

To validate the capability of the system to distinguish a
reservoir layer from the surrounding formation, the operation in
a layered formation was studied. A sandy formation containing
30% oil with a thickness of 600 mm was surrounded by a
formation of 30% water. The borehole vertically passes through
the layered formation, and the response signals of the system
are presented in Fig. 9. As Fig. 9(a) shows, keeping the porosity
and fluid saturation constant, response spectra in water-
containing and oil-containing formations have distinct differ-
ences: The spectrum of receiving signals has larger amplitude
when the system is processing in an oil-filled formation (depth
from —300 to 300 mm). Furthermore, the center frequency of
the spectrum drifts from 1.6 to 1.3 GHz when the system moves
to a water-containing formation from a reservoir formation,
and as was previously stated, receiving frequency shapes were
decided by pore fluid permittivity. Thus, from the frequency
response/depth chart, it is easy to obtain accurate evaluation on
the type of the pore fluid and its saturation level. An evalua-
tion deviation of about 50 mm is observed at the boundaries
of the two formations. The cause of this deviation will be
discussed later.

Water-filled porosity from the earliest EPT was computed
following the £, method, which is based on the propagation
time of the EM waves as they pass through rock. Formations,
however, consist of more than just water. Only £, method was
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Fig. 9. (a) Frequency response/depth diagram of the evaluation system pro-
cessing in a layered formation. (b) Pulse strength/depth diagram in the time
domain of the evaluation system processing in a layered formation.
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Fig. 10. MNormalized waveform of response signals at a depth of 600, 0, 250,
and —250 mm.

not adequate for computing fluid saturation, but it could provide
complete saturation evaluation with the frequency response
previously introduced.

Fig. 9(b) shows that the receiving pulse strength varies with
time and the detecting depth. Time counting began from the
triggering of the impulse signal in the transmitting antenna.
When the depth is in the ranges of 450-700 mm and —450
to 700 mm, wave packets were dispersed by water-containing
formation, whereas wave packets in pay layer (depth from about
+250 to —250 mm) kept the shapes constant. It can be thus seen
that time-domain record could also illustrate dispersion of for-
mation permittivity. Wave propagation time f,, in surrounding
layers was about 3 ns larger than that in pay layer. Although
there was a relative difference of the pulse strength at the two
dividing lines (£300 mm) similar to the spectrum diagram
indicated, £ at the dividing lines symmetrically changed.

Fig. 10 presents a normalized amplitude of waveforms at 0,
600, and £250 mm to explore the cause of the discrepancy. The
wave velocity in homogeneous media is vy, /efi: thus, the prop-
agation time #,;, in surrounding formations is about 2.4 times
longer than that in the reservoir formation. We found that
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Fig. 11.

Structure of multidepth detecting system.

the t,, varying tendency was regular at the layer boundaries
of £250 mm and conformed to the symmetrical formation.
Abnormally, the amplitude at —250 mm was even smaller than
at 600 mm, whereas the amplitude at the other dividing line
250 mm gradually varied. Thus, we can infer that the abnormal-
ity of the pulse strength at boundaries is not caused by a defect
of the detecting system but by the reflection at the formation
interfaces.

The simulation results shown here demonstrate that the new
method provides continuously satisfactory dispersion informa-
tion of permittivity around the borehole in a fairly broad band.
At the same time, pulse/depth image could help to detect layer
boundaries, and referential permittivity evaluation could be
acquired from f;,. Since near borehole is usually complicated
due to the drilling-mud invasion, a multispacing system is
designed. as shown in Fig. 11, for multidepth measurement. The
three receivers are mounted facing the transmitter with spaces

i. D3, and D3, The spaces between those antennas can be
determined according to specific environment and requirement.

IV. CoNCLUSION

The design of a formation saturation evaluation method
based on ultrawideband (UWB) pulse propagation in a bore-
hole has been presented in this letter. An optimized monopole
antenna has been designed and tested for a proposed UWB
pulse from 750 MHz to 2.5 GHz. The results show that the sys-
tem is effective for directional lateral wave transmitting when
operating in oil-based mud-filled borehole. From the response
spectrum in the frequency domain, it is able to obtain dielectric

dispersive characteristics in a continuous wideband, which has
significant importance to determine fluid saturation in reservoir
layers. Furthermore, the pulse response in time domain can be
used in the detection of formation boundary and the location
of pay layers. Multidepth measurement for complexity of the
invasion zone could be realized by installing multireceivers.
When compared with the conventional dielectric logging tools,
this proposed method can provide a directional dispersive per-
mittivity evaluation in a wideband and increases the evaluation
efficiency of real-time formation fluid saturation.
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Adidectric tool with insulated collar for analyzing fluid saturation outside a borehole was introduced. The UWB
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SH{f‘m wave and this tool proved to be able to efficiently launch lateral EM waves. Response voltages indicated that the
Metal collar proposed scheme was able to evaluate the fluid saturation of reservoir formations and dielectric dispersion
Dielectric tools properties. It may be used as an alternative tool for imaging logging applications.

UWE antennas © 2015 Elsevier BV. All rights reserved.
1. Introduction permittivity of the formation. Furthermore, the tool's mandrel design

Dielectric measurements have been used in different kinds of reser-
voirs to determine dielectric properties ofthe zone near boreholes since
1970s. Recent research on complex permittivity surveys was prompted
by an increasing interest in the fluid saturation of formations, particular-
lyin residual oil and heavier reservoirs. Since the 19805 electromagnetic
propagation tools ( EPT) have been added to the standard logzing suite
to aid in the effort of locating reservoirs and quantifying the fluid satu-
ration (Chew and Gianzero, 1981). EPT operating at a single frequency
of 1.1 GHz, and from measured phase shift and attenuation of wave
traveling through the formation have determined petro-physical prop-
erties induding dielectric permittivity and porosity.

After introduction of the EPT, other dielectric tools based on a single
frequency and slot antennas were developed. Logging data recorded at
different frequencies often yielded different results. Comparing the
fluid saturation and porosity output from EPT with other tools was
often a problem. Those differences were attributed to the frequency dis-
persion of the dielectric properties. The concept of complex permittivity
was proposed in order to combine materials’ dielectric and conductive
properties (Von Hippel, 1954). Although the complex permittivity of a
dry formation is constant over a wide range, in practice reservoir forma-
tions are filled with fluids. Complex permittivity of invaded zone and
virgin formation are frequency dispersive because of several polariza-
tions in a fluid saturated formation at the microwave range (Von
Hippel, 1954). For the dispersion of dielectric properties, a single fre-
quency method has serious limitaton in evaluating the complex

* Corresponding author.
E-mail address: kangli@sdwedwamn (K. L)

httpy//dx doiorg/10.1016/).jappges.2015.05.007
926-9851/0 2015 Elsevier BV. All rights reserved.

makes it guite easy to limit energy along the metal collar as a non-
radiating wave (Wait, 1987), but it seriously decreases the detection
depth of EFT, which will be explained in this paper.

The dielectric scanner was developed to quantify complex permit-
tivity at different frequencies (Hizem et al, 2008). Transmitters and re-
ceivers are mounted on a pad in contact with the borehole and raw
measurement of attenuation and phase shift are obtained at four fre-
quency points between 20 MHz to 1 GHz. Because great differences
exist between permittivity dispersion properties of the water saturated
zone and the reservoir zone, dielectric information at wide band pro-
vides competitive advantages for carbonate reservoir interpretation,
shaly sand analysis, and heavy-oil reservoir evaluation (Little et al,,
2010). The dielectric scanner offers extra logging information, but it
‘would be better to have a swept frequency dielectric measurement in
the broadband. Moreover, dipole antennas mounted in the tool cannot
supply efficient high emission for each operating frequency. Thus,
there are still possible improvements to be made in the evolution of di-
electric logging tools.

This study demonstrates a new logging tool as an improvement to
traditional dielectric tools for formation complex permittivity and
fluid saturation evaluation. First, the design of the proposed dielectric
tool based on UWB antennas is described, and detailed geometrical pa-
rameters are presented. A monopole slot antenna was optimized for the
pulse emission with an operating band from 750 MHz to 2.5 GHz. Then
EM energy distribution around the tool was studied by both numerical
simulation and theoretical analysis, and the design of the drilling collar
‘was modified in order to improve the lateral wave launching efficiency.
The proposed tool was tested in formations with different fluid satura-
tions, and response voltages were presented and analyzed in both the
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time domain and frequency domain. The simulation results were
obtained from finite-difference ime-domain (FDTD) codes.

2. Design of the dielectric tool

UWB monopole antennas as originally described by Li (Li et al.,
2011) are used as transmitters and receivers of the proposed dielectric
tool. The model shape and size of the monopole antenna are shown in
Fig. 1{a): r = 20 mm, &« = 120°, L = 12,5 mm, and H = 10 mm, with
the monopole installed at the middle point of the cavity, a resistor
R = 150 Q and capacitor C = 2.5 pF are loaded between the tops of
the monopole, while the disk and the antenna are fed by a coaxial line
from the bottom. The load is used to reduce terminal reflection and
ensure the broadband characteristics. Simulated S,, parameters of the
proposed UWB antenna with different terminal loads obtained in air
are shown in Fig. 1(b). The increase from 100 to 150 for the loaded
resistor has combined the two very sharp resonance points into one.
Then, the resonance point shifted to a range between 1.5 and 2 GHz,
when the capacitor was raised to 2.5 pF. When the load was set as
150 2 and 2.5 pF, we obtained a — 10 dB operating band covering
750 MHz to 25 GHz, and the resonance point matched the center
frequency of the exdtation pulse.

The tool's geometrical parameters are shown in a lateral view in
Fig. 2(a): The transmitter and receiver are mounted along the metal
drilling collar, the length of slots opened on the collar for the antennas
is D*; = 45 mm, the cylindrical part between the two antennas is
made of PVC with length D*; = 230 mm which is widely used in bore-
hole radar and antennas, and reflecting plates are stuck to the two
terminals of the PVC cylinder. The monopole and parasitic disk of the
antennas and reflecting plates are made of 0.2 mm thick copper sheets
while the cambered cavity is made of a 2 mm thick copper sheet. The
3D schematic diagram of this system is shown in Fig. 2(b) and the size

~ — R=100C=15pF
- - - R=100G=2.5pF
— - —R=150 C=1.5pF
—.---R=150 C=2.

T T U U 1
1500 2000 2500 3000 3500

500 1000
Frequency,MHz
(b)

Fig. 1. Diagram and eledrical properties of the UWE antenna: (a) 3D plot and physial di-
mension of the antenna and (b) simulated 5;, of UWB antenna in broadband with differ-
ent loadings.

~
PVC

Reflecting
Plate

Transmitter Receiver

Drilling Collar

o

Fig 2. Diagram of the dieledric tool: (a) lateral view of the dieledric tool and (b) 3D view
of the dielectric tool.

of the tool is shown in an axial view in the inset. The outer diameter
of the antennas is Ry = 40 mm, and the transmitting and receiving
antennas were mounted along the metal drll collar with an outer
diameter R; = 46 mm and inner diameter R; = 40 mm in a single-
borehole whose diameter is Ry = 5(}| mm. Qil-based mud is used as a
borehole fluid in practice. The dielectric properties of the oil-based
mud depend on the brine volumetric fraction and weighting material
volumetric fraction, and its complex permittivity changes over a wide
range (Jannin et al, 2014). In the application of dielectric logging, dril-
ling mud with a smaller loss factor increases the depth of penetration
of the tool. Therefore, we set the oil-based mud at £* = 3 + 0.05] in
all the following calculation models.

The antenna's directivity assembling in the tool was studied at its
operation frequency band. The simulated directional patternsat 1,1.5
and 2 GHz were selected as examples as shown in Fig. 3. The coordinate
axis is the same as that shown in Fig. 1(a) and the Phi and Theta of polar
coordinate system in Fig. 3(d) are also shown in Fig. 1(a). From patterns
in Fig. 3, it can be observed that the proposed antenna launches EM en-
ergy unidirectionally towards the receiving antenna, and its directivity
remains roughly the same among the broadband. The unsymmetrical
reflecting shield shown inFig. 1(a) was designed to obtain unidirection-
alradiation. Fig. 3(d) shows the contour map at 1.7 GHz, which was the
center frequency of the operation band, and the radiation pattern is
bilaterally symmetrical about the xz-plane. Strong unidirectivity allows
the antenna to have a good focusing ability.

3. Results and analysis
3.1. Dielectric tool with metal collar

The transmitter and receiver are mounted on the drilling collar, and
excitation signals are fed into the transmitter by coaxial line with im-

pedance of 50 (0. When the pulse reaches the transmitter, it generates
EM wave propagating out of the slot antenna. EM energy going through
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Fig 3. Radiation pattern of the antenna mounted in the tool: (a) xy-planeat 1,15, and 2 GHz; (b) xz-planeat 1,15, and 2 GHz; (c) yz-planeat 1, 1.5, and 2 GHz; and (d) contour map at

1.7GHz

the formation and borehole, and then into the receiver generates the re-
sponse voltage, which will be transferred and analyzed at the ground
surface. Consequently, electricand magnetic properties of the media be-
tween the two antennas will significantly influence the final inversion
results. Since the main purpose of this tool is to evaluate fluid saturation
of the formation outside of the borehole, microwaves should penetrate
the bore wall, so that the focus zone is in the media outside of the bore-
hole rather than inside the borehole. Therefore, EM energy distribution
around the tool is significant for the tool's performance. In previous
designs such as the EPT and dielectric scanner, there are metal drilling
collars between the transmitter and receiver. So the electromagnetic
field distribution in circumstance of a metal cylinder between the two
antennas was first studied.

The FDTD method was implemented to find the EM field around the
borehole. The model used for the FDTD simulation is pictured in Fig. 4.
Parts of this model are the same as shown in Fig. 2 except for the mate-
rial of the cylinder between the two antennas. The transmitter and

receiver are connected by a copper drilling collar with an outer diameter
R> = 46 mm and inner diameter R; = 40 mm rather than a PVC cylin-
der. This model is used to find the EM energy distribution around

Fig 4. Model used for the FDTD simuktions to find the EM energy distribution around the
conventional dielectric tool.
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conventional dielectric tools. The whole simulation area was
2m = 2m = 2 m, and the boundary conditdons were set as a perfect
matched layer (PML).

Complex permittivity of fluid saturated formation is a primarily
function of the fluid filling the matrix pores. Many mixing laws have
been proposed to deduce the effective permittivity from the volumetric
fraction of the matrix and pore fluid. The generalized refractive mixing
dielectric model (GRMDM) proved to be practical against experimental
data over awide frequency range from 300 kHz to 3 GHz (Mironov et al.,
2004). It is presented as:

™ _{ﬁ+(ﬁ )W, WEW, )
Tl VE + (VER W+ (VEF-T)(W-We), W2W,

where Egormation, £d, b @and grefer to the complex permittivity of the for-
mation, dry matrix, bound fluid, and free fluid, respectively. W and Wt
are the saturation and maximum bound fluid fraction. Sand formations
with different water/oil saturations were selected as samples in the fol-
lowing numerical simulation, and the corresponding complex permit-
tivities are shown in Fig. 5.

The EM energy that exists around the logging tool can be divided
into two parts: the radiating part and non-radiating part (Chew and
Gianzero, 1981). Actually, alateral wave penetrating the bore wall con-
stitutes the radiating part. In order to estimate the dielectric properties
of a formation outside the borehole, it is important to efficiently launch
a lateral wave (Wait, 1987). Since the lateral wave propagates outside
the borehole, this wave attains much information on the dielectric prop-
erties of the formaton. On the contrary, the non-radiating partis the EM
wave which is constrained around the collar and does not laterally
propagate inside the formation. In order to optimize the tool design,
the non-radiating part of wave should be minimized, so that the energy
portion of the lateral wave is maximized. The electric field intensity in
the model with the traditional dielectric tool is obtained by the FDTD
method. These set of simulations for an oil-based mud filled borehole
and sand formations contining four different fluid saturations: 30%
water, 20% water, 10% water, and 30% oil were studied. A modulated
Gaussian pulse was the monocycle impulse of the ransmitting antenna.
The waveform and spectrum of the Gaussian pulse are plotted in
Fig. 6(a) and (b). The peak-to-peak width of the pulse was about
250 ps, and the center frequency was 1.6 GHz. The frequency bandwidth
of the impulse covered the sensitive range of the complex permittivity.

The complex permittivity of the four formations is shown in Fig. 5.
The velocity of the plane wave is in inverse proportional to the permit-
tivity of the media. To avoid confusion, the E-field intensities of different
models are shown when the wave spreads to the same position. Conse-
quently, the field distributions are presented at different times in Fig. 7.
In the four models, there is a high-amplitude wave around the borehole,
which is called the non-radiating wave, because the distribution range
of this wave is restricted along the borehole, and does not radiate into
the formation. The nen-radiating wave is confined to the formation ad-
joining the borehole up to a radial distance of several centimeters, and
no obvious attenuation is observed in the direction aleng the drilling
collar. Beyond this area, lateral waves propagate outward from the
transmitter, whose velocity equals the velocity of the plane wave in
each formation. Of the two parts of the electric field that are apparent
in Fig. 7, the major part of energy detected by the receiver is from
non-radiating wave. In this way, the detection area of the tool is restrict-
ed tothe zone very close to the borehole, and thus the traditional dielec-
tric tool's ability to evaluate dielectric properties is critically limited.

3.2, EM energy distribution around the collar

To optimize the dielectric tool design, it is important to increase the
efficiency of lateral wave launching, in other words, to eliminate the
non-radiating wave. In the water filled borehole, a guided wave propa-
gates along the borehole, and is the main part of the non-radiating wave
(Ellefsen et al, 2004). However, in recent applications of dielectric log-
ging, borehole water was replaced by the oil-based mud (Guo and Liu,
2010). Theoretical analysis can help to explain the generation of the
non-radiating wave. For theoretical calculation, a simplified model
pictured in Fig. 8 is applied: region 1 refers to the copper metal collar
with conductivity & = 6e + 7 5/m, region 2 refers to the borehole filled
with oil-based mud with permittivity £* = 3 + 0.05j}, and region 3
refers to the formation surrounding the borehole, with its permittivity
shown in Fig 5. The diameters of regions 1 and 2 are R; = 46 mm and
Rs = 50 mm, respectively.

The refractive index of region 2 is much smaller than that of region 3.
The thickness of region 2 is only 4 mm, while the wavelength in the
operating band as shown in Fig. 6 is between 12 mm and 60 mm. The
thickness of region 2 is one order smaller than the wavelength.
The wave guide condition cannot be reached in the described model.
Even though a guided wave is occasionally excited, it will radiate EM
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Fig. 5. Complex permittivity of formations with different fluid saturations: (a) Real part £ and (b) imaginary part £°,
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Fig 6. The source impulse applied to the transmitting antenna: (a) time-domain waveform and (b) spectrum of the excitation signal.

energy into the formation, causing the amplitude of the guided wave conductor can be written in the form (the subscript c refers to the
to dramatically decrease. So a guided wave can hardly exist in this area inside the conductor):
model.

The collar operating in the formation can be approximated as an in-
finitely long cylindrical conductor of circular cross-section embedded in

o 3 5 5 = Y 2 g Ere = jAﬁJI(chr]ejlml?k“zl
an infinite homogeneous dielectric media. The particular solution of this kr

boundary condition describes a radially symmetric transverse magnetic  Ezc = Ag(krcrjed @tk (2)
wave traveling along the cylinder (Barlow and Cullen, 1953). The field Eec = jA Jy (kper)ed @ %)
components of the symmetric wave traveling in the space inside the krot

Non-radiating Non-radiating

Transmitter Vave

Non-radiating Norradieting
Wave Vave

Lateral Wave Lateral Wave

(©) (d)

Fig 7. Normalized electric field intensity in a sandy formation with different fluid saturations when the traditional dielectric tool operates in: (a) 3.4 ns with 30% oil, (b) 3.6 ns with 10%
water, (c) 3.8 ns with 20% water, and (d) 4.2 ns with 30% water.
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Fig. 8. Model used for theore tical analysis. R; and Ry refer tothe diameters of the metal col-
lar and borehole, Regions 1, 2 and 3 refer to the three regions in this model: the metal col-
lar, borehole, and formation.

The field components putside the conductor can be written in the
form:

E = jA:—; HU (kpr)elteot—kez)
E. = AH!" (kyr)ellot—kez)
E,= jAﬁHE”(kTr)eﬁ““"“”_

Fig. 9 shows the field components and defines the coordinate sys-
tem. Jp and |y are the Bessel functions, while H{1) 0 and H({1) 1 are the
Hankel functions. k. and k refer to the propagation constant of the
plane wave inside and outside the conductor, ky. and ky refer to propa-
gation constant in transverse direction inside and outside the conduc-
tor, and k, refers to the propagation constant in the z direction. The
relationship between k,, k, k., ky and k; is:

I

(4)

The E;and Hg, should be continuous at the surface of the conductor,
thus the relation could be obtained:

kr H (ke Ry)

" ke Jo(krRa)
K H (keRy)

= kf Ji(krRz)"

(3)

By simultaneously solving Egs. (4) and (5), kg and k; can be deter-
mined and consequently also k.. However, the operation of Bessel func-
tions is cumbersome and complicated. If the radius of the conductor is
large compared with the skin depth, the Bessel functions in Eq. (5)

(VV\

can be replaced by their asymptotic representations (Goubau, 1950):

It = () “cos(x-3):
hix) = (Ex) %cas(x i—n)
H(Y(x) = Jln( j0.89x);

(6)
HLIJ(XJ
Eq. (5) is then simplified to:

kiRa
H K

In(—jO.89kRy) = Fcot(chRz 45) %)

Egs. (4) and (7) were used for numerical evaluation of kr, k. and k.
Propagation characteristic can be acquired from the propagation con-
stant and we are concerned with the percentage of the power of surface
wave which travels inside a depth p within the operating frequency
bandwidth, The energy outside thearear= p is:

N, = Re[zrl f rEngdr]. 8)
P

The total power of the surface wave is obtained by setting p = Ra.
Ratio pisdefined to describe the percentage of energy flow inside a cer-
tain depth p, and the expression is given as:

Re [211[ rErH‘_;‘drj|
Re|2n f TE-H, dr
Ry

Fig. 10 shows the contour map ofratio p in the area outside themetal
collar within the operating frequency band. Four formations with differ-
ent fluid saturations were selected as typical examples and their permit-
tivity is shown in Fig. 5. The half power radius within the operation
frequency is indicated by the dashed line in Fig. 10. The half power radi-
us becomes smaller as the media permittivity increases, and in the four
models the half power radius varies from 0.55 cm to 1.75 cm. The half
power radii at center frequency 1.6 GHz in Fig. 10{a) to (d) are
0.95cm, 0.8 cm, 0.5 cm, and 1.2 cm, respectively. The EM energy distri-
bution in Fig. 7 shows that there is a non-radiating wave with obviously
higher intensity confined in the area close to the collar. From theoretical
derivation, we can deduce that the major part of the non-radiating wave
exists as a surface wave conjoining the metal collar, which confirms the
numerical simulation results.
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Fig 9. The field distribution of the surface wave: (a) lateral view and (b) section view.
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Fig. 10. Contour map of ratio p of surface wave: (a) sandy formation with 10% water saturation, ( b) sandy formation with 20% water saturation, (c) sandy for mation with 30% water sat-
uration, and (d) sandy for mation with 30% oil saturation. The color scale of the contour map covers from 0f to 70%.

This implies that about half power of the surface wave is restricted
inside a cylindrical region with a radius of approximately 1 cm and a
very high proportion of energy launched from the transmitter is propa-
gated as a non-radiating wave. The surface wave causes the EM energy
detected by the receiver to carry more electric information of the bore-
hole rather than of the formation outside the borehole, and it critically
decreases the detection depth of the dielectric tool

3.3 Modified dielectric tool with PVC collar

Toincrease the performance of the tools, improvements are brought
into the design. The most direct way to raise the efficiency of launching
the lateral wave is to cut down the surface wave along the metal cylin-
der. For this reason, the metal drilling collar was replaced by a PVCcyl-
inder with radius of Ry between the two antennas as shown in Fig. 2(a)
and (b). The permittivity of PVC is 2.4 + 0j. E-field intensities around
the improved tool obtained by the FDTD method are presented in
Fig. 11. The model simulated here is shown in Fig. 2, the whole simulat-
ing area is 2m = 2 m » 2 m, and the boundary conditions are set as a
perfect matched layer ( PML). Formations with four different saturations
and recording times are the same as in Fig. 7.

46

There is no non-radiating wave with high amplitude observed
around the PVC cylinder in Fig. 11, because the structure between the
two antennas cannot meet the transmission condition of any surface
wave or guided wave. When metal reflecting plates are mounted on
the top of the PVC cylinder, there is an EM wave inside the PVC cylinder.
The structure of the tool is the same order of magnitudes as the operat-
ing wavelength, so the EM wave inside the PVCis due to diffraction,and
it was observed that the relative strength of the diffracted wave de-
creases as the permittivity of the formation increases. In the area be-
tween the two antennas, most of the excited energy has been
transferred to the lateral wave. Along the metal drilling collar beside
the two antennas, there is still a noticeable surface wave in each
model, but this part of the non-radiating wave cannot be detected by
the receiver. In this way, the energy of the received voltage is mostly
transferred from the lateral wave that propagates through the forma-
tion, and interference from the non-radiating wave is significantly
diminished.

As shown in Fig. 11, propagation characteristics of the lateral wave
greatly vary in the formation with different fluid saturations. The
wave amplitude is bigger in the sandy formation containing 30% oil
which represents the reservoir layer, than in the other three water sat-
urated formations, the amplitude is inversely proportional to the fluid
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Fig. 11. Normalized electric field in sandy formation with different fluid saturations when the improved dielectric tool operates in: (2) 3.4 ns with 30% oil, (b) 3.6 ns with 10% water,

(c) 3.8 ns with 20% water, and (d) 4.2 ns with 30% water.

contained in the water saturated formation, and the propagation veloc-
ity of the EM wave decreases from Fig 11(a) to (d). These differences
result from different electric properties of the formations, and certainly
affect received voltages.

3.4. Analysis of received voltages

Fig. 12 presents the normalized waveform of received voltages in the
four sample formations. Time begins with the triggering of the impulse
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Fig. 12.The response signals in the ime domain obtained from the receiver, when the sys-
tem operates in formations with different fluid saturations.
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signal in the transmitting antenna, and the time of the EM wave propa-
gation to the receiver varies with fluid saturation. The phase velocity of
a plane wave in homogenous media is vo/\/€l1, and the propagation time
too is in direct proportion to ,/Zfi. The permittivity of a formation with
30% oil saturated is the smallest in the four formations, and the EM
wave in this media has the shortest ty,. Propagation time tp, in a
water containing formation increases as water saturation increases. As
shown in Fig. 5, the imaginary part of complex permittivity becomes
bigger as water saturation increases, and the imaginary part of an oil
saturated formation is quite close to zero. The imaginary part of com-
plex permittivity represents a dielectric loss, and it can be reflected in
the received voltages as shown in Fig. 12. The dielectric loss in the oil
containing formation is the smallest, so received voltages have the
biggest amplitude, while an obvious attenuation of the amplitude can
be found in water containing formations, and the amplitude gradually
deaeases as the dielectric loss becomes larger.

There is no evident difference between waveforms observed in the
time domain in Fig. 12. Several mechanisms related to fluid molecules’
polarizability affect dielectric properties of the formation, and in
the frequency range from dozens of megahertz to several gigahertz,
frequency-related dispersion associated with fluid saturation can be
found in the complex permittivity of formations.

Operating with a Gaussian monocycle as shown in Fig. 6, received
voltages in the frequency domain are presented in Fig. 13. The center
frequency of the impulse signal launched from the transmitter is
1.6 GHz, and the frequency range is between 750 MHz and 2.5 GHz.
The oil containing formation possesses frequency independent permit-
tivity, so the frequency range and center of received voltage in the
formation with 30% oil is the same as the impulse signal. On the
contrary, the imaginary part of the water-containing samples' complex
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Fig 13 The response signals in the frequency domain obtained from the receiver, when
the system operates in formations with different fluid saturations,

permittivity crucially grew in a span larger than 1 GHz, and thus more
excited energy is absorbed in the span above the center frequency. As
shown in Fig. 13, the center frequency of received voltage shifts to
lower frequency when the water saturation increases, and is the same
in the time domain, with a higher water saturation causing a smaller
amplitude.

Simulation results in this section demonstrate that the improved di-
electric is efficient to launch the lateral wave, and the detection depth is
significantly increased. Apparent propagation time tp, can help to
evaluate the dielectric constant, and at the same time, analysis of the
frequency domain provides continuously satisfactory dispersion infor-
mation of permittivity in a fairly broad band. Studying combinations
of received voltages in both the time domain and frequency domain
makes it possible to obtain dielectric dispersive characteristics in a con-
tinuous wide-band, which has significant importance to determine fluid
saturation in reservoir layers.

4. Conchusion

A dielectric logging tool designed for formation fluid saturation
operating with UWB pulse propagation was presented in this paper.
A monopole antenna was used as the dielectric tool, whose work band
covers the frequency band of an operation pulse from 750 MHz to
2.5 GHz. Numerical simulation and theoretical analysis were used to
study the EM energy distribution around the tool, which was proved

to depend upon the material of the cylinder between the receiver
and transmitter. After emission from the transmitter, a lot of energy
propagated along the metal drilling collar as a surface wave, which
caused the amplitude of the lateral wave, which carries dielectric
information out of the borehole, to decrease. The surface wave was cut
off and the lateral wave launching efficiency was evaluated by replacing
the cylinder material with PVC. Response veltages in the time domain
could clearly evaluate the dielectric constant of the formation. From
the response spectrum, dielectric dispersive characteristics in a contin-
uous wide-band which are significant to study formation fluid satu-
ration could be obtained. When compared with the conventional
dielectric logging tools, more excited energy was transferred to the
lateral wave, and measurement of the complex permittivity in a contin-
uous wideband spectrum provided more accurate fluid saturation
evaluation around the borehole.
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Numerical Study on Complex Resistivity Measurement of Porous
Media Containing Gas Hydrate

Bin Wang and Lanchang Xing
College of Information and Control Engineering
China University of Petroleum (East China), Qingdao, China

Abstract— Natural gas hydrate is potentially a new energy source. Most of the naturally oc-
curring gas hydrate are present in the marine sediments. As the stability of gas hydrate in porous
sediments is largely influenced by pressure, temperature and properties of the pore water, it is
rather difficult to estimate its concentration. Electrical complex resistivity measurements have
been used for estimating the gas hydrate saturation with the aid of Archie’s method. However,
the various distribution forms of gas hyvdrate in porous media and existence of interfaces between
the hydrate and sediment particles made the imaginary part of conductivity highly sophisticated.
Traditional saturation evaluation methods used for oil and water cannot be used for gas hydrate
any more.

To elucidate the mechanism of hydrate saturation evaluation by complex resistivity measurement
that implemented in the experimental work and to investigate the connections between gas hy-
drate distribution and electrode responses; simulations on the resistivity measuring equipment
and porous media containing gas hydrate were carried out. Numerical models with different
distribution forms (such as layer, block and vein) of gas hydrate in a reactor were constructed.
The EM field inside the reactor and full current responses of electrodes were caleulated by finite
element method (FEM). Then the apparent conductivity o, and apparent permittivity =, were
obtained for the inversion of hydrate saturation. The simulation results have shown that: firstly,
there are obvious correlations between the gas hydrate distribution forms and electrode responses,
from which the distribution forms can be deduced qualitatively; secondly, the eurrent responses
to the media containing gas hydrates are very similar to those containing oil at high frequency;
thirdly, the imaginary part of current response for the case with gas hydrate in the form of layer,
block or vein increase abnormally at extremely low frequency, and it depends on the shape and
size of gas hydrate. It is postulated that the current relaxation exists at the interface between
the gas hydrate and sediment particles, and it implies that induced polarization occurs in these
models.

1. INTRODUCTION

Natural gas hydrates are widely distributed in marine sediment area, and their resource potential
is twice the sum of known fossil fuel resources [1]. The gas hydrate related research has grown
exponentially in recent years for suceessful exploration [2]. Geophysical well logging techniques are
widely used in gas hydrate detection, therefore, many works have focused on gas hydrate satura-
tion evaluation through electrical, acoustic and seismic methods in porous media [3]. Electrical
resistivity survey data are especially sensitive to the gas hydrate content, and complex resistivity
measurement has been used for estimating gas hydrate saturation [4]. Existing studies elucidated
that there were many mechanisms such as indueced polarization in conductive porous media at fre-
quency from 0.01 Hz to 100 Hz [5]. In this way, current responses of the electrodes (complex current
responses or described as amplitude attenuation and phase shift) always become counterintuitive
when porous media contain gas hydrates.

To illustrate the connection between eurrent responses and gas hydrate distribution, and to
provide theoretical support for the synchronous laboratory experiments, numerical simulations on
the resistivity measuring equipment and porous media containing gas hydrate were carried out
with finite element method (FEM). Firstly, the apparent conductivity o, and permittivity =5 were
obtained at the operating frequencies in the experiments, when gas hydrate was synthesized in the
porous medium in the reactor. Then the current responses with different gas hydrate distribution
forms were investigated at frequency samples from 0.01 Hz to 10 MHz.

2. EQUIPMENT FOR COMPLEX RESISTIVITY MEASUREMENT AND NUMERICAL
MODELING

The reactor for porous media containing gas hydrate and the electrodes for complex resistivity
measurement are shown in Fig, 1. Electrodes are fixed on the reactor with seal flange and their
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head faces contact the measured media in the reactor. The sixteen electrodes with diameter of
25 mm are mounted around the wall of the steel cylinder.

Figure 1: Pictures of the reactor for porous media containing gas hydrate and the electrodes for complex
resistivity measurement.

Working
- Receiver

) @ | |Le

el

D -

:

=
P

2Rz

Yol tage Source

(a) (b)

Figure 2: Schematic of the numerical models: (a) top view, (b} side view.

As shown in Fig. 2, the numerical models are built according to the experimental equipment at
one-to-one scale. The outer radius of the reactor By = 90mm, and radius of the measured media
Ry = 60mm. The height of the reactor Lo = S00mm and metallic caps are welded at its top
and bottom. Isolation layver with £ = 2 and ¢ = 05,/m is mounted between the metal reactor and
measured media. Electrodes inset the isolation are separated by 45 degrees horizontally, and the
vertical interval between centers of each two electrodes Ly = 50mm. A voltage source with 100V
connects the transmitter electrode and reactor. The rest fifteen electrodes act as receivers. When
one receiver is working, it is electrically connected to the reactor wall, and the other receivers are at
off-working state. Fig. 2 shows the example that the electrode at 90 degrees angle to the transmitter
acts as the working receiver. All of the metallic parts are set as perfect electrical conductor (PEC).
As the EM field are shielded by the metallic reactor, the simulation is a closed region problem, and
there is no special operation at the boundaries of caleulated region.
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3. SIMULATION RESULTS AND ANALYSIS

3.1. Apparent Conductivity and Permittivity with Gas Hydrate Generated

To investigate the variations of the apparent conductivity o, and permittivity s during the hydrate
synthesis course, two numerical models are built as shown in Fig. 3. Situations with horizontal
and ineclining interfaces as shown in Figs. 3(a) and (b) are simulated respectively. The transmitter
clectrode contacts the upside media with poresity @ = 30%, water saturation S, = 40%. The
conductivity of the upside media is 0.27555/m, and the dielectric permittivity is 41, which are
obtained by Archies’ Law [6] and GRMDM [7]. Gas hydrate synthesized at the bottom is set to be
nonconducting, and the dielectric permitiivity is 3.

Media Media
|| Containing |+ Containing
= Water ’d Water
i Transmitter
L_ & .:ngmrtsmrttBr i @ e
wlola L @]
L Gas Hydrate - Gas Hydrate
= -]
(a) (b}

Figure 3: Numerical model with gas hydrate synthesized at the bottom of the reactor: (a) the horizontal
interface between the media containing water and gas hydrate; (b) the inclining interface with an angle of
30 degrees to the horizontal between the media containing water and gas hydrate.

The conduction current 1.,,4 and displacement L.y current at each receiver electrode are
obtained firstly. As shown in Fig. 4, the apparent conductivity o, and permittivity ¢, are calculated
by using Equations (1) and (2). The voltage source at the transmitter electrode Urp = 100V, The
electrode coefficients Ky and Ko are determined through theoretical and experimental analysis.

I cond

Og KiUrn (1)
F Tiispt
o8 wkKaollrn (2)

The apparent conductivity ¢; do not vary with frequency obviously, and have a tendency of
matching the practical conductivity distribution. However, the apparent permittivity shown in
Figs. 4(b) and (d) have significant dispersion with frequency below 100Hz. As the operating
frequency decreases, ¢, reaches a large value abnormally. Especially, when the frequency is below
1Hz, the £, is millions time larger than the practical value. It is observed that the phenomenon
hecomes particularly outstanding, when there is conducting water saturated media between the
transmit-receive electrodes. Furthermore, the shape of the gas hydrate has also significant influence
on the apparent permittivity.

3.2. Current Responses and Gas Hydrate Distribution Forms

To identify the effects of the gas hydrate distribution. numerical models with three kinds of gas
hydrate distribution forms (layer, block and vein) are constructed, and the background material is
porous media containing water with porosity & = 30%. water saturation 5, = 40%. The spatial
distance between each layer/block/vein is set 10 mm congruously, and the gas hydrate layers and
veins are both horizontal. The current responses varying with layer thickness are displayed in
Fig. 5; the current responses varving with diameter of blocks are displaved in Fig. 6; the current
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Figure 4: (a) Apparent conductivity o, obtained by each electrode pair with horizontal angle of 0 at
frequencies from 0.01 Hz to 10 MHz; (b) Apparent permittivity =, obtained by each electrode pair with
horizontal angle of 0° at frequencies from 0.01 Hz to 10 MHz: (c) Apparent conductivity o, obtained by each
electrode pair with horizontal angle of 30° at frequencies from 0.01 Hz to 10 MHz; (d) Apparent permittivity
£, obtained by each electrode pair with horizontal angle of 30° at frequencies from 0.01 Hz to 10 MHz.
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Figure 5: Current strength at the down 180° electrode varying with frequency and thickness of gas hydrate
layers: (a) Real part of the current strength; (b) Imaginary part of the current strength.

responses varying with diameter of veins are displayed in Fig. 7. A homogeneous medium with
porosity & = 30%, water saturation S,, = 40% is set to be contrast.

The real part of the current responses decreases with the increase of the gas hydrate content
when frequency is higher than 10Hz. The real part has no obvious correlation with frequency,
appealing to common sense. However, it tends to jump or plunge as the frequency decreases below
10 Hz, when the size of gas hydrate reaches a certain specific value. The peak/valley values arise
when the layer thickness is 0.5 mm, the block diameter is 5mm and the vein diameter is 0.1 mm
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Figure 6: Current strength at the down 180° electrode varying with frequency and diameter of gas hydrate
blocks: (a) Real part of the current strength; (b) Imaginary part of the current strength.
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Figure 7: Current strength at the down 1807 electrode varving with frequency and diameter of gas hydrate
veins: (a) Real part of the current strength; (b) Imaginary part of the current strength.

approximately. Above 10kHz, the imaginary part of the current strength is proportional to the
frequency. As the permittivity of water is obviously higher than the sediment matrix and gas
hydrate, the permittivity increases with the water saturation. But the imaginary parts bounce
as the frequency decreases in all the three models, and it keeps pace with the corresponding real
part. Compared with the homogeneous media containing water, eritically large imaginary parts are
observed as the gas hydrate layer/block/vein are forming in the reactor. As a result, abnormally
large apparent permittivity is inversed.

Obviously, the very large imaginary part of responses at extremely low frequency do not refer
to the displacement current. and no evident current density inerease is observed in the measured
media. The simulation results exhibit that the imaginary parts depends on the shape and size of gas
hydrate particles significantly, and there are conspicuous changes of current path. By analogy with
complex resistivity logging theory. it is postulated that the current relaxation exists at the interface
hetween the gas hydrate and sediment particles, and it implies that the induced polarization might
lead to the abnormally large apparent permittivity at the extremely low frequency.

4. CONCLUSION

To investigate the connections between the gas hydrate distribution and electrode responses, sim-
nlations on the complex resistivity measuring equipment and porous media containing gas hydrate
were carried out. Firstly, simmulations on practical gas hydrate synthesis is performed, the gas hy-
drate concentration could be deduced from the electrodes clearly. Secondly, models with different
gas hydrate distribution forms are caleulated. it is proved that the imaginary part of the electrode
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responses for the apparent permittivity inversion depends on the shape and size of gas hydrate par-
ticles observably. Furthermore, the abnormal increase of the current response is believed caused by
the induced polarization effect, and it eould be potentially utilized in the evaluation of gas hydrate
concentration and recognition of its distribution forms.
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Development of Permittivity Test System with Multi-channel
Based on Open-ended Coaxial Probe

ZHANG Zhong-hao, WANG Bin" , XING Lan-chang, YU Shi-chang, WANG Hui-min

( College of Information and Control Engineerng, China University of Petroleum ( East China ), Qingdao 266580, China)

[ Abstract] A test system with multi-channel based on open-ended coaxial probe was proposed. The time-divid-
ing operation of the multi-probe was realized by setting a radio frequency multi-way switcher, meanwhile reflection
coelficients were compensated, and the permittivity was inversed with quasi-static model. This is the first time to
achieve dielectric measurement at multi-point with open-ended coaxial probe. In order to verify the reliability of this
test system, several liquids with known permittivity and medium with homogeneous permittivity were measured.
Finial, special dielectric distribution information of inhomogeneous sand containing water was obtained by using this
system, and water saturation was reversed with dielectric mixing law. Experimental results show that permittivity
obtained l}y the test syslem match theoretical data prt.‘a:iﬁt:ly. Results from error analyﬁis present that the precision of
the system is better than the existing mainstream commercial single probe test system, and it can be used 10 measure
the permittivity of inhomogeneous media aceurately. The proposed test system with high precision and reliability ex-
pands the application of open-ended coaxial probe method in permittivity measurement of inhomogeneous samples,
and it is scientifically and engineeringly significant to dielectric properties study of inhomogeneous media.

[Key words |  permittivity spatial distribution multi-point measurement open-ended coaxial
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Abstract (limited to 4000 words):

Natural gas hydrate is potentially a new energy source. The gas hydrate
reservoir can be recognized qualitatively through geophysical well logging
techniques, however, it is rather difficult to quantitatively evaluate the gas
hydrate saturation due to the lack of appropriate well logging methods and
interpretation models. The traditional well logging evaluation theory for oil
and gas reservoir cannot be used for natural gas hydrate any more.

Based on the new broadband dielectric logging method proposed in the previous
work, this project focuses on investigating the characteristics and mechanism
of the well logging responses to gas hydrate reservoir and establishing the
corresponding evaluation method for gas hydrate. Firstly, the physical model
of EM pulses radiated by the broadband dielectric logging tool is established
through simulation and theoretical analysis, then the factors affecting the
detection performance and the underlying mechanism are studied. Secondly, the
factors affecting the frequency dispersion of the dielectric characteristics
of the hydrate-bearing porous media are identified and the mechanism of the
relation between these factors and hydrate saturation are investigated.
Thirdly, the mechanism of the relation among the instrument response,
frequency dispersion of the dielectric characteristics and hydrate saturation
is disclosed and the hydrate saturation estimation method based on the
broadband dielectric logging is proposed.

The outcome of this project aims to enhance the existing theory and data
foundation for the development of broadband dielectric logging, and to provide
an innovative logging method and theoretical supports for quantitatively
evaluating the gas hydrate saturation.

Keywords: Gas Hydrate; Hydrate Saturation; Dielectric Properties; Well
Logging; Dielectric Response Mechanism

Wman



lasig

£ z I 9

Fo -1y i 2B pAL With W BYW

8 — ﬁ%%m CZL0VGET 00y SEETBB9BZESY ) AWM T FFw@ | % |0v661 | B 9
8 X ﬁwﬂwwm 0z0z661czar ey SEEIBB9BZESY  CHADANWIEH T Frm | % |cozer | ¥ g
8 % ﬁﬂwwww cz60z6619z00Ty|  SEETB69BZESY Ol AWM T T | 6 |60°ze6l |  Es .
9 B SQM CZ10L6Thar00  SEEIB69BZESY  Chet) AWM T 4 # |Los61| wWEE | ¢
9 BEIRA R | oz0e61,zrird  SEEISO9BZESY  CheA) AYHIEIH T #a | % |zoveser| Winm | @
01 v X1 H i :_Swmaowwm L60ZL829S81| Chdy) ALY WM Fhl 4t # | 1078861 Wi 1

—wmw 144 H iy GG 44m 1T ATk ES b7 Al MEF4 | H Ez &%
YMEFEHEHN
SEI-H MR EDER

v

76



6.2 EF LAY ERBFFSE (ZR2017BEE026)

T O L A e 1

o W H Az AR 5 R

] WEHAR | RASOROT KA W FRR YIRS T4 )7 140
H
1t SiAS [ZR2017BEE026 by = 3 I 5 o
/L\ PATHIBR  [2017-08%2019-12 W2 9.00757T
=]
B shard senor &R SR |E091005
- 4 Fiit s |5 HUHEE [370702198801112215
I
H FL T HRAH wangbin2015@upc.cdu.cn RZA IS (18562872097
7K %
" e84y SR zgamx:ﬁ (47 FRSEHIR %iggvl\ I
A - i
= | FFERALEER) |fFRSE TR FEWIT [PEEMKE FF)
5
FES R FERSRE |1
MEHRE (SHiFH—%, TEEERFAN)

4, TR Tt EHAT N m
i) Bgm [PEENAE R |eseRRe s x%
FEM i hEEBAYE (ER) EGTIL. R 8 %ﬁ_
AT W4 HEGMAYE (KR HREHIIEHIR. 4REHIT 10 77 ﬁ’ﬁﬂ
RE Ttk FEAMAYE (5 BB DL HERER 10 %_ﬁ
TR ikt RS (R WL, R 0 | 48

TEXFEIRE ()
A L At Ay B ARG B, —BA1)
0 1
PRI TR ME AR . DT, AEJE DR AP TR B R A e AR 5 T
BIEME=1 AN TERBBON, B (AR 5. RERBHEREESN, TEARTLHE.

1




GHIER BRI (oL

JiJt)

BLH ST eGSR 55 56 10)
MIEERR ST NE] 9.00
— T IR 7.50
1. 1A 0.00
(IR AT PR 0.00
@3& ik B 0.00
QIR FE S TGE R 0.00
2. MERe 4.00
3y W3 n T2t 0.00
4. BREEhh TR 0.00
5. ZR/SW/BERS RS 1.50
ks .
6+ AR/ SCHR /S BAETR 176
[HERFEA TS 2 )
7\ 9755 5% 0.30
8. TREIHE 0.00
9. Hfths7iH 0.00
Z. TNE ARk
(Eef51:17%) s
1. SR 1.05
2. EHR 0.45
3. FESR/BEAER 0.0
Bﬁ(ﬁﬁ '
- BERE 0.00

AR TR E EFRFIM 55 ST & TR
FRAOTT 53 BRI 8 B TAR T

HAFRAEF: :ﬁ,%%

T 5 )R mA&WMFéaﬁﬂ“ﬁﬁmﬁ%,#%Fﬁﬁ?Mﬁ%E%ﬂ%g

JE, WEIFRMFE TR, 1%851E Hhigdng

A TR BT, R AHIGR, XVOITE & A3 AL

2017 FIIA2)H

RITHL LR

WARE AR RSB AN A ZTETN

AN R RURIBIZINH , 4’4 AL

,W%ﬁ?m%aa%»,
BhIm BB, W55 e %}f#&ﬁm‘ﬁf
AT -r< .mf

4ﬁmniu<ﬂﬁg

O )
] ek £ A H

(IERHTATER, —L=41) R

78

WIZRAT B SRR & A R20174E




6.3 EFILUARHESHIRITER] (2018GGX101020)

LR A ERTFRITE
WS

GiHge, 2018GGX101020
ETBERP A BRI -5 AR

T H 475
A XEHT (R, TEANASE (FF)

T H&E R (Z77). TEAMKE ($F)
g e, PEAMAE EFR) AMII%H0

HiHfATAN: TR
I Z % 18562872097

feikrfa): 2018 401 H#A 2020 %01 A

WRABEFBAT
=0 — -t <=

10f9

79



i 5 ¥t A
| iEs B R AT AR AT PR A ot
%ﬁ&ﬁ,&%%$ﬁ%ﬂﬁﬁEWMﬁﬁ$%%H,Lﬁ%m

EpCiE LAV
2-$E%%%ﬁﬁ§$mﬁﬁﬂﬁﬁﬂﬁﬂﬁﬁﬁﬁﬁﬁ

e, ALSRIAT AR B PRI RAEAT A TR
3. KESBERM A4 HITE, —RG, THEEHIT

%, BUEAERA—4: BRETHR

20f9




—, MBEFREER

DEDE ) iAWY (2EFR) EFHWII AT (FR)
W [0t ] 01T RER: 02 BHWHRET 03.[H 4 dlk 04.%%'@14 05 FLE &l 0647 PR T
(AR TR HIAR 08RG & 1Ak 090k E k10T

B WZRA T B R KILi%665 B EC T 266580

<22 5 HAEER BIHEST Bk AR 15
RERHN R 5 1988-01-11 370702198801112215 18562872097

&1L FhL E-mail

053286983326 18562872097 wangbin2015@upc.edu.cn
MT 3 3385 A KEULAR | 3125 A TRIFRAR | 1659 A
i B A2 g (] 2018-01-01 V1 5E S (6] 2020-01-01

0L FEE 025k 03, Jeiltilid 04, BifiElR S BACTIRE 05. RIBIZH
06. TR 07. LTkttt 08. 2 THIR 09. R lkFHBA
: 10, R4 11, RS 12, RWILFL
X
BASU | L01] |3 somkpipi 14, eRHE 15, BRS T4
16. TR S AR 17. ADS{EAE 18, FEAIRL
19, AJEge4 20, /EMHEA 2L REURIE SIS Bk 22, T EEAREIHRS
T H 25 [ 1] LEW® 2.9 3HERITR

HARITR [ 1] IAPBER  2E¥mEe 3SR

[ 3 00 6 I 1 JAERBKADMERZN

FEMRH LEAEBRE 2HATZOHEL AR R
AATFHRNRE SHLMNRE 6TUMRE TR 7.81%E
e | ER | SehRMGA |k | BER | Smsa
D 2 2 0 0

FHigmes | THERE | R GRRE  ([REERORE| &t
()

1 1 1 1 4

i B 7€ A7 T 7 263

- k| [ 02 ] LERFS% 2@FEEE JEANE 4ERKE SHAA
W A L | BRI Nk 6481t

& T [ 03 ] LWARIC 2.#A#R
i IHAMEAZA 4B NEA
i _ SV [P
2309y gt
100.00 20.00 50.00 30.00

30of9

81



= FEMRRE

A« BRI A A TREICH
miE, . b B L A SR Xy HLRE I th Atz
ﬁmm#wm@ﬁf@mm#mmmmm.mmigggmﬁgﬁgﬁgf;%gggmgﬁgggzg
S AT o oz S 57 3 TR A R v JeIRIFHR S Ry LFk
ggﬁgmgiﬁgﬁﬁgﬁiggi§K1+%Mﬂh%%ﬁ,%Mﬁ%%$~m%ﬂm+ﬁﬂﬁ,&
;mgﬁaﬁﬁWﬁ¥%MﬁﬁﬂﬁE,ﬁm%uw%ﬁﬂﬁﬁ‘ﬁﬁ%%?ﬁﬁ;%%%ﬁf&ﬂﬁm
%%m&%mmmz&.%7%&%%m%m~Eﬁ%ﬁﬂﬁ%%ﬁﬂ.ﬁm%ﬁﬁ%~%ﬁéﬁmgg
mmzmmm&ﬂﬁ,&m%ﬂmmm%ﬁﬁﬁ&ﬁﬁmmﬁémﬁﬁﬁﬁ.HﬁﬂAE%ﬁERﬁ%
ﬁﬁﬁ#ﬁ@ﬁﬁ%&ﬁ%ﬁ&.ﬁﬁﬂﬁﬁ&ﬁﬁ%ﬂaa%mmwgfﬁ%m#mwﬂﬁﬁ#mmm
mwm%ﬁﬂﬁMﬁ.ﬁﬁﬁ%mxﬁAﬁm,#mmm%@ﬁwa%ﬁmﬁ@m%m.

B. BRSO R RIHU, BHRAUWD FRRARMUBIER.

TR N RIS AR ARG RN, B RATER RIS S Ky s
R, WRIECH BIERE LTI, BB R ORIE. IR, FEKAIIMHIFRE
HAT T RREGTIA, &% TUWB HIRRGMRR. SH3Hii bile TR R, SRR/
UWB HIRRGRARETIEN— 5. ROMEATEALEES, REFHMRRLX T HBKIEI LI
B, BEARLMBEISNF RSB R OBE%E, XHUBRRNTER, BRRHREGHERE
RANEEZ MMAERR, SRR RL ORI

C. HBURIEY, FFRRHNRRE MR R KRR,

i S IR RS0 S S BB H kb3, BkohatT . IR RARVRRE. WRET
LM% SRS CREENER. IR, SUEMALE. WA TS E M.
BRAETGPU AN MRS A PR SRR B TR, (O ST AUR TR RUSERR I 0. 7EB BRI
B EERER L, BRARET, BELBRIRT G KIS CIFE 2S5 AR A M2 b Rt
B HUSTIR, RAERANMBELRS . SREONRSESN, RENSERRBETIOEIESE, B
E{ 45 A IERTE .

D. ZEBFNBRILEMER b, TR 0B 0B R

LA (IS R R BRI SRR I, RIBYIATE R 2R, SR SUMEE
B U MRS B R BN ST R S AR, AR T S R o 25 B 4R
K, MTTRECEAHIE, B ORIESHETNRIE: SRR N SR A T 2 3
HERRFESTOTR, SEAREOMEE YA, WIREME IR b5 BR B

SRR, B G i,

40f9

82




=, TERRER

1. BRI A FINR LR, T %N ii250MHz 452G Hz TG (S11=-10dB) ,» Wi fEUIAETE AT IET i
R
z\MWM$mmmMWMﬁmm#m%wm,m%mmmm.&m¢Tmmm.1wmmmmmm4w>
100°C, JEMATET160C o 4R FIHRTIRIEE FI300mm, ) 2 WER T Smm.
3\mmﬂmmmmﬁmwﬁm&mﬁ&.ﬁ@&%ﬁ@&ﬂ%&ﬁ@%&%%m,ﬁﬂﬁ%ﬂ%mmﬂﬁ
KF10mm (04820 PE.

M. EEQFARSHEM

BIFTR:

1. DUBTAKAME RIS S, RO — Yl i AT I TR A AT B AKX
KL T £ ST R S AN R, MR T B A0 A 2t R R 5 AR A R T BE.
A, SETFRRBRR AR RS S, ARG S AR, (RIEVFFERE.

0. BINMGIER, TRk RS, QIR Rt Ry B AR -RE =T, ke
47 AT EROR R 0B RAE BIRIR MK, OCBMRGRAERIRSRIE, P REUHFOHERIER
3. iEH BB EE AT 52 SERC L AR TE, XRSEAH RB B EAT R T, BRERE
A TREE R A R RE WA, WRA LR RERAKREOR . ST AR,

i ini

REE BT, —EREAMEENE, SRR SEREEKFRFERE. BRIRGHEN
S SO R R T % AR R A SEIE, AWM RN RN AT, GeBREGELH RN
W, B R — R A A A M, FUR A RE S — & A% B E RS
B, AR, AR EE A AT Ak E RS E K .

L

50f9

83



L}
£, WELHEM ——JenERE | 000 i T

TYERIB YRS SR W/————r’“_ﬁ' e —— ]
0,00
AL 1T 3F - T
A LINEN 0.00 Ji7G -
: Jojr: [ S AR K 0.00  Jijt
USRI | | AR 260 ik
k| T P 000 iR
W 77 EURF iR S
- o
e 0.00 Jijt
BEN 3.60 73‘7_[3\‘
b2 8.00 A%
M L3 T3 0.00 /ITC
WEVE) 1 2 0.00 %
HEER eneuERAEERNE a5 T
HiR/SCRR/Ta Bl e 3.00 AT
1B/ B a
FE R S R 55500 0. 50 JiTt
GMTHF = =
HREMR 0. 00 BT
HE R 0. 00 AT
FRIBEE N 970 H F LR B _
MEESH, BEK, 0.00 Vi
. AL BEEE :
la 4% % 77 5 E0 9 A (AR B3 .52 JITG
WA R 8B H 1. 48 Ji
Kenth 0. 00 Vil

7~ TE#ERA
FENE | LR | ERMEERIRETER)

ﬁﬁfjﬂﬁmmIUWFWFINMENM%"E. FERIFIRKEIL RIEAELLHC, (EMLRERNE AR
F .

2018-01-01 | 2018-06-30

TR T LR LA TFOURITY, JFE A O, (eI e B T E T b o
bl "
2018-07-01 | 2018-12-31

ERORLIUT IO 290, W0 LR T MBI P O (AR MLER 5 LY S M (IR R, I RIS
WAL MARRIIER BLAL, % R LD — 1.

2019-01-01 | 2019-06-30

2GR T TEIRTIT
WA G )M

2019-07-01 | 2020-01-01

60of9

84



£, FIEREER R

wn |1 waen | meong T HH AT }’T/”;'
ISR Yl | 1983-02-01 BUEAC AR (A5 AiTrerl (LI, Bid 6
(531 4| 1983-02-14 il DA (B4 fificrl|  QUit. Uikt 6
ISIRES Y | 1995-08-20 «umfﬁ/Ja PEAAAY: (R4 fRfEcrh TS ALRRIAE 8
SRt | 1994-11-07 Wege: NEGIE (ER) (S| LRI RETIEISE 8

{—' i

7of9




N ESBHTERER

B
RTN (%) ﬁﬁ%

B ARBRAL (Z,97)

, )
maﬁﬁA<§$>%J
MERFN &%) [7 70

R
EPZ

e

BRHET EEL B
HHN (T

86

Bof9



fu HEREFER

L. ZTTBUGEERG AR BT QIIT I T — 4R 12 e i
M RGHRER, ZRFICHE, R LRART. @TE, 4
AT AREFRK.

2. EEBITERS, ZHmENEILS, FAEFRETER
BRIREEERE, 257 e RGBT 8 e E L. R
B EAHAETR AN, 0T TR EUES BT, BJE R i BT R
—Ji k.

3. ZHTREMIERE (. SHEMEHHNEAHA WAL
PRI MR R RS BULHRIT AT, TIERF L, RAR
KA, W5 SUEEFRER, 778 R A LS HH]
sk, Fr AR A ARt R L R, REREUT
WA HE R AT -

4. FRERASATRAST XMME, WEERNEAR
. ARFEIERFL, FHATHRiRgER. LN, AR
FRAT A T AR TR A R

5. 2,77 BRI AR B AR AR A SOMFIESR S ME
B ARLEN, BTG TIHRITH, FRERF AR
SE IR, ERRE (R GRI) M. ATHRE . TRRE.
SRR | VPR S A A RIS S A R ISR SR A4 5 ARSI
BHUTFIE IR 25 TIHERESAAN. BiERIGT, SEXHR
% (AR . MRIEHBRHER S HERRE REATE A
BT R, Sl R SR T4 A .

6. AAESPEATEFWAEMBMFAE. BHHHURYUHH,
Bl R T AF RS B INER KRR .

9of9

87



6.4 EFHEFEBIFTHER] (15CX02120A)

I it : 27R1505023A

————— —————

FEAHAE (£F)

3 S FTRM T

HXMESH

BB &R: HT WA (55 Bl v B S R 5 ) frO 28 4

W 5 it
SE-SiTR TEES
P =#%: WIKPEE, BTEAR
i /A i BXZRHIE: 18562872097
T HB - wangbin2015@upc.edu.cn
RITEAL: EEEEH TIE%5R

| FRSHEARR: 2015 69 B & 2017 4 9 A

20154 9 H 24 HiA

88



= HAFR

o | @ & | ER| oM Y] S | 19881
f RIS i 2T I 2015.6 I w i
= | FRWGTT 1A HUEIIE . RS A
B prmemiLig 5 B TR b
7RI AL FREHHTIRSER | AR
Ti B & 7R FETF WA S R 4G o b 2 4 5 5 (o) A ER I T K iR o

e REFR IR BFHAR it A (770) 5.0
N
5 | WAL ABERESE
g 2 1L [8] 2015 £ 9H E 2017 F 9 A
ETTIERS MRS, WS WA

T R R ME¥E. X HEEF

AW H

w4 FEE AL AR EAR S B

IR EEFRANER P IR i~ '
5 BRI \J
é LG FEFRAIE VI CUIESIERS o
@ IR 'j$Vﬁﬁ
& EEA | BEE¥RADAE | ERFL | emewrEmert. |
7 HoT Benm 737
P TREPW | GRFREDAFE |EEWE | emsin v

it swsuay | e @
XTH | FEFRANR | EEEL | alemrmEegt, | 3
HoE 84 ) 1l

T E G5 (BR 400 FLAA):

o G AR R T Sk £ IR . TIRSECRM BT BT M, AR S MEAT UK
SRR SR TR R RSB . AT RO SRS M R b, R T M ETFRER S
WHR G R, 4R T R SIS EHE DI EERIBWESE, FARR Bk E REL
FIRSHHLED, FHHRZORIE T —HETFIRMTO SRR . FREH .

Bh BRI TR FE AR S (GPU) WFHTIHIRTREN BN TEFATR, RISHEATREM
AT R, BT IR, % SR RERE SERO0TN, URRHESES R DRI
W5 HEAR TR EMAMA S, M TESH. WERE. FS0ERSRITRUMAEI SANTIMG
A, RIS S5 S O AP, 32 M — 0 B R 0 SRR A7 ik 450 1 B B SRR LA B 2
WL BE 4 5 0 S35 5 5 2 1 T B 52 H4 35l

E: 1 RABEALT, AR B RARAFERIRT R R 2. TH “REFER
W GRLUFEFE 3, TUEAURA “Fie i ” S5 e iias Z e, 4350 “BrRAE
BUFIE ", W5 B 48 2R o 3 — L R A 3R

89




=~ BRREAR. EEFFRAR

L. BF9TE A

AR (-5 263 IUR (S R 0 Rt IR B EI R R
NI SRR B0 R B IR0 R R A R, WSS B R ARSI
WA SRR, (LR RPN PR RIRMIRIL, PR
BRI R, RARRIR R, BRI RS AR MRRTE, Wi
BN AAE, FRARESE. UL ERRNEIHETRER S HBERL
R AR (08 F B3 i TR

2. FEMRAAE

(1) R4l Sk L B R 00 0 (3 S A £ B S S PE AT BEMEAF 3L, BT
RIS TR AAE S 7E IR 2 oh AL TE B AR B

FRAIE 4 Sk M B S 5 (SR E R R e, Ak RN B RSB AT Y
B HE RS A B 0, T R S HLAE S th 1 o B 2 SR IR SR S IR A R b 2 PP O 3 A
WL, BIHE R R TR R
(2) FIREBEL. SRR RS SR, BRBRRE I REML
B. BE%LASH.

HHEHEETNE RS L. HEEH, SITEEES S0 EES N
W, FPFRIENER AR R, A EMRR T AR R
IR, FRAKESR. BmESIFRERRHF RN WS S EJHEm,
SHU SRR E, Sk MEE, UREESSHCHTIRL.

(3) FHXEELE &R R P 3 ARG R WIS RHETHR, BRMEREx S
B R S O ALEE

S {15 1 TR 5 16 A B8 v M 30 SR A e VAR 0T, T T AE SR R
BAf ki, MEENREEEBHRNEEUREIHE. SRR RS
i Ein AU R MEEENEDRETREGE, MARSESRE. &%
st Sl SR ENEZ MR, NMBPRESHTRL, FRIFIM. X
82 1 Tl 38 0 B AR S B TR R
(8) HEEHER, TREMPEESHRSAERNBRETE.

DASE i AL 1S B KB HR DR, SRR X SR AT B SR A
f77iE, BB R SMBEIEZ MM NXR, RINERR, RESK
a, TS B EE TR AR B 17 A 1A 4R F B
(5) SERIITFIHELERRBRINER.

ARAETF TG AR ) FE SRR 7 (R A BRI ok, MU SR E A&
FIbIN T F AT, R ERIEMRMN SHBEDRNNRER, SIER
WIS S5 RARRASHEEAT IR LI, Wi s 45 Rk — B Rk
BV S R R AR M R (R 7 72 o

"~

90



=\ TR R EZIRR (BUNMR RS RS2 T47, BT
#1%)

AT EARKBIR AR RIS AR R E WS BB EREEL 258,
B SCLIKR.

PO I E B 5B B vt X

2015.9-2015.12

BIAARFEAE. B At a R sasn,

2016.1-2016.3

Xt BFAR (S 5 76 52— Z A AR AT 7 OB, SR IBHAR s AU A B AR 4 2
M, SRR, RIBTESRHERENRZESEE. RS2,

2016.4-2016.6

SEARRVRERE . 2340 B LT S4B AR i PR 2 1 3R T m A B R R 15 4R 1
HEATHRA, SRR, WAREFEWIATRRT .

2016.6-2016.8

WRESHEFMETHER, MENE— ZEMENMN LR ESES
Zih 2 MR R A .

2016.9-2016.12

B G REA —EEMNERE, RSN R R 5 A f TR
HEST.

2017.1-2017.3

4 EHAFMEREGEMNE S, IS TRBRNHEE, A
FERBMEANSE, TUHRRIBERITIE.

2017.4-2017.6

HRERZNEEMEEH, 458 ZMEMNRIES, 5% 22 i b 58 iR
7 XA 3R 56 B

2017.6-2017.8

SGaginEYAR, BERBMERBRHRLSE, FUAELEFHERER
AT, WHARMRRE TR AT — P R .

91



hi. SRPR Cipfir: J176)

4 1 = H
A H A | S S Y
— BN e
LR 5 32 [

(1) WRALBE /I T T

(2) LWRERR

(3) HRRA/SCRRAT B 9/ s £qm, URMFED. SIERFE
IR wFMERR
AR T I

(4) HE GRS AFER)

25K B M R 3R

Q1) /AR B / 2o dn il B B

3 My A0 /A AT EDHLA B 2 1 AFUREAETEL 6 3,
(2) ®HE GFES 135 ; A AR
FHRIHTHLA 77 4 S B TEPERST 2

3ARBREATE (DD

(1) MgfE 1.7 JaEmtaEIHITE 2 6
(2) kil 0.2 MFEREMREHRARTF EHE

(3) 4ef5. 1%

—ERA SRR
=55 GRATH) 0.15 =& 0.05%3
. &R EH %

& i 5

92




Ny HRIES P& T EY

1. WA AFAFKE
AABAKHEES BRIEAEER, M. BFEEER (PR (%5
BEOFRIHIAREEAE (1) SAHIESBIME, WHRFREREA
RE, RRASFRARLE, SERHTAGH, RIHELALHHFETRE. 2
EMBNTIRFERAXAE, FARRELBAR,
ﬁﬁA(%$h34§x
20/CF 0 AY H

2. FRIEBL R AR R
(1) 7RIEHLL

(2) &fFHfL >
FESMEERR, BRBEKEIME, NERTRABEAELUNERRE.

RREAN (BEF): (RE)

3. BBt HERER

- i . ST TR
A [
fFEN EERN f;i

}7{\ = -’:'tmﬁ ? ; ’.'::3:

4. FREEAFRPHI AT M FHERL

EESE]

93



T H 45 15CX02120A

HEAMAE (R

9 AR R B
R

T R0 5 5 Bl el e PR 22 3t B 5 ) A ER R BT T
TiH &R it

g% HERYEZ, BTHA

WA HARR : 20154 9 B—— 20174 9 A

i3 A _ER

g (EEEEHTEER

BEZMpIE: 18562872097

BFHE4:  wangbin2015@upc.edu.cn

2017 4 12 A 9 HiH

94



—. B EHBIRFRE R B (LS5 10x L)

ERASVGE LM, JENe EI K, WP R, SR I A

R
RESTHRAFNKERFERE (q700124) ML KA BRI EESE

(ZR2017BEE026) .



I ‘

L BRLAASTN, ((ES AR SN AR, VA
u)wmm%MM$wma&mm&ﬁ%mqﬁﬁﬁmﬁmeﬁ'Mﬂw
SRR AT IR AR =

L s MWD Tt Ecoscope ALTI AT LA ZAT I
SEARB G5, S0 2MHe A T E A TR ARG 1016104 7
(ISR, TR 1kHz-200MHz T’rﬁﬁﬂ"l@(‘/‘l’fﬁ“f{’ﬁﬁﬁgﬂg 5 WAy
BTS00y AR LR, ORIEE:

a. fe— gL BT LR S RIRIE S

by BAE( B R R P, WA TR
o Al SN D R T B B, ERTEIEET § i

3
7

: JEEN
s 2
/ " / ARG /
—
—_—
——./ ' ' = } Y" - E -
LRI { . i

SERSNGY ; _,\ - i U
A B

LAA Etﬁiﬁﬂhﬂﬂ!ﬁ?%’ﬂi@%ﬁi&é iR R A

(2) AR K. SHRESIFBRIBIEE SR, BEECRRE N 23
(A IR TS 8
BT EHRM Ecoscope HERARENE, EELACHWRAKRGMEL T
}ﬁ(ﬁfé%, RIESITHER . FIREX KR, RIRERT. 8
B8
a. [EMLRRS Rikobet, BTFREAS ERFZFER, MARSES
BRI RS RE BEEERBRK, ERESHENKMAR™E

///-‘;,9‘ = e
8 2 FUM T R PSR S5 5 s

(30 AVBCERAE S B PR R SOMIBE AL AT DR S, gt b2 TR

2

96



1 A PO S PRI L o

o 05 A T 5 11 (B8 8 %ok o S Ay SR AN T 0 o ST S0 A I A 3t
WG B AT PG R TS % e 18 K 5 (R IR TR LA B BRI R o AN [ b
SRR (b 5300 0 DA R A0 S S TS (03l R A SR REAT IR AT T, W ALRAEAE 5 WY
RS HGIRIMIRE SRR Z MR, MBS ST, IFRTEIF
MR A28 Tl vt xd A A MSUR 3 B HEAT AL R
(4) BAMIER, DIk BELS S 0R B MR MR 4.

CAS T v+ SEAUA FLA9 30 0 K F SR A 2t AR R0 B 3R kAT e 3
zggﬁ,ﬂ%ﬂ%ﬁﬁ%%ﬁﬁ%Z@%ﬁm%%,ﬁ%¢ﬁ%ﬂ~ﬁﬁ

RIFAE]
B2 AR

B 3.5 I SR Az R S 1  2 30  S HU 1T R R



T SR, " M B LA T B W
€C C 4 < Ly
1€°T1°6102-10°80°L10 WE 6 THEELHYEEYT | 920339L100YZ T - B S T 2 90 2 N z
SRR R i 2 oGl B/ B)
€ T1°0T0T-10°'10°810 X .
ERTAEE) £ i ke VERRDENE B BN BN |
7 (e TR HYx YHY (UL BFH B3k H e &M H e WZ Hi =
WELGH HNr T

° (, SomsIaAIUN

[EU3) ) 10} SPUNJ YOIESY |EIISWEPUN O, KQ pauoddns ) (1 4% Hlfe 26 S5 TR Y TERY BN oh , LY R B L WHTEL

UL RE XN S E T hAFRBEE o ERET,

|

”@mﬂmﬁmﬂﬁ. CHEED, HMBEXHN EED, CHED, ¥ ZEFD, BE SR, R

|

98

JeIpAH
L10ZS¥41d 19 HildsL102 | BHED WwE sen) Suluiejuo)) BIPSA[ SNOI0J JO JudWwINSEAN | |
Anansisay xajdwo) uo Apmg [eauzwny
W HEHEHE | o =
7 [ T VHER | evmery FHRAY | B BEFAR &
IR T

FHNGHFHEHKYETE "=




. b g2 RLW |
H 11 37L10T | £80619011L10Z I LC 2k S D E R RGHE E G YL e | ©
: FILH
E 11 37L102 | $91258801510C I BB 5 Hi X, R3PS 6 T S B b meT |
Zi
HBHHEG B Y H i W PS4 WM e
HWWIA ¢

99



4y W E RAHARETHE

Wl f)

2015. 09-2017. gy

(G VRS b
N [——— 9 bRTEMAE ] 015. 09-2017, 09
S FR ) e
o Mt i i k-
K SRR sreLits 0
mE|1 | @R M e 2
FRLM & P
# K ® P I
e AR, EREARS KRS MAR:
) wE UM
W KRR | ® X *“?ﬁal‘i;"& )
(G wm | B
H FR & 1 £
Rk H br H Fr = ]
B H A Aol ~
WIS SCI: BS: EI:1 s ISTP: s ISR m LEWR:
HIiE (D BER o |[BEF GO @R 0D ZHFE (AT
RAEF
2 1
B x % E W R
AR (R
RH. F
B ) HprEAR% J (=4
WtE |l (2RED | WL (ERELD 24 (BIREAD)
NA 55
(N) —
INERHEAA T RIZER B
$ﬁ§%ﬂﬁﬁﬁ%@tﬂ%ﬂﬁ%ﬁ&(mﬁ%¥\ﬁ%‘%#‘ﬁ%ﬁm\ﬁ§ﬁﬂ
%):
B E T2 G 41704124, “ RIVK B0 E T o 02 0 7 3 (A TR AR A
WHETHE R4 Ji76, 2018.01.01-2020.12.31
WL [WZRE ERRERS, ZR2O0ITBEEOS, “FAASAA MR S5/ s S HLERAE
Eﬁﬁﬁmmﬁm9ﬁi,mwmnmmaugl AR

100



M. EEPRA R 40

g 4, MaEd | IR w3
N R s Vi AR AR
3 3 8L R ERERaE
: EXA 9023 EEmL | BRFREHLE
' ' BhICE

; BEW oo EERE | EREREDLE
' ' Lses

5 XA ons | EUBE | EFRADLE
: ' B

6.

7

8.

101




T — ‘

CAtndL: 7ige)

T AERRIE Jt'l'IIMEfﬁ*’*Fxﬂi’;'i'U.lﬁJl?ﬁllwiﬁli-lfﬁjﬂl!i{aﬁ}ml’dﬂiﬁ
AN 2

MH &K 15CX02120A

THHARA EN

BEEhE I 5

— |
23 5a]
A B s | enxh ==
1. MRS R 1.6 L% s |

| ]

(1) PRI IN T

(2) AR/ TR/ 5 B AR
/RNRE RS 3

1.6 WIRE. gy FIE, URIEXAEAL. ey
1.6 .

(3) B/ ENRN

4) it P
2. MR 1.55 1.55 =
WE o o9t 7 13T ERBLA S 2 A, T SRR 6 3%,
;};ggm‘“ﬁm/ﬁ“ 1.55 1.55 pﬁiﬁgm%%mm# TENMRS A A R
2) ®Ee
3. UBRER 1T 1.7 S
(1) Mg ) A 1.7 MEEHaItEe2 6
(2) il
. BFEEEXRER
5. &R 0.15 0.15 WFFA 3 A*0.05 F3756=0. 15 AT
6. EXHE MR
& it 5 e %?\\ -
(~e”iftt v
1] \ *\isre fe
%f &= /%ZPWZ (A8
5 (e \ o T By FpARE

102



A~ TH AN RAER S

AL BIRE FTHA AR,

1
ﬁﬁA(§$L<£$j(

201] #1228 78

G BHRBRATHAR N,

((,r""z"‘\

AU?&%ﬁ%%ig ff%;
o oy
\\“ﬂf/

N\ R E ELIFR RIS/ ML

103




6.5 EFHEFE/IFTTHER] (18CX02112A)

T EHES: 18CX02112A

RERHAY (EF)
= 3 8 FARH I T
HRIES P

FA 7 b J2 0 A R A 1) Bk o A e T A
WHATR: A

WHERR. HEEE WEWE: —KUE

FARWIRE: 20184 1 HZE 20204 12 A

i 7t A Tl BRI 18562872097

HFIB4H:  wangbin2015@upc.edu.cn

Wathedt: {58 5 TESb

20184 1 A 10 A

104



—. AL

w| ® A BB P Y} 1241 )] 1988.01
W e | M | BTN | 2015.06 I I
fA RHEHFR AT | WEIIE . Ak Al it
B iR
RN s G TRk | AR
WH AR | T2 F AR A b A A At 5t
” IR ER EhiR s ER Y HE 2 LS () 15
g | BIHER ATHEIES:
‘S & 1L [A] 20184F 1 A % 20204F 12 A
U R G [ AR TR, IR
TR R R JEE. WX VER O%4 O, & OHE
e B W | St 5%
i iR {5 B 56T | JHT _—m L, M §) Jtﬁi
(IR | AR TR A e [y S
o ) = B TR | B s Jm“; >
’;;,:‘ e SIS |WAE | wens. waik | 2y
s | ERSRH TSR | BRI B B Maﬁ?&
S E 7 = RS EH TR | WFTE R TT. BLiRHES: %‘.‘%

T HIE (PR 400 F2LAPAY):

FEIA A g —Flopr BBk, S 0 3t 2 A R A3 AT SR G A A R 4
ZANBTAE S, STF G it 2 R VA SR AT MRS, R I ST L T ik
ST R R E AT AU A5 52 R AT 58 AR Ik e DRI 5, B
SEBUS 3 A AR P AL TR Sty 9 T (R B . %%, IRR LAl Rk b e
T2 A R SR, 456 STAR QUL RO R VR AR S B J7 5 43A Hlu T il i £ F IR
JHE B A RFE, PR32 A R 5 AR L2 17 R R AETER R, R 0T v 1 T
Rl R, HEURSSER, SUEHES KR, BoRM, Rt TH
JTHEMIFIRRL, #ASHAA M SIS, BETAISER R E b B
AHMRE, BTG AT BIRIRE T, SIREET Bph 16 QT4 s Bk
AR HET WRAE Dk irh 1) B A0 o 0 T LB A AR, A TS FIN A 1A
DNV 2 A 0 55 7 5 01 J TR BT 1 BB

e LRI G R U5 SOl ATERR A =B, 2. I MR
BB 0 3, 350 FAUR BT “ IR s S5 IFAEREMas ML, 4250 “BEE
BTG ", T LR B 35— A8 N I 6 S




= WRRHAR. RBEPRILA A

T PER
AR 7 2T A L 0 T e i, et — Tk iy qu WAEL
i AU KBRS DM S BB A R U B IE e SR, o7
KRS TR 7P RIS F LR T IR DA 070
SERESMMT, WL S350 by () B T T A R AR 2 B R e
ﬂ,%%UWB%W%&W%,N&%%M@%%E%%,ﬁH\MW%%MW,
L TN R R N e
P 302 A M 3T D2 6l

2. FEMARAAR

A\EmE&ﬁ@ﬁﬂ%ﬂ%ﬁ%%%&ﬁ#mEﬁ%%ﬁﬁﬁ,Emﬁﬁ&%
X R S R

TIPS | R SRR A AR R, RATAFIA R
{17573 HT M 2 [ A AL, O B N SRR IT IR, SMTIESF IR XIS
RESCIORE T, SIEEHIL Bt R S B e T, 4 ST R Bk B I FIRYE
B (LA M TR I, R 2R TR BN IR S IR B B FE XY (2R PR IUAE R
IS o

B BFSLIFIR RS o 10 R L, BRI UWB FEIRR R

AT LE A SR SR UL BN, R EJEIRR Lot 5847 Bk B0 RS WL, BF AR LR
B 1 TR A A S AL A R, ARSI R, BRRERLEN
S5 A SR 2 W W FEI Ry SRR IR R R it

C. W EBHH A R R AL EL.

3 A AU R B S S 7 B A P U B B 3 B 2 B U R e R
. BURAIRET GPU IERIRISA RES LR IR, BRI
7547 21 JE P A TTEG B 4 A DG L 0 X 2300 I 32 30 2 25 U W RO ML EL i
bo. {EAEIN IS R0 SOAE AR b, SR IE Y, AR EIRT A

ITIR%
FRIAL AL Eh i W2 SR RE A B PN S SRR R, B8 3IE 0 4% S 4 IE A

1.
D 7T b, BFCIATA R R R
G 40 5 SRR B SFIETART IR, 4R DI 2 6 M o
i BT T GRS = SR B TR U iR R e = e 21,
i 1 fE B BT R 5 BRI R, M TTIRTR (LSS e, (oS80
S T A, IR EEROIEIFIRAN P BRI s

106




= FUNRIR B R ARAR BRI b ) 950147, HikiAL i

%)

(1) BRIk 7 E S IR 2 AR JRAEA UWB KL R A 9 Wk oA
(ML

(2) WG T S A B AT, SRR RGBT . )2 S 54 )

Rio SRMMEREZ MM R, BCARACAAE S 24 FIREAEE P (g e LE

(3) s p i 14 9 s A W I AT AT B

(4) EEE. BRI REARSI 3 M, 4 sCIckED 155, 3 ELGkE
D2,

(5) BURWIER 1 1i;

(6) BEFEWFILA 2-3 44

Ma. 1B W Rt R)

2018/01-2018/06 5 KMARR LA IFIR R LAERE MR TE &, 45E BRI %
SYmscib it K& S5

F 37 U K PR TE 42 SR A HE A1 2 AL AR (0 B A Y B ARL Y , F 9058 4l e B O A% T AT
MR, FWME X EEREES. WA LA R

2018/07-2018/12 #JE 58H5 R L AEF IR BT 4 1 A B =AY, 454
REHEAL Y 5 SR VT RRER 1, FRIDURE 32 1] F A i fg B 1K) M AR 1 0L o

HETTHR 4 R LA T 3% b J2 v e g A SRR PR 1R 4 F LB

2019/01-2019/06 F & Fh AR & A EZ b ERRIHT R, BT B RE L (E L
2 R AR S 1S S AR R

HRAE T IE o) A 7 ST 45 L, $8 A 28me) BE A T B

2019/07-2019/12 it 92364 KA FARMMINE S8 WESH. RS HL
T IRB TGS HRER.

BT IS Y PN 4 AT X IR, ZEUAIE S I IETI M (3T b, SRR &3 3h
T ARI I L 45 L

2020/01-2020/06 £ X HCA B SR AGT A HMEERL L, SINI I, W9
TR AN B (R i, 5B SO0 IR L IERG M, TSl I I i
73 Hr R FUEG 1 o

2020/07-2020/12 5 %2 S XM 45 L ff e, dE— B IEAGES RS
Wi WET:, BT T, BRE83C, REEEIRE.




1.

AL

ZUSILET

RHE £ F5

T

4L i)

gl (0

//’/—_\

I N ER I S 4 o LY .
mw@ﬁmw&ﬁﬁﬂg‘ ks SIS Sy
() ME 1 W}Jj&%’u
(2) Wbl
(3) 45, Mtk
— A, L. ERL
SEIE T AR A, EELS
2. JAHEIH 4 izﬁifréﬂﬁ%@é‘ HeiEr AR
3. MtAe % n T 2%
N AT MENERS. HARKENR, 7
« IR 3 Wﬁ?‘iﬂ’]iﬁﬁ?ﬁ
5. WP
6. EIFEEMESZER
7. WA/ SRS AL A ) RIFLEH . REBXEEE B R oL
W/ 5RE R 92 A
8. W 2 X E#HS EMAMBIREY 35580
9. H G
10, HE
& it 15

H: RPARTREEEREDAEMRER, Zzﬁ%ﬁﬁfﬁﬁj}(ﬁ\-&& (mﬁJ

WL FTEINLES.,




A HRMES P& L
L. WH SO AR
AT 85 R M AT T PRI CPEBAL ()
SRR T B SIS D) SAHUESBOOME, IR AT
R, PERTFRFSRTIE, AMRHIRGE, WAL LI 0s.
&mEMﬁﬁ&¢ﬁ&ﬁme,mAwmm@; ;i

Wi

PN ().

2. RIS R AR
(1) 7R3BIANL

BEEBEREGXANESH B RRERIPTRIESBABEITT Bi%. FAGDGR
ﬁmﬁﬁﬁwg,%%WEM%%%%@;%Eﬁﬁmﬁﬁﬁ%ﬁﬁﬁﬁmﬁpk

3 )
ﬁﬁA<g7>7'//

e

(2) Aﬁfl‘?—u

=
S
~
&
2
>
{i[l‘j

3. PEAEHFZER

.
et B 2 =S,
je2 § afe g0 a
lq-;,}\ .{’7 | I g r‘|
s"‘! Yeley Hf N 44
¥ PES e AN




6.6 EFREBEIME (QN201813)

WiH%%: QN201813

PEABKEFE (£FR)
SFEHTHFHEIERIFH

Mo & A _d@EidEd ey A E P Xk
B3 5 O R) AL L

5%
qEERFA: ER 7N
Fr 2 ¥ 43 L5 ITAFIE
% £ ® & 18562872097
® F ¥R Fa: wangbin2015@upc. edu. cn
P R B M 2018 43 A 19 H

%

110



- ﬁﬁ

% ® i ] B E AR R R BN (S SRR IR B R SIRE
IR (R Y Rk
iH HA) RHAMTFHE:
& IERfE) 2018 45 H-2020 45 H FWIRR | 2 FERKOOCHT RS LR, 8
TR
3T L 12 WL E).
H % Fik | B | R | B0 | HAESEH | 1988.01
LA AR % Uk REZET [ A LB
B 6] LIVEA T ik F | BTERAL
2018. 03 MERNESEHE | BF 1645 128 | 26 | (GP6¥
5 2017.09 AT L1548 1-38F | 24 | (SF¥Px
2017.09 fb X3 LT 1548 4-6 5 | 24 | {545
A i::z 2017.09 ML R | BT 149001-028E | 32 | {ERERR
2017. 03 MRS AE | RF 15K 1-2F8F | 26 | (586
H 2016. 09 MunASMnEs R | BT 14901-028 | 32 | {S5EERR
i 2016. 03 SR SER | Bk 138 1-28E| 8 | {HIFER
2015. 09 HAR®.3 T 13 1-38E | 8 | (5H%¥b
A i EWE. “5Mth5
| T ok 4 K RIS
HIXHCE |2015.09-2017.09| TEEH L WNFETRTF (R 5) “a
WFFIA R LT %k R WA
RIACR s Hifih
2018.02 BERRILL: (KREASER) SERALY
LA W 5 o B 6 0 AR B L B
- e | wa | W | tw | kmiEs | we | Tp
A% [ mea | 35 | = WP TR AMERAICE | o
ag o= PR IREGEB | wmmrrnn] T
B [ mm | 3 VRS |MTETTRCIE ROUERER, MR (s parne
g}k i ARG | St ik
- - i S, R, =
o4 | 29 800 H it ool '!| EE L
K"’
A B
— 2 —

111




Z. BREMENX

1. EASFRIAR

(el Bdh S RG B AR XTI E SRR FEE IR, MR TE. A TFESHERS
LA EE R, . SRR EEAE, KRN, BERRE. HEaRE. TRk,
SITE. fEHREREIC . MRSRAERE . R REIR[1-2]. RS R s H AR ok TR
EL B o] R AT A B O O, SE RS R R S R M e B R RS SRR
By e R Y oy ik (3] .

(e B S MG IR MBCESESIRAA LU FR A MEEE AR RR, (FREEEE
WA, RERNTFEMAMEREA, AUETHI. PEER., HilS Tt FRmE
fEM, Wi E# Z R B . RN, TS iR, B, fE A
NEH&EEE P g FEEfE. Bk, (hiihsMEEiER) EEOy 74 by nd
PR EHMNL RS RS TEAN Tl 4]. S, EnidiiliEns%
WE. KFEDHERE e, MZREASHESITRER. Mamhe. 2SR, A
R B, R Z IR, R R, WOREE “ R, B T,
X ARG5S L R S A R, (BN ik . R R S S A A WK T
FE5].

KRR RPORH S Sl R, A, P RsCRES, iR
PRI AERAR, MUCEESEI PG, MR TAEREE I (6-T) . BLACREBARER 1901
I R T M ME S, 20 tHECY), PR FE RS LM, A%,
ik, S@RHBEENEE, FEREEASE TERRWM(8]. £RE, RAHEEMN 20
2 A TF f ok 1 ) B RS R [9-13), 7 (Rt SRtk AR ) IR EE E o %
s M SRR R I T 2005 4K, EBAIG AWTRED, @AM SR, Sl
S, AHEEs). Hatd kg, sl Ahdr . i Re, U, Bk
MR AEREE [14]: BFRTHEORMSCE R, SIATHE W, G R LR A e R [15] . #
RHERE AL, SIS 36 ARl S [16-17] . LRSS 5 IS FRIE spA F 2 AERL T A
RECER I, ROE RSO G, TERCELL R P S FE E S e 0T R
PR, SA4RAKTHREFRS, HhEHHESTNEY. SndEEHEXERT
Bl ik A A M ) S, MO R e A OSSR M
MR AR ED R bR S (18] .

112




SORWECHEERANRR, URE (L SRRy MELCENRNAE, S5
CAEOM N & S ECFEMILE, ROIPCEEAU TN A TES: EmiEdEE e ki
HEMNRE, EHEM PRSI REMBATROLE D, FFEREROIEE B4
T8 5 A 53 W ) R RO R SCRr i MR BE /7. AR T (R A6 A R RAF O IR B PE R4 S R
] AR it A 4 il R A2 i

PR, SAYRKRER GRS SRGEHARY WEMRFLPCEEL TEPWB, WEH
A WPEHAR S (MR ) RO BCEROE, 0347V 2 o S PR R

ORMAFRHEA L. ROEEMPERARSNECUHORM, ModElRs. BRXE
KoHEREZ.

ORBPER RO HrIURA 1 e 8. ERETR D BRMELZEE N R, BRI
IR AT U R, X QIRRE RN,

COERZER (B SREEAR) MR RGALCEN IR L REHET ik,

2, BB

LRRAES], FAEN S0 S ECEE, GERNEI I LI EMEE AR, ChEhS
WA Y 16 TR H # 55 % S SR A 2R . BT, Bk
PR RRMIORIN A, RGOS QRSO ER, PSR AEN,
P LU oA [T aa w e T NI E - SR AU EIVRTT - I o T E
NE, BRI LIIERGE AL, EESLEEABMBHARGRANR, 2385
HEART, w7 B RCR.

FER PP AR 5 0U8& I AET R P, (RS S RBEEAR) RBi%E
AR TR MG ARE . MG T CRR SRR B XCES, Bl
RS 6 PG e As USRI, AT H R TR, 55RO M AN X
{1 S PR P L R SR T R I SR, PG A T, A IR RE R
BT RO IR, RGER EH & AR BRI, MHRXRABITAE. SEEEN
S P B, S R RS TR R, AR R AR R 0 H 1,
lEnd S5k T HO IR R, (S BB 2 7RIS Z IRt K, AR bR S R 6 R A e 1t
IR, R PN CRES SRR ERMENBER B REECETR,
BURHXS%, AEM IR MR A TSN TR, WS TR

_4_

113




NERT (s S REER) R R IO .

3, %M

(1] mEsE, 900 SR e FUE SV IR[). B TR, 2008, 30(1):11-13.

[2] ofsgeffd, “d s 5 R R IR R I AN]SR B, 2003(s1):124-125.

[3] #%K, HRE FAP %, ET 0l TR R TS SR AR R HCEE R S
[CY ¥y MR EARLIL. 2012,

(4] B/EE, Fh4, DENRS. LRSS SRR RR RS HCELRY). S Eb
J1¥(Ti, 2012(8):51-52.

[5] E+H, K& AR S "HESHRELFABRENLRY). B CORFHESMR, 2006,
28(5):8-11.

[6] K%, WES. RAIFCENAN SR ). IR %7, 2004(1):48-50.

[7] e, RAPCEEMNM]. E AR E AR, 2000.

[8] &M, RAXE: LI IRENFEEY). AR SLR, 2002(7):36-41.

[9] Wifgt. REMICKIEAEA). KER TIFERH S8R, 2007, 20(1):28-30.

[10] #5#. (b LRAERGEEORTY). AOEM T REEMRGESHEMR), 1995(2):40-42.

[11] n&%. “SrdarHERARRE A ARABENEIT). MR L%k, 2009,
25(4):57-59.

[12] B8 RESCEEXFORECED MRS LERD). W8 KE, 2009.

[13] WEir, Ay, HE%. fARFEETHECFEPHNAY). 6% LR &H R,
2003(5):75-77.

[14] k3, W%, THR. oWk E gy Sk seehmRap). hEah 8,
2010(12):63-64.

[15] k893, MAB 2, FivE. @GR RELFA PR LFMNAY). R FHFFR,
2005, 27(2):30-32.

[16] fF{x, MER, Pik. BT CRREAN OS5 agsk) $ELmY). &S W8,
2012(11):69-70.

(17] S &R, oy, T8 Gl SMEERREN =N OHCETRY). REKEFREY
fi2), 2012(s2):109-112.

[18] BXHR%E. CST i M i fe dipiith &5 M HCE PN AICY #HE Mt X R S¥h 7
B IR B AR SRS 2014

114




=\ IXAE. FEMEE

(—) FFIRAZRBN RN
1. IRAE
(1) TH P 3 o DL i A 30 9 B W IR A SR O P L

TERF R M PR 5 (R G LT RN (Ll SMBEEAR) WA, EALRMICE N,
MIHCEF T o, R ®. SEORE RS, DREE AR RIERERCR, ROIER
BUMESMBHEAR SR REEES, BT MR TR (a) 98l %
PIECER T (RS SMEEAR) MECEER: (b)) D SHBEVRREREEFER: (o o
IR PSR 200, SRR A A,

(2) TP L RABEN R RS RIECE B RS RO R .

LR BEYETPO 7 AR R E,  BURTE W 0 {5 R B0 w () & £ T RESE 2 A
FOLIRMETIRR, R B AR 20N R H AR SR, BRI IR
IRPS R R RIBRE /RSB BE D w7, ARAIERL. ROUECE AL BB $OF ) 2D i AT
(0, FOMLERITEFE N ESCEN, ROGTERRIEFH A, @520 ML, GEW RS i RIA
BIBORA K R BIL o] B8 T LA 0 SRR IE,  ® CekbrRg A T I M gkh, i
LA FEMFEIIMR. FN, TR E RO ECER B AR EGF PR R, R
FIRCEE A, AR HCF BARE PG, (R RCE BRI L.

(3) TR MEE LN CARHSMBEHAR) #RES, BRIUMNNSRERTEHEER.
CHESS SREAR) RS, Tiidk, ST, RERSAEES, HESIARH
HEEERPITERFCEE, Wl E AR 2R H VR 0 A, [ R 4 0T
BRI ARE . DRE, 5 BELEROUFE RS A 42 RE /8 1T FHFF A 00 Rl B BOF BT
FRREROGE, F00REH P T E R R E T TR, CLESS S RAHEER)Y W
RIIARIEE, ol SEORRPIH S G, ERERMER R EN, ERERES], HER
ROIECFLBRER SR, NS RAETURECY . THER, R0 AO0R.

115




2. BRppXRAE
(1) BAVRERSSE B R s VP4l 5 1) i 3 67 e 2 ALl iy e iz

AT EUE U 0 % ) S i IR R R S A B ah ] RECHIELE, B
PR SR 0l P i il DA bk R VR o B 9 Eh A I R O R il . H A RO i
% % ek ot e A N e G AR E O ELGESE S5 e ) B R T TR, AREDRAESE “ R R
MR ERE. DRI (v il 3 i 0 b5 8 bk 1T EE e 6 A O 5 WO ey O ek G ) o B = H
i R P D PR AL 5 O 3 L o 7 A U LR A T PR ML Rt
B e S R AT HOURR P i) B — N B B, [ e R R )
(2) WEHINaS (RlHSHEER) REAZNES

G SR R B ST R, RN TR ESMB A SNB L REELS, B
EE (bR SRk ERY Rt e bR W B4, EHESFED
WGl B, &S SlrrE, FAREWFERAER R, SRR SN LR R RE
R, IO A ST AR T R AR R ORI, SR A v 52 2 TR il B A P A5 9
fEMEAERE |, EFE S 2 HEM AR EE TR, SOmMEMRG O (bl S MRy &5
5 RO HE BRI SR AT AT, TR BT R . BCE T EGEATIE SN, M ML
BB SR ECE ROR IR B ORE . Rk, TN 6 SRR A E IS & ST H M R —
A~ i) .
(3) Mt i SO UHSE K PR B R S T i

PO RS R B A AE R, ERPECEERPRESHER, EEAIRERNE
M, BTSRRI HRIT. MEEMSI WA, ZEREMEN (hih SRR #
BAEEGEHRENER L, SENEL I RNEERN, SoERRmNEsE L Ew
7 S A SR AR 0 S0, O Y U AT AR B 75 L7 B 0 SR M B OB S AR L
HRUEZWAEHCETE, AWM EOMIT R RH AT TR, a3y id £l TR e
SRR RAIRER, HA AR IS S RN L (RS SR AR RN T,
7 i o) B o Y R U O GG .. E R ECER LR P, BRSO SO R
IR EERC AT B IR R S 2B R T RO e A 0 AUR o (R s & e B AE AT TR
FUKT. B, R, AR AL OB SRR 5000 R R
) 3~ ) A

116




(Z) BT RBTHRR R AR

AT H 3 MIEEAR S IR R e CRES SRGEHAR) BT T R B
BORIRR SR, HHEERFEM RS2 TRAEE VIR, SEBMFUIHH. N
WM TR, GIAEEE. RMERAHLE, R TRBHCERIE. TREAEELN ()
B35 SRETR) BERVDURY, REEPIPCEIE P NN SR E TRk, gk, il
LR RPIBCEAD MR RG], CUEORA R T RR . F IO R ECY B bRARGY
Proubl, @il TR . ) BRI R ECE H RL BT O R IR B B AL, T
R 0% H bRk iR AR R 0 B R R AR M LA SR S IG L, A Rk (LS 5 st
RY REIFCFRBR QL SIHFRAGEN AR, RAFRR - BHENEE IR RERN TR %k
ERRAER) CHESH SRR MR RGIEEER,

AT H WS R b 1 FR:

117




| #0% A bE |

|
v Al s
(PRI | B o]
I
A\ ¥ \
¥ B R 54 R IR
W, HR mzmwé% 7@%ﬁﬁ1 ?
& Jrikwt L, PUFE -
s bk B E % 4
G Iy ey ¥ bRt 52 i
| |
|
j——f———— -
| . ¥
T T EY7
: s g Y
|
|
|
| \
I = — o ¥ A RIA RO i P
v

FE s T R RMA (B
B 5L AR) FUEIR R

i1 Rt

B R R R SRR E AR T
(1) A B RN (RSB SMBHR) ROERE

B0, BMRTHEEEWERXA ORI, B H 8 00 3 HoR 55 0038 & J A E Y A
PR, WSG9 S SOR AR H bRl CLRis S R Ry IR M EEE H 5.

B, SN R A AT FEARRRIRE A, BREOTRPINE, Y15 680E i

._.9_.

118




Pl (R SMEER) RiE.

B0, DREERICEHR AT AN (LS SROEHRY RE|ERFEIGENS.

(2) TR (RRBHSWPTAR) RABFERAT, BRURNEEERERESEIRE.
W, EAREECE BRI ZRE IR T, RETIRAI T FR: EREEMRY
PR, BUNH TR M B FHORMF ST RET. KA ORI 2 U e iR

WM, MPCEAEBRTIREORE, ¥ LB SREEORY WP % LU R % ) R 6
AR RETIE R (KA. ZIRTRS) MRAEEEX CnSiramik, BRI,
REWD), HARHCFE KMWRECE B & SO0 R O PER ARy s TR, i — MR g
Pl $FETriE, FFHCHE S ot S0 8 % b 58 7l &5 0 2 SUAE R

W=, WE R BREREE 0 TR N, #E RS RS A RROAE,
MR BAFIEAFRN. FORKIERES, REERAERT . PR it
WL, WEECELRP LSRR R e RERE S BRIV R E, iR
ARG, R EARAR R A BRI . IR, R B B E A R B bR
(3) #THR. RANFENFAPER, TREMSFEOSHSRHE. WE.

B0, UIRECEMNMEL. MEMRSEERRNES, BUERAECE PR RIS 41
PO RRHICH R R SHE, KA — @i TR, B (Rubric) XHUEMTT 24T
B, UnHERAES, MEAEFERITHERE, RNERAR, @0R0EEN RN
Rt shas R .

(4) BF¥IFRITOER OB B IFERETFHHLN.

B, FWAKIEFM L, SORAME. KfEdk. ALY, UHFEAFENGE, &
SLFRE RS BBCE H bR AR VO LA

B, SEERIEOTGR, MREE. POETE. ARG A S oG, REERR
AR, HRTEEIDAEN LR SRR R EFERR,

119




() FARNTNRR (BERRERS)

1. Bl

(D) RBUECEHBERTE, fm ke (Ll SREEEAR) RUAPCARR, S50
AW RARPINH, RSSO REE, HFIINARRIRER, RETR-ETEN
Ko AHFER R

(2) HEHHAET ¥0C¥ HbREr BE i B s BB, BEESSHCE AR IR,
Vb S ZiERN MR, PHREECETRS, REEHFLRPANGITECE ORI, &
MEPPCERTIN, FRASGHCFE AR, BRI, HEERENFWE. oul.

2, BB

1) v E e kR (R SRR REAPFERR (FIRME. 830
(2) SERBRFIAPCFRBVURY . T8 B H AR

(3) FOFRERIC L 1-2 8 GBI L RD.

(9D Sepve B BRI
1. W

2017 MR LUJG B9 S G L AR TR REK = P WIS E ChRS SMEHAR) R, ¥
ST RS (] Ky 2018-2019 FAER W], EMZNHFEAEM PP, SRR, ATHHRIE
FE SRR KT R TR S 2017 SR 2 GBI 6l CRES SREEHR) R B SR,
POE SRS R T NI U IR GOERETEH

A5 H B R A TR NER SNSRI GERER LB S5MsHEAR) W7 KoK
M SR, GRE T SR R EAE RO R S AR EE,  JoH T IR M i TR
RRAINTE 5 F N
2, #IURASME

AR EL . BTER TR, B IR SRR PRE T CORGEE) IR,
58P IR ColH SRR FRER MR RRR, RAReARMM, HEHH
M9AE A AT 60 R L TR CLBOSH SREEHEAR) RIABCFEEL, AR I
G G ER TR BeE o S R A s, (B0 It f o e MR N
LB SRR S BRI AR OLRIe 1%,

120




() WEFREREH
AT AIATWIRIPEE, LT NABE (B 6 N H BB e W st
’—*al

2 WU MG JUERRAE, S 0 B 2 dk ) CLRgss S5 M EeR) RUIAECE B IR,
] T 1) O T SR A SR B e WA T B, ol DS BCE N E I TR AR
p g 8

FSER AN G ECE B A SRR (LS SRR REDERE, KEREECEHK.
HOFNERENGIENSL, Tl GRS SREEHAR) RAXCFREN MRS, RIET N
VeV RUE AE VO @ BCE A ah S B, WS ARRELE P, TERRBEEER
a5 BIE.
B=Hra:

TR HCE . RAABCEN DL, S S ERERMYLE], R0 R o
i, e, SERCECE HARELARIETIT, otk s Rl T o # .
SR

HEEREM AR, TR RO, BUERMAIFEO0E, VPRI e ke
W5 SRR ROGIBCFER, ERBEAMRE . BeFR TRy,

121




M. FEs

T H £H AR 0 ATt AR R W
1. MEHFRA (ER)

(1) HIFABIME LB LW QUEKFE), EEREAE ha) ¥, (MR
HREY, GRNaEE), GFHR?) Sapipix e i, ZEeimiR. ERNASYE
RATBOFER.

(2) HiFAEU (MRS AsE). (LT SRMERE, EhEESBS5ASMT
TEEATINGERRT (EREEE) MENRHER R R SRANOUNH, AEMETAR
SBEHR. BHEAR, 25 2017 RTHREA CNEFEOMIBHEAR 50008 Gk 77 Rl
€, HEE CHLESHSRMEEAR) RN, EHFEXARES. LREARFEREESE
RO H . RHIT A A R . A R B o B A o 5 (R A B XY R
BMBRRT —ERSERRE, MR, R, SHRNS.

(3) B AMERR—EEH CEMECERIRR R, 08 H R ST

BH: ERRUKENZANRESTNERGED R LRHR

MR, AR T R, BRI . GIRER, LURESE Py
RBUKEMELIA P ER. HRLEF AR, HEKEMNTRASUNERGEITRS
HIEB B R A E SRR ECE P, i TR T AR NS KEME AN E SN
REOHIKR. RTEERNERTOMBMEENE, @UEERY. RASBEHRTTE
BRI b ) R 1T 0 PO 3, RO TR R L RBRARRTRKEY, SE0H
SR EERT %, MAARENKEM AR EESN B0 0 ERE RSN
AR, FIAAROCHREN RN, SR, SRS HE, AR TERFENRFR
R, AKEFI H TR AR S,

2, BHAFERR
=1}

EF TR SENRT (ERBEA) R IGEFCH /IR S RAEURH 1,
REPCFEFRR L CERBAGEICERE S LR (B HUE L 51 AT, (h-js-2h
LBUKGMAREIFR) =W,

122




2]

EfFRSmT (MERIES ALY RERMLRRER, ((FRESRMERLD B RIEECE
BUURE,. TRHEASINETRT (ERB5AE) MENEHFR AT RASRAKAUIR, &
YEEWE. BEETE RS IRAT T AR .

3im

B5HEUNH (T OPC UA i B0 05 SUBERYHE ). (] |G AT BIFEM K RGO ).

(S RERFEERT 6, T EECIRRE B T SR 85 B0 15 RS
R—T, FHERE. MASERERRE R ZTRIFR, [0 G R R.

123




TEAMATCER) A8

#¥ (2018) 16 &

XF /A4 2018 4E
BB FBEEET B 42 2R

EHFRE., AXEM:

AR —FRMBFRE, THRBAAEFRTE, FREAR
FRT 2018 SHRFUEMET AL, SHTFR., LAEH
PERTFE, XATLERFRETE 220 7, HLFHAHFEH
REXEFHE 121 5L (FATWE 55, §A%WHE 205, —M&H
B9 %) , ¥MMFARETE 9 (HAAURFHFZHETE
12 5, BREABFAFZRENE 15 B, FRAKFEHE 12 1,
HEHMHRFRETE 307, HFXBLEARESE 30 5) ,
AALETULNS, HRAXEWMADDT:

L ¥BRE(FPEERAF (R RBFAETMBEEE L %),
MITRERGEERILHF, A EHATEATENEABENTF
. o

2 ARFHEANERT BB ERMEFRATMEN LT .
FHRERETRBRIE, PEABENRERES,

LAFEBHAERRINESFER, WEAFRMEART S X
¥, RRETH T RFEMRESFFER.

E &
201845 H7H

124



WfFS WESME¥REAEER

HERS WEEW HEA R
R :P WTLAB ¥ CRFRREM) WRRPE | . o | oo oo
KT BOPPPS RN AT AR BAT S
201802 | gl 1) (LB FE N il o
ON201800 | 459 TR BRIE PROUBT 400 T 65 DM ER 15 %k B TR
Q201804 | TRREME A ML CFD S Sl FUER ] nmIEER
N201805 | 36T 5E G817 B BUAROR 5 %R WA TR
QNZOI806 | T4 4 - R B M DR A 2 ¥ ¥ s TR
TERAAIEZI S FTOAS L TRARRT |
oansor | EWE S TRYE
I . - 5 -
ouoisos | P LHEA TRARA GG LORE | oo R
AR SR
ETUAEEANNETHZLME AT HEAT
avorson | I8 T E LIS Yo WL TR
R :;gdj#ﬂaﬁtﬂkﬂ-lﬁﬂﬂﬁ#ﬂﬁﬂﬁkﬁ o R
R TR EEEREN N AR R T
Q201811 B £ (S A AR B Wl TH %R
- ?igﬁﬂm-m#manzm-w;un%w o A
H A S A TR, (R 5 RO AR) -
GNzo1813 R SR F W (R P TR R
- _H' .. ]
eeoigy | CEMLIRRZE “LRBLE REAATRE | pnn | pespaTReR
o
Q201815 | 3T VR HARBISIE L] B B OF | SESRRTEYR
LR
Q201817 | CEESEHAR SRUN) 0 PBL MERUNERSEE | E 4 | iHNSEA TR
QNZOIB1S | R 5HIAR f 4 3 3 Ml o S ] E%% BERAER
| n .'_ o
— :ﬁzmra#nm TS REFY TR IOrw | .
R :r—#umma#:m (BFER RERFA | . o —
w012l | *EREMAT RTEATRERRRSER | BB e
I T — R -

12

125




6.7 ZE5RFEBEIME (QN201516)

s, ANROIS 1b

hEABAE (£5F)
SEHTHF R ET B RIED

F OB L A& IAHKTELAERET (HRABRE)

BAZIGE R F KR H T
B EHFA: i ]
2/ : R A TALEHTAESR
% F B 18561597851
B F df fa: xinglc@upc. edu. cn
v 4R B M 2015-09-05
B % &

126



127

b i TR EAANER LT ) SR AT
U)WMWM?WIWMH#%%%%%M
MH , Al S8y AL T
Rkl | 201509201709 | BUBOR o) i S et IR
@) TR 12 5 K F) 1 550
pa | W2 | #m |8 | RE | X th 24 1983.02
A HARIRS PEIm R [ AL B+
i (8] BEAm B R 2pt | FITEALL
fERBRE UB) A 13 9 12 B 40 | 2R
2015.03 Jro— ¥z
L5 (230 J— P e
2014.09 GBI 15 E FRYE
5 2014.09 AR B A Wiz 11 K12 B 40 | FE¥RK
. FEHE | 2014.05 mEERS 831 BF K128 26 BB
KRN 2013.12 | HFRRA R E R Wiz 10 % 1-2 ¥ 2 EH%¥b
| %133 )
s | we, eaeense | LUEDE e | e
i \ B 09 4% 1-4 3 i
2012.12 R AR 145 09 28 1-2 BE 8 E1E%¥k
A
2012.06 AENLIXES DCS B 09 %% 1-4 B 4 (3%
2012.04 16 3% 5 K I ZE Rl H 09 2% 1-4 3k 8 EEE
ot ] T H SRR . ;ifﬁm
. HEEMIL IR
MRUE p01504 | (EBBRARGR) SRRTESFRRSLR B—E%
‘*ﬁ;f; 2013.05 | (IERS EEML) BE W% S5 AT H—1EH
— 2 —




e || W b s My | A
S AR HCE B T
[k 44 |1 IR Hil| Fel 22 32 424 W4 (2
- BB (46| B | BMMESTE | oo (2R
T
22 R | 44 |BIAE| MRIHRHEAR S WERARE SR
= e THEHCEE T
N N 4 =26 e g L
i?ﬁ ARU | 58| # | RASOASEANER | Do o (B
2 BEA (32| b | WRHEERSKE | KESERNEE  (ERER
. ‘ R R B,
R | 28| Tt R it L
e
AR

128




2015 FERTFHTHAFRETEL R

T H%S F H 4% fFEA Frie
I A EER 3 T MOOC REHESL

QN201501 un % TR 4 X B| HRBFLEEAEK
HEEXFEE

EBMAHR R BRE

QN201502 =t - . W e IHk | EBFESHA¥ER
BAREHATSETR

oGS BERERFEXT (FFAHE) GLUE) &F % B TR
G X

QN201504 | KB MBS R LR R FNFE 5 €# fF ¥ Vi FHIE¥kK
E5XBFELELERE (KEFEZ) +8

N201505 ® BMIE¥EK

¢ LREE X .

QN201506 | £ FMOOC BEAM A AR I EMF A ERL T i hFEIEFR
Semi g

0is0T eminar HFERRXETH s FTHEARBFESY ¥ & T EER
REELR

QN201508 | L IZ 2 SRR HERABF A ER TS ER L EF hFEIB¥R

QN201509 | T B R EEFENGEOF TR FFERE |k = h¥EITE¥K

—— ETHMEALTFENZLEMNEEERENE Wk TR
B¥EFERHEEARTFR ‘

QN201511 | MR E BH LR TERER I SHE MR 5% HE e TE¥K

i ETHERENNERFUEATRLESE Zb% P
ZARBEPHEAEER

IR ET¥4QFEHAEXAMNREAEL TR % & ——

‘ BEREFR

QN201514 | B TH FH¥REBV I PEBFUEARERE | WEF | FREEHIEFK

QN201515 | ETH# R ENEAEHEZEREREHAR K| AREEHIE¥K

129




HH&S ECE X S A FreEffr
01516 ITEBHAFELV N ERFTHRERERENE e | wRERNIEER
H¥EETE e
QN201517 | 3 A & 48 PDCA # &, # F S ¥ # it itk | RESRATIEFK

ETEEEAHEN IR TEFAR RS
QN201518 HEE | RTE5RHAIE¥K
Ui
QN201519 | B F £ &2 F CcDl0 TERFHERAFEE kR | HHENSEARIEFK
QN201520 | R#ENM AR ANEHBFREAEEER | ¥4l | HTENSEFIEH¥R
mesBEE L PNEFASEFRItHFES
QN201521 . Mgk | HRENSEEIESFKR
EFHHESSTmaE keSS REuR
QN201522 . X8 | itRIWS5HEGFEIEF IR
fEAERFAHFEFREARARFRER
ON201523 | B HFE EHEERFER
it 5Lk
AEBFRBTEFERE LA T ANFY
ON201524 , U | GHERFER
BE5THK
QN201525 | LIS 4 AP U I BEMFENE (R FERE | # ZHEEER
201526 ETHAEQFRAEANETHESFRFLR - -
E5#%
ETMANSER YIS EnSENERY
N201527 W ]
¢ i 8 5 AR R o
QN201528 | £ AP HAFHEHAFRERE M X B2
EF “BERY” BANEHARBRFEFEF
QN201529 ZEmW e
TELE
QN201530 | MEHERFEFTHEFENHEFARAT It BE¥R
QN201531 | A¥HBRFFTRARTLRNRFFETRT | RELE B
QN201532 | MEA#BEER, THERETHEEESER | TAE BE¥R

130




6.8 Z51LERE HERBEESE (ZR2019MEE095)

EESARNFEES

T 5

K EP AR R R TIES SR Lok e MM T R TR R

=
i
Jng
4
1
f+l

ZR2019MEEQY5 TmME=ES| |ELmE

HFEE  [2019-07Z=2022-06

FENAE S

12005 5T

CIF w4 B o5
»
=t
|
i

FRRE  |[ERRETERRE F=FHE [E091005
s =g =5 |5 B{HEE  [371427198302015535

05328r982918

xingle@upc.edu.cn

B EfR  |FEEELE (EF) BlF=

= [ I 5]

-

FMEREM(ZR) |[FESEHIEERMNERASWIER FEGHEAFE (HEFR)

Cll T

FEARUEEATSE  |BHfsSTRESSH

MEAERR (5ERERH—E, TEEEHFN

Tl EFHT

F
0T

B it HETHAY (45) FIH RiLESEH 3
SRR IE FEERKY (4EF) LT RIEHEE S 4

Hm FHETEEAYE (EF) R R ST R (T B AR AR 6

Hm FHETEEAYE (EF) KefiEmEE T 8

HHES mimaE |FEAEAE (EFR) SEEUE SR S 10
BT mEFAE |TFHEHAHEAE (FEFR) 5 REEFE R Fenix S ET 10
Bt MEwaE |FEAEHIY (EFR) FE R BT S R A7 10
FEHLE MEwaE |FEAEHIY (EFR) KefiEmEE T 10

HETHERE (B)

A FOAR)IR & (LE, —fA)

131



RENAZBMER

(BEfr:

TT)

fE m%:—: # FIE(TERIBSIRER)

T B R B 2 12,00
—. MEHEHA 10.00

1. 155 0.00

(IFETIE 0.00

QiR E i HI 0.00

OREIESHER 0.00
2. #EbER 3.70 TUSRRARO4TT, LKSE207T, HEREEES15T.

3. 1”'11#1111_*1111% 0.00
4. 0.00
;T;;f;hwgﬁ%ﬂég]iﬂ BIEASE, EAK, FHEARTERAT, AKX 04T=1257,
"Iui;;g;[;%‘éé 270 BILEERIST, RS SRR S B 27,
7. FEH 2.40 ZEMBERELTFTEIN X WWE/FEX3EX002F/ (M) =247,
8. =HLH 0.00
9. HfthsziH 0.00
Z. TMEaEER .
(H151:20%) 2.00
1. ST H 1.40 MEHM AL, EESBEEEUTHEERESHHE 5.
2, EEH 0.60 BT, BLWY%
3 BESA/BFEKET 0
BEIEHE
=. BSRs 0.00
B A »K*% & EAEZIFREEAFI=EE0R7E, FHTRBEFLAREE AR5

EZREXTRITMEE ﬁﬂﬁ*aﬁﬂmmmT IWEFTEFRELIE, HETME 8EHFR)

r‘—II:ITEFJP T”EITT ZEHER
TIRiE.

FRYHT T AR T E 21

mBnE

I NE

Ktk

FEHREERZENE

iR, TEENTE REEIEE TR

RAEBRFEZEL

IFEEAFIER SRR

FEREMARE

BN BEE
BT (k.

AEEITE,
Tz B PR RIS E A B Ll R i B & 15

, EEETFILFEEEANE=EEZASERR
Y, MWEEE5TME, FHGTERHD

EmFEA

Y fRIET B

ARG (LAF)
£ B =

fiit

(
H

[

N
)

£ B

ERETH, —2 =)

132

WIZRE B Af =2

L5 % R o 220175




7. FF SRR
71 BRFEHFALFRE

) an
IR A Y
\&vwé

..\. hN//

_ "MLy FEe=Yk
th 3 H 0 % 8 8T L w

133



72 BREHFHIIRK

MWEEA T L
& &= Yok ENER
oy H g T 0 L LI 6 ), T
%

134



8. PR ICREBRAMF LI

Y F
ERNACIS B2

D74

Yo F 2 MUY E YUk € ¥ dHL &
YHET

‘S S
I EF

FH R
.2 E

GTt (XN) It

WNATOULId 40 ALISYFAINN VNIHD
S EER YWk

&

135



9. Z25F 6. REEBIEWHME

91 fEAETZSE (MEMREBL) ELTERERR

F 4 1:

FEAHMAE (EFR)

HEZ AR T RR B
RERZR MBNFES Bt
BERTA il B
REXRD FREAR
Br £ B i EESEHTIEYER
B R H H 2017-5-28

FE AL

—O—t%1A8

136



—. REFANEAR

REAKA
"nE R 145 k-8 HEFEAR 1970-09
:: %5 iRt E 32 ot Hi% | 13780689870
R -UE g B sun|@upc. edu. cn
FiHREEZN WAy | FENR 351 W
=i HIwE bt L 48 300
WA | FRIEPRSEE b Bz 48 120
AMBUERSEDL D7 3 fikis 32 180
LENSEKEFRERM (LM eE, 28, S0, 781595
M HEL£% E3 |
2014-2016 (PERESEHR) RERRUAFHE RAKXRE
BES5EH
2016=2018 BERERANERSER BREMRE
2012-2014 (NERARSBEHE) HEEEER HERNEE
2014-2016 (HBEMHURSRE) FERERT 8 G
2016-2018 (HEEHAASEE) SHRTREK 088 80 ) A
2.HEAN—REARRNEEFRRR (2HE. #Wmed, ofE, FTHEL5H)
N ®X »A
2016.8 | IHELEAHAATRAFEANRESLE (LImSNE)
2016, 10 | FEBFEHERANRRETR (LS8 THES
8 #)
e [[2013.5 | “MECRSEHL" AL FEAAENERSER | (PEEHRE)
R || 20023 | CAI S ayikit 55 8 4 & CHERBAD
2002.5 | FRKEHERGRE CHEARE
LUNNEERY/RM (a5
HH L& By Fm | HD )]
(5 SSELR-F-EANE 2 81 & 3 7 & fo ¥
Temes El 3 2015. 03
Bt THM ANEFEANTL | PETaAY | —% 3 | 2008 3
55t W]
HEEMNURRREBERESER PYELEAF (=% 2 |2002.3
EAHEYEECAI BHBASCAI 4% | PETEAY | =% 2001. 10
- .
Ziumus.,#aunmx SEERAE | —% s | a4

137




REBEANES T

e | % | B& — FIEEEHT
AR v |eag |eeEeseHIe WE AR A
#3 #W | ReELSRHIE Bt EXBNRY
%k #H | EHELSEHIE Bt E5LBRY
x| w0 |*7 |@eensns it SEBHY
R 20 |#w |zaes= Bt XBRY
8% | 53 |xew |pezesesIs T ¥
5im TRW |EHBLERHIE TR
gra | so |R 2 Huwnnssre LB N

P

138




KT AA0 20 1 84 7E LR TFTRURFE 22 B30 H 44 S 138 A0

RAGRSME): 2018-05-15  {E#:

WA E: 575

A BE

U

AT RHAEE E B EARHE R Ber SO, (R B BRI R AL, 2R IUT R T 201854 T
TBCRAR ST LA

ZEONE EHIR FBEHERE

#BREW.

FRAFH, BAMLIAE (BRIE) » A RE @M T
1. FELIFCURFE A 77 G AT . H R DL BRI 2T E R 0%, 4% IR URR A Lt B R B A7 0 B8 B A

2. R NSEXE LT BORFE R B S AL A, 0 R B L IR AR AL S O LA 55 -
3. FURFRA LIRS TR R AR, UARRE B, PR BGERE, J14+20184E 12 A fr i L £kizqT.

ok
20184E5H 15H
20184EFELE I IR AL T 44 B

e | mELHK A Ly

1 TRE G2 WA F 5 R AFR
2 o 5 XA RS TR

3 LEZ R LR 2P WEE T TR¥E

1 BRH¥ HE % T TR¥R

5 ¥R A TR &8 ¥ TRER

6 TEMEE FEH Ml TR¥%R

7 HLARCAD % B $ A Wb TR¥R

8 B K b & HE TSR

9 RN RSB # R BESEHIEYR
10 B BB R % BE 158 5K TR¥K
11 i3 A7 Xk BESEHTRYR
12 # % T A RAE EESEHIEYR
13 WEEERI TR x Al HEiE 5 A TR ¥R
14 W5 R HHEE iE 5RA TR ¥
15 HHHLIEE RS $4E HANGEELR¥R
16 AEFHM o RN SEE TSR
17 ol o BT ZHEBER

18 LRI 257 THRE GHREB¥R

1 L AN T 2o I A

1 BTF T TTRAIE ETFIT

20 ¥R B LR AR BB

21 | k¥mE x|k it

22 nE¥ * & XF B

139




mEBIEiaRit

EifA - B |
/

PRG AT (A

L hENLETR

)
1,

ESEi2/NE  SEs ——
MEBEEREILT

NEMNESENME
e
N (e e e

E & &
5
L5

7
e
T
f
‘@

[ AR
BB At
WIS

& e

A KRAFRERFKIR, REDRBS, RENERER. @i, NRREXGFIRMEIE.

140



9.2 E#F (WEHEARENEMERG). (RBZEMERAR) ELRERR

<, Y& L F e FAZBE BRASEETRES n 3

¥/ CHINA UNIVERSITY OF PETROLEUM

RARE REHHT FiFPL EER

- 2019-09-05 MAERELFRHE--- “HEEE NEAS —h 2020

+ 2019-02-22 BAZRREHRNGVE.0OEMIES 1 2 3 4
o e, S 6 7 8 9 |70 |
+ 2019-02-22 BAGREHIEVS.0OFNERETE
B 12 || 737 || a4 ||| st || e || a7 || as
BEafE: 2020-01-05 15:53 = 2019-11-08 BRRECE ‘HFEDNA" BREZ—
EEEEHE: S0MT455 19 [(:207 || :217)|| =222 ||| 237 || ;24 || :25
FRRE: 69 . & s
2019-07-03 BAZRE" HFFABIED e e T
0 zerE
EES=E R
[ am;iEs

Light Wave

IR EEFEREEA
= 1ITREEFHNE
- A NREERLERSE

- 1R EEEREENEAE

7N EHRBAFRE

FREES: 05122120 FBREERS: 05101120 BERS: 05354120
- . THEE: IE THEH: TR THFE: TE
© BFAE
BREEE BETS BEEE BETS BEEE BETAS

ERIA SRR

£R5: 05354120 UM R

(o] e » RERER
EERE iz
> EEEy FEER S s FEMIURL SR S0ER =
D) ARsER -
. TSR 8 i = mmBSaERA O HE E-RER
- ==
- BFER D) EreE
—— @ BRER Bk =i s
' BTEE
- 0 Osmsem = BEF4+ B i
]
—— O O mesmigppt | HEE4 B #a
o O Bt L1 B4+ B ozl
0 O z=ges = BEE4B =i
¢ [ ] IR = #a

141



93 fEAETZSE (MEMRS AL BRE—RAELREPR

B+ 2

ERR—AFFHIRIZRRD
(2019 £F )

RERR: WRGRS5EK
T 24KE8: 0000
TR GREAFA): IR
EXREIE: 13780689870
RRAR . OL F—ifiid#
Q4L LA TRAEA—HERE
Ot &9 —fiiReE
BIRFER: PEABXE (EXR)
WEF R
METE:

dhie A\ R EFEHE ZBH
—O—h%E+—A

142



(=) 8TF—ilf
R E#
il R &0+ ok R 8D
(HEEHPHREG)
wExD OXfERE OL#EmE OFLHR |OxEw
REHR Q&4 O#R#
7 55 5
i 1] ¥ o
¥ B
¥ &
%8 (WF) RELH
EERE L
HE. 5, 54, HEH., HEE (LEHTRR
FERMH )
201846 9 F 1 H— 2019%1 815 B (&%
#EEEE)
i 3T 7 4 FF LB [g]
20194 3 A1 H— 2019%7H 1 B (&%
#EERER)
L E RSN

#: (KA EHAEAZE Q4 RARE. ARGS, FilstE, SAKEFLEFEL)
(=) B LTRSS L—A

REE#H MEUERSEHR
¥ 5 iR 05101120 MBI RS A0 (ALK
(HEEHPHRE) |os19120 R TRE (£H)  BY0SI02301 L T{RERE AL (L4
wEEH Ox&EFR OL£E#HN ov ¢ |DLEd
REHR o il el
ErY Efﬂiﬁﬁlﬁ_ﬁﬁtﬁl.ﬁﬁ,ﬁ¢~ﬁ#t
m L. ffiE, ®IF, fesh, RELL
E¥et: 32
¥ Bt 8 - et
REFH: 20
¥ 2
Sl (M) RELEE | TR TY, A H¥. LIEE
BB L£H MEU RS LR ERT
FERM HE. F5, fE4. L. HEHPE (LEHTER

L

143




MEORSEHL, LB, FHE. PR, X4 FH
BaAFHME; 2013F9 A

20189 9 A 1 H— 2019% 1A 15 B (L#EXKS

EEam)
RAFMAMNE | == i Z=zi i ;0 ii
2019% 3 A1 H— 2019%7H | H (LE&EKF
FoEm)
EIEEiZIEE | i
RAFEFELAS | 469
OEFMEEATFHRERLH
OEFAMGALBRY —ARBRLH
oF (AERELHE. ¥R. AFXA. i)
P—— (MERESEHL), FEGHAY, HE,

https://mooc -
1.chaoxing.com/course/courseOutline?courseld=20529262
4&edit=true

#FHRAA: eMOOC OSPOC

: (BFAEREAZVACTERS, R NGRS, FiuFE, RAKFRLEEL)

(2) #eE8 R4

REL#H

AERSG
(BEHEEFHRG)

144




CtFELE OREAZEERE
RERM O+ ORfE (HF)
TTY oik o%#
F RIS
T
LR L HAF R,
TS
P— =i W
Iy
¥ %
¥ A B— % A 0 LERFERR
: ®)
REWNT NN ¥ A B— % A 0 (LERARAR
®)
Al LTTIN

#: (RAERMEAZVACRERE, X RRG, FRHF, REAPREFHL)
= BiREH (FFH)

REHANZERR
(FF5 1 AHARBEARA, REAFXARAMRBIERRLAERS AZA)
Flus |ee| 2% || pe | snes | wrss | 2F
g A | # =%
1 | PR £% | 19709 Bisti® | 13780689870 i s :‘ﬁg:
2 | &% &% | 1979.9 " 18560643590 | wiingdiupc.cdu.cn :.’5&:
3 | #& ¥ | 1979.9 L 13960863327 upc_panhsodr 126 com :";:
4 |zhn (g¥ |1977.2 @9 | 18561517236 | wangwhigupc.cducn :.’5&:
S |z | M 1981 E @ 18562872097 | wangbin201S@upc.chucn :.’5&:

BEHAT (REAXA) HFHA (300 FLLA)

(HFEFH: A5 FREREFRAFHES. FREFAN. BREFLH TS
%5
1. REHKRFES

W5, RELTHEY TR RE, #FLE «CHENRSEHL F
CHEN RS aRHRRERIT, gt d cHEEHARSEE. <CTEFMHE
EHER> SRE.

2, E¥RKAE




10. ZNHEFREARSVGERME

PIERS 2017 in Singapore

Progress In Electromagnetics Research Symposium

Dr. Eng Leong Tan

School of Electrical and Electronic Engineering
Nanyang Technological University

50 Nanyang Ave, Singapore 639798

Email: eeltan@ntu.edu.sg

Tel: +65 67906190

Fax: +65 67933318

November 16, 2017

Dr. Bin Wang

College of Information and Control Engineering
China University of Petroleum

QingDao, ShanDong

China

Dear Dr. Bin Wang

It is our pleasure to inform you that PIERS 2017 in Singapore has accepted the following article(s) to be
presented in the conference:

e 170619125306: Numerical Study on Complex Resistivity Measurement of Porous Media Containing Gas
Hydrate

I am writing to cordially invite you to participate in the coming Progress in Electromagnetics Research
Symposium (PIERS) to be held on November 19-22, 2017 in Singapore. Each participant should complete
the registration process for the symposium and pay non-refundable registration fee. There is no financial
subsistence provided for our invitees.

For detailed information on the symposium, program updates, registration fee, ete., please visit the symposinm
website at

http://www.piers.org/piers2017Singapore/

We very much lock forward to your participation at PIERS 2017 in Singapore.

On behalf of the Organizing Committee,

Sincerely,

Tan

Eng Leong Tan
General Chair
PIERS 2017 in Singapore
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Session 2A8
FocusSession.SC5: Inverse Problems for
Scientific, Industrial and Biomedical
Applications 2

Tuesday AM, November 21, 2017
Room LT14
Organized by Cheng-Gang Xie, Xudong Chen
Chaired by Cheng-Gang Xie, Xudong Chen

09:00 Numerical Study on Complex Resistivity Measure-
ment of Porous Media Containing Gas Hydrate
Bin Wang (China University of Petroleum); Lan-
chang Xing (China University of Petroleum);

09:20 Permittivity Imaging Method by Incorporating Range
Points Migration and Ellipsometry for UWB Short
Range Radar
Tatsuo Takatori (The University of Electro-
Communications); Yong Huang (Fup Electric
Co., Ltd.); Takahiro Kudo (Fujpi Electric Co.,
Ltd.); Shouhei Kidera (University of Electro-

Commumications);

09:40 Super-resolution Doppler Velocity Estimation by
Gaussian-kernel Based Range-Doppler Conversion for
UWB Radar
Masafurmi  Setsu (The University of Electro-
Communications); Shouher Kidera (University
of Electro-Communications);

Complex Resistivity

E: F 2017 F£11 A 21 H EF S #73814“Complex Resistivity Measurement of Porous Media Containing
Gas Hydrate" ISR &
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