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Abstract: In coal seam gas (CSG) wells, water is periodically removed from the wellbore in order to
keep the bottom-hole flowing pressure at low levels, facilitating the desorption of methane gas from
the coal bed. In order to calculate gas flow rate and further optimize well performance, it is necessary
to accurately monitor the liquid level in real-time. This paper presents a novel method based on
autocorrelation function (ACF) analysis for determining the liquid level in CSG wells under intense
noise conditions. The method involves the calculation of the acoustic travel time in the annulus and
processing the autocorrelation signal in order to extract the weak echo under high background noise.
In contrast to previous works, the non-linear dependence of the acoustic velocity on temperature
and pressure is taken into account. To locate the liquid level of a coal seam gas well the travel time
is computed iteratively with the non-linear velocity model. Afterwards, the proposed method is
validated using experimental laboratory investigations that have been developed for liquid level
detection under two scenarios, representing the combination of low pressure, weak signal, and
intense noise generated by gas flowing and leakage. By adopting an evaluation indicator called Crest
Factor, the results have shown the superiority of the ACF-based method compared to Fourier filtering
(FFT). In the two scenarios, the maximal measurement error from the proposed method was 0.34%
and 0.50%, respectively. The latent periodic characteristic of the reflected signal can be extracted by
the ACF-based method even when the noise is larger than 1.42 Pa, which is impossible for FFT-based
de-noising. A case study focused on a specific CSG well is presented to illustrate the feasibility of the
proposed approach, and also to demonstrate that signal processing with autocorrelation analysis can
improve the sensitivity of the detection system.

Keywords: coal seams gas wells; liquid level determination; ACF; non-linear acoustic velocity

1. Introduction

Mine gas is one of the most serious safety hazards in coal mining [1]. It is reported that 19 gas
accidents with 100 fatalities or more have occurred in Chinese coal mines from 1950 to 2012 [2].
The exploitation of coal seam gas (CSG) would reduce the incidence of coal-gas outbursts, as CSG
pre-drainage can reduce the gas content and pressure in coal [3]. In addition, it is clear that the
CSG is a significant source of energy. Nowadays, growing attention is being paid to CSG recovery,
particularly in China [4]. CSG is produced by lowering the pressure within the coal seam so that
methane is released from the coal in the form of gas and then brought to the surface accompanied
by the water [5]. CSG production is closely related to water drainage which is a prerequisites for
reducing the reservoir pressure and desorption of adsorbed gas [6,7]. However, improper water
and gas production at the initial stage may result in permeability damage and further induce the
change in productivity [8]. Even worse, too fast a dewatering rate can lead to an unfavorable ultimate
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recovery [9]. The water depth plays an important role in gas production associated with CSG recovery
and adjustment of production parameters to ensure CSG wells in the best conditions [10,11]. Therefore,
it is of great significance to accurately monitor the liquid level in order to calculate gas flow rate and
well performance for optimizing gas production of CSG wells.

The commonly used method for annular liquid level measurement is the acoustic liquid level
test [12,13]. It determines the depth of liquid level by counting the acoustic waves reflected from tubing
collars or velocity-time products [14]. The advantages of this acoustic analysis include an inexpensive
and non-intrusive process resulting in its wide applications across the world, compared to mechanical,
capacitive and optical methods [15,16]. In a production gas/oil well, the gas/oil flows in the tubing
and annular partial obstructions, poor surface connections or odd length of tubing joints are the main
disturbing factors for annulus liquid level measurements [17]. By enhancing the sensitivity of acoustic
sensors, adopting downhole markers as references for acoustic propagation distance and acquiring
with high and low frequency data from dual channels, the liquid level can been located under these
unusual conditions [18,19]. However, the improvement of the measurement accuracy by enhancing
the sensitivity of the acoustic sensors is limited due to the inherent performance characteristics of the
sensors. In addition, downhole conditions will impact the effectiveness of acoustic speed correction
from downhole markers. What’s more, there is still no effective filtering method to tackle the effect of
noise with a similar frequency as the signal.

In a CSG well, once critical desorption pressure is achieved, mine gas will be desorbed from
the matrix and flow upward in the annulus, which causes new problems such as violent degassing,
foaming and noise from the high gas rate for annular liquid level determination [20]. For the violent
degassing and foaming condition, McCoy et al have introduced a mathematical formulae method of
foam-free liquid level determination based on surface acoustic liquid level by measuring data acquired
within the narrow time window available for closing the casing valves [21]. The study of Bhargava
et al has proved that this method has easy, simple and cost effective advantages avoiding downhole
intervention. Nevertheless, the existing problem of shutting in the well restrict its broader application,
for example, a real-time test is impossible [22]. Han developed an automatic echosounder system
which can acquire acoustic signals under intense gas interference. High noise-to-signal data is filtered
using a spectral decomposition-based digital filtering algorithm as a key technology to realize the
gas/liquid level detection under aerated liquid column conditions [23]. In general, the measurement
error of 1.00% of the system is still large for industry practices [24,25]. In particular the low frequency
noise cannot be removed by using a spectral decomposition-based digital filtering algorithm, as the
frequency of the noise is similar to the acoustic signal. A better understanding and improved solution
to the specific problem of low frequency noise cancellation from acoustic echo signals is thus needed
to effectively reduce the interference in identifying the acoustic signal reflected by the liquid level for
CSG wells.

Normally, the liquid level is located by the distance that equals half the product of the acoustic
velocity and the travel time in the annulus [26]. It is widely known that the temperature and the
pressure change with the depth of the well, which will have an impact on the annular acoustic velocity.
In 1962, Ramey first developed an approximate solution to calculate the temperature in an injection
well [27]. Then Hasan and Kabir improved Ramey’s model by allowing for two-phase flow and using
a new transient solution of overall heat transfer coefficient [28]. With consideration of the temperature
effect, the annular pressure varies with the depth [29,30]. It is demonstrated that the production rate
has a main influence on the pressure behavior of the annulus in a certain well [31]. In addition, the
propagation velocity of sound wave has nonlinear relation with the temperature and the pressure of
the media [32]. Therefore, this speed variation can lead to a large error in liquid level determination, if
it is regarded as a linear model.

In order to overcome these abovementioned limitations, the objective of this paper was to develop
a new method based on ACF for the annulus liquid level determination in CSG wells. This method
involves the calculation of the acoustic travel time in the annulus and processing the autocorrelation
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signal in order to extract the weak echo under the intense noise interference. The random errors can be
reduced by calculating the acoustic propagation time from the overall correlation of the initial pulse
and reflected one. The non-linear dependence of the acoustic velocity on temperature and pressure is
taken into account. In addition, the experimental laboratory investigations are developed for liquid
level detection, integrating with low pressure, weak signal, and intense noise generated by gas flowing
and leakage. At last, an evaluation indicator called Crest Factor and measurement error is adopted to
validate the superiority of the ACF-based method compared to Fourier filtering (FFT).

The rest of this paper is organized as follows: Section 2 presents the principle of acoustic liquid
level determination. In Section 3, a novel method is developed for determining the acoustic liquid level
of CSG wells based on autocorrelation analysis paying more attention to noise jamming. In Section 4,
laboratory experimental investigations are conducted for liquid level testing under conditions with
the different annulus pressures and noise levels resulting from leakage. A case study focusing
on a CSG well is introduced in Section 5 to demonstrate the application of the proposed models.
Concluding remarks are given in Section 6.

2. Principles of Acoustic Liquid Level Determination

The principle of acoustic liquid level determination is shown in Figure 1, where an acoustic gun
attached to the wellhead of the annulus is used to emit an acoustic pulse, and then the acoustic pulse
spreads across the annulus from surface to bottom. When the acoustic wave encounters restrictions,
such as tubing coupling and subsurface safety value, a partial acoustic wave will be reflected to the
wellhead and received by the acoustic sensor. Specially, as soon as the acoustic wave reaches the liquid
level, all the wave will be completely reflected by the interface, and the acoustic sensor will receive
a reflected wave of high intensity later. By identifying the reflected signal from the liquid level, the
round-trip (surface-liquid level-surface) travel time of the acoustic wave can be determined. And then
the depth of the liquid level z; will be obtained from the following equation [33]:

1 t
ztzf/wbzr (1)
2.Jo

where t and W are the round-trip travel time and the propagation velocity of the acoustic wave in the
annulus, respectively.
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Figure 1. Schematic diagram of acoustic level measurement.
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The halfway of the acoustic propagation in the annulus will be considered for simplicity due
to symmetry. Obviously, the pressure and the temperature of annulus will change along the depth,
leading to variation in the velocity of the acoustic propagate in annulus. The calculation of Equation (1)
is intractable to acquire and an iterative method is therefore developed to calculate the depth of the
liquid level using the computational mesh as shown in Figure 2. It is divided into n grids for the
computational domain within the annulus. If the length Az of the cell is short enough, the pressure,
the temperature and the velocity of acoustic propagate within the cell can be considered as constant
variables. Therefore, the new acoustic travel time to cell i* can be determined by:

Az
=Y — )
C1 b Wl

If t7; is extremely close to the actual measured halfway travel time of the acoustic pulse
propagation in the annulus, cell i* is considered as the position of the liquid level. Besides, the
distance of acoustic pulse propagation from wellhead to cell i* is equal to the depth of the liquid level.
The term z; can be expressed as:

zt =1"Az 3)

The process of calculation is greatly simplified by the iterative algorithm and it is critical for
accurately determining the depth of the liquid level to obtain the travel time and the propagation
velocity of acoustic pulses in the annulus. The details of acquiring the actual test travel time of the
acoustic pulse and computing the velocity of acoustic propagate in the annulus are expounded in the
next section.
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Figure 2. Computational grid of acoustic propagate in annulus.

3. Development of an Acoustic Liquid Level Determination Method

The new method used for acoustic liquid level determination is described in this section.
This method includes models that are highlighted for firstly calculating acoustic velocity and acoustic
travel time in annulus, and then determining the acoustic liquid level of a gas well.



Energies 2017, 10, 1961 5o0f 22

3.1. Acoustic Velocity in Annulus

The acoustic velocity in annulus is mainly related to the composition, temperature and pressure
of the annulus. It can be derived from energy balance around a stationary wave undergoing an
infinitesimal perturbation [34,35]:

=@ (e (5),)] "

where C,, Cp and z is the heat capacity at the constant pressure, J/(kg-K), the heat capacity at the
constant volume, J/(kg-K) and the compressional factor, respectively. All three parameters can be
calculated by using the equations demonstrated by Aly and Lee [36]. M, is the molar mass of gas
mixtures, which is presented as:

N
M, = Z xiM,i (5)
i=1

where x; is the mole fraction of component i of the natural gas in annulus. M,; is the molar mass of
component i of the natural gas. N is the number of the components in the natural gas. According to
the research of Ahmadi, Cy, C, and z are a function of the temperature and pressure of the gas with
certain components [37]. The distribution of the temperature and pressure in the casing annulus of a
gas well is therefore determined before the calculation of acoustic velocity.

3.1.1. Modeling of Annulus Temperature

In order to establish the model for calculating the temperature of the annulus, an infinitesimal
length (dz) of a well is taken for analysis, as shown in Figure 3. It is assumed that the flow in the tubing
is in one-dimensional steady state, and the heat exchanges only occur in the radial direction between
the wellbore and the surrounding formation, regardless of the heat transfer in the vertical direction.
The tubing and casing are also supposed to be concentric.

Figure 3. Schematic diagram of heat conduction through the radial direction.

According to the energy conservation principle, the temperature gradient of the fluid in the tubing
can be expressed as [38]:
dTys 1 dQ dv dp
E—@(E—g—vg)‘*‘cjg (6)
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where Ty is the fluid temperature, K. z is the vertical depth, m. g is the gravitational acceleration, m/ s2.
v is the flow velocity of natural gas, m/s. Cpy, is the mean heat capacity of the wellbore fluid, J/(kg-K).
P is the pressure, Pa. Cj is the Joule Thomson coefficient, ] / (kg-K). Q is the heat exchange capacity per
unit mass, J/kg.

Based on the principle of energy conservation, the heat transfer from the fluid to the cement Q; is
equal to that from the cement to the formation Qy:

dQ1  2mR;,Up

dz Gt (Tf - Tcem)

dQ; 27tk cem

Iz _ 7
dz GtTD (Tcem Th) ( )
Q1 _ 40

dz dz

where Ty, is the cement temperature, K. T}, is the formation temperature which increases linearly
with the depth of formation, K [39]. Tp is the time function of transient heat transfer which can be
described by the approximate formula recommended by Hasan and Kabir [28]. Uy denotes the overall
heat transfer coefficient, which is defined as [26]:

1 Rio Rio ln(Rta /Rti> 1 Rio ln(Rca /Rci) Rio ln(Rcem /Rco)

— = + + + + 8
UO Rtihf kt hc + hr kcus kcem ( )

where Ry, Ryo, Rei, Reo and Ry, represent the inner diameter of tubing, outside diameter of tubing, inner
diameter of casing, outside diameter of casing and outside diameter of cement sheath, respectively,
(m) and hf, ki, he, By keas and ke represent the convective heat transfer coefficient of fluid in tubing,
the thermal conductivity of tubing, the convective heat transfer coefficient of fluid in annulus, the
radiation heat transfer coefficient of fluid in annulus, the thermal conductivities of casing and cement
respectively (W/m?-K), as shown in Figure 3. In general, the overall heat transfer coefficient is certain
for an identified well.

Sagar introduced the term ¢ to combine the Joule-Thomson and kinetic-energy terms into a single
term [40]. According to Equations (4) and (5), the temperature distribution of the fluid in tubing can
be acquired:

Tf—Out =Th out +A |:1 - eAZ/A:| (_CL +¢+ gT) + A/ A (Tffin - Thfin) 9
pm
where:
A= CpmGt (kcem + RtOUOTD) (10)
27t R o Upkcem
The heat transfer from annulus to cement can be described as:

d 27tk

Q3 == i(’rc - Tcem) (11)

‘dz In(Ree/Reo)

As the heat transfers from annulus to cement is equal to that from the cement to the formation [41],
the annulus temperature T, at a certain depth can be expressed by combining Equations (7) and (11):

RioUoIn(Reem /Reo) (Tr — T,
T. =T, + toUo In(Reem / Reo) ( f ) (12)

kcem
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3.1.2. Modeling of Annulus Pressure

Another important parameter for determining the acoustic velocity is the annular pressure.
The annular pressure distribution of the gas in the sealed annulus can be calculated on the basis of the

energy equation:
dP.
Iz Ps8 (13)

where pg is the annular gas density (kg/ m?). The gas density can be derived from the following
equation, according to the gas state equation [42]:

PM;

By integrating Equation (13) from the bottom to the top of the well segment of depth Az, the
annulus pressure in production casing can be calculated as follows:

MggAz

Pc_out - Pc_ine ZRT (15)

where P._ oy and P, ;,, represent the outlet and inlet pressure of the segment, respectively. In short, the
acoustic velocity can be calculated when the pressure versus depth and temperature profile are known.
Then, the acoustic travel time in the annulus is needed to determine the liquid level.

3.2. Acoustic Travel Time in Annulus

3.2.1. Characteristics Analysis of Test Acoustic Signal

An acoustic sensor is installed in the gas gun shown in Figure 1 to test the signal consisting of
the initial acoustic pulse and reflections from liquid level. The acoustic travel time in the annulus
can be obtained by computing the interval from initiating the acoustic pulse to receiving the pulse
reflected. The time domain and the frequency domain of acoustic signal of a typical gas well are
presented in Figure 4. The frequency of the acoustic signal is mainly concentrated in the area beyond
the frequency of 20 Hz, namely, its energy is focused on the low frequency. This is because the high
frequency portions of the signal are absorbed by the medium in the annulus during propagation.
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Figure 4. Time domain (a) and frequency domain (b) of the test acoustic signal.
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As indicated in Figure 4a, reflections of the liquid level are periodically measured because the pulse
will bounce back and forth both from the wellhead and the interface of the annulus liquid. For periodic
signals containing random noises, the noise component can be eliminated by autocorrelation
processing effectively, which is the greatest advantage of autocorrelation analysis compared to other
noise-reduction methods. Therefore, autocorrelation analysis algorithm is adopted to reduce the noise
and to identify the cycle of useful signals (acoustic reflections) under high noise condition.

3.2.2. Principles of Autocorrelation Analysis for Test Acoustic Signal
The autocorrelation function (ACF) of the continuous signal x(t) is defined as [43]:

1 T
Rix(T) = E[x(H)x(t — T)] = lim ﬁ/—T [x(£)x(t — T)]dt (16)

X—00
where, T denotes the delay time.

Figure 5 shows the principle of autocorrelation analysis. Assuming that a signal x;(t) is the useful
signal s() mixed with the noise n(t), then the signal x;(t) can be expressed as

xi(t) = s(t) +n(t) (17)
The delay function x;(t — T) can be obtained based on signal x;(t) delayed by time 7.
xi(t—1)=s(t—1)+n(t—1) (18)

We transmit the delayed signal x;(f — T) and the original signal x;(t) to the multiplexer. The Ryx(7)
is obtained by taking the integral of x;(f — 7)-x;(t) and then giving an average of it. Based on the
abovementioned, the final ACF Ry, (7) with the variable T can be obtained as Equation (19):

A

Ryx(T) = Res(T) + Ry (T) + Rys(T) + Ry (1) (19)

where Rg,(T) and R,s(T) denote the cross correlation function of the signal and noise, respectively.
Rsy (1) and Ry5(T) are both zero, because the noise and the signal are usually uncorrelated. Ry, (7) is
the ACF of the noise signal itself. As the time delay increases, Ry, (T) approaches zero. As a result, the
output of the ACF is only Ry (7). The noise is therefore effectively suppressed and the desired signal
is identified.

nput signal output signal
P =i multiplier H integrator }—.—.
x,() = 5() + n(t)'_A R_(1)

delayer 1 x(t—1)=s(t—r)+n(t-r)

Figure 5. Schematic of autocorrelation detection.

3.2.3. Estimation for ACF of Test Acoustic Signal

The collected acoustic signal is converted to the digital signal and then transmitted to a computer.
Corresponding to the digital acoustic signal x(n), its ACF is presented as [44]:

. 1N\
Rux(1) = lim — Y x*(n) - x(n+1) (20)

N—oo N =0
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In general cases, we can estimate the ACF by utilizing the method below. If #n > N, we can obtain
N measured values of x(n). Based on the measured values, Ry, (T) is calculated as:

X 1 N-1
Ryx(T) = N Y x*(n)-x(n+1) (21)
n=0

Generally, the ACF is expressed in a normalized form which has a scale of 1, namely the
correlation coefficient pss(7) defined as [45]:

_ Rux(1)
pSS(T) - |ﬁ ) (22)

Figure 6 shows the ACF of the acoustic signal in Figure 4a. As indicated in Figure 6, the acoustic
sensor receives the reflected pulse three times during the sampling time. Normally, the computer
software locates the liquid level by extracting the peak of the reflected pulse, while for the ACF method,
the acoustic propagation time within the annulus is calculated from the overall correlation of the initial
pulse and reflected pulse, which can avoid the random errors. In addition, the autocorrelation analysis
of the acoustic signal can remove the low frequency noise that the traditional spectrum analysis method
cannot do. Therefore, the obvious contribution of this algorithm is that it can greatly improve the test
accuracy and ability of liquid level determination.
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Figure 6. Original and ACF of the test acoustic signal.

3.3. Determination of Acoustic Liquid Level

The pressure and temperature of the annulus at the wellhead and acoustic signals are measured
by the liquid level detection system. Then an iterative model is developed to calculate the pressure,
temperature and velocity along the annulus using computational mesh shown in Figure 2. The velocity
is stored in cell centers of control volumes, whereas the scalar variables of the annular pressure and
temperature are located at cell faces. Then the acoustic velocity and travel time in every cell can be
calculated. By comparing the computed acoustic travel time and real results, the pulse transmitting
distance is obtained until their difference is less than the given error. It's important to note that the
real tested acoustic travel time is the round-trip travel time. It should be divided by 2 to calculate the
depth of the liquid level which is only half the propagation distance of sound. The detailed steps of
the iterative procedure for locating the liquid level are explicitly illustrated as follows, and the overall
workflow is shown in Figure 7.
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Divide the well into 7 cells with the same length Az in the depth direction;

The pressure and temperature of the first cell are equal to that measured at the wellhead;
For the cell 7, a value of annulus pressure P7; is assumed.

Calculate the annulus temperature T7;

Calculate the annulus pressure P;;

A

Check if |PC*Z — PCZ-| < g1. If s0, go to next cell. If not, assume a new value of annulus pressure P;
and go back to step 2.

Calculate the acoustic velocity W,;

8.  Calculate the acoustic travel-time At,; = Az/W;;

9.  Calculate the cumulative travel time from surface to current depth t7;, = 5::1 At.j;

10. Repeat step 3 to step 9, until |5, — tc| < &);

11.  The depth of the liquid level is equal to z; = *Az.

define initial
conditions

‘ guess annulus pressure P,

calculateC,,,

calculate P,

P =(r,+E,)/2 |

calculate Az,

i
round-trip travel time 7, =" Ar,

i=1

Figure 7. Flow chart of the liquid level calculation.

4. Acoustic Liquid Level Detection Experiments

In order to reveal the advantages of the proposed method in extraction ability and measurement
accuracy, an experimental setup for liquid level tests has been established, and a comparative study
between the ACF-based and FFT-based denoising methods has been carried out under different sound
pressures and noise levels.
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4.1. Discriptions of the Experimental Devices

The main functions of the experimental setup are to provide an annulus for test, detect the annulus
liquid level, generate different sounder pressures or annulus pressures and create different intensity
noises. As shown in Figure 8, the experimental device consists of four systems: wellbore simulation
system, acoustic liquid level detection system, annulus pressure control system and gas supply system.
The main parameters of the experimental devices are listed in Table 1.

Table 1. The main parameters of the experimental devices.

Subsystem Item Parameter
tubing specifications $ 73.00 x 551 mm
Simulation wellbore casing specifications $ 139.70 x 6.20 mm
length of annulus 4213 m
S . pressure range 0.00 to 57.30 kPa
Acoustic liquid level detection frequency range 0.10 to 10,000 Hz
Annulus pressure control system as components 95.12% CHa, 2.55% CO,, 1.83%
P y 8 P C2H6 and 0.45% C3Hg
Gas supply system maximum flow 1000 stand m?/day

Wellbore simulation system: this system provides a test annulus and contains a practical tubing
and casing set. Full-scale experiments can be therefore carried out. At the vertical end of the annulus,
some water is injected to generate a liquid level. The distance between the acoustic gun and liquid
level is 42.31 m.

Acoustic liquid level detection system: the detection system is used to generate and detect acoustic
signals. It mainly includes an acoustic gun and a computer. The acoustic gun contains a solenoid
valve, an acoustic sensor and a sounder. When the solenoid valve is opened, the high pressure gas
is released into the atmosphere to generate an acoustic pulse in annulus. This acoustic pulse wave
travels in annulus and is reflected by the liquid level and then is monitored by the acoustic sensor
at the wellhead. Then the acoustic signal is converted into an electrical signal and transmitted to
the computer. A special data handler is written to process the acoustic signal data. The acquisition
frequency of acoustic signal is set to 10,000 Hz in the experiment.

connections

hole simulation wellbore system

bo temperature i
'E; l tubing acoustic pulse  reflection of liquid level
: / /
pressure gage
2 it
: \\{ annulus / , ® N
Ll [ — 2';'
_ 4 fi— 5
S - ~ traliz:
solenoid valve ac;mtlc sensor l cen = liquid level E
acoustic gun Il fretitleﬂcy range: 0.1 to 10000 Hz = relief valve
inherent noise:20 uPa Computer

acoustic liquid level detection system

pressure gage

reducing valvel

CH95.12%

CO,:2.55%

reducing C,Hg:1.83%

hi draining ~ Valve C:Hg0.45%
machine gas supply system valve B pressure

control system

Figure 8. Experimental devices of the liquid level test.
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Annulus pressure control system: the function of this system is to produce acoustic pulses with
different intensities through controlling the annulus pressure. It is composed of a high-pressure gas
source and a reducing valve. The natural gas whose components are shown in Table 1 is chosen as
working medium to simulate the actual CSG well environment. The pressure of the annulus can be
adjusted through the reducing valve which is attached to the high-pressure natural gas cylinder.

Gas supply system: this is an important system for generating noises with different levels.
The system mainly contains a compressor, two filters, two pressure pans, a reducing valve, a flowmeter,
several ball valves, and a cold and dry machine. Air is compressed by the gas supply system and
then injected into the tubing. Most importantly, a connection with a hole whose diameter is 1.5 mm is
installed on the tubing to cause gas leaking into the annulus to simulate the gas leak noise. Additionally,
the pressure of the air is regulated by a reducing valve to produce noises with different intensities
in the gas circuit. Water, oil and other impurities in the gas are removed by the filters, and cold and
dry machine. After flowing out of the tubing, the gas flows into the pressure pan 2 and finally is
discharged to the environment.

4.2. Experimental Schemes

The experimental study is implemented under six annulus pressures which are 0.05, 0.50, 1.00,
1.50, 2.00 and 2.50 MPa, respectively, and six effective gas leak noise sound pressures which are 0.16,
0.70, 0.90, 1.42, 2.22 and 2.41 Pa, respectively. The experimental procedure is shown in Figure 9.
Both the FFT-based filtering method and autocorrelation method are used to obtain the acoustic
travel time. Figure 9 shows the experiment process of liquid level detection under different operating
conditions. The acoustic travel time is obtained by using two data processing methods for every
condition. One is the FFT-based filtering method which can decrease the noise of test signals and read
the time difference between initial pulse and reflected pulse after noise reduction. Another is to adopt
the ACF-based filtering method for the test signal and extract the signal cycle which is the travel time
of the acoustic pulse. Crest Factor is introduced to evaluate the efficiency of the two algorithms in
the feature extraction of reflected pulse from acoustic signals. Then the depth of the liquid level is
computed by combing the acoustic travel time with the velocity. Finally, the validity and accuracy of
the two methods are analyzed by comparing the estimation results with the actual liquid level depth.

®| condition different pressures valve state:| closed |.|| 0pen| [ pulse [B]

. solenoid
ball valvel (] annulus pressure valve
ball valveZ (R (05MPa || 1.0MPa | B

reducing valve|l | Frooms s ST e T TS ST

-

]
= solenoid valve |(P —
) —
acoustic signals |-} -
T

|
—

! }
- | denoising | [ autocorrelation analysis |
i :
[ depth | == [ depth |
®| condition different noise levels >
ball valvel |
< regulating > reducing valvel]
[ Dall valve? @]
'
noises -
[ solenoid vaive [@)]
acoustic signals (~i||
I

L 1
- [ denoising | [ autocorrelation analysis |

'} ¥
[ depth | == [ depth |

educing|valve2  ball vale?2

reclucing valvel ball valvel

g I,;:GI

natural

Figure 9. Experimental process of liquid level detection under different operating conditions.



Energies 2017, 10, 1961 13 of 22

4.3. Experimental Results and Analysis

4.3.1. Acoustic Signal Feature Extraction and Comparison Analysis under Different Annulus Pressures

Figure 10 shows the obtained signals denoised using FFT and ACF of different test acoustic signals
under 2.50 MPa (a), 2.00 MPa (b), 1.50 MPa (c), 1.00 MPa (d), 0.50 MPa (e) and 0.05 MPa (f) annulus
pressure. As shown in Figure 10, the peak amplitude of initial pulse A; gradually decreases from
14.70 Pa to 4.24 Pa with the decreasing of annulus pressure from 2.50 MPa to 0.05 MPa. Therefore, as
shown in Table 2, the reflected pulse amplitude of test signal, denoised signal and ACF also decrease.
Particularly, the amplitude of the acoustic pulse is so weak that it is hard to be distinguished by FFT at
0.05 MPa annulus pressure, which is exhibited in Figure 10f.
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Figure 10. Performance comparison for FFT and ACF under different annulus pressures of (a) 2.50 MPa;
(b) 2.00 MPa; (c) 1.50 MPa; (d) 1.00 MPa; (e) 0.50 MPa; (f) 0.05 MPa.
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However, the reflected pulse is easily identified by ACFE. Normally, the computer software locates
the liquid level by extracting the reflected pulse, so for an algorithm, the ability of identifying the
acoustic pulse is what we are concerned about. In order to quantitatively reveal the identification
ability of FFT and ACEF, the Crest Factor is introduced as an evaluation index [46,47]. Crest Factor
(aka Peak-to-Average Ratio) is defined as peak value divided by the effective value of a signal [48]:

Cf _ Xinax

= 23
ers ( )

where X,y is the peak amplitude of the reflected pulse and X5 is Root Mean Square (RMS) value
of the analyzed signal. The larger the Crest Factor of the signal is, the better extracting effect of the

processed signal is.

Table 2. Reflected pulse variation under different annulus pressures.

Amplitude (Pa)

Annulus Pressure (MPa)

A; Ajp Agy Agy
2.50 14.70 10.51 14.42 0.59
2.00 12.66 9.11 12.50 0.53
1.50 10.21 7.60 10.08 0.52
1.00 8.00 6.45 7.90 0.51
0.50 5.20 3.82 5.10 0.49
0.05 4.24 3.01 4.08 0.48

The comparison of Crest Factor of FFT between ACF is shown in Figure 11. As can be seen from
the figure, the Crest Factor of the ACF of the test acoustic signal is significantly greater than that of
FFT. For instance, the Crest Factors of FFT and ACF are 1.87 and 3.76, respectively, under 0.05 MPa
annulus pressure. It's worth mentioning that the Crest Factor of ACF is nearly twice as high as that of
FFT, which reveals the superiority of the presented novel method.

Vv FFT
H ACF
4+ | |
= - | |
8
k9]
<
=~ 3}
@
&
9}
2+ v
v v v v v
1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25
Pressure(MPa)

Figure 11. Comparison of Crest Factor of the signal between FFT and ACF under different
annulus pressures.

The comparison of liquid level determination between FFT and ACF under different annulus
pressures is exhibited in the Figure 12. Compared with FFT, the depths of the liquid level are more
close to the real values with ACF. The maximal measurement error reduces from 1.04% to 0.47% when
the ACF is adopted, which shows that the new method is more accurate than FFT. The reason is that
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the time difference between initial pulse and reflected pulse is calculated considering more correlation
by ACE, which can reduce the random error.
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-
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—

Figure 12. Comparison of liquid level determination between FFT and ACF under different
annulus pressures.

4.3.2. Acoustic Signal Feature Extraction and Comparison Analysis under Different Noise Levels

In this section, the liquid level is detected to evaluate the ability of the novel ACF method under
different leak noise level conditions. Effective sound pressure p, which is defined as the square root of
the mean of the squares of the acoustic pressure p is introduced as the criterion to describe the intensity
of the leak noise. The p, is expressed as:

Y p?

pe = N (24)

The flow rate of the compressed air is regulated by the reducing valve to generate noises, among
which the effective sound pressure is 0.16, 0.70, 0.90, 1.42, 2.22 and 2.41 Pa, respectively. These noise
levels are set according to the field data, as shown in Figure 13. Additionally, the annulus pressure is
controlled at 0.05 MPa with an accuracy of £+1 kPa.

. . 3
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Figure 13. Noise test at the wellhead of CSG wells. Diagram of noise test (a); Time domain (b) and
frequency domain (c) of the test acoustic signal.
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Firstly, the gas leak noises are measured separately, and then liquid levels with noises are detected.
The waveforms of the noise signal, acoustic signal with noise, denoised acoustic signal with FFT, and
ACEF of the acoustic signal are shown in Figure 14. As shown in Figure 14, it is becoming increasingly
hard to identify the reflections from liquid level with the increase of the effective sound pressure of the
noise using FFT-based denoising method. In particular, the reflected pulse cannot be identified clearly
using the FFT when the effective sound pressure of the noise is greater than 1.42 Pa. However, these
reflected pulses can be clearly identified by ACF-based analysis, as shown in Figure 14d—f. Therefore,
ACF-based analysis has a significant advantage in identifying the reflected pulse from the testing
acoustic signal with leak noise compared to the conventional FFT-based filtering, which improves the
anti-noise ability of the acoustic liquid level detection system.
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Figure 14. Waveform of FFT and ACF under different annulus pressures of (a) 0.16 Pa; (b) 0.70 Pa;
(c) 0.90 Pa; (d) 1.40 Pa; (e) 2.20 Pa; (f) 2.40 Pa.
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Figure 15 shows the comparison of Crest Factor of FFT and ACF under different noise levels.
As can be seen from the figure, the Crest Factor of the ACF of the test acoustic signal is significantly
greater than that of FFT. In particular, when the effective sound pressure of the noise is larger than
0.90 Pa, the reflected pulse cannot be identified from the denoised signal using the FFT, but ACF can

do it.
5
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Figure 15. Comparison of Crest Factor of the signal between FFT and ACF under different noise levels.

The comparison of liquid level determination between FFT and ACF under different noise levels
is displayed in the Figure 16. Compared with FFT, the depths of the liquid level are also closer to
practice than with ACE. The maximal measurement error reduces from 2.00% to 0.50% when the ACF
is adopted, which shows that the new method is more accurate than FFT. The reason is that the low
frequency noise can be filtered from acoustic wave signal by ACF, while it is impossible for FFT.
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Figure 16. Comparison of liquid level determination between FFT and ACF under different noise levels.

5. Field Application and Analysis

In order to verify the field application effect of the proposed novel method, a CSG well is selected

as a case study for analysis.
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5.1. Description of Field Test

The mentioned study has been done in Yangquan (Shanxi Province, China), which has one of
the major coal bed methane block with an acreage of 2668 km?. A coal seam gas well is selected for
the study because it is producing significant amount of gas. The calculated liquid level results are
compared with result obtained from installed permanent pressure gauge. Figure 17 shows the typical
well structure of a coal seam gas well in the field.

z=0—
sea level i
41.03m T o e
mud line | : :
D | L 713-3/8 x]55%1599.33m
liquid level z; ! |
T Z 1 Bl
1
i 7" x180x3826.31m
i
i 9-5/8 7 x1.80x4681.91m
packer 3795m| = ; L packer
well bottom i ,
4712m T “ ) -
z

Figure 17. Schematic of the test CSG well.

The acoustic liquid level determination system is installed at the wellhead of the
tubing-production casing annulus. The detailed parameters of the well are listed in Table 3.

Table 3. Main parameters of the test well.

Item Parameters
diameter of tubing (mm) ®73.00 x 5.51
diameter of casing (mm) $139.70 x 6.20
formation temperature (°C) 78.23
geothermal gradient (°C/100 m) 3.67
setting depth of pressure gauge (m) 1340.17
tubing temperature (°C) 33.27
annulus temperature (°C) 30.20
annulus pressure (MPa) 1.53
density of annular fluid (g/cm?) 0.95
producing of gas (stand m3/day) 3000.00

5.2. Results and Analysis

The test acoustic signal that contains much noise is shown in Figure 18a, which results in a
difficulty to identify the acoustic pulse reflected from the liquid level. The de-noised acoustic signal
using FFT is indicated in Figure 18b, which reduces some interference in the acoustic signal. However,
some strong low frequency noise is still existing in the acoustic signal. The ACF of the acoustic signal
with the novel method is shown in Figure 18c. The reflected pulse peak is observed at 7.06 s which
is the round-trip time of acoustic propagation in the annulus. The corresponding Crest Factor of the
test acoustic signal, de-noised acoustic signal and ACF are 2.79, 3.01 and 5.86, respectively, which
reveals the advantages of the novel method in extracting the reflected signal by liquid level under high
noise conditions.
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Based on the iterative model mentioned in Section 3.3, the pressure, temperature and acoustic
velocity distribution along the depth of the annulus are obtained as shown in Figure 19. The non-linear
model of acoustic velocity is adopted to improve the accuracy of the measurement in the paper.
In order to verify the accuracy between the FFT method and the ACF method, the annulus liquid level
is detected by an installed permanent pressure gauges and the true depth is 1224.61 m. The measured
depth of the liquid level with FFT is 1245.34 m and its measurement error is 1.70%. However, the
measured depth of the liquid level with ACF is 1236.80 m and its measurement error is 1.00%, which
verifies the accuracy of the novel method. Note that foam column exists up the surface of water if the
gas well has a high production. The water/gas liquid level depth should be calculated by a theoretic
calculation method based on the data of acoustic liquid level and wellhead pressure well depth which
are obtained after “shut-in” and pressure “build-up” for few minutes [49].
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Figure 18. Waveform of test acoustic signal (a); acoustic signal with FFT-based denoising method (b);
ACEF of the acoustic signal (c).
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Figure 19. Pressure, temperature and acoustic velocity distribution in annulus.
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6. Conclusions

A novel autocorrelation method has been developed in this study, and its ability to extract weak
reflection pulse signals has been evaluated as well as accuracy for liquid level measurement through
laboratory and field experiments. Some important conclusions can be drawn as follows:

1.  Inthelaboratory experiment, a comparative study was carried out to discuss the extraction ability
and accuracy between the autocorrelation method and FFT under different sound pressures and
noise levels. Compared to FFT-based filtering algorithm, the Crest Factor increases 1.88 and the
maximal measurement error reduces from 1.04% to 0.47% under non-nosise conditoin when the
autocorrelation method is adopted. In addition, the latent periodic characteristic of the reflected
signal can be extracted with the autocorrelation method when the noise is larger than 1.42 Pa,
which can not be obtained in FFT.

2. In field experiments, the obtained Crest Factors are 3.01 and 5.86, respectively, using the two
methods, which shows that the novel approach make liquid level reflection signal be better
recognized by the testing system.

3.  Therefore, the new method can not only provide the theoretical guidance for the testing methods
but also have the field application value on accurately and precisely detecting the liquid level of
CSG wells.

The ACF-based acoustic liquid level determination method improves the measurement accuracy
and noise immunity capability of the liquid level test system used in CSG wells. It provides a technical
foundation for optimizing the well performance, avoiding coalbed formation damage and consequently
reducing permeability. In the near future, the improved system can be better used for energy loss
efficiency in the lifting and process monitoring in real time and adaptive control during drilling.
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