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ABSTRACT

The geological conditions and pressure system of ultra-deep oil and gas

wells are complex, and formation leakage conditions are prone to occur. OPEN ACCESS
Accurately obtaining the annular liquid level depth during leakage is cru-

cial for treatment decisions. In the high-temperature and high-pressure Received: 30/07/2025
wellbore environment of ultra-deep wells, the sound velocity shows a non-

uniform variation trend, which seriously affects the accuracy of annular Accepted: 25/09/2025
liquid level identification. Therefore, it is of significance to carry out a Published: 23/01/2026
study on the annular fluid level identification algorithm based on acoustic DOI

velocity correction. Based on establishing a calculation model for the 10.23967/j.rimni.2025.10.71070
annular temperature and pressure field, a sound velocity calculation model

in the annular air section was constructed. By combining the actual sound Keywords:

velocity of the clear signal segment identified through the echo signal, the Annular liquid level

basic parameters in the sound velocity calculation model can be calibrated sound velocity

to obtain the calibrated wellbore sound velocity distribution. Finally, tests temperature-pressure field
were conducted on simulated well sites and noisy production wells to on-site test

verify the accuracy of the annular liquid level identification algorithm
constructed in this study. The results showed that the identification algo-
rithm had an error of less than 2%. All in all, this study can effectively
meet the demand for dynamic annular liquid level data during the leakage
conditions, which is of great significance for the treatment and decision-
making in deep and ultra-deep wells.

1 Introduction

The geological conditions and pressure system of ultra-deep oil and gas wells are complex, and
they face complex environments such as high temperature, high pressure, and high production [!].
Under complex and multi-factor coupling conditions, the safety density window is extremely narrow,
and overflow and leakage conditions are prone to occur, directly threatening the safety of drilling [2].
In the field of oil and gas production, annular liquid level monitoring mainly provides a basis for oil
production strategies [3], thereby improving the optimal pumping state [4]. The main methods include
acoustic, radar, laser, and fiber optic liquid level measurement [5]. In the field of drilling, annular liquid
level monitoring is mainly carried out under leakage conditions, mainly using acoustic methods [6].
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When leakage occurs, the liquid level in the annulus is located below the wellhead, and the liquid level
changes frequently [7], which puts higher demands on the annulus liquid level identification algorithm.
However, at present, there are two key issues in the acoustic methods, including the uncertainty of
downhole sound velocity and the difficulty in extracting echo characteristics. Among them, the sound
velocity underground can be affected by the pressure and temperature of the propagation medium,
resulting in changes. And the extraction of echo features is affected by noisy environments, which can
cause distortion or even masking of echo features, making it difficult to accurately calculate the depth
of the annular liquid surface.

Researchers have proposed corresponding solutions to improve the accuracy of annular liquid
level measurement in response to the above-mentioned problems. Kan et al. [§] performed a Fourier
transform on the original signal and then used Wavelet Domain Denoising (WDD) to obtain
clearer liquid level echoes. Zhang et al. [9] used time series analysis and innovative adaptive Kalman
filtering methods to achieve high-precision measurement and noise processing of liquid level echoes.
Zhou et al. [10] used the resonant frequency difference (RFD) of the resonant acoustic signal in
annular to calculate the dynamic liquid level. The above methods focus on the processing of echo
signals, but ignore the uncertainty of sound velocity in the annular space of the wellbore. Based
on considering the variation of sound velocity, Wu et al. [11] proposed the All-Phase Fast Fourier
Transform (apFFT), which calculates the average sound velocity underground through the frequency
spectrum and phase spectrum of the signal, improves the spectral leakage ability, and enhances the
accuracy of sound velocity calculation. Liang et al. [12] proposed a predictive model for predicting
liquid level depth by integrating multi-channel liquid level positions based on an improved short-time
energy zero crossing function and a three-electric-center clipping function. However, the model lacks
actual data samples for validation. Wang et al. [13] used a Butterworth Low-Pass Filter (BLPF) and
AMDF to extract the average period of the echo signal and calculate the downhole sound velocity.
They also used WDD and Wavelet Singular Value Detection (WSVD) to calculate the depth of the
liquid level. However, they did not consider the overlap between the liquid level echo and the drill
pipe coupling echo in shallow wells, and manual selection of the liquid level echo signal was required.
In addition, physics-informed machine learning, deep learning architectures, and Bayesian fusion
techniques have been successfully implemented in analogous high-noise and complex thermodynamic
wellbore environments [14]. Roy et al. [15] used the Artificial Neural Network (ANN) model to
cascade it with the frequency to voltage converter to achieve a higher accuracy level measurement.
Bagheri et al. [16] achieved classification and prediction of aperture distribution in the complex
lithology through a two-step deep learning algorithm. However, there are very few related intelligent
algorithm research on the correction of sound speed in annular liquid level identification.

In summary, current research mainly relies on signal processing, with insufficient consideration of
wellbore temperature and pressure fields. However, the speed of sound changes when the temperature
and pressure change, which can cause inaccurate identification of liquid level. Especially in deep and
ultra-deep wells, the temperature, pressure and length of the annular air section are larger, which
further limits the improvement of the recognition accuracy. Therefore, it is of great significance to
correct the sound velocity by considering the annular temperature-pressure field, which can effectively
improve the accuracy of annular liquid level monitoring.

In this study, an echo signal processing algorithm was constructed first, which includes echo signal
preprocessing, echo signal reconstruction, and echo feature extraction. Meanwhile, the processing
results of typical echo signals are presented at each step, which helps to explain the purpose and
function of the algorithm. Finally, simulated wellsite testing and noisy production well testing were
conducted, representing the annular liquid level in the shallow well section and the deep well section,
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respectively. Combined with a large number of on-site tests, the accuracy of the algorithm established
was ultimately verified. In summary, this study can improve the accuracy of liquid level echo
identification by establishing a sound velocity calibration algorithm, which can provide guarantees
for the safe handling of drilling well leakage conditions and support the safe drilling of deep and
ultra-deep wells.

2 Echo Signal Processing Algorithm

The processing of annular liquid level echo signals can be divided into signal preprocessing,
signal reconstruction, and feature extraction, as shown in Fig. 1. In the signal preprocessing stage, the
signal is first decomposed into Intrinsic Mode Function (IMF) [17] components using the Spectral
Variation Mode Decomposition algorithm (SVMD) [18]. Then, the original echo signal and IMF
component signal are converted into time-frequency spectra through S-transformation. In the signal
reconstruction stage, the above two signals are first subjected to similarity analysis, and then high-
frequency noise signals are removed. Then, low-frequency IMFs below the similarity threshold are
reconstructed to form a new signal with clearer data and more distinct features. In the feature
extraction stage, the first step is to locate the position of the liquid surface echo signal using the
Holtling’s 77 test method. Then, the echo signal of the drill pipe coupling is extracted using the short-
time Autocorrelation Function (ACF) [19] and the Average Amplitude Difference Function (AMDF)
[20], and the acoustic velocity of the wellbore section with obvious coupling signal characteristics
is obtained. For sections with unclear drill pipe coupling signals, it is necessary to use calibration
algorithms to supplement the sound velocity. The sound velocity calibration algorithm used in this
study comprehensively considers the effects of temperature, pressure, and humidity in the annulus,
and can achieve higher accuracy in calculating the liquid level height in the annulus.

2.1 Characteristics of Echo Signal

The original echo signal consists of the detonation signal, drill pipe coupling echo signal, liquid
surface echo signal, and secondary echo signal. Among them, the detonation wave is located in the
early stage and has a significantly larger amplitude than other signals. Due to the uniform distribution
and consistent length of drill pipe couplings, the drill pipe coupling echo signal appears as a periodic
signal. During the downward propagation, the intensity of the sound waves will attenuate. Therefore,
the shallower the depth, the stronger the signal reflected by the drill pipe coupling, and the stronger
the signal reflected by the liquid surface. When the liquid surface is at a deeper position, the receiver
can receive clearer liquid surface echo signals. If the liquid level is shallow, the echo signal may be
covered by the drill pipe coupling echo signal due to its low intensity.

The typical original echo signal and its time-frequency spectrum measured by the acoustic
methods are shown in Fig. 2. The signal contains two dominant frequencies, with the low-frequency
part dominant at 18 Hz, which is the frequency of the drill pipe coupling echo signal, and the high-
frequency part dominant at 180 Hz, which is the frequency of sound wave propagation (Fig. 3).
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Figure 1: Annular liquid level echo signals processing flow
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Figure 2: Typical liquid level echo signal in shallow well section. (a) Echo signal; (b) Echo signal
frequency spectrum
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Figure 3: Typical liquid level echo signal in deep well section. (a) Echo signal; (b) Echo signal frequency
spectrum

2.2 Signal Preprocessing
2.2.1 Original Signal Decomposition

The high-frequency noise in the original echo signal has obvious periodicity and can cause
significant interference to the detection of the drill pipe coupling echo signal. To determine the clear
position of the drill pipe coupling echo, it is necessary to filter out the high-frequency signal while
preserving the low-frequency effective information as much as possible. Modal decomposition can
decompose a single signal into multiple frequency bands, and then perform time-frequency analysis
based on the decomposed signal and the effective signal that needs to be resolved. Finally, the
component signals that meet the similarity requirements can be reconstructed to obtain a new signal.
In this study, the SVMD method is used to decompose the original echo signal into the sum of IMFs.
This method is an adaptive and quasi-orthogonal signal decomposition method that can adaptively
achieve modal decomposition without pre-set modal numbers, with low computational complexity
and high robustness. Specifically, the penalty parameter was set to 2000. The iterations stop when the
relative change between two successive updates falls below 1 x 107¢, or when the maximum number
of iterations reaches 500, whichever occurs first. To further enhance repeatability in the stochastic
components of SVMD, the random seed was fixed at 42. Due to the maturity of the SVMD algorithm,
it will not be presented in detail here.

2.2.2 S-Transformation

Time-frequency spectrum similarity can describe the changes in frequency components of two
signals in the time domain, which can solve the problem of non-stationary signals constantly changing
in frequency in the time domain. And it can also effectively reflect the correlation between two non-
stationary signals. Through the S-transform, the energy distribution of a signal can be observed
simultaneously in both the time and frequency domains. Meanwhile, the S-transform can maintain
a direct relationship with the Fourier transform while also having different resolutions at different
frequencies.

In this study, the S-transform was used to obtain the time-frequency spectrum of the original
echo signal X'~ and each IMF component S/”. Due to the slower attenuation of low-frequency
signals compared to high-frequency signals, the distribution range of low-frequency components in
the original signal is larger from the perspective of the sampling sequence. The distribution range of
high-frequency components is relatively small, but the overall amplitude is much higher than that of
low-frequency components, and then rapidly decays. Due to the strong amplitude characteristics of
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high-frequency sound waves, the high-frequency components have higher periodicity, which affects the
detection results of the drill pipe coupling echo signal period. Therefore, to filter out high-frequency
signals and highlight the periodic characteristics of low-frequency signals, it is necessary to perform
windowing on the time-frequency spectrum of the original signal. The window function is shown in
Eq. (1).

i (N Xt_f(].)» f=0:fmax/2
X7 = { 0, otherwise @)

where X'~/ is the windowed time-frequency spectrum, /., is the signal sampling frequency, and f is the
windowed signal frequency. Compare the windowed time-frequency spectrum with the time-frequency
spectrum of each IMF component, and the similarity S,, can be expressed as follows.

S =g >[50 -s70 @

where K is the total number of modes. The closer S, is to 0, the higher the similarity and stronger the
correlation between the two. Taking the typical echo signal in the deep well section as an example
(Fig. 2), the windowed time-frequency spectrum of the original signal is shown in Fig. 4, and the
time-frequency spectrum of the IMF component is shown in Fig. 5. It can be seen that the first 7
IMF components are mainly distributed in the low-frequency range, with a high similarity to the drill
pipe coupling echo signal frequency. The last 9 IMF components are mainly distributed in the high-
frequency range, with a higher similarity to the high-frequency sound wave propagation frequency.
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Figure 4: Windowed time-frequency spectrum of the original signal
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Figure 5: Time-frequency spectrum of IMF components

2.3 Signal Reconstruction

The IMF component with the smallest similarity indicates that it has the highest similarity with
the low-frequency band of the original echo signal, and the drill pipe coupling echo signal period at
this frequency is closer to the actual period. Due to the increasing temperature and pressure in the
annulus with the depth of the well, the downhole sound velocity shows a gradually increasing trend,
resulting in an increase in the drill pipe coupling echo signal period. To obtain a more accurate period,
the IMF component with the highest similarity is positioned, and the largest similarity among the two
adjacent IMF components is selected as the threshold. All IMF components with similarity less than
the threshold are reconstructed to obtain a new echo signal.

Taking the typical echo signal in the deep well section as an example (Fig. 2), the similarity between
the time-frequency spectrum of each IMF component and the windowed of the original signal was
further calculated, and the results are shown in Fig. 6. Finally, 1.9827 was selected as the similarity
threshold, and the reconstructed echo signal is shown in Fig. 7.
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Figure 7: Reconstructed echo signal

2.4 Feature Extraction
2.4.1 Extraction of Coupling Wave Signal

Since the drill pipe coupling echo signal is a signal with quasi-periodic characteristics, some
methods in speech signal fundamental period detection can be referred to, such as period estimation
based on non-parametric statistics, autocorrelation function, average amplitude difference function,
and other period extraction functions to estimate the period. Their essence is based on the assumption
that there must be some similarity between the sample sets sampled with period length to calculate the
signal period. The ACF method is similar in concept to the AMDF method, both of which measure
the similarity between the original signal and its shifted signal. In this study, the AMDF method
was mainly used, and the ACF method was used as an auxiliary method to effectively reduce noise
interference and improve the accuracy of echo period extraction. The formula is as follows.

& smsm+ D)
Cih=2, s (n+ 1) — s (n)| )

n=0

where N is the frame length of the signal, / is the time delay, # is the signal sequence, s(n) is the
signal amplitude. Taking the typical echo signal in the deep well section as an example (Fig. 2), the
ACF/AMDF detection results are shown in Fig. 8. By reading the number of signal sampling frames
and sampling frequency between two peaks, combined with the drill pipe coupling spacing data, the
sound velocity distribution in the annulus can be calculated.
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Figure 8: ACF/AMDEF detection results

2.4.2 Sound Velocity Calibration Algorithm

Due to the influence of underground temperature, pressure, and humidity on sound velocity, and
limited sampling frequency, it is difficult to ensure accurate reading of sound velocity data for all
annular sections. Therefore, it is necessary to construct annular temperature and pressure field models,
and calibrate the model parameters in real time based on the sound velocity data of the clear data
segment, in order to calibrate the sound velocity data of all annular segments.

Sound Velocity Extraction of Clear Signal

After extracting the position of the dilling coupling signal point, the average sound velocity
between adjacent coupling points can be calculated. The formula is as follows.

2x L xf,
Mgy — N;

Ci 4)
where ¢, is the average sound velocity between the i-th and the next drill pipe coupling, L is the length
of a section of drill pipe, generally 9.6 m, £ is the sampling frequency, and »; representing the sampling
point of the i-th coupling. In traditional algorithms, the acoustic wave velocities are always directly
obtained by calculating the average sound velocity, which leads to a certain error in the calculation
results. In this study, a more accurate sound speed calculation model is built, which can provide strong
support for the accurate improvement of liquid level recognition.

Calculation of Sound Velocity in the Annular Section

The relationship between the speed of sound ¢ and temperature 7', pressure P, and humidity can
be expressed as follows [21].

-

yZR(T + 273.15)

‘ M,
oy (50) ©)

0.01RHfP,,
S P
where y is the specific heat ratio, P is atmospheric pressure, Pa, p is air density, kg/m’, M is the molar
mass of dry air, kg/mol, M, is the molar mass of water vapor, kg/mol, x,, is the mole fraction of water
vapor [22], Z is the compressibility factor, related to temperature and pressure, R is the universal gas
constant, 8.3144598 J/(mol-K), RH is the relative humidity, %. It can be seen that as the temperature
increases, the speed of sound becomes faster. As the pressure increases, the speed of sound slows down.

In this study, the influence of annulus temperature and pressure on sound velocity is mainly
considered, therefore it is necessary to calculate the temperature and pressure fields inside the annulus.
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During the drilling process, the drilling fluid first passes through the drill pipe at temperature T,
flows through the bottom of the well, absorbs formation heat, and returns to the surface at 7',. This
flow and heat transfer process has a significant impact on the performance of drilling fluid and the
distribution of wellbore pressure. In the case of wellbore leakage, some of the drilling fluid is lost to the
formation, causing a decrease in the liquid level at the wellhead of the annulus and the invasion of air.
It has an additional impact on the heat transfer process, changing the thermal equilibrium state inside
the wellbore. Therefore, the effects of air intrusion and liquid level changes on fluid thermodynamic
properties and heat transfer characteristics need to be considered in flow and heat transfer models.
Ultimately, the temperature gradient of the wellbore annulus air can be obtained.

e Heat transfer model

In accordance with actual construction conditions, the following assumptions are proposed to
simplify the calculation: (1) The heat exchange in the axial direction of the formation is ignored, (2)
The physical parameters (density, specific heat capacity, etc.) of drill pipe, casing, and formation rock
are not affected by temperature and pressure, (3) The heat exchange in the radial direction of the
drilling fluid is ignored, since axial convective transfer dominates during leakage, (4) The wellbore is
a concentric circular structure, (5) The geothermal gradient remains constant. Finally, the diagram of
the wellbore fluid flow and heat transfer model under leakage conditions is shown in Fig. 9.

Inlet fluid

Annular liquid surface depth

Liquid
surface

\ Drill bit

Figure 9: Diagram of the wellbore fluid flow and heat transfer model under leakage conditions

According to the law of energy conservation, the sum of the energy entering the control body from
the outside dQ and the work done by the outside on the control body dw is equal to the increment of
energy inside the control body dE, which can be expressed as follows.

dQ +dw = dE (6)
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Due to the formation of U-shaped pipes in the wellbore during the shutdown period, air and
fluid components are generated in both the drill pipe and annulus. Therefore, the energy changes of
the control body are calculated separately for the drill string and annulus, and the energy changes of
drilling fTuid and air are considered separately.

During the process of drilling fluid flowing from the wellhead into the wellbore, the energy changes
of the control body are mainly reflected in: (1) The convective heat transfer between the fluid in the drill
pipe and the annulus, (2) The net heat flowing vertically into the control body, (3) The heat generated
by fluid flow and rock breaking by drill bit, (4) The internal energy change of the internal control
system per unit time, as shown in Fig. 10.
oT, (z,t) ,

2D (7)
where 7, is the temperature of the fluid inside the annulus, °C, T, is the fluid temperature inside the
drill pipe, °C, z is depth, ¢ is time, r,, is the inner radius of the drill pipe (excluding wall thickness), m,
C,, is the specific heat capacity of the drilling fluid, J/ (kg-°C), U is the total convective heat transfer
coefficient between the fluid inside the drill pipe and the annulus, W/ (m2-° C), 0, is other heat sources,
W/ (m*°C), p,, is drilling fluid density, kg/m’, ¢ is drilling fluid displacement, kg'/s.

oT,
anpiU [(Ta (Za t) - Tp(z’ t)] - pquma_Zp + Qs = men

Figure 10: Diagram of drilling fluid control body energy change in the drill pipe

The energy changes of the control body in the air part of the drill pipe are mainly reflected in:
(1) The convective heat transfer between the fluid in the drill pipe and the annulus, (2) The internal
energy change of the internal control system per unit time, as shown in Fig. 11.

07,20, ®
at 1"

where T, is the temperature of the air inside the annulus, °C, 7, is the air temperature inside the drill
pipe, °C, C,, is the specific heat capacity of air, J/ (kg-°C), p,, is air density, kg/m>.

oT
2rr, U (T, (2, 0) — Tp(z,1)] — pch,,,a—z" + 0, = p,C,

During the process of drilling fluid flowing from the bottom wellbore to the wellhead in the
annulus, the energy changes of the control body are mainly reflected in: (1) The convective heat transfer
between the fluid in the annulus and the drill pipe, (2) The convective heat transfer between the fluid
in the annulus and the boundary of the formation, (3) The net heat flowing vertically into the control
body, (4) The heat generated by fluid flow and rock breaking by drill bits, (5) The internal energy
change of the internal control system per unit time, as shown in Fig. 12.
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oT,(z, 1)
- pqumT + 27-""/’poh [(7} (Z, t) - Ta (Z’ Z))]
T, (z,1)

—2nr,h[(T, (z,0) — T, (z,0))] = p.C, PP (rn—r2,) 9)
where 7 is the wellbore temperature, °C, r,, is the outer diameter of the drill pipe, m, r, is the diameter
of the wellbore, m, % is the convective heat transfer coefficient between the annular fluid and the
wellbore wall.

Figure 11: Diagram of air control body energy change in the drill pipe
Q

!
]

Q
> < > <1t
Q, z+dz)1 (z4dz)

Figure 12: Diagram of drilling fluid control body energy change in the annular

The energy changes of the air control body in the annulus are mainly reflected in: (1) The
convective heat transfer between the fluid in the annulus and the drill pipe, (2) The convective heat
transfer between the fluid in the annulus and the boundary of the formation, (3) The internal energy
change of the internal control system per unit time, as shown in Fig. 11.

Qur + 271, b [(T) (z,0) — Ty (z,1)) ] (10)
_anpihafp [(Tak (Z’ t) - Ek (Z’ t)>] = p“"’c‘”"%n (}"i - 7'2 )

po

where Q,, represents the change in heat inside the air, W/ (m2-° C), a represents annulus, f represents
formation, and /,_, is the heat transfer coefficient from the annulus to the formation.
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e Initial and boundary conditions

The outlet temperature of the annulus is known as follows.
T.(z=0,0 =T, (11)

At the bottom of the well, the temperature of the drilling fluid inside the drill pipe is equal to the
temperature of the drilling fluid in the annulus, as shown in Eq. (12).

T,=H,H)=T.(z=H,1) (12)

The formation changes linearly at an infinite distance from the wellbore, as shown in Eq. (13).

T, (z,r - 00,t) =T, + zT, (13)

e Annular pressure model
The gas pressure in the sealed annulus can be calculated using the energy equation.

dpP
2 = Pag (14)
where p,, is the gas density in the annulus. Under the known temperature gradient in the wellbore
annulus, p,, can be obtained from the following formula based on the gas state equation.

PM,

ZRT

/Oair = (15)
According to the equation, the pressure distribution of the annular gas can be obtained by
integrating from the top to the bottom of the wellbore section at depth, as shown in Eq. (16).

MyjrgAz

Pour=Pin'e ZRT (16)

Model Solution

Taking the typical echo signal in the deep well section as an example (Fig. 2), the selected clear
segment signal is shown in Fig. 13.

In this study, the finite difference scheme is mainly used to discretize the constructed model in
space and time, and then the differential equations are processed using a more stable fully implicit
scheme, and the model is solved through numerical methods. Among them, the first-order spatial
derivative in the control equation adopts a two-point backward difference format, the first-order
time derivative adopts a two-point forward difference format, and the second-order spatial derivative
adopts a three-point center difference format. In terms of grid division, a grid is divided every 30° in
radial direction and every 9.6 m in longitudinal direction (consistent with the length of a single drill
pipe). Due to the use of implicit differences, the time step is set to 1 s. For a wellbore with a relative
humidity of 0%, the temperature, pressure, and sound velocity changes in the annulus are shown in
Fig. 14. It can be seen that as the well depth increases, the annular temperature, pressure, and sound
velocity all show a linear upward trend.

https://www.scipedia.com/public/Liu_et_al_2026 13


https://www.scipedia.com/public/Liu_et_al_2026

K. Liu, C. Yang, M. Li, S. Tang, W. Hao, W. Wang, Y. Chen and Y. Li,
Study on the annular fluid level identification algorithm for

S I p E D I A ultra-deep wells based on acoustic velocity correction,
Rev. int. métodos numér. calc. diseno ing. (2026). Vol.42, (1), 21
T
Z
) M Selected signal
S 170 1 -
E s sy [nnh-d
: " ~
< I
T o |
0
wn
0 2000 4000
ngnal sequence
E 200
2 | | f ’
: iV 1\‘ “ M il (\ A nh, tholl y i
" n. w‘ IMIH» J ;W I i m .\) U 1;‘\1 b I I | M\ | W i
1
n T
1200 1400
Signal sequence
Figure 13: Selected clear segment signal
Temperature/°C Pressure/Pax 103 Sound velocity/m-s!
20 30 40 1 11 12 350 355 360
06— 0% : — .
§ v o
9 :
o) v o
Q v iy
g g :
500 | 9 sof Y s0r 9
® Y o
=) g V4 g
e : = kS ) eﬂm
5 ? 5 X 5 !
< 0 < ¥ < o
— \ — \ —
) @ ) o) Y
= Q = \\x = ﬁ;j
1000 1000 % 1000 ;
? R
O \'%
\ \ \
o) v 0
& N £
o A4 ]
\ \ \
v ]
1500 s ! 1500 1500 :

Figure 14: Changes in temperature, pressure, and sound velocity within the annulus

2.4.3 Extraction of Liquid Surface Echo Signal

In an ideal situation, the liquid surface echo signal can exhibit different characteristics from the
drill pipe coupling echo signals, making it easy to determine the propagation time of the echo in the
annulus. However, in actual wellbore environments, both downhole noise and secondary echo signals
can interfere with the liquid surface echo signal, making it difficult to distinguish the liquid surface
position and thus affecting the accuracy of measurement results. Therefore, the Holtling’s 77 test
method was used to detect signal mutation points and obtain the liquid surface position. This method

https://www.scipedia.com/public/Liu_et_al_2026

14


https://www.scipedia.com/public/Liu_et_al_2026

K. Liu, C. Yang, M. Li, S. Tang, W. Hao, W. Wang, Y. Chen and Y. Li,
Study on the annular fluid level identification algorithm for

S I P E D I A ultra-deep wells based on acoustic velocity correction,
Rev. int. métodos numér. calc. diseno ing. (2026). Vol.42, (1), 21

assumes two sets of data, namely offline data without liquid surface echo signals y; and online data
with liquid surface echo signals y, Firstly, calculate the mean and variance of offline data.

1 N
Fy=—2 D0 (17)
N i=1

. R _ _
=m0 )’ (s)

where N is the number of offline data samples, y, is the sample mean, 3 is the sample mean square
error. Based on the mean and variance of the signal segment corresponding to the current signal point,
the test statistic for the current signal point can be determined. The test statistic is defined as follows.

J=Gy—2) &Gy =) (19)

Take the signal points with a test statistic greater than the threshold of the statistic as the feature
points of the liquid surface echo signal. The threshold for calculating statistical measures is as follows.

m(N*—1)
NN —m)

where A is the acceptable false alarm rate, F, (m, N — m) is the F-distribution [23] with degrees of
freedom m and N — m, m represents the degree of freedom of the system, and is set to 1 during filtering.

2D

']th,T2 = F, (m,N —m) (20)

J < J,r» = Not reaching the liquid surface echo signal
J > J,» = Reaching the liquid surface echo signal

By combining the sound velocity calibration algorithm to obtain the annular sound velocity
distribution, the annular liquid surface depth can be accurately calculated. Taking the typical echo
signal in the deep well section as an example (Fig. 2), the acceptable false alarm rate A is set to 0.01,
and the threshold is calculated to be 6.967. It should be noted that many factors affect the form of the
echo signal, which results in the above parameters that need to be corrected for each well. Because the
signal points that actually represent liquid level echoes are relatively concentrated and have a larger
value, the available values for the above parameters are relatively large, so they can be automatically
calibrated in software programming based on the number of values exceeding the threshold. Detect the
echo signal sampling sequence, and the position where the threshold is first exceeded in the distribution
is the liquid surface echo signal position, as shown in Fig. 15.

15

Above threshold
Below threshold

J, 16967

AR

il h( b, m TR A I

o LIt “\ Wb {‘Yﬂj\\.‘,.il‘\(fr!hug,'w,;‘(,mh‘ .M}: i [h 1.‘].3| I

0 500 1000 1500 2000 2500 3000 3500 4000
Signal sequence

Statistical distribution results

Figure 15: Holtling’s 77 test results in the deep well section
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The self-developed equipment was used for testing in the Bohai drilling experimental well. During
the testing, the annular pressure was 0 MPa, and the actual liquid surface depth was 580 m. A total of
10 measurements were carried out, and the measurement results are shown in Fig. 16. Among them,
Fig. 16a shows the original echo signal data, and Fig. 16b shows the preprocessed echo signal. The
final identified average annular liquid surface depth is 580 m, which is consistent with the actual depth,
demonstrating the accuracy of the algorithm in this paper.

Signal amplitude/mV

Signal amplitude/mV
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o
O
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3000 3000 5000 5000 7000 8000

Signal sequence
(a)

200F
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Signal sequence

(b)

Figure 16: Test result in the Bohai drilling experimental well. (a) Original echo signal data; (b)

Preprocessed echo signal

3.2 Noisy Production Well Test

Tests were conducted in the production well in Dagang Oilfield. The environment and under-
ground working conditions can cause echo signals to contain noise, and the production well is
accompanied by serious noise, which has affected normal liquid level measurement work. This test is
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based on the existing measuring equipment. The conventional measurement annular liquid level depth
in the well is 700 m. Based on the algorithm established in this study, the echo signals were processed
to obtain the actual liquid level depth of 108 m (Fig. 17), indicating that the developed algorithm can
eliminate interference in the face of a large amount of noise, and quickly and accurately complete

measurement work.

Actual liquid surface depth: 108 m
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Figure 17: Test result in the production well in Dagang Oilfield

3.3 Summary of Test Results

In addition to the simulated wellsite test representing the deep well sections and the noisy
production well test representing shallow well sections mentioned above, the algorithm established
in this study has also undergone multiple tests, and the statistical results are shown in Fig. 18. The
results showed that the reference value error is less than 2%, indicating that the algorithm established
in this study can effectively reflect changes in liquid level depth.
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Figure 18: Test result in production well in Dagang Oilfield
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4 Conclusion

(1) Based on considering the influence of the temperature and pressure environment in the
annulus on sound velocity, an ultra-deep well annular fluid level identification algorithm
that can correct sound velocity in real time was constructed in this study. It includes signal
preprocessing, signal reconstruction, and feature extraction, which can effectively improve the
accuracy of annulus liquid surface identification.

(2) Based on the constructed annular temperature and pressure field model, a sound velocity
calibration algorithm for the annular air section was developed. By calculating the sound
velocity of the clear section of the drill pipe coupling echo signal, the model parameters can be
calibrated, and further calculations can be made to obtain the sound velocity distribution of
the entire annular air section, helping to obtain more accurate liquid surface depth.

(3) Simulated wellsite test and noisy production well test were conducted, representing the shallow
well sections and deep well sections, respectively. Based on extensive on-site testing, the
measurement error of the algorithm established in this study is less than 2%.
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