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Abstract: Production logging (PL) instruments play a pivotal role in the comprehensive management
and monitoring of oil and gas reservoirs. These devices facilitate the resolution of complex flow
diagnosis challenges throughout the life cycle of hydrocarbon field exploitation. However, the advent
of highly deviated well drilling technology has exposed certain limitations inherent in conventional
centralized logging sensing techniques. When fluid flow within horizontal wells becomes segregated
or even laminar, these traditional methods struggle to accurately decipher the zonal productions of
oil, gas, and water. To address this challenge, multi-array production logging tools were developed
in the late 1990s. Historically, these tools were characterized by considerable lengths, reaching up
to 30 feet for an entire suite incorporating flow speed and holdup sensors that were not always
collocated. Despite the integration of multiple sensors, uncertainties in determining flow profiles
persisted. In this paper, we propose a novel integrated multi-parameter evaluation method based on
measurements from a recently developed ultracompact flow array sensing tool, aimed at enhancing
the accuracy of reservoir evaluation. The validity of the multi-parameter method is substantiated
through a comparison of the new tool with an industry benchmark array PL tool on the same
well. By combining the monitoring results, an optimization strategy for oil and gas extraction is
presented, which is expected to improve the oil and gas recovery rate, thereby providing guidance
for subsequent extraction endeavors. Moreover, we demonstrate how this innovative integrated
workflow significantly enhances energy savings and efficiency, further underlining its value in
modern oil and gas field management.

Keywords: production logging; production monitoring; array logging; horizontal well logging;
production profiling

1. Introduction

Production logging refers to an array of monitoring procedures in oilfields for assessing
multi-phase fluid systems, including oil–water, oil–gas, or oil–gas–water [1,2]. These
procedures involve utilizing various measurement devices to track the status of fluids
both within and outside the well throughout its lifespan. The primary objective of these
procedures is to continuously monitor and evaluate the distribution of fluids in the well
and ensure the structural integrity of the well, enabling the accurate diagnosis of reservoir
productivity and informed decision-making regarding the control of unwanted fluids like
produced water [3–10].

During production logging, specialized logging equipment is inserted directly into
the well and maneuvered downward to gather data on various parameters within the well.
This information provides insight into the properties of incoming or outgoing fluids and
their flow patterns in each formation, serving as the foundation for creating fluid flow
profiles [11,12].
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During the progression of unconventional oil and gas wells, the utilization of horizon-
tal well exploitation technology has gained widespread acceptance and application. As a
result, horizontal wells have evolved into a pivotal technique for achieving consistently
high and steady outputs. However, traditional testing modalities are incapable of deliver-
ing logging instruments to the base of horizontal wells, with some instances even resulting
in upward buckling. The gravitational forces exerted by fluids lead to the occurrence of
fluid separation in horizontal wells, characterized by a stratified flow dominated by gas,
oil, and water descending from top to bottom. This significantly diverges from the manner
in which fluid separation manifests in vertical wells.

Despite the successful demonstration of fluid profile visualization via conventional
logging tools in vertical wellbores, addressing the issue of phase separation [13], there are
certain limitations in high-gradient or horizontal wells. Specifically, the upper portion tends
to contain lighter phases [14], while the lower regions harbor heavier phases, particularly
at the base of horizontal wellbores, where sedimentation phenomena can potentially occur.
Such occurrences pose constraints on the regular operation of measuring equipment,
leading to acquired data that fail to provide an accurate representation of the flow attributes
of horizontal wells [15]. In response to this scenario, a novel transmission methodology has
been put forth, entailing the deployment of advanced logging instrumentation to the base of
horizontal wells, complemented by sophisticated data interpretation methodologies. This
innovative approach carries considerable implications for the advancement of production
logging in horizontal wells [16].

Currently, two predominant strategies prevail for transporting logging instruments to
targeted depths within horizontal sections: crawler transportation and continuous tubing
transport. Crawler transportation boasts several technical advantages, including ease of
operation, real-time data collection capabilities, and cost-effective logging expenses. How-
ever, this method may present issues related to insufficient power when towing logging
tools over extended horizontal well sections. Moreover, crawler conveyance necessitates a
high degree of wellbore wall smoothness and well fluid cleanliness, introducing potential
impediments and the possibility of blockages or jams [17]. On the contrary, continuous
tubing operations offer distinct benefits, including the capacity to dislodge sand, block-
age debris, and other hindrances from the wellbore. Additionally, continuous tubing can
transmit substantial quantities of power and accommodate longer distances. Hence, the
majority of horizontal well operations opt for continuous tubing as the preferred mode of
delivery for logging instruments [18,19].

The advent and implementation of array logging tools have significantly ameliorated
the limitations associated with conventional logging technologies [20]. This innovation
represents a paradigm shift in addressing the challenges of detecting phase separation
caused by variations in fluid density within horizontal or inclined wells [10]. The intro-
duction of array logging holds considerable implications and value across all stages of
oil and gas field exploration, development, and production. Array logging constitutes
an extensive measurement strategy employing an ensemble of multiple sensing elements
embedded within a set of measurement probes to yield additional information about forma-
tion parameters, refine the characterization of formation types, and facilitate the real-time
monitoring of subsurface dynamics. This method significantly enhances the precision of
logging data, fostering substantial advancements in the description and management of oil
and gas reservoirs.

The application of array logging technology in horizontal or inclined wells has been
extensively studied, with a notable breakthrough being the utilization of conductivity probe
arrays to measure three key parameters: water level, water phase conductivity, and sensor
orientation [2]. This method enhances the range of water level estimation while improving
accuracy and reliability. To address dynamic monitoring of oil fields during periods of high
water content, an array probe output profile recorder was developed to improve logging
success and minimize measurement errors [21]. Furthermore, the principles of the MAPS
array imaging instrument were expanded upon [16], along with the mechanisms involved
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in deploying production logging in horizontal wells, including the Capacitor Array Tool
(CAT), Resistive Array Tool (RAT), and Spinner Array Tool (SAT) components, as shown in
Figure 1. The feasibility of implementing a continuous tubing transport array tool in shale
gas wells was confirmed after a field evaluation [18], providing evidence for the robustness
of data interpretation methods and emphasizing the centrality of production logging.
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In-depth studies utilizing the MAPS array production logging instrument in un-
conventional shale formations highlight the benefits of this technology in high-gradient
environments [13]. The combination of the Multi-Array Production Suite (MAPS) and
Digital Noise Tool (DNT) for downhole production logging produced best practices for
assay results [22]. Additionally, a model based on a nonlinear optimization algorithm
was developed to interpret natural gas production profiles recorded using MAPS arrays,
highlighting the strong connection between formation fracture pressure and gas production
capacity [15]. The Fluid Scanning Imaging (FSI) technology’s working principle was under-
stood and applied to three-phase flow wells with excellent measurement results [23]. FSI
production profile logging in shale gas horizontal wells promotes progress in trajectory op-
timization, segmental fracturing parameter optimization, and production management [24].
In addition, the algorithms of a dedicated FSI array imaging instrument were facilitated by
the integration of rotators and probes to generate multiphase water-holding profiles [25].
FSI yield logging accurately reflects the water-holding rate and gas content of each fractur-
ing phase, effectively evaluating the fracturing effect and meeting the needs of shale gas
wells [26].

Despite these promising developments in horizontal well measurements, certain
pressing issues remain unsolved. Instrument size remains excessive, limiting instruments’
ease of navigation to well bottoms and increasing their susceptibility to missing critical
measurement points. Turbine flowmeters struggle to function adequately in thick-oil
environments. Moreover, calculations are complex, necessitating the simultaneous use of
resistance and capacitance rate sensors for determining the three-phase holding rates of oil,
gas, and water [1]. With these considerations in mind, this study proposes a cutting-edge
integrative assessment approach rooted in flow array sensing technology to gauge the
comprehensive dynamics of oil and gas wells. Further validation ensues through the
comparison and examination of FSI and FAST measurements in identical oil and gas wells,
culminating in the formulation of an optimized extraction strategy to bolster extraction
efficiencies.

The following describes the structure of this paper: Section 2 will introduce the
measurement parameters of FAST and FSI; Section 3 will show the monitoring results of
FAST and FSI and compare the yield analyses of the two methods; Section 4 will discuss
the consistency and differences between the monitoring tools of FAST and FSI; and finally,
Section 5 will summarize the paper.



Processes 2023, 11, 3421 4 of 17

2. Materials and Methods
2.1. Example of Well A and Actual Measurement Method

Well A featured profound engineering complexities, reflected by its depth of −5368 m
and horizontal section length of −1935 m. To optimize oil recovery, a strategic approach
was implemented involving meticulous segmentation of the entire well into 21 subsections,
each subjected to hydraulic sand fracturing technology. Hydraulic sand fracturing utilizes
pressurized fluids, predominantly laden with sand, to perforate rock layers, forming cracks
conducive to the passage of oil and gas.

Subsequently, Well A exhibited impressive and consistent performance, generating
nearly 100,000 cubic feet of natural gas daily. These production figures closely align with
initial projections, indicating that the selected strategies and methodologies yielded tangible
dividends.

The experimental procedures encompass four principal stages:

1. Employing the FSI logging instrument to conduct single-pass, bi-directional testing
along the trajectory of borehole A at velocities of 6 m/min and 12 m/min, respectively,
and recording and analyzing the monitoring statistics for each trial run.

2. Leveraging the FAST logging instrument to execute single-pass, bidirectional testing
along the trajectory of Borehole A at speeds of 5 m/min and 10 m/min, respectively,
while capturing and analyzing the corresponding monitoring data.

3. Establishing a stratigraphic model for Well A based on compiled data from FSI, FAST,
and additional logs and integrating various interpretation and analytical software
(Emeraude 5.40) to perform exhaustive parsing of logging data to glean highly pre-
cise subsurface geological information and reservoir distribution patterns, enabling
informed decision-making in subsequent oil recovery planning.

4. Providing an elaborate and meticulous account of the data acquisition, processing,
and interpretation processes in conjunction with the assembled stratigraphic model
and geological information. The report should detail the physical attributes of the well,
geological characteristics, and potential reservoir insights. Concurrently, the review
and forecasting results aim to effectively inform drilling and production operations.

2.2. FSI and FAST Monitoring of Key Parameters

Fluid Scanning Imaging (FSI) is an adaptable logging tool devised to accommodate
high-inclination and horizontal well settings. It features an innovative assembly of three
sensor arrays housed within retractable arms, comprising 5 rotators, 6 optical probes,
and 6 electrical probes, respectively (Figure 2). Five rotators are mounted onto one arm
and serve to scientifically quantify the velocity profile of downhole fluids, detecting any
abrupt variations or abnormalities. The exceptional precision of these rotators enhances
measurement accuracy and reproducibility, which is instrumental in illuminating fluid
dynamics within the reservoir. Six electrical probes and six optical probes, situated on
a separate arm, facilitate real-time monitoring of the water and gas saturation levels of
the formation. These probes leverage state-of-the-art physical concepts and sophisticated
manufacturing techniques to render accurate and prompt assessments of water and gas
contents. Significantly, the controllable deployment of the telescopic arms enables the
optimal recording of holding rates and fluid velocity profiles across the vertical axis of
the borehole cross-section [23], presenting an intuitive and dependable configuration for
acquiring precise measurements.
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FAST represents a highly modular, compact multi-phase flow metering device offering
customizable configurations with significantly reduced dimensions compared to conven-
tional logging assemblies, rendering it feasible to capture readings from a single spatial
point. Its 4-arm, robust bow-mounted corrector affixed to the outer diameter shaft permits
accurate assessments via two condition-monitoring sensors attached to each arm for eight
distinct nodes (Figure 3), further enhanced by adjustable probe head lengths for uninter-
rupted exploration across varied zones within the wellbore. Additionally, a high-resolution
pressure sensor, a rapid-response temperature sensor, and inclination/azimuth sensors are
incorporated into its core segment [28].
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Figure 3. Flow array sensing tool.

FAST encompasses diverse sensor arrays, including optical, electrical, and acoustic
modalities, delivering a wide spectrum of logging data to facilitate a nuanced examination
of multi-phase flow patterns in oil wells. Its integrated, high-fidelity, high-throughput sen-
sors equip it to execute multifaceted, high-accuracy assessments, exemplified by real-time
tracking of pressure and temperature fluctuations in well walls and fluids and geosteering
for logging operations, enhancing the comprehension of well trajectories and reservoir
orientation.

Adaptive algorithms and cutting-edge computation models in the data analysis phase
allow for the comprehensive integration of logged data, unlocking a deeper comprehen-
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sion of reservoir geology and fluid behaviors. Thus, FAST instrumentation effectively
streamlines the appraisal of oilfield production capacities and reservoir development
characteristics, significantly bolstering scientific rigor and accuracy in extraction decisions.

The electrical probe employed in the FAST logging instrument relies upon multi-
electrode theory, aimed to assess the impedance of surrounding fluids utilizing an electric
probe. Capitalizing on the inherent resistance properties of oil and gas, it serves as a
discerning tool for distinguishing between water and hydrocarbon volumes. The design
channels current density towards the probe’s tip, significantly reducing the volume under
scrutiny relative to traditional probes. Water saturation levels are gauged by computing
the proportion of time spent in contact with water versus the total sampling duration.

When encountering unbroken hydrocarbon mediums, real-time water-holding rate
computations leverage data points exceeding pre-determined thresholds. Conversely, upon
entering contiguous water bodies, the inversely proportional decline in water-holding
rates corresponds to data points falling below said dynamic threshold [28]. As depicted in
Figure 4, the probe measures liquid conductivity at intervals of several tens of microseconds,
generating a binary electrical signature differing starkly between water and hydrocarbons.
By establishing a cut-off demarcating water from hydrocarbon, the mechanism functions
as a miniaturized, quick-response conductivity gauge, imparting improved measurement
reliability and fidelity [29].
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Optical probe technologies have spawned a novel breed of fluid recognition schemes
deviating from traditional optically based bubble detection methodologies [30], featuring
an exclusive biconical architecture leveraging sensitivity towards optical fluid indices.
Reflective indexes across diverse fluid species fall within a finite range, where gaseous
substances exhibit values near unity, waters average around 1.35, and crude oils approxi-
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mate closer to 1.5. Optical probe designs spanning the complete scope of reflective index
variability, ranging from 1.0 to 1.6, offer substantial benefits over conventional techniques.

Fast-paced refractive index measurements captured at periodic intervals of tens of
microseconds endow optical probes with swift detection capabilities. Moreover, since
oil and water exhibit comparable fluid properties, optical probes prove advantageous in
differentiating gases from liquids. Complementary combinations of electrical and optical
probes enable the simultaneous determination of triphasic retention rates for oil, water, and
gas at solitary locations [31], as visually demonstrated in Figure 5.
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Ultrasonic Doppler flowmeters draw upon the Doppler effect, describing the fre-
quency differential between signals transmitted and echoed off a moving object, serving
as a function dependent on said motion [31]. In fluid flow-rate estimations, ultrasound
emittance from transducers paired with the backscattered signals during fluid passage
generates a frequency shift directly proportional to the scatterer’s relative velocity to
the transmitter–receiver pair, thereby enabling the calculation of volumetric flow rate by
integration [32].

Significantly, the frequency deviations emanating from the ultrasonic array demon-
strate a pronounced correspondence with rotational velocity from the microrotary mech-
anism, potentially substituting the latter in mitigating blockages due to wax buildup,
scaling, asphaltene precipitation, sediment deposition, heavy oil formation, etc. Moreover,
for sloped and horizontally oriented wells, multiplexed sensors represent compelling in-
formation sources in concurrent assessments, facilitating the utilization of probabilistic
production well testing interpretations. From this vantage point, comprehensive visualiza-
tions of downhole flows may be reconstructed [31].
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3. Results
3.1. Comparison of Testing Phenomena in Well A

Figures 6 and 7 show the conditions of the FSI and FAST technologies, respectively,
after the completion of the production profile test and well exit. It can be observed from
the figures that both the FSI and FAST tools have sludge and debris adherence phenomena
during the actual operation. Since the FSI tool is designed with grooves, it is easier for
the main part of the tool to accumulate a large amount of sludge, which may negatively
affect the normal operation of the rotator if too much sludge accumulates during the
measurement.
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By analyzing the labeling of Figures 6 and 7, we can observe that the rotator on the
FSI extension arm is obscured by both sides of the groove, whereas the contrasting FAST
technology is only obscured by one side of the support arm. Such a design ensures that
the FAST rotator is able to make contact with a larger area of the measured object, thus
potentially providing higher measurement accuracy. Table 1 details a comparative analysis
of the performance of the FSI and FAST technologies in terms of the relevant parameters
during out-of-well operation.
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Table 1. Basic parameters of the model.

FSI Out-of-Well Status FAST Out-of-Well Status

Measuring
device

Two rotors failed to rotate
(mud deposits) Structural integrity

Measurement is blocked Not yet at the bottom of the well
(100 m from FAST)

All rotors maintained normal
function

Measuring time Base repair: 2 days to complete
the logging Two well surveys in 50 h

Measuring depth The effective data depth of the
final measurement was 4600 m

The final effective data depth
was 4700 m

3.2. Data Quality Analysis

Figure 8 presents exhaustive depictions highlighting the variation in flow patterns
during the logging processes conducted using the FSI and FAST devices. During reciprocal
logging tasks, the FSI instrumentation showcased inconsistencies in the quality and repeata-
bility of rotor-derived information throughout sections 3–8 (down to 4600 m) alongside
suboptimal data collection from probes 1, 3, and 4, affecting the veracity of the water-
holding probes’ output. However, FAST instruments registered standard rotatory data
within the uppermost sections (3–7 (extending beyond 4700 m)), indicating environmental
resilience, as well as superior-quality data collected across the subsequent segments (8–21).

Upon consolidating the logging outcomes, the output profiles illustrated in Figure 9
indicate that FAST devices effectively capture productivity contributions, segmented as 21-8,
while acknowledging a holistic assessment of outputs generated from 7-1. On the contrary,
FSI equipment divides well performance into contributions originating from sections 21-9,
but aggregates output contributions from segments 8-1. Notably, the augmented number of
data points gathered by FAST renders it conducive to capturing supplementary metrics in
essential regions, particularly since FSI equipment experiences limitations due to prolonged
string lengths preventing access to the lowermost portions of the well.
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4. Discussion
4.1. Consistency Analysis of FAST and FSI Test Results

The array logging tool is a diagnostic tool used to find the sweet spot. When the
conventional seven-parameter logging method cannot meet the stratified flow pattern in
deviated or horizontal wells, array logging tools can be used instead, so the FAST and
FSI array logging methods can better capture the flow pattern among oil, gas, and water
in horizontal wells. In the production profile in Figure 9, it can be seen which segments
are the “sweet spots”. In the early monitoring of open-hole wells, the 14th and 15th
sections had reservoirs but relatively low production. To improve the recovery factor, water
injection [33,34], acid injection [35–37], and secondary fracturing [38,39] can be used to
increase the production of low-production parts.

The array logging tool serves as a diagnostic tool to locate water spots. In horizontal
wells, due to the stratified flow pattern between oil, gas, and water phases, once the water
outflow in the wellbore is relatively large, it will cause the whole wellbore to be plugged,
and thus, the oil and gas in the deeper part of the wellbore will not be able to reflect the
production. Array logging tools can find the water outflow point [40,41], which can be
utilized to reduce water production and increase oil and gas production by using effective
plugging methods.

4.2. Differential Analysis of FAST and FSI Assay Results

During the experimental testing of Well A, we employed two distinct measurement
tools, FSI and FAST, to conduct a comprehensive analysis by comparing the data gathered
from these devices. Despite the discrepancies observed in Figures 10 and 11, upon meticu-
lous examination of the production profiling results for individual sections and clusters, it
was discerned that these disparities were not substantial.
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The present analysis underscores that while minor variations exist between the two
instruments’ outcomes, such divergences may be amplified when undertaking a holistic
assessment of yield tests involving simple segmentation vis à vis unit cluster configura-
tion. Nevertheless, our overall scrutiny revealed that these biases remain within tolerable
margins, thereby exerting minimal impact on the interpretation of the test findings as
a whole.

In future endeavors, there is a pressing need to further explore and scrutinize these
subtle differences to attain a more profound understanding of how instrumentation, mea-
surement techniques, and data analysis can be optimized for enhanced performance in
parturition testing.

In the context of FAST measurements, when pronounced fluctuations in the acquired
data are detected, this instigates a response from Doppler sensors indicating a phase
transition. This phenomenon is typically interpreted as indicative of the presence of
multiphase fluids. The considerable signal alteration illustrated in Figure 12 implies that a
phase shift occurred during this interval. At approximately 3400 m deep, the fluid within
the wellbore transitions from a mixed gas–liquid phase to a pure gas phase; descending
further to around 3600 m, the gas phase reverts back to a mixed gas–liquid phase. This
occurrence underscores the exceptional capability of the FAST tool to provide robust data
support for formation testing, even amidst perturbations such as sand outcrops encountered
during the measurement process.

Both the FAST and FSI array logging tools are capable of monitoring production
conditions in horizontal wells. However, the FSI tool solely relies on a rotator for fluid
velocity detection. In unfavorable well conditions, such as sand or heavy oil, the rotator’s
functionality may be impaired, leading to decreased measurement accuracy. Conversely,
the Doppler flow measurement method exploits acoustic waves to determine flow rates,
enabling it to compensate for poor-quality rotor data or other obstacles by providing more
accurate production profile test results.
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The data depicted in Figure 13 reveal that in the overall well section, sections 1–3
contribute 12.94% of combined gas production, while sections 1–7 collectively account for
34.30%. The remaining 65.70% is attributed to sections 8–21. Notably, segments 21, 20,
19, 12, 11, 10, 9, 5, and 4 exceed the average contribution rate. On the contrary, sections
with lower production contributions are predominantly found in sections 16–13. This well
exhibits relatively low water production, primarily emanating from sections 10 and 11.
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The FAST instrument boasts a length of approximately 0.86 m, and is primarily
designed to ensure that all measurements are conducted within the same depth of environ-
ment, thereby guaranteeing the accuracy of the results. Its remarkable compactness renders
it significantly more advantageous compared to the FSI, whose instrument string length
can be up to ten times longer than that of the FAST.
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Under identical conditions, FAST offers an extensive measurement range, as evidenced
in Figure 14. The upper limit for valid data measurements with FSI is 4600 m, whereas
FAST extends its measuring capacity to 4700 m. This disparity underscores the distinctive
edge of FAST in acquiring data at greater depths.
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5. Conclusions

The application of horizontal well production logging technology has laid a solid
foundation for the development and optimization of oil and gas fields. With the emergence
of array-type production logging instruments and the advancement of horizontal well
interpretation models, this technology is of great significance in guiding the next stage of
oil and gas well development. Through an extensive study of two types of array logging
instruments applied to one well, we draw the following conclusions:
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The appearance of array logging instruments effectively solves the difficulties of tradi-
tional logging instruments when encountering oil, gas, and water three-phase stratification
in inclined or horizontal wells. The multi-parameter evaluation method proposed in this
paper can obtain measurement results more accurately. It can not only deeply interpret the
degree of gas and fluid contribution in each shothole section, but can also clearly show the
main water-producing zones. This provides a more specific basis for evaluating reservoir
production at each level. The proposed method has the potential for wider application in
terms of measurement range and adaptation to various well conditions.
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