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Abstract. The in situ heater, a pivotal component for oil shale heating, is
prone to deformation at underground temperatures of up to 450 °C. While
lab experiments with optical fiber technology can monitor deformation at
temperatures up to 1100 °C, low-pressure tolerance and complex manufac-
turing hinder its underground application. Current downhole monitoring
systems are limited to 300 °C for temperature and 100 °C for deformation,
which are insufficient for oil shale conditions. A dedicated online monitoring
system for in situ heaters is still lacking. Leveraging the precision and reliabil-
ity of linear variable differential transformer (LVDT) technology, we designed
a real-time deformation monitoring system. Indoor simulations mimicking oil
shale environments indicate LVDT's capability of monitoring up to 480 °C.
The system mounts an LVDT unit, encapsulated in vacuum insulation, onto
heaters, and then inserts them into horizontal sections via tubing. This design
offers a valuable reference for the design and monitoring of in situ heaters in
oil shale wells.

Keywords: oil shale, deformation, high temperature, monitoring system, in
situ, heater:

1. Introduction

With the continuous exploitation of oil and gas resources, the reserves of
conventional oil and gas have declined significantly, making the search for
diversified and suitable alternative energy sources an important strategic
direction for national energy development. China is rich in oil shale reserves,
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which are widely distributed, totaling about 7.2 x 10" tons [1-4]. Geological
exploration results show that China’s oil shale has moderate oil content, with
a relatively small proportion of high-maturity deposits, posing difficulties in
mining.

Oil shale mining technology can be divided into surface distillation and
underground in situ mining. The main technical method of surface distillation
is similar to existing coal mining technologies. Oil shale is extracted through
open-pit or underground mining, transferred to the surface, and then subjected
to grinding and screening before the dry distillation process, where shale oil
is obtained. Although this technology is relatively mature and the process is
simple, there are inevitably problems, such as low utilization rates, small-scale
operations, high costs, and significant environmental pollution, including
waste gas, waste water, and dust emissions. Additionally, dry distillation
produces large amounts of waste residue, while the product coke and semi-
coke are not easy to recycle, imposing significant limitations on this method.

In contrast, underground in situ mining technology is suitable for deep oil
shale deposits and has the advantages of high mining efficiency, good product
quality, space savings, and minimal environmental pollution, making it a focus
of various countries. Heating oil shale is a critical aspect of in situ mining,
and the heating methods can be divided into four types: electric conduction
heating, fluid convection heating, radiation heating, and combustion heating
[5-7]. Currently, many oil shale wells in China employ near-critical water in
situ extraction technology. This technique utilizes the principle of convective
heating by injecting water into the oil shale reservoir through an injection
well. A heating device placed downhole heats the water until it reaches a near-
critical state, allowing it to transfer heat to the reservoir. Since near-critical
water reacts with organic matter, it facilitates the cracking of the organic
material. The resulting cracked organic matter is then extracted using the
inherent properties of near-critical water, with oil-water separation occurring
on the surface to ultimately obtain shale oil [8].

A large amount of organic matter in oil shale cannot be directly extracted
and requires retorting to obtain crude oil. As shown in Figure 1, in situ mining
technology is a commonly used technique for oil shale mining [9, 10]. When
the temperature reaches 450—600 °C, the organic matter begins to rapidly
crack into oil and gas, which are then extracted through specific processes
[11]. Heaters, as key equipment in the in situ mining of oil shale, operate in
high-temperature and high-pressure environments for a long time. This makes
them prone to deformation, which affects their mechanical properties and
stability.

Through deformation monitoring, tiny changes in the shape of heaters
can be detected promptly, enabling the prediction and prevention of potential
failures, and avoiding production interruptions or safety accidents caused
by sudden equipment malfunctions. Extensive research has been conducted
on deformation monitoring methods and systems both domestically and
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Fig. 1. Schematic diagram of in situ heating of oil shale.

internationally, mainly based on strain [12—14], vibration [15], and vision
[16-18]. Strain measurement is widely used because it does not involve
external excitation, and its results can directly reflect the operating state of
the structure.

For deformation monitoring under high-temperature conditions, the digital
image correlation (DIC) method is a typical non-contact deformation mea-
surement technique that can effectively measure surface deformations. Chen
et al. [19] used monochromatic light digital image technology to measure the
expansion deformation of specimens at 1100 °C. Berke et al. [20] employed
ultraviolet digital image technology to measure the deformation of specimens
at 1125 °C after filtering out their spontaneous visible light. Based on this,
Qiao et al. [21] used a 3D-DIC system to measure the expansion deforma-
tion of specimens within the temperature range of 25-2000 °C, significantly
improving the upper-temperature limit of measurable deformation. Although
vision-based deformation methods have the advantages of reduced workload
and high reliability, they mainly involve image acquisition and tracking, mak-
ing them difficult to implement underground or in wells. Furthermore, the
testing equipment itself is not resistant to high temperatures. Xia et al. [22]
proposed and studied a photonic crystal fiber (PCF) Fabry-Perot (F-P) sensor
for large strain measurements at high temperatures. This sensor can accurately
detect a large mechanically induced strain of 9436.66 e at temperatures as
high as 1000 °C. Li et al. [23] developed an all-fiber F-P high-temperature
strain sensor that can withstand temperatures up to 1100 °C; however, it oper-
ates at relatively low pressures. Gao et al. [24] summarized the performance of
high-temperature fiber Fabry-Perot pressure sensors made from sapphire and
silicon carbide after encapsulation, which can be used for pressure measure-
ment in environments exceeding 800 °C. While these laboratory experiments
show that such sensors can be used under high-temperature conditions, they
operate at low pressures, and the cost of optical fibers is high. To date, no sen-
sors have been reported for monitoring the in situ heating of oil shale.
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Currently, research on downhole monitoring systems for oil wells mainly
focuses on temperature and pressure monitoring. Yu et al. [25] studied an
optical fiber F-P cavity pressure sensor that can measure pressures up to
30 MPa at 300 °C. Li et al. [26] developed a high-precision fiber Bragg
grating temperature sensor that can measure temperatures up to 175 °C under
100 MPa. Yang et al. [27] developed a high-precision fiber-optic temperature
and pressure sensor that meets the monitoring requirements of production
wells at 100 °C. At present, there is limited research on downhole deformation
monitoring, with studies mainly focusing on casings. Wang [28] explored a
fiber-optic sensing technology for monitoring deformation in oil and water
well casings, capable of monitoring deformations in wells at 100 °C. Most
downhole monitoring systems are designed for ordinary oil wells, and there
is no relevant literature on deformation monitoring of oil shale downhole
heaters.

The linear variable differential transformer (LVDT) is a precise linear
position sensor capable of measuring position within a wide range, making
it a promising and valuable tool for deformation measurement. Chen et al.
[29] studied an LVDT test system for measuring radial deformation, capable
of measuring radial strains as low as 0.0001%. Mayunga et al. [30] combined
GPS with LVDT to conduct dynamic deformation monitoring of the Lausanne
Bridge, effectively measuring the bridge’s deformation. Gruber et al. [31]
studied the effects of temperature on different plunger materials in harsh
environments. Currently, LVDTs are widely used in deformation monitoring
due to their high precision. However, there is no relevant research on their
application under high-temperature conditions.

During in situ heating, the downhole temperature of oil shale reaches
450-600 °C, and current downhole monitoring systems cannot meet this
requirement. LVDTs offer good stability and do not require direct contact with
the measured object, allowing them to operate reliably in harsh environments
such as high temperatures, high pressures, and high humidity [32, 33].
However, to date, LVDTs have not been used for real-time monitoring of
downhole deformation. This paper designs a real-time deformation monitoring
system suitable for in situ heaters in oil shale wells.

2. Experimental method

2.1. Principle

The two ends of the sensor are fixed to both ends of the object to be measured.
As shown in Figure 2, when the temperature rises, the object expands and
undergoes axial deformation. This causes the fixed end above the sensor to
move upwards, driving the magnetic core to move upwards as well, cutting
through the magnetic induction coil and generating an electrical signal.
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Fig. 2. Sensor working principle. Abbreviations: R_— resistance of the primary coil,
L - inductance of the primary coil, E - excitation voltage applied to the primary coil,
L, — inductance of the first secondary coil, L , — inductance of the second secondary
coil, £, — induced voltage in the first secondary coil, £ , — induced voltage in the
second secondary coil, R , — resistance of the first secondary coil, R , — resistance of
the second secondary coil.

The electrical signal is transmitted to the receiving device through the
connecting cable, and the deformation of the measured object is determined
by calculating the change in electromotive force using software. The LVDT
boasts high measurement accuracy, enabling it to measure subtle deformations
in oil shale in situ heaters. Its non-contact measurement method ensures long-
term use without easy damage.

2.2. Deformation monitoring experiment

To assess the monitoring capabilities of the designed sensor for deformation,
an experimental setup was constructed, as illustrated in Figure 3. This
system encompasses a triaxial confining pressure chamber, a hydraulic servo
controller, a sensor, and other vital components. A columnar core is positioned
within a high-temperature and high-pressure kettle (Fig. 4), which is interfaced
with a constant pressure pump via a metal pipe to maintain stable confining
pressure. The kettle is also connected to a low-temperature circulating water
bath system through a separate channel for cooling purposes. Subsequently,
the kettle is insulated with a heat insulator and heated by a dedicated heating
device. A thermocouple, installed through the insulation sleeve and a reserved
port in the kettle, continuously monitors the internal temperature of the core
in real time (Fig. 5). The hydraulic servo controller supplies the necessary
pressure, applying both axial and confining pressures independently through
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the triaxial confining chamber to mimic downhole conditions. When the core
undergoes expansion or compression, resulting in axial displacement of the
upper fixation device on the kettle, the electrical signal from the LVDT sensor
is transmitted via a cable to a receiving device. This signal is then processed
by software to calculate the deformation, enabling real-time monitoring of the
core’s deformation (Fig. 6). During the experimental trials, the temperature
(ranging from 25 to 500 °C) and pressure (0-50 MPa, with axial pressure and
confining pressure controlled to the same value) of the core were varied to
measure the deformation under diverse conditions.
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Fig. 4. High-temperature autoclave and heat shield.
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Fig. 5. Connection of high-temperature autoclave: (a) high-temperature autoclave,
(b) constant pressure pumps, (c) low-temperature circulating water bath.

Fig. 6. Deformation monitoring device.

3. Design of deformation monitoring system for oil shale in situ
heater for wells

3.1. Thermal insulation design of sensor

Given the extreme downhole temperatures of oil shale, which can reach
up to 450 °C, in contrast to the significantly lower ambient temperatures
encountered by the indoor experimental sensor, the sensor has been outfitted
with a heat insulation device. This device is crucial for ensuring the stable
and reliable operation of the oil shale in situ heater, thereby facilitating ac-
curate and continuous monitoring of deformations under harsh conditions.
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The sensor adopts a closed-loop design, featuring an Alumina 96 ceramic
housing with excellent thermal insulation properties, boasting a thermal con-
ductivity of 24 W/mK. This design enables the sensor to withstand prolonged
use at temperatures up to 1000 °C, while also exhibiting remarkable corrosion
resistance [34]. Furthermore, as an insulating material, it does not interfere
with the normal operation of magnetic induction coils. The drive rod is craft-
ed from UNS N06625 alloy, renowned for its exceptional fatigue resistance
over a broad temperature range, from low temperatures to 1093 °C, as well as
its outstanding corrosion resistance [35—37]. Internally, a vacuum chamber is
constructed using 304 stainless steel for the inner layer. While 304 stainless
steel possesses a high modulus of elasticity and relatively low elongation,
it excels in high-temperature resistance and corrosion resistance, making it
well-suited for harsh underground environments. The schematic diagram of
the device is depicted in Figures 7 and 8. The magnetic induction coil is fab-
ricated from Inconel 600, which is encapsulated within the vacuum chamber.
Inconel 600 boasts remarkable resistance to high temperatures, corrosion, and
stress, coupled with superior mechanical properties, ensuring stable operation
under high-temperature conditions [38—41].

Given the extreme temperatures prevalent in oil shale wells, conventional
signal and power transmission cables often struggle to maintain reliable
operation over prolonged periods. To address this challenge, high-temperature-
resistant cables have been meticulously selected for both signal transmission
and heater functions. These cables exhibit remarkable pressure resilience,
enduring 50 MPa at ambient temperatures and maintaining resistance of
35 MPa even at 700 °C. The core conductor of these cables comprises copper,
renowned for its high melting point of 1083 °C, while the insulation layer
is composed of magnesium oxide, possessing an exceptionally high melting
point of 2852 °C. The construction further incorporates an inner sheath made
of copper and an outer sheath of stainless steel, capable of withstanding
temperatures close to its melting point of approximately 1400 °C. Designed for
durability, these cables are engineered to operate continuously at temperatures
exceeding 700 °C and withstand brief exposure to temperatures above 900 °C.
At the heating terminal, a metal seal, fabricated from the same material as
the cable body, ensures a minimum pressure resistance of 35 MPa at 700 °C,
further enhancing the cable’s reliability in extreme conditions.

The sensor under discussion is predominantly utilized for measuring axial
deformation, prompting the design of a radial strain measurement system. As
illustrated in Figure 9, two sensors are rotationally and symmetrically affixed
to the sample, centered around its midpoint, and they can be effortlessly
connected to the in situ heater using a snap-on mechanism. This setup ensures
accurate and efficient radial strain measurements.
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Fig. 7. Schematic diagram of sensor.
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Fig. 8. Schematic diagram of heat insulation device.
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Fig. 9. Radial deformation monitoring system.

3.2. Design of deformation monitoring system for downhole deployment

Tubing deployment plays a crucial role in the downhole operations of oil
wells, enabling the recording of processes involving the lifting and lowering
of instruments. The tubing exhibits remarkable flexibility, allowing it to be
tested in wells with diverse curvature radii, spanning from large to medium
and small. Furthermore, the cable’s ability to withstand pressure during
descent facilitates dynamic monitoring of vertical, inclined, and horizontal
wells under pressure. Therefore, this method has been selected as the optimal
approach for heater deployment.

Depending on the installation position, the sensor is securely affixed to
the heater via a buckle connection. Inconel 600, a material renowned for its
strength and stability in high-temperature environments, has been selected
as the connecting material. Before deployment, multiple LVDT sensors
are strategically installed at various locations along the heater. The system
is interconnected via wires, utilizing high-temperature-resistant cables as
terminals for the signal transmission cables, ensuring a secure and reliable
connection to each LVDT sensor.

As depicted in Figure 10, the downhole heater is securely connected
to the tubing, ensuring a tight and leak-proof seal to prevent any leakage
or detachment during operation. The cables of the downhole heater and
deformation sensors are meticulously attached to the internal tubing cables,
safeguarding them from potential damage during deployment. Subsequently,
the tubing unit is initiated, and the tubing, along with the heater, is gradually
lowered into the well. Throughout this process, a uniform speed is maintained
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to avert rapid drops or stalling, which could potentially lead to the tubing
and heater becoming lodged within the wellbore. A depth gauge is employed
to continually monitor the descent depth of the heater, ensuring its precise
positioning at the predetermined location as planned.

Upon reaching the target location, necessary securing and plugging
operations are executed to ensure that the tubing and heaters remain
securely and safely positioned within the well. To accommodate downhole
high-temperature and pressure conditions, packers are installed at the
juncture between the horizontal and vertical sections. These packers, which
are connected to the tubing, are maneuvered to the desired position and
hydraulically secured within the wellbore. By pressurizing the fluid, the
packer inflates and presses firmly against the well wall, sealing the annular
space between the tubing and casing under high-temperature conditions. This
prevents high-temperature fluids from ascending through the annulus during
operation.

The packer utilizes flexible graphite, a material distinct from traditional
rubber, which is extruded from expanded graphite. This material boasts
excellent gas-liquid impermeability, chemical stability, resistance to both high
and low temperatures, and compressive resilience. Notably, flexible graphite
maintains superior physical and mechanical properties even at 450 °C,
significantly outperforming materials such as polytetrafluoroethylene in terms
of temperature resistance. Additionally, the packer is designed as a retrievable
unit, allowing for decompression and subsequent lifting of the tubing to
release both the packer and the downhole heater. The heater is fastened using
a clip, facilitating easy removal of the sensor when the heater is extracted from
the well’s bottom.

Throughout the operation, the sensor seamlessly transmits downhole data
to the control center in real-time via the signal transmission cable. Upon
reaching the predetermined position, the heater initiates electric heating via
the same transmission cable, ensuring efficient and timely heating as per
operational requirements.

4. Experimental results and discussion

4.1. Pressure-induced deformation

As illustrated in Figure 11, under ambient temperature conditions (25 °C),
the core experiences compressive deformation in response to the application
of axial and confining pressures. As these pressures progressively intensify,
the magnitude of deformation augments correspondingly. Conversely,
Figure 12 demonstrates that under elevated temperature conditions, the
continual escalation of both axial and confining pressures imposed on the
core results in compressive deformation, thereby diminishing the extent of
expansive deformation.
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4.2. Temperature-induced deformation

As depicted in Figure 13, under normal pressure conditions, as the temperature
of the core continuously rises, the core undergoes expansion and deformation.
Notably, the magnitude of this deformation intensifies proportionately with the
increase in temperature. Conversely, Figure 14 illustrates that under various
constant pressure scenarios, the application of higher constant pressures leads
to an augmentation in the compressive deformation experienced by the core
at 25 °C. Additionally, at 480 °C, the deformation resulting from expansion
gradually diminishes as the constant pressure increases.
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Fig. 13. Variation of deformation with temperature under atmospheric pressure.
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The sensor is capable of effectively measuring deformation caused
by either expansion or compression within the range of 0-50 MPa and
25-480 °C. Under the experimental conditions, temperature emerges as
the primary factor contributing to deformation, with the magnitude of
deformation due to expansion significantly surpassing that resulting from
compression. All data for this experiment were acquired in real time through
the sensor’s measurements. Consequently, this sensor can be utilized for real-
time monitoring of deformations in the high-temperature and high-pressure
environment during the operation of oil shale downhole heaters.

5. Conclusions and prospects

5.1. Conclusions

1. This paper presents the design of a downhole deformation monitoring
system for in situ heaters of oil shale, leveraging an LVDT sensor. The
sensor incorporates high-temperature-resistant materials and advanced
packaging techniques to guarantee stable performance even in extreme
temperature environments.

2. The efficacy of the sensor has been rigorously verified through
experimentation. The results demonstrate its capability to monitor
deformation in real-time, withstanding temperatures ranging from 25 to
480 °C and pressures up to 50 MPa.

3. The sensor is securely connected to the heater via a buckle, with both the
monitoring system and the heater conveyed to the horizontal section of
the oil shale formation via tubing. To cater to the stringent requirements
of high-temperature resistance within the oil shale underground
environment, flexible graphite has been judiciously chosen as the packer
material.

5.2. Prospects

By measuring the deformation caused by temperature under constant
pressure, the temperature of an object can be deduced from the shape variable
under known pressure conditions. The sensor itself has certain limitations:
it necessitates a fixed reference point, and both ends of the LVDT housing
should be at the same level to measure relative displacement. The heater
must be securely installed before being lowered down the hole. Unlike the
LVDT, fiber optic sensors do not need to be pre-fixed to the heater and can
operate effectively in oil shale wells where heaters are installed. While the
LVDT can be adapted for underground environments using high-temperature
insulation material packaging, its overall complexity and lack of current
field implementation cases make its practicality uncertain. In contrast, fiber
optic sensors, which utilize high-temperature-resistant materials, can better
acclimate to downhole environments, reducing the need for special packaging.
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Currently, fiber optic sensors have been tested in the laboratory to measure
high temperatures and high pressures, making them applicable to high-
temperature and high-pressure downhole environments. However, they have
yet to be used to measure the deformation of downhole heaters. Exploring
non-contact relative displacement sensors, such as radar-based SEM (scanning
electron microscopy) monitoring systems, PSD (position sensitive detector)
sensors, and PTr (photonic transducer) sensors, is a promising research
direction for accurately measuring shape variations in long rigid components.
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