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Abstract. Real-time monitoring of drilling mud viscosity is essential for optimizing drilling operations, enhancing
efficiency, and ensuring safety in the oil and gas industry. This study investigates the application of advanced sensor
technologies — ultrasonic, optical, and microfluidic — for real-time viscosity measurement of drilling mud, a critical param-
eter in optimizing drilling operations within the oil and gas industry. Study addresses the limitations of traditional viscosity
measurement methods, such as rotational viscometers and Marsh funnel tests, which rely on offline sampling and intro-
duce significant delays (2-4 hours) and errors (up to 15%) due to sample handling and dynamic downhole conditions.
These delays hinder timely adjustments to mud properties, increasing risks like stuck pipes, poor hole cleaning, or well
instability, which can raise operational costs by 15-25%.

The research evaluates the performance of three sensor types under laboratory and field conditions, including high-
pressure, high-temperature environments (up to 150°C and 100 MPa). Ultrasonic sensors measure viscosity via sound
wave attenuation, optical sensors use light scattering, and microfluidic sensors analyze flow resistance in microchannels,
with governing equations provided for each (e.g., Hagen-Poiseuille for microfluidic). Laboratory tests used a flow loop
simulating downhole conditions, while field tests at 3,000 m depth involved water-, oil-, and synthetic-based muds. Opti-
cal sensors demonstrated superior performance, achieving a 2% error margin and a 0.3-second response time, com-
pared to 4% and 0.5 seconds for ultrasonic and 3% and 0.8 seconds for microfluidic sensors. Field results showed real-
time monitoring reduced non-productive time by 15%, yielding daily cost savings of ~§5,000 in offshore operations by
enabling proactive mud adjustments, preventing complications like wellbore instability.

The study highlights the transformative potential of in-situ viscosity monitoring, improving efficiency, safety, and
sustainability by minimizing mud waste and operational risks. Future research should focus on enhancing sensor durabil-
ity, developing multi-sensor systems, and standardizing calibration for diverse mud types. The optical sensor’s perfor-
mance positions it as a key technology for advancing drilling practices, with broader implications for high-pressure, high-
temperature and unconventional reservoir operations.
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1. Introduction

Drilling mud, also known as drilling fluid, is a cornerstone of drilling operations
in the oil and gas industry, performing critical functions that ensure operational suc-
cess across diverse geological formations. Its primary roles include maintaining well-
bore stability, transporting drill cuttings to the surface, lubricating and cooling the
drill bit, and controlling formation pressures to prevent catastrophic events such as
blowouts [1, 2]. These functions are particularly vital in challenging environments,
such as deepwater reservoirs, high-pressure, high-temperature (HPHT) wells, or un-
conventional shale plays, where precise fluid management is essential for safety and
efficiency. The rheological properties of drilling mud, particularly viscosity, are piv-
otal in determining its performance. Viscosity directly influences the mud’s ability to
suspend and carry cuttings, maintain hydraulic stability, and minimize frictional
losses in the drill string [3]. Improper viscosity can lead to operational complications,
including stuck pipes, inadequate hole cleaning, excessive torque, or pressure losses,
which studies estimate can increase operational costs by 15-25% and delay well
completion by days or weeks [4]. In extreme cases, viscosity-related issues can com-

promise well integrity, leading to environmental hazards or significant financial
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losses, with remediation costs for a single stuck pipe incident often exceeding
$500,000 [5, 6].

Traditional methods for measuring drilling mud viscosity, such as rotational vis-
cometers (e.g., Fann 35) and Marsh funnel tests, have been the industry standard for
decades due to their simplicity and established protocols. These methods involve col-
lecting mud samples at the surface and analyzing them in a laboratory setting, a
process that introduces significant delays — typically 2—4 hours — between sampling
and obtaining results. In the fast-paced context of drilling, where downhole condi-
tions such as temperature, pressure, and mud composition change rapidly, these de-
lays render viscosity data outdated, limiting its utility for real-time decision-making.
Moreover, offline sampling is prone to inconsistencies arising from sample handling,
temperature variations, and human error, with measurement errors reported as high as
10—15% in non-Newtonian muds [7, 8]. The Marsh funnel test, while rapid, provides
only an empirical, single-point viscosity measurement, lacking the precision required
for complex mud systems used in HPHT or extended-reach drilling. These limitations
hinder operators’ ability to proactively adjust mud properties or drilling parameters,
increasing the risk of formation damage, equipment wear, or well instability.

The growing complexity of modern drilling operations, driven by deeper wells,
harsher environments, and stricter environmental regulations, has underscored the
urgent need for real-time, in-situ viscosity monitoring [9]. Continuous viscosity data
enables immediate adjustments to mud composition, pump rates, or drilling parame-
ters, mitigating risks and optimizing performance. Field studies indicate that real-time
monitoring can enhance drilling efficiency by up to 20%, reduce non-productive time
(NPT) by 10-15%, and lower operational costs by millions of dollars over a drilling
campaign [10, 11]. Furthermore, precise viscosity control contributes to environmen-
tal sustainability by minimizing mud waste and reducing the ecological footprint of
drilling operations. However, achieving reliable in-situ measurements in the harsh
conditions of drilling — characterized by temperatures above 150°C, pressures ex-
ceeding 100 MPa, and abrasive or chemically reactive muds — remains a significant
technical challenge.

Recent advancements in sensor technologies offer promising solutions to over-
come the shortcomings of traditional methods. Acoustic sensors, leveraging ultra-
sonic wave propagation, provide non-invasive viscosity measurements by analyzing
wave attenuation and velocity [12, 13]. Optical sensors, such as laser-based systems,
use light scattering or fluorescence to detect viscosity changes with high sensitivity.
Microfluidic sensors, based on micro-electro-mechanical systems (MEMS), measure
viscosity through fluid flow in microchannels, offering precision in small sample vol-
umes. These technologies, successfully applied in industries like chemical processing
and biomedical engineering, are now being adapted for drilling applications [14, 15].
This study evaluates three advanced sensor technologies — ultrasonic, laser-based op-
tical, and MEMS-based microfluidic — for in-situ viscosity monitoring, assessing
their accuracy, reliability, and operational impact across various mud types and
drilling conditions. By providing real-time, actionable data, these systems aim to
transform drilling practices, enhancing efficiency, safety, and sustainability through
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precise mud management. The findings have implications not only for conventional
oil and gas drilling but also for emerging applications, such as geothermal energy and
carbon capture and storage, where drilling fluid performance is equally critical.

The objective of this study is to evaluate the performance of ultrasonic, optical,
and microfluidic sensor technologies for real-time, in-situ viscosity monitoring of
drilling mud under high-pressure, high-temperature conditions, with the aim of im-
proving drilling efficiency, safety, and sustainability by overcoming the limitations of
traditional offline viscosity measurement methods and providing actionable data for
precise mud management.

2. Research methods

Drilling mud viscosity measurement has traditionally relied on conventional tech-
niques like rotational viscometers and the Marsh funnel, widely adopted for their sim-
plicity and established protocols [16, 17]. Rotational viscometers, such as the Fann 35
model, measure shear stress (7) as a function of shear rate (y) to determine viscosity
(«). The relationship is given by:

T
H=—
7, (1)

where y — shear rate, s™'; T — shear stress, Pa; 1 — viscosity, Pa-s.

This method provides accurate data for Newtonian and non-Newtonian fluids un-
der controlled laboratory conditions, with measurements expressed in centipoise (cP)
or Pascal-seconds (Pa‘s). The Marsh funnel test, a simpler approach, measures the
time for a fixed volume of mud (946 mL) to flow through a standardized funnel,
yielding an empirical viscosity value in seconds, often correlated to field viscosity for
rapid assessments [18, 19]. However, these methods are limited in dynamic drilling
environments due to their reliance on offline sampling, causing delays of several
hours between sample collection and analysis, which is inadequate for real-time deci-
sion-making in operations where mud properties shift rapidly due to temperature,
pressure, or contamination by formation fluids. Additionally, rotational viscometers
are prone to sample preparation errors, such as improper mixing or temperature in-
consistencies, leading to viscosity measurement errors of up to 10-15%, while the
Marsh funnel offers only a single-point measurement, lacking precision for complex,
non-Newtonian muds used in high-pressure, high-temperature conditions [20]. These
shortcomings hinder timely adjustments to drilling parameters, increasing risks like
poor cuttings transport, excessive torque, or well instability, which can raise opera-
tional costs by 20% or more.

Recent advancements in sensor technologies have introduced promising alterna-
tives for in-situ fluid property monitoring, overcoming the limitations of conventional
methods. Acoustic sensors, based on ultrasonic wave propagation, measure viscosity
by analyzing the attenuation and velocity of sound waves through the mud. The atten-
uation coefficient (a) is related to viscosity by:
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where u — viscosity, Pa's; p — density, kg/m’; @ — angular frequency, enabling non-in-
vasive continuous measurements, s™.

Optical sensors, such as laser-based systems, use light scattering or fluorescence
to infer viscosity by detecting changes in particle motion or molecular interactions,
achieving high sensitivity with errors as low as 2—5% in controlled settings [21, 22].
Microfluidic sensors, leveraging micro-electro-mechanical systems (MEMS), mea-
sure viscosity by analyzing fluid flow through microchannels. The pressure drop (AP)
across a channel of length L and radius r is governed by the Hagen-Poiseuille equa-
tion:

SulO
4

ar , (3)

AP =

where L — channel length, m; Q — flow rate, allowing precise measurements in small
sample volumes, m*/s, » — channel radius, m.

These technologies, successfully applied in industries like chemical processing
and biomedical engineering, are now being adapted for drilling mud monitoring.

Case studies highlight the potential of in-situ monitoring in drilling operations. A
2022 field trial in the North Sea used acoustic sensors to monitor mud viscosity in
real time, reducing non-productive time by 12% through rapid adjustments to mud
composition during HPHT drilling [23, 24]. Another study in the Gulf of Mexico em-
ployed optical sensors to detect viscosity changes caused by gas influx, preventing a
potential blowout and saving an estimated $2 million in operational costs [25]. How-
ever, these applications are limited to specific conditions, and challenges remain in
deploying robust sensors capable of withstanding the harsh environments of drilling,
including temperatures above 150°C, pressures exceeding 100 MPa, and abrasive
mud compositions.

Significant research gaps persist in integrating robust sensors for real-time viscos-
ity measurement in HPHT conditions. Current sensor designs often lack durability
against abrasive particles or chemical corrosion, with failure rates as high as 30% in
extended field tests [26, 27]. Signal interference from suspended solids or gas bub-
bles in the mud can also compromise measurement accuracy, particularly for acoustic
and optical systems. Moreover, the integration of sensors with automated drilling sys-
tems for seamless data processing and real-time decision-making is underdeveloped,
limiting their practical adoption [29]. There is also a lack of standardized protocols
for calibrating in-situ sensors across diverse mud types, such as water-based, oil-
based, and synthetic-based muds, which exhibit varying rheological behaviors. Ad-
dressing these gaps requires developing durable, high-precision sensors and robust
calibration methods tailored to the dynamic and extreme conditions of drilling opera-
tions, paving the way for enhanced drilling efficiency and safety.
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Figure 1 illustrates the operational principles of acoustic, optical, and microfluidic
sensors for drilling mud viscosity monitoring [29].

» Sound Speed Sensor: Depicts ultrasonic transducers emitting waves through the
mud, with wave attenuation and velocity measured to calculate viscosity.

» Optical Array Sensor: Shows a laser beam interacting with mud particles, with
scattered light analyzed to infer viscosity.

» Microfluidic (Density and viscosity) Sensor: Illustrates a microchannel with
pressure sensors measuring flow resistance to determine viscosity via the Hagen-
Poiseuille equation.
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Figure 1 — Schematic of Sensor Technologies for In-Situ Viscosity Measurement

3. Result and Discussion

The study evaluated three advanced sensor technologies for in-situ viscosity mon-
itoring of drilling mud: ultrasonic sensors, laser-based optical sensors, and MEMS-
based microfluidic sensors, selected for their potential to provide real-time, accurate
measurements under harsh drilling conditions. Ultrasonic sensors (Model USV-300,
operating at 1 MHz) measured viscosity by analyzing the attenuation (o) of sound
waves through the mud, governed by the relationship [30]:

o L7
- (4)

b

where @ — angular frequency, s; 1 — viscosity, Pa-s; p — mud density, with the sensor
calibrated to detect changes in wave velocity and attenuation for mud viscosities
ranging from 10 to 100 cP.

Laser-based optical sensors (Model OPTI-VIS 500, wavelength 650 nm) utilized
light scattering to infer viscosity, measuring the intensity of scattered light (I,) rela-
tive to incident light (I,) using:

L=loky, )

where k — calibration constant dependent on particle size and mud composition, pro-
viding high sensitivity with a detection limit of 1 cP.
MEMS-based microfluidic sensors (Model MFS-1000) measured viscosity by

monitoring the pressure drop (AP) across a microchannel, calculated via the Hagen-
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Poiseuille equation (3), where: L — channel length (5 mm); O — flow rate (0.1 pL/s);
r — channel radius (50 um), enabling precise measurements for small sample volumes
under varying shear rates.

The experimental setup consisted of a laboratory rig simulating downhole condi-
tions and field tests conducted at a drilling site with the rig featuring a 2-meter flow
loop equipped with a mud circulation pump, a heating unit to simulate temperatures
from 25°C to 150°C, and a pressure vessel to replicate pressures up to 100 MPa,
while field tests were performed at depths of 3,000 meters with real-time data log-
ging. Drilling mud samples included water-based mud (WBM) with a density of
1,200 kg/m?* and a base viscosity of 20 cP, oil-based mud (OBM) with a density of
1,500 kg/m? and a viscosity of 40 cP, and synthetic-based mud (SBM) with a density
of 1,300 kg/m* and a viscosity of 30 cP, each prepared with standard additives like
barite and bentonite to mimic field conditions.

The methodology involved calibrating each sensor using reference mud samples
with known viscosities (measured via a Fann 35 rotational viscometer at 25°C and
1 atm), followed by testing under controlled conditions of temperature (25°C to
150°C), pressure (1 atm to 100 MPa), and shear rates (10 to 500 s), with data ac-
quired at 1-second intervals using a data acquisition system (NI DAQ-9205). In the
lab, sensors were exposed to mud samples under incrementally increasing tempera-
tures and pressures, while field tests involved continuous monitoring during active
drilling, capturing viscosity changes due to gas influx and temperature gradients. Sen-
sor measurements were validated against standard viscometer data using the relative
error formula:

L = Ao

LI LA

Relative Error(®o) =

; (6)

where fisensor aNd lyiscometer — ViSCOsities measured by the sensor and viscometer, respec-
tively.

Statistical analysis included calculating the mean absolute error (MAE) and stan-
dard deviation of measurements across 100 data points per test, with MAE defined
as:

ns , (7)

where n — number of measurements, ensuring robust assessment of sensor accuracy
and reliability.

The response time of each sensor was determined by introducing a sudden change
in mud viscosity (e.g., adding a viscosifier to increase viscosity by 10 cP) and mea-
suring the time to detect 90% of the change, with ultrasonic sensors averaging 0.5
seconds, optical sensors 0.3 seconds, and microfluidic sensors 0.8 seconds.
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Figure 2 shows viscosity measurements (in cP) over 600 seconds for ultrasonic
(blue), optical (green), and microfluidic (red) sensors, compared to the expected vis-
cosity trend (black dashed line) for water-based mud under increasing temperature
from 25°C to 100°C. The plot illustrates sensor accuracy and response to tempera-
ture-induced viscosity changes, with optical sensors showing the least noise and clos-
est alignment to the reference trend.

Additional tests assessed sensor performance under HPHT conditions (150°C,
100 MPa), where ultrasonic sensors maintained accuracy within 5% error, optical
sensors within 3%, and microfluidic sensors within 6%, though microfluidic sensors
showed slight drift at extreme pressures due to channel deformation. These results
informed the selection of sensors for field deployment, prioritizing durability and ac-
curacy in real-world drilling scenarios.
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Figure 2 — Viscosity Measurements Over Time

Durability tests in abrasive muds (30% solids content) highlighted challenges.
The ultrasonic sensor showed no degradation after 10 hours of continuous operation,
benefiting from its non-invasive design. The optical sensor required lens cleaning ev-
ery 2 hours due to mud particle accumulation, temporarily increasing errors to 5%
until cleaned. The microfluidic sensor experienced a 10% sensitivity drop after 5
hours, likely from particle clogging, necessitating maintenance or design improve-
ments for enhanced robustness.

Compared to traditional methods like rotational viscometers and Marsh funnel
tests, in-situ monitoring offered substantial advantages. Traditional methods, requir-
ing offline sampling and laboratory analysis, introduced delays of 2—4 hours, render-
ing data obsolete in dynamic drilling environments. In-situ sensors provided continu-
ous data, enabling immediate decision-making that reduced risks like stuck pipes or
formation damage. A cost-benefit analysis estimated daily savings of $5,000 in off-
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shore operations due to eliminated sampling delays and improved efficiency, with
sensor installation costs recouped within 6 months for a typical drilling campaign.

Limitations included reduced sensor accuracy in highly abrasive muds, with er-
rors increasing to 7-10% in muds with high solids content due to particle interfer-
ence. Optical and ultrasonic sensors were particularly affected by gas bubbles or cut-
tings, causing occasional signal noise, while microfluidic sensors faced clogging
risks. Integration with existing drilling control systems posed technical challenges,
requiring custom interfaces and data processing algorithms to ensure seamless opera-
tion, highlighting the need for standardized protocols.

4. Conclusion

The investigation into advanced sensor technologies for in-situ drilling mud vis-
cosity monitoring has demonstrated their transformative potential for enhancing
drilling operations. The optical sensor, with a 2% error margin and a rapid 0.3-second
response time, emerged as the most effective, offering precise and timely viscosity
measurements critical for dynamic drilling environments. Real-time viscosity moni-
toring significantly improves drilling efficiency by reducing non-productive time by
up to 15% and enabling proactive adjustments to mud properties, which enhances
safety by preventing issues like stuck pipes or wellbore instability. Economically, the
technology yields daily savings of approximately $5,000 in offshore operations by
eliminating delays associated with traditional offline sampling. Environmentally, pre-
cise viscosity control minimizes mud waste, contributing to sustainable drilling prac-
tices. Despite these advantages, challenges such as the need for frequent maintenance
of optical and microfluidic sensors in abrasive muds highlight areas for improvement.
Future research should prioritize developing more durable sensor designs to with-
stand harsh conditions, standardizing calibration protocols for diverse mud types, and
integrating sensors with automated drilling systems for seamless data utilization. Ex-
ploring sensor miniaturization and downhole tool integration could further enhance
applicability. The performance of optical sensors positions them as a cornerstone for
advancing drilling technology, promising to drive operational efficiency, safety, and
sustainability across industry.
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MOHITOPUHI B'A3KOCTI BYPOBOIO PO34MHY IN-SITU 3 BAKOPUCTAHHAM CYYACHUX
CEHCOPHWUX TEXHOMNOTIN
lMaweHko O., XomeHko B., Kamuwaubkut O., Aeopcbka B., 3ibanos /.

AHoTauisa. MoHITOpUHT B'A3KOCTi BypoBOrO PO34MHY B pearibHOMY Yaci € KM4voBMM [Ans onTumisaii 6ypoBux
onepauji, NigBuLLEHHSI eheKTUBHOCTI Ta 3abeaneyeHHs 6e3nekn B HahTOra3oBiit NPOMIUCIOBOCTI. Y LbOMY AOCIMKEHH
PO3rNSAAAETLCA 3aCTOCYBAHHS NEPEAOBMX CEHCOPHUX TEXHOMONN — YNbTPa3BYKOBUX, ONTUYHKX i MIKpOGAKOIAHUX — Ans
BUMIPIOBaHHS! B'A3KOCTI GYPOBOro po3umHy B peanbHOMY Yaci, O € KPUTUYHAM NapaMeTpoM Anis onTuMisauii 6ypoBux
onepauin. JocnimkeHHs aHaniaye OOMEXeHHs TpaguuiiHWX METOAIB BUMIPIOBAHHS B'AI3KOCTI, TakuX K pOTaLjifHi
BiCKO3VIMETpM Ta TECTW 3 BOPOHKOW Maplua, siki 6asytoTbest Ha Bigbopi npob odnaiH i CPUUMHSIOTD 3HAYHI 3aTPUMKM
(2-4 rogunm) Ta noxubkn (0o 15%) Yepes maHinynauji 3 npobamu Ta AMHaMIYHI yMOBM B CBEPASIOBUMHI. Lli 3aTpumku
YCKNaAHIOTb CBOEYACHE KOPUTYBaHHS BNACTUBOCTEN PO3UMHY, NIABULLYIOYM PU3NKK, Taki SiK 3aKNMHIOBaHHS Tpy6, nora-
He OYMLLEHHS CBEPAMNOBUHM abo HecTabinbHICTb cTOBOYPA, LLO MOXeE 36inbNTW ekcnnyaTauiiHi BuTpati Ha 15-25%.

[locnimKkeHHs OLiHIOE e(EeKTUBHICTb TPbOX TWUMIB CEHCOpiB Yy NabopaTopHMX i MOMbOBWX YMOBax, 30Kpema B
CepenoBuLLax 3 BUCOKUM TUCKOM i Temnepatypoto (4o 150°C i 100 MMMa). YnbTpa3syKkoBi CEHCOPU BUMIPIOIOTH B'AA3KICTb
yepes 3aTyXaHHs 3BYKOBMX XBWMb, OMTUYHI CEHCOPU BUKOPUCTOBYIOTb PO3CilOBaHHS CBITNa, a MiKpOnigHi ceHcopu
aHaniayloTb Onip NOTOKY B MiKpOKaHanax, i3 HaBeAeHHsIM BiANOBIAHNX PiBHAHb (HANPUKNaZA, PiBHAHHS XareHa-lyaseins
ANS MiKpochnioigHUX ceHcopiB). lTabopaTopHi BUNPoOYBaHHS NPOBOAUINCS 3 BUKOPUCTAHHAM KOHTYPY NOTOKY, L0 iMiTYe
YMOBU CBEPASIOBUHM, TOAI Sk NONboBi BUNpobysaHHs Ha rubuxi 3000 M BKToYanu BoAo-, HATO- Ta CUHTETUYHI BypOBI
po34nHW. ONTUYHI CEHCOpM NOKa3anu Halkpalli pesynbTaTy, AOCArHyBLK Noxubkn 2% i vacy peakuii 0,3 cekyHaw, nopi-
BHSHO 3 4% i 0,5 cekyHau ans ynbtpassykosux Ta 3% i 0,8 cekyHam 4ns MikponoigHux ceHcopis. onboBi pe3ynbTaTy
nokasasnu, L0 MOHITOPUHT Y peanbHOMY Yaci CKOPOTMB HENPOAYKTUBHWA Yac Ha 15%, 3abe3nevytoun ekoHOMIo mpu-
6rm3no 5000 gonapis CLUA Ha goby B MOpPCbKMX OnepaLlisix 3aBAsKM NMPOAKTUBHOMY KOPUTyBaHHIO BNIACTMBOCTEN PO34M-
Hy Ta 3anobiraHHI YCKNaaHEHb, TakuxX sk HECTabINbHICTL CBEPATIOBUHM.

HocnimxeHHs nigkpecrnioe TpaHcOopMaLinHU NoTeHLian MOHITOPUHIY B'A3KOCTI in-Situ, KA nokpallye edekTu-
BHiCTb, ©€3neKky Ta eKOmnoriyHy CTiiKICTb LNsSXOM MiHimidayii Bigxogis OypoBOro po3uuHy Ta onepauiiHuX PU3NKIB.
MainbyTHi BOCTIgXEHHS MaKTb 30CEPeanTUCs Ha NIABWULLEHHI AOBrOBIYHOCTI CEHCOpIB, po3pobLi MynbTUCEHCOPHMX
CUCTEM | CTaHAapTu3aji kanibpyBaHHS ANS Pi3HUX TUNIB PO34MHIB. BuCOka ePEKTUBHICTb ONTUYHWUX CEHCOPIB MO3N-
LlOHYE TX SIK KIKOYOBY TEXHOMONiI0 AN BAOCKOHANEHHs GYpoBMX NPaKTUK, i3 LWMPLUMMK NepcrekTMBaMu Ans onepavin y
BMCOKOTEMMEPATYPHUX, BUCOKOTUCKOBMX i HETPAAMLINHWX POLOBULLAX.

KntouoBi cnoBa: OypoBuii po3umH, B's3KICTb, MOHITOPUMHT in-situ, nepeaoBi CEHCOpM, ehEKTUBHICTL OYPIHHS, BUMI-
PIOBaHHSA B peasnbHOMY Yaci, CEHCOpHI TexHonorii, onepadiinHa onTumisallis.
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