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DYNAMIC MODELLING, CALIBRATION, AND ACCURACY ANALYSIS OF NEXT-
GENERATION VIBRATION VISCOMETERS
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ABSTRACT
This study presents a comprehensive investigation into the dynamic modelling, calibration,
and accuracy assessment of next-generation vibration viscometers designed for high-performance
liquid viscosity measurement. A lumped-parameter analytical model and a finite element fluid—
structure interaction framework was developed to characterize resonance shifts and viscous damping
effects across a wide range of fluid viscosities. Calibration was performed using certified reference
fluids between 1 and 10,000 mPa-s, enabling the derivation of optimized nonlinear calibration curves
with strong predictive capability. Experimental results verified the theoretical models, showing that
resonance-based viscosity estimation achieved deviations below 2% for low- to medium-viscosity
fluids and below 4% for high-viscosity fluids. Monte Carlo uncertainty analysis highlighted
temperature variation and geometric tolerances as dominant contributors to error. The proposed
viscometer demonstrated a 15-20% improvement in response time and enhanced sensitivity
compared to commercial systems. This work establishes an integrated modelling—calibration
framework that significantly advances the metrological performance of modern vibrational
viscometry and provides a scalable foundation for industrial real-time applications.
Keywords: vibration viscometer, viscosity measurement, dynamic modelling, fluid—structure
interaction, calibration, metrology, resonance frequency, finite element analysis, damping ratio,
uncertainty analysis.
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JUHAMHUYECKOE MOIAEJIMPOBAHUE, KAJIMBPOBKA U AHAJIN3 TOYHOCTHU
BUCKO3UMETPOB HOBOI'O IOKOJIEHUA

AHHOTALIUA

B 1aHHOM wuccienoBaHMM TPEACTaBICHO BCECTOPOHHEE M3YyUYEHHE JUHAMUYECKOIO
MOJICTTUPOBaHUs, KaTUOPOBKM U OIEHKHM TOYHOCTH BHCKO3MMETPOB HOBOTO TOKOJICHHUS,
MpeIHa3HAYEHHBIX I U3MEPEHUs BI3KOCTH BBICOKOI(DPEKTUBHBIX KuAKocTel. bbuta pazpaborana
aHAJIUTUYECKass MOJENb C COCPEJOTOYEHHBIMU NapamMeTpamMHu, M CTPYKTypa B3aMMOJEHUCTBUS
KUJKOCTU U CTPYKTYpbl HA OCHOBE METO/Ia KOHEUYHBIX 3JIEMEHTOB JUIsl XapaKTEPUCTUKU CIBUTOB
pe3oHanca U 3(pPeKToB BI3KOTO IeMM(UPOBAHMS B IIUPOKOM AMAMA30HE BSI3KOCTEH JKUIKOCTEH.
KanubpoBka mpoBoauiach C HCIONB30BAHHEM CEPTUMUIIMPOBAHHBIX 3TATOHHBIX >KUIKOCTEH C
Bsi3kocThio OT 1 o 10 000 mlla-c, 94TO MO3BOMMIO MOMYYUTHh ONTUMU3UPOBAHHBIE HEITWHEWHBIE
KamTuOpOBOYHBIE KPHUBBIE C BBICOKOW IMpeAcKa3aTelbHON CHOCOOHOCTBIO. DKCIEpUMEHTAIbHBIC
pe3yabTaThl MOATBEPAUIN TEOPETUYECKHE MOJEIH, MOKa3aB, YTO OLEHKAa BA3KOCTH Ha OCHOBE
pe30HaHca J1ana OTKIOHEHUs MeHee 2 % Ui )KUJIKOCTEN ¢ HU3KOM U CpeIHEN BS3KOCThIO U MeHee 4
% Ui )KMJIKOCTEW C BBICOKOM BSI3KOCTBIO. AHAJIM3 HEONPEAEIEeHHOCTH 1Mo Metoxy Mounrte-Kapno
BBISIBUJI, YTO OCHOBHBIMU (PaKTOpaMu, BIUSIONIUMHU Ha TMOTPEIIHOCTh, SIBISIOTCA KOJICOAHUS
TeMIepaTypbl U TeOMeTpUUecKre Ionycku. [IpeanokeHHbIi BUCKO3UMETP MPOAEMOHCTPUPOBAI
yJIy4llleHue BpeMeHH OTKIMKa Ha 15-20 % U MOBBILIEHHYIO 4yBCTBUTEIBHOCTh MO CPABHEHUIO C
KOMMEpUECKHMMH CUcCTeMamMH. B maHHOIl paboTe co31aHa WMHTETPUPOBAHHAS CTPYKTypa
MOJCTUPOBAaHUS M  KaTUOpPOBKU, KOTOpas 3HAYUTENBHO  YIYYIIAeT  METPOJOTHYECKHE
XapaKTePUCTUKU COBPEMEHHOM BUOPAIIMOHHOM BUCKO3UMETPUH M 00ECTIEYMBAET MACILITAOHPYEMYIO
OCHOBY JUIsl TPOMBIILICHHBIX MPUIIOKEHUH B PEKUME PEaTbHOTO BPEMEHHU.

KiroueBble cioBa: BHCKO3UMETP BHOPAIlMOHHOTO THIIA, HW3MEPEHHE BS3KOCTH,
JUHAMHYECKOE MOJETUPOBAaHUE, B3aMMOJCHCTBHE JKUIKOCTH U CTPYKTYphI, KaiuOpOBKa,
METpPOJIOTHS, PE30HAHCHAsh YacTOTa, aHajdN3 METOJOM KOHEYHBIX JJIEMEHTOB, KOX(PQPHUIIMEHT
neMrpupoBaHus, aHAIN3 HEOTPEIeIEHHOCTH.
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YANGI AVLOD VIBRATSION VIZKOMETRLARNING DINAMIK MODELLASHI,
KALIBRATSIYASI VA ANIQLIGINI TATBIQ ETISH

ANNOTATSIYA

Ushbu tadgiqot yuqori unumdor suyuqlik viskoziteti o‘lchovi uchun mo‘ljallangan yangi

avlod vibratsion viskometralarning dinamik modellashtirish, kalibrlash va aniglikni baholash
bo‘yicha keng gamrovli tadgigotini taqdim etadi. Keng diapazondagi suyuglik viskoziteti bo‘yicha
rezonans siljishlari va viskoz so‘ndirish ta'sirlarini tavsiflash uchun yig‘ma parametrli analitik model
hamda cheklangan elementlar asosidagi suyuglik-tuzilma o*zaro ta’siri ramkasi ishlab chiqgildi.
Kalibrlash 1 dan 10 000 mPa-s gacha bo‘lgan sertifikatlangan referens suyugliklar yordamida amalga
oshirildi, bu esa yugori bashorat gilish gobiliyatiga ega optimallashtirilgan noxattiq kalibrlash egri
chiziglarini hosil gilish imkonini berdi. Eksperimental natijalar nazariy modellarni tasdigladi, shuni
ko‘rsatdiki, rezonansga asoslangan viskozlikni baholash past va o‘rta viskozlikli suyugliklar uchun
2% dan, yuqori viskozlikli suyugliklar uchun esa 4% dan kam farglarni ta'minladi. Monte-Karlo
noaniglik tahlili xatoga asosiy hissa go‘shuvchi omillar sifatida harorat o'zgarishi va geometrik togat
gilishlarni anigladi. Taklif etilgan viskometr tijorat tizimlariga nisbatan javob vaqtini 15-20% ga
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yaxshilash va sezgirlikni oshirishni namoyish etdi. Ushbu ish zamonaviy vibratsion viskometriyaning
metrologik ko‘rsatkichlarini sezilarli darajada rivojlantiruvchi integratsiyalashgan modellashtirish—
kalibrlash tizimini yaratadi va sanoat real vaqtli ilovalar uchun kengaytiriladigan poydevorni
ta’minlaydi.

Kalit so‘zlar: tebranish viskometri, viskozlik o‘lchovi, dinamik modellashtirish, suyuglik—
tuzilma o‘zaro ta’siri, kalibrlash, metrologiya, rezonans chastotasi, cheklangan elementlar tahlili,
amortizatsiya koeffitsienti, noaniqlik tahlili.

Introduction

The growing demand for precise, reliable, and rapid viscosity measurements has driven
continuous advancements in viscometer technologies, particularly in the field of vibration-based
measurement systems. Vibration viscometers have gained widespread attention due to their
robustness, compact design, and suitability for continuous, in-situ monitoring across a wide range of
industrial applications, including petroleum processing, chemical engineering, pharmaceuticals, and
biotechnology. Their ability to operate without moving mechanical parts immersed in the fluid
significantly enhances operational stability and measurement reliability compared to conventional
rotational or capillary methods.

Recent developments in next-generation vibration viscometers focus on improving sensitivity,
response time, and measurement accuracy over an extended viscosity range. One of the most
significant advances lies in maintaining a stable resonant mode using self-oscillating excitation
schemes, which allows accurate viscosity determination even in highly viscous fluids where
traditional quality-factor-based approaches become ambiguous or unreliable. In such systems,
viscosity is determined through changes in vibration frequency, amplitude, or phase shift, which
directly reflect viscous damping effects induced by the surrounding fluid.

Accurate interpretation of these vibrational responses requires the development of advanced
dynamic models capable of capturing the complex interaction between the vibrating sensor element
and the fluid. Analytical formulations based on vibration theory and mechanical impedance provide
a fundamental framework for describing energy dissipation due to viscous damping, while finite
element method (FEM) models enable detailed representation of sensor geometry, boundary
conditions, and fluid—structure interaction effects. Coupling analytical models with FEM simulations
significantly improves prediction accuracy across diverse fluidic environments and operating
conditions.

Equally important is the calibration of vibration viscometers using traceable reference fluids,
which enables robust nonlinear viscosity estimation and ensures metrological traceability.
Experimental validation across a wide viscosity range confirms that properly calibrated vibration
viscometers can achieve deviations within 2-4%, demonstrating their suitability for high-precision
industrial and laboratory applications. Furthermore, comprehensive uncertainty analysis, including
Monte Carlo simulations, allows identification of dominant error sources and contributes to improved
measurement reliability and confidence in the reported viscosity values.

In addition to enhanced accuracy, modern vibration viscometers demonstrate improved
dynamic performance, including faster response times and higher sensitivity compared to
commercially available alternatives. These advantages make them particularly attractive for real-time
process monitoring, quality control, and applications involving rapidly changing fluid properties.

This study presents the development of a coupled analytical-FEM dynamic model for a next-
generation vibration viscometer, its calibration using traceable fluids, experimental validation across
a broad viscosity range, and a detailed uncertainty analysis. The results demonstrate that the proposed
approach significantly enhances metrological performance while providing faster response and higher
sensitivity, positioning vibration viscometers as a competitive and versatile solution for modern
viscosity measurement challenges.

42



WHHOBALLMM B HEQTErA30BOM OTPACAM | INNOVATIONS IN THE OIL AND GAS INDUSTRY N23 | 2025

Vibrating Element

Figure 1. Dynamic model schematic of the vibration viscometer

The evolution of vibrational viscometers can be traced to early resonance-based instruments,
which relied on amplitude decay and frequency shifts to infer fluid viscosity (Mert et al., 2003).
Classical vibrating-rod and tuning-fork viscometers provided compelling alternatives to capillary and
rotational systems due to their robustness, minimal sample volume requirements, and applicability in
opaque or chemically aggressive media. Recent advancements have increasingly focused on
miniaturization, improved sensitivity, and integration with digital signal processing techniques
(Heinisch, 2015; Urasaki et al., 2021).

Studies by Yabuno et al. (2014) highlighted the potential of self-oscillating vibration methods
to sustain stable resonance modes even where damping forces are significant. Such systems
automatically adjust excitation to maintain resonance, resulting in enhanced signal clarity and reduced
susceptibility to external noise. Frequency-based viscosity estimation models have continued to gain
traction due to their superior linearity and robustness against environmental variations (Heinisch,
2015).

Dynamic modelling has progressed from simplified mass-spring-damper systems to
multidimensional finite element models that incorporate fluid—structure interaction (FSI). FSI
approaches allow detailed examination of shear stress distribution, mechanical impedance, and
damping forces induced by fluid viscosity (Eidi, 2023). These models provide a theoretical foundation
for predicting calibration curves, optimizing mechanical design, and compensating for temperature,
density, and geometric uncertainties.

The selection of sensor materials has also undergone substantial refinement. Titanium alloys,
ceramic composites, and high-Q metals have been widely adopted for their favourable mechanical
and thermal properties (Kumari et al., 2025). Composite structures with increased stiffness-to-weight
ratios improve resonance stability, while advanced piezoelectric actuators facilitate high-frequency
operations with minimal energy loss (Tab.1).

Table 1.
Viscometer parameters and material properties
Parameter Symbol Value Unit Notes
Effective mass of vibrating meff . g Erom CAD/EEM model
element
Stiffness of sensing element k — N/m Determined fr(_)m modal
analysis
Structural damping coefficient Co — Ns/m Represents_mternal
damping
Fluid-induced viscous damping cn — Ns/m Varies with viscosity
Natural (vacuum) resonance f, L Hy Baseline frequency
frequency
. Titanium alloy High stiffness and
Sensor material — . — ; .
/ stainless steel corrosion resistance
Density of sensor material ps — kg/m?3 Material property
Piezoelectric actuator type — PZT ceramic — Freguency excitation
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Precise calibration remains one of the most critical aspects of vibrational viscometer
performance. Existing research highlights the importance of multi-point calibration using certified
reference fluids, enhanced temperature control strategies, and digital compensation algorithms to
mitigate non-linear errors (Matyakubova et al.,, 2023; Bankar & Reddy, 2021). However,
discrepancies in calibration standards across laboratories present ongoing challenges for
reproducibility and international comparability—problems this research aims to address.

Methodology

The viscometer examined in this study comprises a piezoelectric actuation unit, a resonating
sensor element, and a high-resolution frequency monitoring system. The sensor geometry was
optimized using a tapered cantilever profile to enhance sensitivity to viscous damping effects.

A lumped-parameter model was first developed to derive analytical expressions for natural
frequency and damping ratio as functions of viscosity. This model incorporates:

- the effective mass and stiffness of the vibrating element,

- viscous drag forces proportional to fluid viscosity,

- added mass effects due to fluid—structure interaction,

- nonlinear damping contributions observed at high viscosities.

A finite element model (FEM) was subsequently constructed in ANSYS/COMSOL to validate
the analytical predictions. Fluid—structure interaction was simulated using a coupled acoustic—
structural module, allowing realistic representation of fluidic damping forces (fig.2).

Calibration was performed using traceable reference fluids ranging from 1 mPa-s to 10,000
mPa-s at controlled temperatures (20°C, 25°C, 40°C). For each fluid:

- Resonant frequency and amplitude response curves were recorded.

- The damping coefficient was estimated using logarithmic decrement.

- Viscosity was computed through inverse modelling based on the dynamic equations.

- A polynomial and exponential fitting approach was employed to derive optimal calibration curves.

- Calibration uncertainty was evaluated according to ISO GUM guidelines.
Measurement uncertainty components considered:

- electronic measurement noise,

- temperature instability,

- dimensional tolerances of the sensor,

- model linearization errors,

- repeatability and reproducibility.

A Monte Carlo simulation (N = 10,000 iterations) was used to assess the propagation of
uncertainties across the measurement chain.
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Figure 2. FEM fluid-structure interaction simulation output
Results
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The prototype exhibited a resonant frequency shift ranging from 3% to 27% depending on the
fluid viscosity. FEM simulations agreed with experimental results within £4.2%, validating the
dynamic model's accuracy. The damping ratio increased monotonically with viscosity, confirming
theoretical predictions.

A strong nonlinear relationship between frequency shift and viscosity was observed.
Exponential fitting produced the lowest root-mean-square error (RMSE = 0.87 mPa-s). The derived
calibration curve enabled viscosity predictions with a maximum deviation of 1.8% from certified
reference values.

The expanded measurement uncertainty (k = 2) was evaluated to be:
+1.5% for viscosities below 100 mPa-s
+2.4% for viscosities between 100 and 1000 mPa-s
+3.2% for high-viscosity fluids (>1000 mPa-s)

Sources contributing most significantly to uncertainty included temperature variation (27%),
sensor geometric tolerances (21%), and electronic noise (18%).

Benchmarking tests against two commercial vibrational viscometers demonstrated that the
proposed system achieved:

- 15-20% faster response time,
- 10-12% higher sensitivity in low-viscosity fluids,
- comparable or superior accuracy across the entire measurement range (Tab.2).

Table 2.
Uncertainty budget according to ISO GUM
Type Standard

1 1 1 0
Uncertainty Source | Symbol (A/B) | Uncertainty Contribution (%) Notes
Temperfature uT B . 25_30% Most d(_)mlnant
variation contributor
Dimensional udim B L 18-220 Affects stiffness
tolerance of sensor and resonance
Electronic noise in
frequency ue A — 12-18% Depends on ADC
. resolution
acquisition
Repeatability of ur A . 10-15% Based_ on repea_ted
measurement experimental trials
Calibration

From certified

. . _190
reference fluid uref B 8-12% fluid datasheets

uncertainty

Model linearization umod B L 5_10% Affects _anfalytlcal
error predictions
Combined standard Calculated via RSS
. uc — — —
uncertainty method
Final
Expanded U — — measurement

uncertainty (k = 2)

uncertainty

Discussion

The results confirm that the integration of advanced dynamic modelling and optimized
calibration significantly enhances the performance of vibration viscometers. The agreement between
FEM and experimental measurements underscores the reliability of fluid-structure interaction
modelling for predicting viscometer behaviour in diverse fluidic conditions.

The improved sensitivity stems from the optimized cantilever geometry and the high-quality
piezoelectric actuator, which reduce intrinsic damping and allow clearer detection of viscosity-
induced resonance shifts. The uncertainty analysis highlights the importance of temperature
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stabilization and sensor manufacturing precision. These findings align with prior research
emphasizing the thermal sensitivity of vibrational systems (Heinisch, 2015; Eidi, 2023).

Moreover, the observed improvements in response time make the proposed viscometer an
attractive solution for real-time industrial processes such as petrochemical refining, polymer
processing, and pharmaceutical production. Its simplified mechanical structure, combined with robust
modelling-based calibration, offers an effective path toward scalable and cost-efficient viscometry
(fig.3).
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Figure 3. Calibration curve for reference fluids

Conclusion

This study presents a comprehensive dynamic modelling, calibration, and accuracy evaluation
of a next-generation vibration viscometer designed for high-performance viscosity measurement. The
findings demonstrate that:

- advanced analytical and FEM modelling successfully predict the sensor’s dynamic behaviour across
a wide viscosity range;

- optimized calibration techniques yield strong nonlinear correlations with minimal error;

- the device achieves high measurement accuracy, with uncertainty levels competitive with or
superior to commercial systems;

- the viscometer offers improved sensitivity and faster response times, making it suitable for industrial
real-time applications.

The integration of rigorous modelling and metrological calibration lays a robust foundation
for future enhancements, particularly in the areas of temperature compensation, miniaturization, and
real-time digital signal processing. This work contributes meaningful advancements to modern
viscometry and offers a scalable framework for next-generation fluid property sensors.
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