Mixcnapoonuil HayKoeo-mexHiuHuil HeypHan
«BumiproganbHa ma ob6yucnoganbHa mexHika 8 mexHo/102i4HUX Mpoyecax»
ISSN 2219-9365

https://doi.org/10.31891/2219-9365-2026-85-32

YK 681.586:681.518:004.8

MILIAN Marian

Lviv Polytechnic National University
https://orcid.org/0009-0004-4815-4540

TYKHAN Myroslav

Lviv Polytechnic National University
https://orcid.org/0000-0002-4910-6477

OPERATIONAL FREQUENCIES OF MEASUREMENT SYSTEM COMPONENTS AS
KEY DETERMINANTS OF APPLICATION POTENTIAL

This paper presents an investigation of an integrated measurement system combining sensors and data acquisition
software, with a focus on how the operational frequencies of individual components determine overall system capabilities. The study
explores the frequency-dependent application possibilities of such systems, demonstrating that their performance is not solely defined
by hardware specifications but also by dynamic interactions between system elements. The analysis shows that these capabilities can
extend beyond routine measurement tasks, enabling more advanced monitoring, diagnostics, and experimental applications. In
addition, the potential integration of emerging artificial intelligence techniques is discussed as a means to further enhance system
functionality, optimize signal processing, and expand the range of practical applications. Experimental validation and case studies
illustrate how operational frequency characteristics influence measurement accuracy, responsiveness, and system adaptability. The
results provide insights for the design and deployment of flexible, high-performance measurement systems in research and industrial
environments, highlighting opportunities for Al-assisted enhancement of both system capabilities and application scope.
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MUISH Map’su, TUXAH Mupocnas

HanionansHnii yHiBepcutet «JIbBiBChKa MONITEXHIKA)

OINEPAIIMHI YACTOTHU KOMIIOHEHTIB BUMIPIOBAJILHOI CUCTEMM SIK
KJIIOYOBI AETEPMIHAHTU II TIPUKJTAAHOI'O IOTEHIIAJTY

Y cTarTi HaBEAEHO Pe3y/IbTaTv AOC/AKEHHS [HTEMPOBAHOI BUMIPIOBA/IbLHOI CUCTEMY, YO TMOEAHYE CEHCOPHI E/1EMEHTY,
KaHam 360py 1@ 0BPOG/IEHHS AaHNX, @ TaKOX [POrPamMHi 3acobu aHasizy, 3 aKLEHTOM Ha BU3HAYa/IbHIU posii poboynx 4acror ii
KOMITOHEHTIB Y (POPMYBAHHI 3ara/ibHNX QyHKLIIOHAIbHUX MOX/TMBOCTEH. [T0Ka3aHO, 1O YaCTOTHI XapaKTEPUCTUKU AaTYHKIB, 3HA/I0r0-
Un@dposux EPETBOPIOBAYIB | MPOrpamMHX asropuTMis OOPOB/IEHHS CUIHA/IB BU3HAYAIOTL HE JIMLLE A[iara30H KOPEKTHOMo
BUMIDIOBAHHS, a U 34aTHICTb CUCTEMU PEECTPYBATY LUBUAKOMIMHHI POLECH, My/IbCaLlii Ta HECTA/IOCTI y MOTOKOBUX CEPELOBULLAX.
Ob6rpyHTOBAHO, IO Y3rOMKEHHS CMyr [IPOIYCKaHHS OKPEMUX €/1IEMEHTIB | YacToTv AUCKDETU3AUIT € KDUTUYHUM YUHHUKOM
3abe3rneyeHHs METPOJIONYHOI JOCTOBIPHOCTI T8 ANHAMIYHOI TOYHOCTI,

[IpoBeseHmi aHasii3 3acBigyumB, YO 3aBASKU ONTUMIZALII YaCTOTHUX MapamMeTPIB IHTEMPOBaHa CHUCTEME MOXE EQPEKTUBHO
BUKOPUCTOBYBATUCS HE JIMLLIE [/151 CTAHAAPTHOIO BUMIDIOBAHHS BUTPATU M TUCKY, a@ W A/19 38434 PO3LIMPEHOrO MOHITOPUHTY,
AI8rHOCTUKU  TEXHIYHOrO CTaHy OO/IBAHAHHS, LOC/TIIKEHHS TYPOYJIEHTHUX DPEXUMIB | EKCIEPUMEHTAIbHOrO MOAETOBAHHS
HECTALJIOHaPHNX POLECIB. PO3ITIIHYTO BI/INB YaCTOTHUX OOMEXEHb Ha YacoBy PO34ifIbHY 34ATHICTb, LBAAKOAIO, PIBEHb LYMIB |
aAanTuBHICTL CUCTEMU L[O 3MIHHUX YMOB eKCrulyatauil. HaBegeHo pesysibTatv eKCrIEPUMEHTA/IbHOI BEpU@Ikauii 1a npuknaan
3aCTOCyBaHHS, [KI AEMOHCTPYIOTH 3a/1EKHICTb TOYHOCTI BUMIDIOBaHHS Ta YyT/IMBOCTI 4O y/IbCaLM Bif Y3rOXXEHOCTI YacTOTHUX
napameTpis.

OKpeMy yBary npuaifieHo MOX/MBOCTIM IHTErpaLlii METOAIB LUTYYHOro IHTENIEKTY A/19 IHTE/NEKTYa/IbHOrO @iflbTPYBAaHHS
CUrHasis, aBTOMaTWYHOI [AEHTUQDIKALIT PEXVUMIB OTOKY, POrHO3YBAHHS AHOMA/W [ ONTUMIBALIT NapameTpiB BAMIDIOBAHHS B
PeasibHoMy 4aci. [1oKa3aHo, YO MOEAHAHHS YacTOTHOI OnTuMizayii anaparHoi YacTvHu 3 a/iropUTMamMu MallMHHOrO HaBYaHHS
AO3BOJISE CYTTEBO POLUMPUTY TTPUKIIGLHUN TOTERLIIAN CUCTEMM, MTIGBHLUNTY iT THYYKICTb | 3a6E31€YnTYU aAaITHUBHY OBPOBKY AaHUX.
OTpuMaHi pe3y/ibTatv MOXyTb OyTH BUKOPUCTAHI IPH MPOEKTYBAHHI BUCOKOMPOAYKTUBHUX BUMIDIOBA/IbHUX KOMITIEKCIB A/151 HayKOBUX
AOUITDKEHD | [TPOMUCTIOBUX TPOLIECIB, A€ BAXX/TMBOKO € PEECTPALIIS LUIBUAKOIMIHHNX 18PaMETPIB CEPEAOBULLE.
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INTRODUCTION
Advanced measurement systems are a key enabler of experimental research under increasingly demanding
regulatory and performance constraints in the automotive and off-road sectors. In particular, the ability to resolve
unsteady and transient phenomena depends strongly on the dynamic characteristics of sensors and data acquisition
systems. The operational frequency ranges of individual measurement components define the overall system
capability and therefore determine the range of feasible applications.
Modern experimental investigations increasingly involve complex, oscillatory flow and pressure phenomena
whose accurate characterisation requires well-matched sensor bandwidths, sampling rates, and signal-processing
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strategies. Conventional measurement approaches are often limited by insufficient frequency response or by a lack of
system-level consideration of dynamic interactions between individual components. As a result, experimental
campaigns may become time-consuming, costly, and restricted to a narrow range of operating conditions.

This work investigates an integrated measurement system composed of pressure sensors and data acquisition
software, with a specific focus on its frequency-dependent performance and application potential. The study analyses
how the operational frequency limits of individual components influence measurement accuracy, responsiveness, and
adaptability. An experimental methodology based on standardised flow-measurement techniques according to ISO
5167-1[7, 8] is employed to evaluate unsteady flow behaviour under realistic operating conditions.

The results demonstrate that the frequency characteristics of the measurement system are a decisive factor in
capturing transient phenomena and extracting meaningful performance indicators. Furthermore, the study shows that
such systems can support applications beyond routine measurement tasks. The integration of advanced data analysis
methods and emerging artificial intelligence (Al) techniques is identified as a promising pathway to further extend the
functional range and applicability of integrated measurement systems.

THEORETICAL BACKGROUND

A standard orifice-based air-flow measurement system, implemented in the portable multi-gas flowmeter
GFT-50-25 [3] is based on differential pressure measurement and is used to determine air mass flow. Pressure
fluctuations are measured using pressure probes, while gas temperature is monitored using a Type-K thermocouple.
During data acquisition, the GFT-50-25 is employed for a preliminary estimation of the intake gas flow.

Applications of similar orifice-based air-flow measurement systems have been reported in several previous
studies [1]. For clarity, this section provides a brief overview of the system model, adapted from [1] and illustrated in
Fig. 1.

Compressor Flow control Orifice unit Orifice
—p -
Airin Alr out

Pressure gauge outlet
Control unit Temperature probe Pressuregauge inlet

Fig. 1. Principal scheme of airflow measurement using an orifice [1]

The pressure sensors measure the pressure drop across the pre-installed orifice. As it was mentioned in [1],
the air mass flow is determined indirectly via pressure and temperature at a measuring orifice. The mass flow is
calculated according to the algorithm standardized in DIN EN ISO 5167 [7, 8], which was implemented in software
‘Flowcounter’ of the GFT. The absolute pressure in front of the orifice plate pi, the pressure drop across the orifice
plate Ap and the temperature T are required as incoming measured values. The calculated outputs are the mass flow
m, in in kg/s. The geometry values of the orifice plate (D, B) and the material parameters of the air (R, «) are declared
as constants in the code and therefore have to be changed accordingly when used with other orifices or fluids.

The method is essentially based on the iterative calculation of the flow coefficient C or the Reynolds number
Re. The algorithm was implemented using equations as follows in a clear while loop and realized in the software
‘Flowcounter’ after several adjustments of sensors application.

The Reynolds number in front of the orifice plate is calculated using equation (1):

_Arhs
) ;
Rep, YD 2D _ Ama (1)
Vi1 V1 zmbD

by rearranging (1) the mass flow can be defined (2):

M ReD-ﬂ1£ )
v4
where
1.5
,,M(Lj 0.00001 (3)
T+122 \ 273

According to the standard [7], the empirical equation for determination of the expansion number ¢, for orifice
plates can be estimated
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From these determined values, the invariant A can now be calculated according to equation (5)

A g1(ﬂD)2 \J2App1 (5)

N
The Reynolds number and flow coefficient are now determined by iteration {(4) and (5)}.

Rep = AiC (6)

The starting value is C=C,=0.6276. The termination condition for this iteration is the fulfillment of the
accuracy criterion Y < 0,0001%.

EXPERIMENTAL SETUP

The experimental procedures described in this paper are based on the use of conventional pressure probes
and a dedicated high-frequency pressure transducer capable of resolving fast transient phenomena. These sensors
formed part of a mass-flow measurement systems and a pressure investigation setups integrated into the fuel line and
air intake of a hydrogen-powered Wankel [2, 3, 4, 5, 6, 9] engine. The engine served as a technology demonstrator
during the airflow meter investigation described in detail in [3].

A Kistler 4818 A2 pressure transducer, mounted flush at the trochoid [10] injection point and connected to a
Kistler 5011 charge amplifier supplied by Delphin Technology, was used to record fuel-line pressure. The crankshaft
position was measured using a digital shaft encoder from Susinet AG. The test rig was additionally equipped with
standard engine instrumentation, including thermocouples for measuring oil, intake air, inlet manifold, and exhaust
temperatures, as well as pressure gauges at relevant locations. Standard engine test-bed safety features, particularly
those required for hydrogen operation, were also implemented. Data acquisition was carried out using in-house
developed software.

Measured values were transmitted via an RS-232 interface for graphical display and recording. Air mass flow
was measured using a Bosch hot-film anemometer. Exhaust gas probes were installed in the exhaust line close to the
exhaust valve to measure engine-out emissions. The flow behaviour of hydrogen supplied by Linde was investigated
using the engine test-rig systems. For fuel-flow measurement, a Bronkhorst F-1113AC flow meter was installed
upstream of the injector. Fuel temperature was measured using a Type-K thermocouple.

The volumetric flow measurement method is based on the physical and aerodynamic processes occurring at
the orifice as shown in Fig. 2. The control unit calculates the required flow variables by considering gas-phase
aerodynamic effects and temperature dependency. This makes the system well suited for investigating transient flow
behaviour in the engine intake duct. The unit allows the use of various pressure probes [1] to achieve the desired
accuracy and measurement frequency of x Hz for air pressure and flow oscillations. The Kistler 4818A2 pressure
transducer and the GFT were positioned upstream of the engine interfaces for hydrogen and air, respectively (see
Fig. 2.)

Wagkel engine

Fémperat

T ~ il § -
Fig. 2. GFT-50-25 gas flow meter installed at the Wankel engine KKM 502 H2 [3]

RESULTS AND DISCUSSION
Fuel-line pressure fluctuations are a key indicator of injector performance and its influence on engine output.
In the absence of shock-tube experiments for hydrogen injectors, a comparative study was conducted using two fuel-
pressure dampers (100 ml and 180 ml) installed upstream of the injector to evaluate their damping effect on pressure
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oscillations. Measurements were performed using a Kistler 4818 A2 pressure transducer mounted flush at the trochoid
injection point and connected to a Kistler 5011 charge amplifier via a Delphin Technology data acquisition system.
Figure 3 shows examples of fuel measured mass-flow fluctuations at 3000 rpm / 16 Nm and 4000 rpm / 24
Nm under a fuel pressure of 10 bar without dampers. The left diagram corresponds to shorter injector opening times
(narrow downward red peaks), while the right diagram shows longer opening tlmes (wider downward red peaks).

o ’ w ' ] I.T : ‘1_-””.'.- B e “Ir,‘-‘r"'-‘ e

Fuel pressure, Pa
Fuel pressure, Pa
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Fig. 3. Comparison of fuel mass flow fluctuations at 3000 rpm and 16 Nm (left) versus 4000 rpm 24 Nm at pinj = 10 bar [3]

The two blue rectangles marked “A” in Fig. 3 illustrate that a longer injector opening time results in a shorter
duration of the constant-pressure plateau and a less steep pressure rise after valve closure. In the left diagram, the
wider rectangle indicates the longer plateau associated with a shorter injector opening time. In contrast, the narrower
rectangle in the right diagram highlights the reduced plateau duration caused by the longer injector opening time. The
green rectangle “B” shows that a longer injector opening time at higher load (24 Nm) leads to a reduction in the
maximum pressure upstream of the injector. This analysis, performed using a Kistler pressure sensor, confirms the
feasibility of applying such sensors for the optimisation of intake fuel-flow oscillations.

Examples of air flow measurements in the engine air intake are shown in Fig. 4. The displayed curves were
calculated based on the measured pressure values. Similar aerodynamic phenomena were introduced and discussed in
detail in [12].
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Fig. 4. Comparison of air mass-flow fluctuations at 3000 rpm for different engine loads [9]

An analysis of Fig. 4 shows no significant influence of engine load on the amplitude of air-flow fluctuations
at 3000 rpm. The majority of air mass-flow values within the 6c criterion fluctuate in the range of approximately 10—
12 g/s across all investigated loads.

Based on results reported in the literature [3, 10, 11] and obtained in the present study, conclusions can be
drawn regarding the range of potential applications for pressure-based measurements. Table 1 illustrates how the
choice of pressure measurement system frequency critically influences suitability for different applications. Low-
frequency measurements (up to 1 Hz) are well suited for static mass-flow evaluation but are limited for dynamic flows,
intake air oscillations [12], engine diagnostics, and thermodynamic cycle studies. Mid-range frequencies (1-50 Hz)
provide optimal resolution for dynamic mass flow and moderate capability for static flow and intake oscillations [12],
but remain suboptimal for engine diagnostics and cycle research. Higher frequencies (0.5—1 kHz) are particularly
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effective in capturing transient phenomena, while very high frequencies (1-500 kHz) enable the resolution of fine-
scale oscillatory dynamics and thermodynamic cycle processes, albeit with limited suitability for static flow
measurements.

Table 1
Possible systems applications depending on pressure measurement sensors frequency
Application Upto 1l Hz 1-50Hz 0,5-1 kHz 1 kHz -500 kHz
Mass flow (static) ++ + + _
Mass flow (dynamic) + ++ - +
Intake air Oscillation - + 4t +
Engine diagnostic (Al)* - - ++ +
Thermodynamic cycle research - - + 4+

*proposed applicational direction for future use of pressure probes with following data aquisition supported by Al

Engine diagnostics relies on accurately capturing pressure fluctuations within the intake and combustion
systems, which are critical indicators of engine performance, efficiency, and potential faults. Key measurable
quantities include intake manifold pressure, cylinder pressure, and exhaust backpressure, each reflecting different
aspects of engine operation. Low-frequency pressure variations (up to 1 Hz) are typically insufficient for detailed
diagnostics, as they capture only quasi-static conditions such as mean manifold pressure. Mid-range frequencies (1—
50 Hz) can provide information on slower dynamic phenomena, such as volumetric efficiency changes and transient
load variations.

For advanced diagnostics, higher frequencies in the 0.5—1 kHz range are particularly valuable, as they capture
rapid pressure oscillations associated with valve events, combustion irregularities, knock, and turbulence. Very high-
frequency measurements (1-500 kHz) can resolve fine-scale oscillations, enabling the detection of fast combustion
anomalies or injector events that are otherwise inaccessible with conventional sensors.

Recent advances in artificial intelligence (AI) have opened new avenues for engine diagnostics. By
combining high-frequency pressure data with machine learning algorithms, it is possible to automatically identify
patterns indicative of faults, wear, or inefficiencies. Al models can learn from large datasets of pressure signals to
predict misfires, timing irregularities, or abnormal combustion events, offering real-time diagnostic capabilities that
exceed traditional threshold-based methods.

In conclusion, effective Al-based engine diagnostics requires carefully selected pressure measurement
bandwidths. Low-frequency measurements suffice for coarse performance monitoring, but dynamic and high-
frequency pressure data are essential for detecting subtle anomalies and enabling predictive maintenance. By aligning
sensor frequency characteristics with the temporal dynamics of the engine processes, Al-driven diagnostics can
provide highly detailed, actionable insights into engine health and performance.

CONCLUSION

This study demonstrates that the applicability and effectiveness of pressure-based measurement systems are
strongly governed by sensor bandwidth relative to the temporal characteristics of the investigated phenomena. By
combining literature findings [10, 11] with experimental results, which were documented in [3], a comprehensive
framework has been established linking pressure measurement frequency ranges to specific applications, including
static and dynamic mass-flow evaluation, intake air oscillations, engine diagnostics, and thermodynamic cycle
research.

The results confirm that low-frequency measurements are suitable for static flow evaluation, whereas
dynamic and diagnostic applications require high- and very high-frequency pressure data. In particular, advanced
engine diagnostics benefit from pressure measurements capable of resolving rapid transient events. When combined
with Al-based data analysis, such measurements enable predictive, high-resolution insights into engine performance
and health.

Based on these findings, the application of an orifice-based pressure measurement system directly at the test
engine, alongside standard airflow measurement procedures, is recommended for investigating engine performance
and combustion instabilities caused by intake air-flow fluctuations. The reported results are highly promising and
form a solid basis for future work. Ongoing investigations focus on flowmeter performance at higher frequencies
(approximately 40 Hz) and the development of new measurement algorithms supported by Al targeting high-
frequency oscillations relevant to mixture formation. These results will be presented in a forthcoming publication.

Nomenclature

A invariant

Al artificial intelligence

BTDC before top dead center, deg
B orifice plate coefficient

C flow coefficient

D inner diameter of test tube, m

International Scientific-technical journal
«Measuring and computing devices in technological processes» 2026, Issue 1
259



Mixenapoonuit HayKoeo-mexniuHuil JHeypHan
«BumiproganbHa ma o64yucioganibHa mexHika 8 mexHoJ102i4HUX npoyecax»
ISSN 2219-9365

D, outer diameter of test tube, m

d hole diameter of perforated tape, m

e thickness of tape, m

£ expansion number
f friction factor

GFT gas flow tester

h convective heat transfer coefficient, W/m*-K

k adiabatic exponent

L length of test section, m

m mass flow rate, kg/s

AP pressure drop, Pa

Pr Prandtl number

(0] heat transfer rate, W

R gas constant, J/mol K

Re Reynolds number

RPM Revolutions per Minute

SFC Specific Fuel Consumption, g/lkWh

T temperature, K

TDC top dead center

U mean air velocity, m/s
p fluid density, kg/m?

v kinematic viscosity, m%/s

Y accuracy criterion

Subscripts

1 inlet

a air

f fuel

inj injection

o outlet
w wall
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