30ipuuk HaykoBuX npanb. Cepisi: ['any3eBe MammmHoOOy1yBaHHs1, Oy IiBHUIITBO
Academic journal. Series: Industrial Machine Building, Civil Engineering

http://journals.pntu.edu.ua/znp
https://doi.org/10.26906/znp.2018.51.1311

UDC 629.119

Determination of the pressure in the cylinder of the automotive internal
combustion engine by the installation of tensommetric sensors

Korobko Bogdan', Vasyliev Oleksiy **, Rohozin Ivan®, Vasyliev Ievgen *

! Poltava National Technical Yuri Kondratyuk University https:/orcid.org/0000-0002-9086-3904

? Poltava National Technical Yuri Kondratyuk University https:/orcid.org/0000-0002-9914-5482

3 Poltava National Technical Yuri Kondratyuk University https:/orcid.org/0000-0002-9052-4806

* Poltava National Technical Yuri Kondratyuk University https:/orcid.org/0000-0001-5133-3989
*Corresponding author: a.s.vasiliev.76@gmail.com

The analysis of well-known methods of displaying and their cost has made it possible to conclude that the methods of direct
and indirect displaying have a number of serious shortcomings. Therefore, the diagnostic method for the condition of the
internal combustion engine according to the value of gas pressure in the cylinders of the engine has been proposed.
This method allows determining its indicator ratios, assessing the engine's health of the ICE, the regulator (control)
performance, efficiency and environmental cleanliness. This article describes the general principle of operation of the device
and components of the process of measurement and processing of the obtained data. The authors of the article provided the
connection diagram and substantiated the efficiency of the proposed method for obtaining information on internal cylinder
processes. The results of the performed calculations indicate the suitability of the proposed calculation method for the
simulation of internal cylinder processes inside internal combustion engines, including the modern ones.

Keywords: internal combustion engine, indicator diagram, diagnostics, gas pressure, cylinder-piston group, stud, stretching

Bu3zHauyeHHsI THCKY B IWJIIHAPI ABUTYHA BHYTPIIIHBOIO 3rOPSIHHS
aBTOMOOi/IA IVIAXOM YCTAHOBJICHHS! TEH30METPUYHHUX NATYHMKIB

Kopo6ko 5.0.', Bacuaner 0.C.2*, Porosin I.A.%, Bacuibes €.A.*

!-234 [MonraBchkuii HaliOHATBHIIT TexHiunMiT yHiBepeuTeT iMeni FOpis KonapaTioka
* Anpeca Juist TUCTYBaHHS: a.s.vasiliev.76@gmail.com

Bukonano anai3 BitoMux croco6iB BioOpaskeHHs Ta TX BapTOCTi, IIe JO3BOJIIIO 3pOOUTH BUCHOBOK, IO METOIH MPSIMOTO 1
HETpsIMOTO BiOOpaKEHHS MAalOTh PAI CEpHO3HUX HEIONIKIB. 3alPOIMOHOBAHO METOAMKY IIarHOCTYBaHHS CTaHy JIBUTYHA
BHYTPILIHBOTO 3rOPSIHHA 32 3HAYSHHSAM THCKY Ta3iB y [WIIHApPax JBUTYHA. Bu3HaueHo, 10 THUCK Ta3iB y LUIiHApax JBUTyHA
€ HalOIbII 1HPOPMATUBHUM AIaTHOCTUYHHM [APAMETPOM, IO XapaKTepHu3ye CTaH Horo mopiuHeBol yacTuHu. O6poOKa iH-
JIUKaTOPHHX JiarpaM JO03BOJISE€ OTPUMATH BiIOMOCTI MPO sIKiCTh poOOYMX MPOILECIB AOCTIHPKYBAaHOTO JBUTYHA, BCTAHOBUTH
3HAYCHHS HOro iHIMKATOPHUX IOKA3HUKIB, OLIHUTH TEXHIYHHI CTaH JBUI'YHA BHYTPIIIHBOIO 3TOPSIHHS, SKICTh PEryJIFOBaH-
HS1, EKOHOMIYHICTb, II[yMOBI Ta BiOpaIiifHi MOKAa3HUKH i €KOJOTIYHY YHUCTOTY. 3a3HAUEHO, IO peaizalis MeTOy HelpsIMOro
BiZIOOpaKeHHS ITI0JISITa€ B TOMY, IO i raiky abo GONT KpiIIEHHS TOJIOBKYM OJIOKa HMIIHJPIB MTOMIMIAIOTH JAaTYHK THCKY,
SKHH SBIsIE COOOIO cTajeBy MIaiily 13 3aKpiIUICHMMH Ha Hill TEH30pe3uCTOpaMu. 3yCHILIA, 0 BUHUKAIOTH BiJ il CHJI THCKY
rasiB y HHJIIHIPI ABUTYHA, IEPEAAIOTHCS Yepe3 roJ0BKY OJI0Ka HUIIHAPIB mInuiIbkaM abo 60sITaM KpIruIeHHsI TOJIOBKH OJI0Ka
WITIHAPIB A0 camoro Gmoka. IIpu npoMy JaT4MK THUCKY CIPHIAMAE Ti K caMi 3yCHJUIsL, IIEPETBOPIOIOYH iX Ha eJIeKTPUYHHI
curran. Take pillleHHs! ICTOTHO CIIPOILy€ MPUCTPil JaTdyrka i poOMTh HOro KOHCTPYKII0 yHiBepcaibHO. HaBeneHo omu-
CaHHS MPUHIMITY POOOTH MPHCTPOIO Ta CKIAJOBUX IMpOIeCy BUMIPIOBaHHSA U 00poOKM oTpuMaHMX NaHMX. [lomaHo cxemy
HIIKITIOYEHHS Ta 00IPYHTOBAHO Ipane3AaTHICTh 3aIPOIOHOBAHOTO CIOCO0Y OTpUMaHHs iHpOpMamnii IPO BHYTPINIHEOIMIIH-
JPOBI TPOIECH Ha MPUKJIAJI PeaJbHUX BUMIPIOBAHb i 0OpPOOKH OTPUMAHHX JAaHHX. 3’SICOBAHO, IO PE3YJIbTaTH BUKOHAHHUX
PO3paxyHKOBUX JOCII/PKCHB CBIIYATh PO HPUIATHICTH 3alIPOINIOHOBAHO METOIUKH PO3PAXyHKY JUIST MOAEIIOBAHHS BHYTpI-
HIHBOLMIIIHAPOBHUX MPOLECIB ABUI'YHIB BHYTPILIHBOTO 3TOPSIHHS, B TOMY YHCII if Cy4acHHUX.

Knio4oBi cioBa: 1BUryH BHYTPIIIHBOTO 3rOPSAHHS, IHIMKAaTOpHA Jiarpama, AilarHOCTYBaHHs, THUCK T'a3iB, IUIIHAPONOPIIHEBA
rpymna, UMUIbKa, PO3TATHCHHS
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Introduction. The major vehicle component part,
which accounts for the largest number of failures, is
the internal combustion engine (ICE). The reliability
of engines operation depends not only on their design,
manufacturing technology, service conditions of cars,
but to a large extent on the organization and the
quality of their service. The perfection of any repair
technique and any method of servicing is determined
by the extent to which it provides the interaction
between the objectively existing process of changing
the technical condition of the object and the process of
its technical operation. The traditional routine-
preventive method of maintenance and repair, based
on the performance of certain preventive maintenance
through pre-scheduled intervals of time or work,
regardless of the system conditions and parts status,
provides weak interaction between these processes.
Closer relationship between them is provided by the
methods of maintenance and repair of the condition
[1, 2]. The basic principle of the methods of servicing
and repairing as required is the principle of preventing
the failure of the car systems and their individual most
important units and parts while ensuring their
maximum  possible replacement life [, 3].
The methods of servicing and repairing as required
provide for continuous or periodic control and
measurement of parameters that determine the
technical state of functional systems and functional
units, that is, the implementation of continuous or
periodic diagnostics of these objects [4].

The development of the ICE design, as well as the
means of measuring and processing of the received
information, requires continuous improvement of the
existing diagnostic methods and the development of
new, more advanced methods based on the use of the
latest means of obtaining information about the
technical state of the engines [5, 6].

Actual scientific researches and issues analysis.
The analysis of various methods of ICE diagnosis and
the practical experience of their use allow us to
conclude that the existing methods have a large
number of deficiencies, and for correct diagnosing of
the ICE’s condition it is necessary to use the
combination of diagnostic methods [1, 7].
This circumstance requires the improvement of the
existing methods (for modern ICE at least the
modernization of the existing methods is necessary)
and the development of new, more advanced and
informative methods for obtaining information on the
technical condition of ICEs that realize the possibility
to monitor diagnostic parameters.

The gas pressure in the engine cylinders is the most
informative diagnostic parameter [8, 9].
The processing of indicator diagrams allows you to
get information about the course of the work processes
of the diagnosed engines, to determine their ratios, to
evaluate the technical state of the ICE, the quality of
their regulation, efficiency and environmental
cleanliness [10].

Selection of previously unsettled parts of the
general problem. The analysis of well-known
methods of displaying has made it possible to
conclude that the methods of direct displaying have
high cost and do not provide the necessary accuracy of
the obtained data, in addition, their application for
automotive engines is practically impossible because
they do not have indicator cocks. Famous methods of
indirect pressure measurement in ICE cylinders also
have a number of disadvantages [2, 8], as a result of
which they have not received mass distribution, and
most of them are used as separate experimental works
with limited precision and rather narrow scope of use.
Very few methods, both direct and indirect, allow
continuous monitoring of pressure in ICE cylinders
[9, 10] necessary to obtain operational information
about changes in its condition, timely response to
emerging malfunctions by performing appropriate
maintenance operations, which is the most important
condition for predictive maintenance.

Setting  objectives. The above mentioned
circumstances make it necessary to develop new
methods and means of displaying engines, while
focusing on the development of methods and means of
indirect displaying.

The main material and the results. The proposed
method of indirect display of internal combustion
piston engines is based on the measurement of the
voltage acting in the elements of connection of body
parts (studs, bolts), connecting the cylinder caps (head
of the cylinder block) and the engine block.
The choice of coupling elements as a measuring object
is based on the fact that they perceive only the forces
of gas pressure and, thus, allow indirect displaying of
the engine characteristics. The calculation scheme of
coupling elements of base members is presented in
Fig. 1. In the non-operating state of the ICE, the
power studs are loaded with the force of pre-
tightening (the minimum force strains the stud).
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Figure 1 — Analytical model of joint members
of nonrotational parts:
Ppg — force of preliminary tightening of hold-down studs;
P, — the force that stretches the stud under the influence of
the gas pressure; /g7 — the ffective length of the stud
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PPR ~m (1 7/1/) P’Zmax 5 MN, (1)

where m — the tightening factor of the stud;

y — coefficient of the main load of the threaded
fastening;

P70 — force of gas pressure during combustion,
which falls on one stud, MN.

Under the influence of the force of the previous
tightening, the stretching of the stud and the
compression of the connecting parts takes place.
At the same time, the stud is lengthened by the value

AST min
lgr - P
AST min :—Sg‘ Fg’ R, m, ©)

where [y — the effective length of the stud, m;

E — module of elasticity of a stud’s material, MPa;

Fy — the area of the cross-section of the stud’s plug,

2
m°.

When the engine works, the pressure force of gases
at burning causes additional stretching of the stud and
head and compression of the head, the stud will be in-
fluenced by the power P;:

Py = Ppgr+x P'za: » MN, (3)
Under the influence of the force P, the stud is
lengthened by the value Agp,:
Isr - P,
ﬂ'STmax =L -2 , M, (4)

E-Fy

The implementation of the indirect displaying
method is the following: a pressure sensor, which is a
steel washer with resistive-strain sensors, fixed on it,
is placed under a screw or a hold-down bolt.
Efforts arising from the action of the forces of gas
pressure in the engine cylinder are transmitted through
the cylinder head component to the studs or bolts of
the cylinder head components to the block itself.
In this case, the pressure sensor takes the same efforts,
turning them into an electrical signal.

This solution greatly simplifies the sensor device
and makes its design a versatile one. An example of a
pressure sensor is shown in Fig. 2
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Figure 2 — The developed pressure sensor for the
implementation of the indirect displaying method

There are four resistive-strain sensors, installed on
the steel washer, that form a complete measuring
circuit. Resistive-strain sensors R1 and R3 are set up
for the perception of axial deformations; resistive-
strain sensors R2 and R4 are wused for
thermocompensation.

Under the influence of the pressure change in the
engine cylinder, the steel washer is compressed and

stretched, being in the zone of elastic deformation, in
this case resistive-strain sensors deform along with it,
also changing their resistance. The signal from
resistive-strain sensors, proportionally to the pressure
in the ICE cylinder, with the help of the measuring
circuit is converted into voltage, the value of which
through the amplifier and the ADC is recorded by the
computer, where it is further processed and analyzed.
The following engines were chosen as the objects of
research: engine GAZ-560; engine GAZ-5601; engine
VAZ-2111.

In order to substantiate the efficiency of the
proposed method of obtaining information on internal
cylinder processes, the authors of the article have
made the calculation of elongation of cylinder cover
attachment studs (engines GAZ-560 and GAZ-5601),
block bolts (VAZ-2111 engine) and compression of
washes under them under the influence of forces from
the previous tightening and gas pressure in the ICE
cylinder. The results of the calculations show that the
stretching of the cylinder cover studs (bolts) of the
cylinder cap (block heads), as well as the compression
of the washers underneath them while the engine is
operating, are in the range available for registration by
resistive-strain sensors. In particular, for the selected
objects of investigation, the difference between the
extension of the stud (bolt) with the maximum tensile
strength and elongation at the force of the preliminary
tightening is from 1 to 20 microns; the difference
between the compression of the washer at maximum
compressive strength and the compression with the
force of the previous tightening is from 0.02 to
0.80 microns. Naturally, the most qualitative indirect
indicator diagram can be achieved during the
installation of resistive-strain sensors on the body of
the cylinder cap mounting stud (or cylinder head bolt).
However, in this case, the following problems arise:
firstly, it is technologically difficult to install a
resistive-strain sensor and to arrange the transmission
of a signal from it, and secondly, the resistive-strain
sensor is mounted on an unscrewed stud (bolt) of the
cylinder cover (head of cylinder block), and in this
case, the stud, together with the glued resistive-strain
sensor, will be loaded with the force of pre-tightening
Ppp. This force will stretch the stud and a resistive-
strain sensor up to the value, that may exceed the
permissible deformation of the resistive-strain sensor.
In addition, when the engine is warmed, due to the
thermal deformation of the parts, the load on the studs
will increase. Thus, the main studies were related to
the measurement of the stresses in the washers under
the nuts of the studs of cylinder head fastener groups
to the engine block (engines GAZ-560 and
GAZ-5601) and in washers under the bolts of the
cylinder head components (VAZ-2111 engine).

The general measuring scheme of the method of
indirect displaying is presented in Fig. 3. Resistive-
strain sensors 2, installed on the washer 3, compressed
with a nut 1 of the stud 5 in the cylinder head fastener
group 4 to the engine block 6 are connected to the
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measuring circuit. The signal from the measuring
circuit is amplified in the amplifier 14 with a gain of
100 or 1000, and, through an analog-to-digital
converter 15, is transmitted to the computer 16, where
its processing is carried out.

During tests on engines GAZ-560 and GAZ-5601
simultaneously with the registration of the indirect
indicator diagram a direct dispaying was carried out
using the GT-20 sensor of the company Autronica and
the diagnostic complex K-748. The signal from the
proximity sensor 9 (see Fig. 3) was recorded in

parallel with the signal from the resistive-strain sensor
2. In this case, the indicative diagrams taken with the
GT-20 sensor, were considered as reference ones, and
the diagrams, taken by the method of indirect display-
ing, were compared with them and their accuracy was
estimated. The VAZ-2111 engine eliminates direct
displaying, which in turn complicates the acquisition
of absolute values of pressure in the cylinder,
therefore the signal, registered from the resistive-strain
sensor 2, proportional to the pressure in the cylinder,
was considered as relative.
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Figure 3 — The overall measurement scheme of the indirect displaying method:
1 — nut for attaching the cylinder head fastener group to the engine block; 2 — resistive-strain sensors;
3 — Washer under the nut of the the cylinder head fastener group to the engine block;
4, 10 — cylinder cover; 5 — attachment stud for cylinder head fastener group to the engine block;
6, 11 — engine block; 7 — position sensor of the crankshaft; 8§ — toothed crown of the crankshaft pulley;
9 — direct displaying sensor; 12 — piston; 13 — connecting rod;
14 — signal amplifier; 15 — analog-digital converter; 16 — computer

The measurements on the engine GAZ-560 were
carried out in four modes: in idle run, at the load of
14, 26 and 36 kW. The measurements on the engine
GAZ-5601 were conducted in three modes: idle run,
with a load of 42 and 70 kW. The measurements on
the VAZ-2111 engine were conducted in idle run.

An important point in measuring the pressure in the
ICE cylinders is to determine the position of the UDP
in the diagram between the compression stroke and
the expansion stroke. For the engines GAZ-560 and
GAZ-5601 to determine the UDP at each mode of
inspection, the fuel supply was switched off in the

compression-expansion  pressure  without  the
combustion process. According to the received
diagram, the upper dead point was determined; then
this diagram was superimposed on the pressure
diagram with the combustion process (with the
maximum  coincidence of the polytrop of
compression) and the moment of the UDP was
determined. For the VAZ-2111 engine, in parallel
with the indirect displaying, a signal from the normal
inductive position sensor of the crankshaft 7 (see Fig.
3) was recorded to determine the upper dead point
between the compression stroke and the expansion

P, degree

diagnostic cylinder and there was recorded stroke.
P MPa s
/
V | \
_ VAN A\
P MPa 2 .
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Figure 4 — Indicator diagrams of the engine GAZ-560:
1 — direct displaying; 2 — indirect displaying; three consecutive loops;
idle run; n = 630 rpm; sampling rate of 20 kHz; signal without processing
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Figure 5 — Indicator diagrams of the engine GAZ-560:
1 — direct displaying; 2 — indirect displaying; load 36 kW;
n = 582 rpm; average for 24 cycles

We will consider the results of the studies, obtained
by the method of indirect displaying, on the example
of the engine GAZ-560. In Fig. 4 there are shown
indicator motor diagrams GAZ-560, obtained by
direct 1 and indirect 2 displaying on idle run (n = 630
rev / min); on Fig. 5 there are shown average 24-cycle
indicator motor diagrams GAZ-560 obtained by
methods of direct 1 and indirect 2 displaying, while
working under the load of 36 kW (n = 582 rpm).

Conclusion. The gas pressure in the engine
cylinders is the most informative diagnostic parameter
that characterizes the condition of its piston part.
The processing of indicator diagrams allows you to
get information about the quality of the work
processes of the engine under investigation, to
determine the value of its indicator ratios, to assess the
regulator performance, efficiency and environmental
cleanliness. The analysis of well- known methods of
displaying and their cost has made it possible to
conclude that the methods of direct and indirect dis-
playing have a number of serious shortcomings that do
not allow them to be used in practice. And, thus, there
is a need to develop new methods and means of
displaying engines.

References

1. Mansiues, B.C., ba6ommun, A.A. & Koperun, A.1O.
(2009). narnoctupoBaHye ABUTATENCH TPAHCTIOPTHBIX
CPEICTB C HCIOJIb30BAaHUEM METOI0B KOCBEHHOTO MHHIIU-
poBaHus. Aeémompancnopmmuoe npeonpusamue, 2, 48-50.

2. babommH, A.A. & Mansmues, B.C. (2009). Ananu3 me-
TOJIOB M3MepeHus AaBieHus B mumHapax JIBC n obocHo-
BaHME HEOOXOMUMOCTH pa3pabOTKH METOJJ0B KOCBEHHOTO
HHIIIUPOBAHUS. Aemompancnopmuoe npeonpusmue, 9,
42-44.

3. Citron, S., O'Higgins, J., Chen, L. (1989). Cylinder by
Cylinder Engine Pressure and Pressure Torque Waveform
Determination Utilizing Speed Fluctuations. SAE Technical
Paper, 890486. doi:10.4271/890486.

4. Lapuerta M., Armas, O. & Hernandez, J.J. (1999). Di-
agnosis of DI Diesel combustion from in-cylinder pressure
signal by estimation of mean thermodynamic properties of
the gas. Applied Thermal Engineering, 19(5), 513-529.
doi:10.1016/S1359-4311(98)00075-1.

5. Brown, T.S. & Neill W.S. (1992). Determination of En-
gine Cylinder Pressures from Crankshaft Speed
Fluctuations. Journal of Engines, 101(3), 771-779.
www jstor.org/stable/44611250.

6. Payri, F., Olmeda, P., Guardiola, C. & Martin, J. (2011).
Adaptive determination of cut-off frequencies for filtering
the in-cylinder pressure in diesel engines combustion analy-
sis. Applied Thermal Engineering, 31(14-15, 2869-2876.
doi:10.1016/j.applthermaleng.2011.05.012.

7. Isaev, A. & Shchelkunov, A. (2008). Low frequency
hydrophone calibration with using tensometric pressure sen-
sor. The Journal of the Acoustical Society of America,
123(5), 1880-1882. doi:10.1121/1.2933907.

8. babommH, A.A. (2012). Pe3ynbTaTsl Hccne10BaHUS Me-
TOJa KOCBEHHOT'O MH/IMIMPOBAHHS IOPLUIHEBBIX BUTATENICH
BHYTPEHHETO CTOPaHUsL. A8MOmMpaHchopmHoe npeonpusi-
mue, 8, 42-46.

9. Scafati, F.T., Lavorgna, M., Mancaruso, E. &

Vaglieco, B. (2018). Use of in-Cylinder Pressure and Learn-
ing Circuits for Engine Modeling and Control. Nonlinear
Systems and Circuits in Internal Combustion Engines, 5,
55-71. doi:10.1007/978-3-319-67140-6_5.

10. Svete, A., Bajsi¢, I. & Kutin, J. (2018). Investigation
of polytropic corrections for the piston-in-cylinder primary
standard used in dynamic calibrations of pressure sensors.
Sensors and Actuators A: Physical, 274, 262-271.
doi:10.1016/j.sna.2018.03.019.

36ipHuK HayKoBHX Tpats. Cepist: ['anmy3eBe MammHoOy 1yBaHHs, OyaiBHuuTBo. — 2 (51)' 2018.

175




