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Abstract. This paper analyzes variability and uniquenesa obmbustion process in the spark
ignition radial engine having nine cylinders. Inetltase of single cylinder disturbances,
multifractal approach is proposed to identify fauhl the measured cylinder pressure. For better
clarity, the pressure cyclic response is illustially means of wavelet results. The examined
engine was powered by an electronic fuel injectigivjng the possibility of varying doses
supplied to the individual cylinders.

Keywords: spark ignition engine dynamics, cycle-to-cyclegstge oscillations, wavelets, non-
linear vibrations.

Introduction

Radial piston engines were used in aviation frosnearly beginning. Despite extensive
development of jet and turbine engines they ailé @impetitive (low cost of purchase and
maintenance). Radial piston engines have also erdale power-to-weight ratio. This article
considers the world's largest stellar engine. Towgy unit has been manufactured in Poland for
over 70 years and originally is powered by cartadesystem. The main problems of these
engines include the imbalanced work of cylinderg&séarch conducted by the American
company Radial Engines, Ltd., which manufacturegessecylinder R755B2 Jacobs radial
engines (275 hp), show that power generated in eglaider is different [1]. This effect is due
to the thermodynamic state of the uniqueness ottmbustion process reflected by cycle to
cycle combustion variation and structural facto¥&arious sources of cylinder pressure
oscillations for spark ignition engines were idltiadentified and classified by Heywood [2].
Furthermore, the construction of an air cooledagmiséngine leads to different temperature
distribution on the surface of the cylinder strokiesa radial engine, the cylinders are located
around the crankshaft and all pistons are conneojed common crank-piston mechanism.
Consequently, the crankshaft consists of a maift,sdnad the side rods. This construction leads
to the differentiation of the stroke, where theiwidual cylinders show slightly different degree
of compression and cylinder capacity. Each cylindan exhibit particular cycle to cycle
variability of the combustion process. The uniqesnef each cylinder affects the non-
uniformity of the entire engine. The way to redube non-uniformity of the engine was to
replace the power supply carburetor by an eleatrfirél injection system. The injectors located
in the individual intake pipes of cylinders proviaelividually dosed fuel to each cylinder. Thus,
the control system is sharing fuel delivery to elifintly distributed cylinders.

Analyzing the pressure response in the individudinders is the most efficient way of
identifying a combustion process [3-6]. The cycledycle variations in heat release in a spark
ignition internal combustion engine were analyzgdnbeans of a low dimension numerical
simulations and simplified turbulent combustion misd[7-10]. It's worth noticing that
traditional techniques of time series analysis daseFourier transform can distinguish periodic
trends in engine cylinders in a frequency domaiowklver they cannot capture occurrences of
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extreme events, intermittency and other non-statibas which could arise in a disturbed
cylinder signal. These can be studied by followting ups and downs of the amplitude in a time
domain. Thus, for internal combustion engines, ube of multifractal analysis (MA) [11-12]
and simultaneous time-frequency studies by a coatia wavelet transform (CWT) [13-14]
become useful tools. Mono-fractal and multifracapproaches were used to characterize the
fluctuations for several air-fuel ratio valuesfrom lean mixtures to stoichiometric situations in
engine from both experimental data [4, 15-16] antukated from combustion model [10]. This
method has shown its advantages to estimate thefsefitical exponents, especially from
singular and turbulent signal data telling abou¢ throperties of a combustion process,
particularly about its complexity and correlations.

On the other hand, wavelets are very useful totifyemon-stationarities and intermittences of
a combustion process [4, 9, 15-17]. In the prepaper we apply such approaches to diagnose
9-cylinder radial aircraft engine.

Engine parameters are specified in Table 1, white dperating range with the measuring
point - in Fig. la. Fig. 1b gives its photo. Belowe focus on the identification of a faulty
operation of a cylinder among the other ones.

Table 1. ASz62IR engine specification

Item Value
Engine type Four stroke, Sl, air-cooled
Number of cylinder 9
Cylinder arrangement Single star
Bore, stroke 155,5 mm x 174,5 mm
Displacement volume 29,87 dm
Compression ratio 6,4:1
Power 860 kW — 2200 rpm
Specific fuel consumption 235 kg/h
Charging Mechanical — max pressure 0,133 MPa
Ignition type Double-spark magneto
Fuel system Multipoint Electronic Injection

Experimental Procedure

The present test covers the engine operation adgtstate defined by the rotational velocity
and load expressed as the pressure in the intakédatda(Fig. 1a) while average air-fuel ratio
waschosen as = 0.7 at each cylinder.

The measurements have been performed for the aveotagional velocity oh = 1770 rpm
and the engine load (0.094 MPa) between the prapelharacteristics and the full power
characteristics (Fig. 1a). At the measuring pdiet ¢ngine generates the power of 480 kW, and
fuel consumption equals 109 kg/h. The fuel compmsitvas obtained due to the injection time
t; = 7.8 ms. Note that one of the cylinders was &gelh a varying step way by alternating the
injection time every 10 s froa = 7.8 ms td, = 5.84 ms according to the diagram in Fig. 2.

The tests were performed in the engine test laboratt the constant temperature of 30 °C
and atmospheric pressure equal to 1005 hPa. THgsandeals with the range of over 950
subsequent operating cycles. The discrepancy imdhger of analyzed cycles results from the
research method that consists in maintaining thggnenat a selected operating point for a 1
minute span which follows the necessity to obtaireast 900 subsequent cycles. Pressure
measurement was performed with a sampling rat® &f2. For each of cycle we estimated the
indicated mean effective pressut®EP), defined as a constant alternative pressure wéith
on the piston during the whole expansion strokdéopers the same amount of work as the real
variable pressure in the cylinder [2].
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Fig. 2. Injection variation of mixture composition in thkosen single cylinder

Consequently, the cyclitEP can be expressed as:

L L
IMEP(i) v Q)
wherel,; is the work indicated in the cylinder at the comstian cyclei, andV; is the piston
displacement volume in the cylinder.

Fig. 3 illustrates the cyclitMEP, where the cyclic work; was estimated numerically by
integration of the measured pressure during air+até variations by time dependent injection
time (as shown in Fig. 2) in the chosen three dgis 3, 5, 7. Visible differences iMEP for
various cylinders are influenced not only by thgdtion time disturbances in the specified
cylinder but also by the individual differencespa$ton-cylinder systems, and their geometrical
configuration (Fig. 1b).
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Fig. 3. Cyclic variations of MEP measured simultaneously for all 9 cylinders dutimgdisturbing amount
of fuel (see Fig. 2) in the cylinder (a) 3, (b)&) 7 (marked in red). The remaining cylinders pmueby a
mixture composition of = 0.7
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Multifractal Analysis

The three representative collectionsIBfEP time series presented in Fig. 3 were studied
further using MA [10-12]. The spectrum of criticakponents is characterized by the most
probable exponent, telling about the correlation of the examined tisegies. This parameter,
similarly to Hurst exponent, shows how persistarthe examined stochastic processyl& 0.5
the process is anti—persistent (negatively cordlaivhile forep > 0.5 it is persistent (positively
correlated). The two caseg = 0.0 anday = 0.5 correspond to a Gaussian random process
characterized by the series of random numbers apevidan random walk characterized by
random steps, respectively.

Furthermore, the paramet&rr = o4 - omin, Measuring the width of exponents distribution
indicates the complexity in the time response. Eadital exponentr can be associated with
the so-called Hoélder exponent and estimated froentithe series (Fig. 3) at each time instant
(cycle)iq:

[IMEP()-F (-i)) kCli—i, f, )

where P,(i) is a polynomial of degrea less thana, andC is a constant. For the complex
systems the exponent distribution forms a contisuband.Such an exponent band of one
selected time series (cylinder 5 from case 1) esg@nted in Fig. 4. The estimated exponent
distributionf(e) (see red points) was obtained by multifractallgsia. Then it was interpolated
out by the 4th degree polynomial trend line desatilgrade 4 (blue line) using the method of
least squares.

y =-62.82241969x4 + 86.81972664x3
1 - 45.04695803x2+ 8.762741778x
+ 0.4229154

Multifractal
spectrum

Polynomial fit

[ [ T [ T [ |
0.2 T P 0.2 0.4 k\) 0.6
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Fig. 4. Schematic strategy for determining the coeffigefdr the multifractal spectrum of the sample
pressure time series in cylinder 5 (for the caseHig. 3a)

The above procedure (Eqg. 2) has been applied tingdl series in Fig. 2 including those of
disturbed dose of fuel (see cylinder 3, 5 and Fifh 2a-c, respectively). For each test case the
most expected exponent as well as range of critical exponerts were found. The results,
presented in Fig. 5 indicate that the abnormahdgdr (with disturbed fuel composition) can be
distinguished by the largest valug =~ 0.3indicating the smallest negative correlation. Oa th
other handA« is changing about 0.94 for the disturbed cylinder 3, 0.66 for the cylinder No.
586
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5, andA« = 0.89 for the cylinder No. 7. Thus, in two cadles associated with the disturbed
cylinder time series exhibit a relatively high cdeypty in comparison to other cases (time
series in other cylinders).

Comparing the MF results in Fig. 5a, b, ¢, and dictv present the distribution of MF in the
presence (Fig. 5a-c) and absence (Fig. 5d) ofrthiatices one can observe the points beyond the
maximum value oA« = 0.7 anday =~ 0.18 (see Fig. 5d for absence of disturbanceghdrcase
of disturbances of a single cylinder, the combuspwocess interferes by the crankshaft with
other cylinders. After more systematic studies wéced that this effect was not observed for
cylinder 6 and 8. This could be related to différeensitivity of various cylinders, which are
characterized by their unique locations.

Wavelet Analysis

For better clarity we study the disturb&8dEP time series given by CWT [13, 14]. The
corresponding wavelet transform with respect tcaaedet functiony(-) is defined as follows:

Vvs‘n(uleP)=z::},,,(i;”j(lMEP(i);< IMEP >) o

MIP

where <IMEP > and ojyep are the averages and standard deviations. Theletayg) is
referred to as the mother wavelet, and the legeasd n denote the scale and the time index,
respectively.

The wavelet power spectrum (WPS) of tHdEP time series is defined as the square
modulus of the CWT:

2

R,(s,n)= ‘WS al (4)

In our calculations, we have used a complex Mavietelet as the mother wavelet. A Morlet
wavelet consists of a plane wave modulated by ss§an function and is described by:

wn)=m"eve"", (5)
where, is the center frequency, also referred to as termf the wavelet.

The value ofé, defines the number of oscillations in the wavelatl thus controls the
time/frequency resolutions. In our analysis, wedugg= 6. This choice provides a good balance
between the time and frequency resolutions. Also,tliis choice, the scale is approximately
equal to the period, and therefore the terms swadeperiod can be interchanged for interpreting
the results. The reader is referred to generalud@on [13-14] and also to applications in
combustion engines [5, 15-17] for further detaitstbe wavelet analysis methodology. Fig. 6a-
Fig. 6¢ provide the results of the CWT. Note the thodulation in fuel mixture composition
(Fig. 2) forces the intermittent behavior [15].drestingly, the combustion variations appear in
different time scales simultaneously. This effegbiesumably caused by nonlinear factors [7].

Concluding Remarks

This study demonstrated that the maximum value df parameters for the case of
abnormally working cylinder, simulated by variatiohfuel injection time, can be identified by
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multifractal analysis. Additionally, non-stationamork in cylinders is shown in wavelet power

spectrum. Namely, Figs. 6a-c reveal the intermitidmanges in pressure in the two domains
simultaneously - in the time domain and frequenay the respective periods) domain. Such
behavior was forced by the periodically changingl tomposition.
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Fig. 5. Multifractal analysis of MEP. Cylinders Nos. 3, 5, 7 were fed by varying thenposition of the
mixture (black border), the remaining cylinders posd by a mixture compositioh = 0.7 (a, b, ¢
respectively). All cylinders powered by the constaixture compositiod = 0.7 (d)

Our analysis indicates that various cylinders agesiive to disturbances occurring in
neighboring regions in different ways. That depemaeon particular cylinder comes from the
system geometry and working conditions. The preskengsults could be helpful in tracing the
interaction between the processes of combustiodiffierent cylinders, and consequently in
developing recommendations for the implementatioa wovel fuel injection strategy.
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