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Abstract: Biogas has increasingly been used as an alternative to fossil fuels in the world due to a
number of factors, including the availability of raw materials, extensive resources, relatively cheap
production and sufficient energy efficiency in internal combustion engines. Tightening environmental
and renewable energy requirements create excellent prospects for biogas (BG) as a fuel. A study was
conducted on a 1.6-L spark ignition (SI) engine (HR16DE), testing simulated biogas with different
methane and carbon dioxide contents (100CHy4, 80CH4_20CO,, 60CH4_40CO,, and 50CH4_50CO5)
as fuel. The rate of heat release (ROHR) was calculated for each fuel. Vibration acceleration time,
sound pressure and spectrum characteristics were also analyzed. The results of the study revealed
which vibration of the engine correlates with combustion intensity, which is directly related to the
main measure of engine energy efficiency—break thermal efficiency (BTE). Increasing vibrations have
a negative correlation with carbon monoxide (CO) and hydrocarbon (HC) emissions, but a positive
correlation with nitrogen oxide (NOy) emissions. Sound pressure also relates to the combustion
process, but, in contrast to vibration, had a negative correlation with BTE and NOy, and a positive
correlation with emissions of incomplete combustion products (CO, HC).

Keywords: biogas; SI engine; combustion process; correlation analysis

1. Introduction

The development of the transport sector has been successful due to declining use of
fossil fuels and carbon dioxide (CO;,) emissions, as defined in the EU Transport white pa-
per [1]. The simplest way to ensure environmental friendliness and to reduce air pollution
is to use alternatives to fossil fuels [2,3]. Spark ignition engines can run on both liquid and
gaseous alternative fuels [4]. Each of these types has its own advantages and disadvantages,
which are reflected in the economical use of such fuels and the technologies that ensure
stable operation of the SI engine [5]. Gaseous fuels can be of fossil or biological origin. The
latter have a whole host of advantages: raw materials for fuel could be used from local
resources, including industry, and the production of biological origin fuel contributes to
waste management [6]. Therefore, the use and production of biogas is important for energy
independence, waste treatment and support for local industry.

In case of biogas, it has a great potential as it can be obtained as waste in various
industries where fermentation or decay processes take place [7] (in the food industry e.g.,
cheese production [8], landfill gas treatment [9], fertilizer production—manure and slurry
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processing [10]). Clearly, the use of such fuels also has negative consequences, as CO; in
biogas reduces the calorific value of fuels and changes their combustion properties [11],
decreases the maximum in-cylinder pressure [12] and the lower heating value (LHV) of the
air—fuel mixture [13]. Also, biogas contains CO, hydrogen sulfide (H;S), siloxanes, nitro-
gen (Ny), oxygen (O;) and hydrogen (H;) [14] which could damage an internal combustion
(IC) engine, therefore they should be separated by biological desulphurization [15] and
membrane separation process [16]. Replacing gasoline with biogas will result in higher
brake specific fuel consumption (BSFC) and lower BTE values [17]. The compression
ratio is increased to increase engine efficiency, but then the maximum brake torque values
decrease, and HC emissions increase [18]. Propane or hydrogen can be used to increase
the LHV of biogas and to improve the combustion process of biogas [19]. Port injection of
methanol can also be used to increase combustion and ecological parameters of biogas [20],
but ethanol content should be limited to 18% of the total fuel supplied [17]. As an option,
additional oxygen supply to biogas is possible. Increasing the oxygen content in biogas by
1-2% extends the lean ignition limit [21]. The supply of pure hydrogen to biogas increases
engine power and efficiency [22]. All the above cases render an ecological effect, CO and
HC emissions decrease, but NOy emissions increase [19-22].

For the smooth operation of an IC engine, vibrations, which cause jolty performance
of the engine, are measured [23]. Vibration and sound pressure can also help to identify
various dynamic processes that take place in buses [24], engine exhaust decontamination
(for particulate matter (PM) agglomeration) [25], and the prediction of dynamic parameters
of bridges and other structures [26].

Multi-criteria evaluation models can also be used as a tool for predicting biogas
performance in IC engines, such as prognostic statistical models for estimating the impact
of biogas flow on engine performance [27], or the selection of the optimal proportions of
diesel /n-butanol/biogas in the fuel mixture [28]. The 0-D model was used to predict IC
engine performance [29]. The prediction of the performance of pure methane as fuel can
be based on the hybrid SWARA-ARAS model, but it was only used to estimate the HC,
CO, CO; and compilation ratios [30]. The operational competitiveness rating was used to
predict the performance of cotton waste biodiesel in the compression ignition (CI) engine,
which predicted BSFC [31]. MULTIMOORA and SWARA models were used to predict the
performance of nitromethane blends with biodiesel in the CI engine, which allowed to
evaluate the ecological (CO, CO,, HC, NOy, smoke) and energy (BSFC, BTE) characteristics
of a CI engine [32].

Prediction models for various parameters under different fuel mixtures in IC engines
have been described and examined in literature. However, a detailed assessment of the
energy and environmental performance of a SI engine has not been provided. Therefore,
the purpose of this study is to analyze IC engine parameters using statistical analysis
models and to evaluate the relationship between engine vibration and sound pressure data
with ecologic and energetic parameters.

2. Materials and Methods

Experimental tests were carried out using an in-line four-cylinder spark ignition
engine HR16DE (Table 1) manufactured by Nissan. Fuel mass flow meters, exhaust gas
analyzer and SI engine were adapted for biogas. A methane (CHy) injector was added
to the engine intake manifold. The engine ECU was replaced with a reprogrammable
MoTeC M800 ECU. New engine ECU allowed to adjust spark timing (ST) and the amount
of injected biogas. A wideband oxygen sensor Bosch LSU 4.9 was added for monitoring
the air and fuel ratio. To maintain a stable engine operating temperature, a plate heat
exchanger was added to engine cooling system.
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Table 1. Technical characteristics of SI engine HR16DE.

Parameter Value
Number of cylinders 4
Displacement, dm 3 1.598
Cylinder bore, mm 78.0
Piston stroke, mm 86.6
Engine power, kW (at rpm) 84 (6000)
Engine torque, Nm (at rpm) 156 (4400)
Compression ratio 10.7
Intake valves open (CAD BTDC 1) 24
Intake valves close (CAD ABDC 2) 72
Exhaust valves open CAD BBDC 3) 24
Exhaust valves close (CAD ATDC 4) 10

1 Crank angle degrees ahead of the top dead center. 2 Crank angle degrees behind the bottom dead center. > Crank
angle degrees ahead of the bottom dead center. * Crank angle degrees behind the top dead center.

Engine load and crankshaft speed were controlled using the engine load stand
AMX200/100, with an accuracy of 0.9 Nm. Intake air mass was measured using a Bosch
HEFM 5 m with an accuracy of 2%. Composition of biogas recreated using two separate
cylinders of CHy (purity of 99.9995%) and CO; (purity of 99.995%). Methane was port
injected through the injectors marked as 15 (Figure 1) and carbon dioxide was premixed
with intake air. Mass flow of gas was measured using two separated Coriolis-type Rheonik
RHM 015 mass flowmeters with a measuring range of 0.004-0.6 kg/min and accuracy
of £0.10%. A schematic diagram of the engine test bench and measuring equipment is
presented in Figure 1.
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Figure 1. Experimental setup. 1—HR16DE SI engine; 2—connecting shaft; 3—engine load stand;
4—load stand ECU and display; 5—crankshaft position sensor; 6—spark plug with pressure sensor;
7—in-cylinder pressure recording equipment; 8—exhaust gas temperature sensor; 9—exhaust gas
temperature display; 10—wideband oxygen sensor; 11—reprogrammable engine ECU; 12—exhaust
gas analyzer; 13—air mass flow meter; 14—throttle control servo motor; 15—CHyj injector; 16—low
pressure regulator; 17—high pressure regulator; 18—fuel mass flow meter for CHy; 19—CHy cylinder;
20—high pressure regulator; 21—fuel mass flow meter for CO,; 22—CO; cylinder; 23—accelerometer
for longitudinal direction; 24—accelerometer for transverse direction; 25—microphone; 26—Bruel
and Kjear machine diagnostics toolbox.

The in-cylinder pressure was measured using an AVL ZI31_Y7S pressure sensor
(sensitivity 12 pC/bar, measuring range 0-200 bar) integrated in the spark plug. The
output of pressure sensor was processed using the AVL DiTEST DPM 800 signal amplifier
and recorded with the LabView Real Time module. Two hundred combustion cycles were
recorded for each experiment. The composition of exhaust gas was measured directly from
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engine using the AVL DiCom 4000 exhaust gas analyser. All the parameters are listed in
Table 2.

Table 2. AVL DICOM 4000 measurement range and accuracy.

Parameter Measuring Range Accuracy
NOx 0~5000 ppm, by vol. +1 ppm
CcO 0~10%, by vol. +0.01%
CO, 0~20%, by vol. £0.1%
HC 0~20,000 ppm, by vol. +1 ppm
(0)) 0~25%, by vol. +0.01%

The sound pressure of the working engine was measured using a Gras 46AE free-
field microphone (frequency range: 3.15 Hz to 20 kHz; dynamic range: 17 dB(A) to
138 dB; sensitivity: 50 mV/Pa). Engine vibration was measured in longitudinal and
transverse directions using two Bruel and Kjear 8341 CCLD accelerometers (frequency
range: 0.3-10,000 Hz; sensitivity: 10 mV/ms™2). Figure 2 illustrates the layout of the sound
pressure and vibration measuring equipment.

Figure 2. Sound pressure and vibration measuring equipment layout. 1—Gras 46AE free-field micro-
phone; 2—accelerometer for transverse direction measurements; 3—accelerometer for longitudinal
direction measurements.

Sound pressure and vibration data were obtained using the Bruel and Kjear machine
diagnostics toolbox consisting of a machine diagnostics toolbox type 9727 and the ver-
satile machine diagnostics toolbox software bundle Type 7910. Type 9727 includes the
multichannel PULSE data acquisition unit Type 3560-B (5-channel). For each experiment,
vibration and sound pressure data were collected from the engine block with the 3.2 kHz
(for vibration) and 25.2 kHz (for sound pressure) sampling frequencies for 2 s (for vibration)
and 0.24 s (for sound pressure).

Four different compositions of biogas were simulated in the experiment. Biogas
composition was simulated after cleaning hydrogen sulfide and other impurities, therefore
the simulated biogas consisted of methane and CO,. Methane with 0 vol.% of CO, was
chosen as a baseline for comparison, simulating biogas of the total of four different contents:
0, 20, 40 and 50 vol.% of CO,. In all the experiments, the air—fuel (A/F) ratio was set as
stoichiometric, with the engine speed being 2000 rpm and the throttle valve opening at
15%. Two different ST cases were chosen for adjusted spark timing of the engine: in the first
case, biogas was used in a compressed natural gas (CNG) engine with optimal ST for CNG.
In this case (2000 rpm, throttle 15%), the optimal ST for CNG was 26 crank angle degrees
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(CAD) ahead of the top dead center (BTDC), and it was constant for all simulated biogas
compositions. In the second case, ST was chosen based on the engine’s output (maximum
torque generated). The biogas composition used, the lower heat value and ST cases are
presented in Table 3.

Table 3. Simulated biogas properties and ST cases.

CH4, vol%  CO,, vol.% 1\]/}1‘}1‘(/, St01ch10m.etr1c Marking . ST, CAD B'TDC .
Jikg A/F Ratio CNG Optimal Optimal for Mixture
100 0 50.04 17.2 100CH4 26 26
80 20 29.69 10.2 80CH,_20CO, 26 30
60 40 17.69 6.1 60CH,4_40CO;, 26 35
50 50 13.37 4.6 50CH,4_50CO; 26 40

The BURN feature of the AVL BOOST software was used for the analysis of the
data of the experiment to evaluate combustion parameters using collected air and fuel
consumption data and the in-cylinder pressure.

Fuel properties. Biogas consists of methane and carbon dioxide. Methane is the main
component of biogas, and its concentration in terms of volume varies from 40 to 85%
and that of carbon dioxide from 15-60 vol.% [33]. Uncleaned biogas may contain low
concentrations of water, hydrogen sulfide, oxygen, carbon monoxide and nitrogen [34].
The concentration of impurities depends on raw materials and conditions of anaerobic
digestion [35]. Biogas could be produced from different raw materials and classified
as a first-generation alternative fuel (sugarcane, silage maize, energy crops) [36], or the
second (food waste, agricultural residue, wood chips, lignocellulosic crops) [37], third
(algal biomass) [38] or fourth (algae and other microbes) alternative [39]. Table 4 presents
a comparison of properties of biogas consisting of 57 vol.% CH,4 and 41 vol.% CO, and
conventional fuel.

Table 4. Biogas properties comparison.

Parameter Biogas [23,40,41] Petrol [42] Natural Gas [43]
CH4—57 vol.%
CO,—41 vol.%
N2—1 vol.%
Composition 0,—0.6 vol.% CsHyp__CqoHyg C14H39_CygHsg

CO—0.18 vol.%
H,—0.18 vol.%
HyS5—0~130 ppm

Flammability limit, vol.% in air 7.5—14.0 1.4-7.6 5.0-14.3
Density, kg/m3 1.2 687 0.79
Calorific value, M] /kg 17.0 44 .4 50.0
Laminar burning velocity, m/s 0.25 0.39-0.47 0.34
Methane number 142 - 100
Autoignition temperature, °C 650 228471 537
Stoichiometric air fuel ratio, 538 147 173

kg/kg

Its high autoignition temperature and resistance to impact allows using biogas in
engines with an increased compression ratio (CR), while in some studies biogas was
used in spark ignition engines with CR of 14. However, the maximum value of brake
thermal efficiency and the lowest brake specific fuel consumption were achieved with a
CR of 12 [18]. Although high CR results in an increased in-cylinder pressure, temperature
and emission of nitrogen oxides [21], the use of biogas which contains CO, lowers these
parameters [44]. Therefore, the possibility to use alternative fuel (14 generation depending
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on raw material) in high CR engines and to reduce NOy emission makes biogas a suitable
fuel for SI engines.

Statistical methods. Descriptive statistics for engine parameters, vibration and sound
pressure data were calculated. The relationship between the vibration and sound pressure
data and the engine parameters was evaluated using Spearman correlation coefficients [45]:

~ cov(x,y)
— T
(7%,(7;,

M

where x" and y’ denote the ranks of x and y, respectively, cov(x’,y) is a covariance between
x" and y'; and 02, and 0% denote dispersion of x” and i/, respectively.

A Mann-Whitney U test was used to compare engine parameters, vibration and
sound pressure data between different angle size groups. The test can be expressed by the

formula [46]:

ny(ng +1)

_ 2
! @

where n; and 1, denote the sample size of x1, X2, ..., %y, and y1,Y2, ..., Ynu,, respectively

and T is the sum of the ranks of the y’s in the ordered sequence of x’s and y's.
Non-parametric statistical methods were used due to a small sample size.

U=nny+ —-T,

3. Results

In all the experiments, the engine speed was 2000 rpm, the throttle valve was opened
15% and a stoichiometric mixture of air and fuel was determined. The obtained combustion
process results were further analyzed using the AVL BOOST software utility BURN. Five
ecologic and six energetic parameters were selected from the processed data of engine
parameters for further analysis (Table 5).

Table 5. Selected parameters and their values.

100CH4 80CH,4_20CO, 60CH,4_40CO, 50CH,4_50CO,
Parameter CNG Optimal CNG Optimal CNG Optimal CNG Optimal
Optimal 'for Optimal .for Optimal .for Optimal .for
Mixture Mixture Mixture Mixture
NO, L, g/kWh 141 141 0.97 1.16 0.19 0.56 0.09 0.32
Cco?, g/kWh 19.9 199 17.4 17.9 19.8 17.9 30.81 20.2
CO, 3, g/kWh 641.7 641.7 801.2 808.1 12155 1113.7 1548.7 1310.7
HC?, g/kWh 0.00968 0.00968 0.00888 0.01033 0.00874 0.01130 0.01020 0.01387
T >, °C 655 655 657 650 664 645 679 640
CHy 6 vol.% 100 100 80 80 60 60 50 50
BTE7, % 35.54 35.54 35.26 35.33 32.38 34.38 29.18 33.77
Poax 8, MPa 3.89 3.89 3.52 3.91 2.72 3.53 2.31 3.38
ROHR yax 2, J/deg 29.51 29.51 26.58 27.07 18.74 22.36 16.69 21.81
Pricemax 10, bar/deg 1.51 1.51 1.10 1.50 0.60 1.20 0.34 1.10
CD ', deg 53.0 53.0 55.9 56.5 77.8 65.4 78.5 64.7

! Nitrogen oxide concentration. 2 Carbon monoxide concentration. 3 Carbon dioxide concentration. 4 Hydrocarbon concentration.
5 Exhaust gas temperature. © Methane concentration in biogas. 7 Brake thermal efficiency. 8 Maximum in-cylinder pressure. * Maximum
rate of heat release. 1* Maximum in-cylinder pressure rise. ! Combustion duration.

Y P

ROHR was used to determine the correlation between the sound pressure and vibra-
tion and the parameters from Table 5. Variation of the remaining parameters depended
on ROHR. While ST is optimal for CNG (26 CAD BTDC), the maximum ROHR value
declined by 9.9, 36.5 and 43.4% using simulated biogas with 20, 40 and 50 vol.% of CO, in
comparison to methane, respectively. Having adjusted ST, ROHR declined by a mere 8.3,
22.4 and 26.1% with the same biogas composition. Change in ROHR affected the maximum
in-cylinder pressure and, with optimal CNG, ST dropped by 9.5, 30.1 and 40.6% while
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increasing CO, concentration in biogas. for the mixture-optimal ST resulted in pressure
drops of —0.5, 9.3 and 13.1% using simulated biogas with 20, 40 and 50 vol.%, respectively,
of CO; in comparison to methane. A change in the maximum ROHR value also affected
other parameters, such as an increase in the maximum in-cylinder pressure or combus-
tion duration (CD). A decrease in the value of these parameters was observed because of
the reduced LHV of biogas with higher CO, concentration, lower combustion intensity
and speed (a notable improvement of the value was observed having optimized ST for
simulated biogas). The sound pressure and vibration charts illustrate changes in CO,
concentration in BG and changes in ROHR. For a further analysis of ecologic parameters,
ROHR should be analyzed per cycle. Figure 3 illustrates the dependence of ROHR on BG
composition and ST.

n=2000 rpm; throttle 15%; 1=1 B n=2000 rpm; throttle 15%; 1 =1
100CH4 A 100CH4

—80CH4_20CO0O2 ----80CH4_20CO2

—60CH4_40CO2 ----60CH4_40CO2

—50CH4_50C0O2 ----50CH4_50CO2

RN

N~ \\«v.;s'.'g\.;:\',s

10 20 30 40 50 60 70 80-30 -20 -10 O 10 20 30 40 50 60 70 80
CAD CAD

Figure 3. ROHR in the cylinder depending on simulated BG composition and ST. (A)—with optimal ST for mixture;

(B)—with optimal CNG ST.

In case of the optimal CNG spark timing [47], ROHR shifts from TDC. This increases
the exhaust gas temperature by 0.3, 1.4 and 3.7% while increasing CO, concentration in
biogas, which prolongs combustion duration and increases exhaust loses. With mixture-
optimal ST, the maximum ROHR value ranges from TDC to 10 CAD ATDC (intensive heat
release is in the lower volume of the cylinder) and NO concentration increases by 13.5,
26.2 and 16.3% using simulated biogas with 20, 40 and 50 vol.% of CO; in comparison to
NOy concentration with the optimal CNG ST of 26 CAD BTDC.

A change in ROHR affects ecologic and energetic parameters of an internal combustion
engine [48], its vibration and sound pressure. Different timings of the maximum ROHR
value creates distinct vibration and sound pressure patterns in the engine [49]. This is
visible in the sound pressure, vibration acceleration time and spectrum characteristics
illustrated in Figure 4 (mixture-optimal ST) and 5 (CNG-optimal ST). To measure the
vibrations of the engine block, two measurement points were selected in the longitudinal
and transverse directions. Simulated biogas was marked as follows in Figures 4 and 5:
red—100CH4, blue—80CH4_20CO,, green—60CH,_40CO,, and orange—50CH,4_50CO5.
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Figure 4. Results of vibrations and sound pressure at optimal ST for mixture. Fuel mixtures marked in: red—100CH4,
blue—80CH,_20CO;, green—60CH4_40CO,, orange—50CH4_50CO,. (a)—Vibration acceleration time and spectrum
characteristic in the vertical direction, (b)—Vibration acceleration time and spectrum characteristic in the longitudinal
direction, (c)}—sound pressure and spectrum characteristics.

The analysis of the results in Figures 4 and 5 and Tables 6 and 7 revealed that the
maximum vibration level (estimating the standard deviation (SD)) for all simulated bio-
gas compositions at CNG-optimal ST was 23.137 m/s? (vibration direction—transverse
direction, fuel used—80CH,_20CO,) and 5.375 m/s? (vibration measurement direction—
longitudinal direction, fuel used—100CH,). It was found that by reducing the methane
content from 80 to 50% when the ST was CNG optimal, the vibration level in the longitudi-
nal direction decreased from 23.137 to 22.625 m/s? (comparing the measurement results
using 80CH4_20CO, and 60CH4_40CO,) and the vibration level decreased from 23.137 to
21.404 m/s? (comparing the measurement results when 80CH4_20CO, and 50CH4_50CO,
were used). The evaluation of the vibration level in the transverse direction revealed the
same tendencies. The reduction of the methane content from 80 to 50% also decreased
the vibration level. The assessment of the sound pressure level when the ST was CNG
optimal revealed the same trends as when assessing vibrations, and the reduction of the
methane content from 80 to 50% also reduced the sound pressure level. The analysis
of the vibration levels (estimating the standard deviation) found that when the ST was
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50CH,_50CO, at ST 40), the maximum acceleration values were 23.542 m/s? (vibration
measuring direction—transverse direction, fuel used—80CH,_20CO,) and 5.525 m/ s
(vibration measuring direction—longitudinal direction, fuel used—80CH,_20CO,). It
was found that the reduction of the methane content from 80 to 50% when the ST was
optimal for mixtures reduced the vibration level from 23.542 to 22.855 m/s? (comparing
the measurement results using 80CH4_20CO, and 60CH4_40CO,) and the vibration level,
respectively decreased from 23.542 to 22.332 m/s? (comparing the measurement results of
fuels 80CH,4_20CO, and 50CH4_50CO;). Accordingly, when evaluating the sound pressure
level with STs optimal for mixtures, the opposite tendencies were observed compared to
those in the case of CNG-optimal ST, i.e., the reduction of the methane content from 80 to
50% increases the sound pressure level from 0.790 to 0.836 Pa.
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Figure 5. Results of vibrations and sound pressure at CNG optimal ST. Fuel mixtures marked in: red—100CHj, blue—
80CH,4_20CO,, green—60CH4_40CO,, orange—50CH,4_50CO;. (a)—Vibration acceleration time and spectrum characteristic
in the vertical direction, (b)—vibration acceleration time and spectrum characteristic in the longitudinal direction, (¢)—sound
pressure and spectrum characteristics.
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Table 6. Biogas properties and ST cases.
Acceleration, m/s? S dp P
Biogas ST Transverse Direction Longitudinal Direction ound tressure, Ta
SD Min Max SD Min Max SD Min Max
100CHy4 26 22.963 —62.054 79.552 5.375 —27.713 26.976 0.784 —2.557 2.694
80CH4_20CO, 30 23.542 —67.195 82.413 5.525 —30.054 22.456 0.790 —2.527 2.990
60CH,4_40CO, 35 22.855 —57.723 72.957 5.173 —22.975 19.953 0.832 —3.336 2.684
50CH4_50CO, 40 22.332 —62.322 76.929 4.953 —23.993 21.850 0.836 —2.610 3.163
Table 7. Biogas properties and ST cases.
Acceleration, m/s? Sound Pressure. P
Biogas ST Transverse Direction Longitudinal Direction o essure, Ta
SD Min Max SD Min Max SD Min Max
100CH4 26 22.963 —62.054 79.552 5.375 —27.713 26.976 0.784 —2.557 2.694
80CH,_20CO, 26 23.137 —58.578 75.815 5.197 —26.380 19.878 0.800 —2.956 2.482
60CH,4_40CO, 26 22.625 —58.623 77.056 4.592 —21.801 21.535 0.722 —2.536 2.462
50CH4_50C0O, 26 21.404 —53.261 68.325 4.247 —21.187 17.963 0.613 —1.969 2.216

Some of the energetic parameters tended to differ between the groups with optimal
CNG and ST for mixture, although the level of statistical significance was not reached.
Higher maximum in-cylinder pressures and smaller standard deviations were recorded
in the group with mixture-optimal ST, which means that at the optimal ST angle and
simulated biogas composition had little impact on the maximum in-cylinder pressure. In
general, the standard deviation of almost all (except for methane) energetic parameters in
the group of mixture-optimal ST was about 2 times lower than in the group of CNG-optimal
ST (Table 8).

Table 8. Comparison of vibration, sound pressure and emission parameters between angles (constant
and optimal).

CNG Optimal ST Optimal ST for

Parameters Mixture -Value
Mean (SD) Mean (SD) P
Methane, vol.% 66.7 (8.37) 69.8 (4.52) 0.665
BTE, % 33 (0.03) 35 (0.008) 0.561
Max pressure in cilinder, bar 3.1(0.72) 3.7 (0.26) 0.245
ROHR max, J/deg 23 (6.28) 25.2 (3.72) 0.665
Max pressure gain, bar/deg 0.9 (0.52) 1.3 (0.19) 0.384
CD 66.2 (13.9) 59.9 (6.12) 0.885
CO, g/kWh 21.95 (6.009) 18.97 (1.268) 1.000
CO,, g/kWh 1052 (410.2) 969 (300.4) 1.000
HC, g/kWh 0.009 (0.0007) 0.011 (0.0018) 0.081
NOy, g/kWh 0.67 (0.635) 0.86 (0.511) 0.561
Tex, °C 663.7 (10.75) 647.5 (6.54) 0.061
Vertical direction 22.46 (0.723) 22.97 (0.512) 0.312
Horizontal direction 4.87 (0.547) 5.26 (0.248) 0.470
Sound pressure, Pa 0.73 (0.087) 0.81 (0.034) 0.312

HC and T,y pollution rates tended to differ in different ST cases the most. Higher
HC levels were observed in the group of mixture-optimal ST, with the mean (SD) in the
CNG-optimal ST and optimal ST for mixture groups being, 0.009 (0.0007) and 0.011 (0.0018)
g/kWh (p = 0.081), respectively. Meanwhile, a higher mean T,y was observed in the
CNGe-optimal ST group, but no statistically significant difference was found (p = 0.061)
(Table 8).
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Higher vibration and sound pressure values were observed in the mixture-optimal
ST group. Vertical position vibrations were 2.3%, horizontal vibrations were 8.0%, and
sound pressure was as much as 11% higher in the mixture-optimal ST group than in the
CNG-optimal ST group (Table 8).

The statistical correlation coefficients (presented in Figure 6) of the parameters are
presented in Table 9 and Figure 6.

CO, g/lkWh CO», g/kWh HC, g/kWh NOx, g/kWh Tex, °C CO, g/lkWh CO», g/kWh HC, g/lkWh NOx, g/kWh Tex, °C
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Figure 6. Vibration and sound pressure correlation to engine parameters. (a)—Ecologic parameters when CNG is optimal

for ST; (b)—ecologic parameters when ST is optimal for mixture; (c)—energy parameter when CNH is optimal for ST;

(d)—energy parameter when ST is optimal for mixture.

Throughout the sample (n = 8), the vibration data had explicit correlations with the
energetic and ecologic parameters. CO and T,y were the only two ecologic parameters
that had a negative moderate correlation with vibration data, while all other studied
parameters had strong or very strong correlations. Sound pressure correlated only with
Tex (tho = —0.833, p = 0.010). HC was the only indicator which correlated neither with the
vibration data nor with the sound pressure (Table 9, Figure 6).
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Table 9. Comparison of vibration, sound pressure and emission parameters correlation.

Parameters

Vertical Direction

(p, p-Value)

Horizontal
Direction
(p, p-Value)

Sound Pressure, Pa
(p, p-Value)

Methane, vol.%
BTE, %

Max pressure in
cylinder, bar
ROHR max, J/deg
Max pressure
increase, bar/deg
CD
CO, g/kWh
COZ ;8 /kWh
HC, g/kWh
NOx, g/kWh
Tex, °C

Methane, vol.%
BTE, %

Max pressure in
cylinder, bar
ROHR max, J/deg
Max pressure
increase, bar/deg
CD
CO, g/kWh
CO,, g/kWh
HC, g/kWh
NOx, g/kWh
Tex, °C

Methane, vol.%
BTE, %

Max pressure in
cylinder, bar
ROHR max, J/deg
Max pressure
increase, bar/deg
CD
CO, g/kWh
CO,, g/kWh
HC, g/kWh
NOx, g/kWh
Tex, °C

CN-optimal ST and mixture-optimal ST

0.732, p = 0.039
0.755, p = 0.031

0.850, p = 0.007
0.714, p = 0.047
0.671, p = 0.069

—0.595, p = 0.120
—0.659, p = 0.076
—0.731, p = 0.040
—0.108, p = 0.799
0.755, p = 0.031

—0.238, p = 0.570

0.830, p = 0.011
0.922, p = 0.001

0.970, p < 0.001
0.929, p = 0.001
0.934, p = 0.001

—0.833, p = 0.010
—0.395, p = 0.333
—0.826, p = 0.011
0.012, p = 0.978
0.922, p = 0.001
—0.405, p = 0.320

CNG-optimal ST

0.800, p = 0.200
0.800, p = 0.200

0.800, p = 0.200
0.800, p = 0.200
0.800, p = 0.200

—0.800, p = 0.200
—0.800, p = 0.200
—0.800, p = 0.200
—0.400, p = 0.600
0.800, p = 0.200
—0.800, p = 0.200

1.000, p < 0.001
1.000, p < 0.001

1.000, p < 0.001
1.000, p < 0.001
1.000, p < 0.001

—1.000, p < 0.001
—0.400, p = 0.600
—1.000, p < 0.001
—0.200, p = 0.800
1.000, p < 0.001
—1.000, p < 0.001

Mixture-optimal ST

0.800, p = 0.200
0.800, p = 0.200

1.000, p < 0.001
0.800, p = 0.200
1.000, p < 0.001

—0.600, p = 0.400
—0.400, p = 0.600
—0.800, p = 0.200
—0.800, p = 0.200
0.800, p = 0.200
0.800, p = 0.200

0.800, p = 0.200
0.800, p = 0.200

1.000, p < 0.001
0.800, p = 0.200
1.000, p < 0.001

—0.600, p = 0.400
—0.400, p = 0.600
—0.800, p = 0.200
—0.800, p = 0.200
0.800, p = 0.200
0.800, p = 0.200

—0.049, p = 0.909
0.216, p = 0.608

0.240, p = 0.568
0.238, p = 0.570
0.311, p = 0.453

—0.310, p = 0.456
—0.335, p = 0.417
—0.120, p = 0.778
0527, p = 0.180
0.216, p = 0.608
—0.833, p = 0.010

0.800, p = 0.200
0.800, p = 0.200

0.800, p = 0.200
0.800, p = 0.200
0.800, p = 0.200

—0.800, p = 0.200
—0.800, p = 0.200
—0.800, p = 0.200
—0.400, p = 0.600
0.800, p = 0.200
—0.800, p = 0.200

—1.000, p < 0.001
—1.000, p < 0.001

—0.800, p = 0.200
—1.000, p < 0.001
—0.800, p = 0.200

0.800, p = 0.200
0.200, p = 0.800
1.000, p < 0.001
1.000, p < 0.001

—1.000, p < 0.001

—1.000, p < 0.001

A correlation analysis of the groups of CNG-optimal ST and mixture-optimal ST
showed very strong correlations of the parameters with the vibration data in the horizontal
direction. CO and HC had weak correlations with horizontal vibrations, while other
parameters had an absolute correlation (tho = £1.000, p < 0.001) (Table 9, Figure 6). In the
group of mixture-optimal ST, a higher correlation of sound pressure with the energetic and
ecologic parameters appeared. The energetic parameters of methane, BTE and ROHRmax
had a negative correlation with sound pressure (rho = —1.000, p < 0.001). The CO ecologic
parameter was the only one which did not correlate with the sound pressure, and the
parameters CO,, HC, NOy, and T,y had an absolute correlation (rho = £1.000, p < 0.001)
(Table 9, Figure 6).
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4. Conclusions

The analysis of the statistical comparison of engine parameters via vibration and
sound did not reveal statistically significant differences in the groups of CNG-optimal ST
and mixture-optimal ST. Although the means of some parameters tended to differ more in
different ST cases, a small sample did not allow achieving a statistical significance.

Standard deviations of the studied parameters were significantly higher in case of
CNG-optimal ST. The ratio of the mean and the standard deviation in the CNG-optimal ST
and mixture-optimal ST were 11.7 and 22.3, respectively, which means that the standard
deviation of the engine parameters was nearly twice as small than in the case of the
CNGe-optimal ST. This justifies the importance of ST regulation and the stability of engine
parameters when replacing the standard CNG fuel with BG.

The correlation analysis of the vibration data and the energetic and ecologic parameters
showed that there was a moderate or strong correlation between these parameters. The
correlations between vibration and engine parameters were positive, i.e., as the numerical
values of the engine parameters increased, the vibration requirements also increased.
The opposite phenomenon, with the exception of NOy, was observed in the correlation
of ecologic parameters, i.e., as pollution emissions decreases, vibrations tend to acquire
higher values.

Additional correlation analysis of sound pressure, energetic and ecologic parameters
showed predominantly weak correlations. However, using different ratios of CHs and CO,
and the optimal ST led to a negative correlation between sound pressure and NOy, although
the correlation between vibrations and NOx was positive. This means that an earlier and
more intense combustion leads to a higher combustion temperature and pressure (increased
vibration), which results in higher NOy emissions, therefore combustion ends earlier and
the exhaust energy (sound pressure) decreases. Similarly, sound pressure negatively
correlates with ROHR Max, Max pressure, and BTE, meaning that as the sound pressure
decreases, engine performance increases.
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