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Abstract. The natural gas usage as a vehicle fuel in the mining industry is one of the priority tasks of the state.
The article pays special attention to the component composition of natural gas from the point of view of its thermal
efficiency during combustion in the combustion chamber of a power plant on a heavy-duty vehicle in difficult quarry
conditions. For this, domestic and foreign methods for determining the main indicator characterizing the knock re-
sistance of fuel in the combustion process — the methane number — are considered. Improvement of technical and
economic indicators will be carried out by changing the composition of the gas mixture based on methane to fit
the design features of the gas power plant, the methane number will be the determining indicator. A theoretical analysis
of the influence of the methane number on such engine parameters as the compression ratio and the maximum speed
of the flame front propagation in the second phase of combustion in the engine cylinder, expressed through the angle
of rotation of the crankshatft, is presented. Based on the results of theoretical and experimental studies, the dependences
of the influence of the methane number on the efficiency of the working process of the engine and its external speed
characteristic were obtained.

Key words: natural gas; gas power plant; methane number; gas mixtures; energy efficiency; multivariate regression
analysis

Introduction. Thermal processes occurring in power plants of mining equipment using com-
pressed or liquefied natural gas as a motor fuel are constantly being studied and improved. The most
difficult task remains the influence of the composition of the gas-air mixture on the combustion pro-
cess, which determines the efficiency, environmental friendliness and profitability of a vehicle
intended for operation in difficult quarry conditions and transportation of large masses of various
natural materials (stone, ore, coal, etc.) [5, 12, 13].

When studying the working process of an engine using a gas mixture based on methane, the
physicochemical properties of these gases and their detonation resistance are considered. To assess
fuel quality indicators, various methods are used, including those designed to determine the octane
number (RON). LI. Vibe studied the component composition of various petroleum fuels in his scien-
tific works back in 1962, he considered the regularities of the change in the combustion rate inside
the engine cylinder on the basis of the general equations of chemical reactions [9].

Research methodology. In practice, it is customary to consider the octane number of petroleum
fuels according to the equation

RON,=XL, Bxi, (1)

where n — number of components in the fuel mixture; B; — the presence of the i-th component number
in the fuel mixture; x; — octane number of the i-th number of components in the fuel.

The octane number of petroleum fuels shows resistance to detonation during the combustion of
the working fluid in the engine cylinder. Analysis of various sources indicates that the RON for
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natural gas is in the range of 110-120 units, which characterizes the high quality of the fuel, expressed
in terms of the lowest calorific value. It is not entirely correct to calculate the energy efficiency of
natural gas by the method of oil fuels [1, 3, 6, 8]. In this case, it would be reasonable to use a method
capable of determining the energy efficiency of a gaseous fuel based on its natural component origin,
taking into account the theory of intermolecular interaction [7, 14].

In domestic science, the phase transformations of various gases, taking into account external
temperature-dynamic effects, have been studied in depth [4, 19]. Many nomograms have been
developed based on systems of gas mixtures characterizing the phase equilibria of one-, two- and
multicomponent gases. Such studies made it possible to understand in detail the picture of changes in
the intermolecular interaction of individual gases (methane, propane, ethane, butane, hydrogen, car-
bon dioxide, etc.) with each other in order to ultimately achieve the maximum thermal effect during
the reaction of an oxidizer and natural gas (gas mixtures). All these scientific achievements were
aimed at the development of oil and gas enterprises, but the research on the properties of gaseous
fuels for transport heat engines in Russia is not enough.

Since 1960, AVL (Anstalt fiir Verbrennungskrafimaschinen List) has carried out experimental
studies on the properties of natural gas, which is 92-98 % methane. According to experimental stud-
ies, the quality boundaries of both compressed and liquefied natural gas are determined by its heat of
combustion and the value of detonation resistance during combustion. The methane number (MN)
shows how many volume percent of methane (MN = 100) is contained in a mixture of methane and
hydrogen (MN = 0), which begins to detonate at the same compression ratio as the test gas [10].
According to the AVL method, the optimal quality of natural gas is determined by the lower threshold
of the knock resistance value (MN = 75).

Currently, there is no unified generally accepted methodology for determining MN, all existing
methods are the development of individual companies. Therefore, when using different methods for
determining MN, a discrepancy arises from 5 to 12 units. At present, a project GOST is being devel-
oped in Russia, which provides for a method for determining the methane number, which is based on
the expression:

MN = 1.445(RONy,) — 103.42, )

where RON,, — motor method octane number.
The AVL method provides for the definition of RON as follows:

RON,, = (137.78xCHa4) + (29.948xC>Hs) + (—18.193xCsHs) +
+ (—167.062xC4H10) + (181.233xCO3) + (26.994xN>), 3)

where x — molar fraction of components included in the gas CHa, C2Hg, C3Hg, C4Hio, CO2, No.

As you know, MN can affect the main performance indicators of the mining equipment power
plant. Let us briefly consider the known methods for determining the MN of natural gas and gas
mixtures from various fields.

According to joint experimental studies of AVL and CARB (California air resources board)
companies, the MN of natural gases from various fields changes due to the content of other gases in
the methane composition, including inert gases, hence the relative density of such gas, due to the
difference in the molar fraction of other gases (CHs, C2Hg, C3Hg, CsHio, CO2 m N»), changes and
contributes to a decrease or increase in MN. It is recommended to enter the Wobbe number, which
characterizes the state of natural gas, taking into account the inert and other gases included in it.

ﬁs,vv*(psrcyrsrc)
WspyorTore) = P22, (4)
pw(psrc’TS”C)
where ITIS,W — higher heat of combustion of methane under conditions equal to the environment;

Psre — pressure equals to the environment, p = 0.1 MPa; T, — ambient temperature, 7= 20 °C; p, —
relative density of methane.
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In an article [18] the equation for determining the MN by the CARB method is as follows:
MN = 1.624{- 406.14 + 508.04(H/C) — 173.55(H/C)*>+20.17(H/C)3} — 119.1, (5)

where H/C — the ratio of the hydrogen atoms number to carbon atoms in the hydrocarbon components
of the fuel.

When determining the MN by the CARB method, as an example, the author [18] used mine gas,
the MN of mine gas by this method was 108, by the AVL method the MN = 100, the discrepancy was
7-8 units. speaks of the inaccuracy of determining the MN when using different methods. The CARB
method gives overestimated results for MN, while the AVL method gives underestimated results. In
this regard, in [ 18] the equation obtained by the least squares method is introduced,

MNayp = 59.4 — 0.39MN¢agp + 0.007IMNE 5. (6)

The equation allows to determine the MN of natural gas with a small error, the discrepancy is 2-3.
At the same time, it can be noted that for mine gas MNcars = 95 and MNavL = 86. Thus, according
to the AVL method, the actual MN of the tested gas turned out to be lower than that indicated by the
CARB method, which was the reason for the appearance of detonation in the engine operation at
increased loads.

Swedish company "Industrial Engineering and Management" [23] (KTH) presented its formula
for determining the methane number:

MN = 1.624MON — 119.1, (7)

where MON — RON, determined by motor method.

Several methods for determining the methane number of natural gas and gas mixtures based on
it are known in the world: AVL, CARB, GRI, MWM, Waukesha Knock Index, PKI MN, Cummins,
Wartsila. All methods were developed to achieve efficient operation of a gas power plant or a con-
vertible standard engine for a methane working process.

The methodology developed by CARB and KTH presents the following equation for determining
the MN of natural gas:

MN = 1.624{- 406.14 + 508.04(H/C)— 173.55(H/C)?*+20.17(H/C)*} — 119.1. (8)

Using the methods for determining the MN of natural gas for use as a motor fuel, it is necessary
to separate the gases by MN (MN = 90, MN = 95, etc.) like gasoline fuel, which has different RONs
recommended for use in the corresponding types of internal combustion engines. As a rule, in Russia,
natural gas is used in power plants of trucks without studying its component composition, since it is
already provided for by GOST, hence the problems of optimizing the working process of a converted
gas engine when using natural gas in accordance with GOST 27577-2000 and GOST R 56021-2014.

According to Gruzomobil (Saint Petersburg), a Cummins gas engine fueled by European natural
gas delivers more effective power than a Cummins engine fueled by Russian natural gas. This indi-
cates that in Russia there are more studies aimed at improving the design of an engine for operation
on natural gas and less works on studying the physical properties of natural gas for reciprocating
internal combustion engines, taking into account their design features.

To reduce the imbalance between works aimed at improving the design of the engine and stud-
ying the physical properties of various gases, it is necessary to develop an algorithm for the selection
and use of gases according to the MN in the corresponding piston engines. In this case, it is necessary
to create artificial gas mixtures based on methane, which will increase the heat release energy due to
the optimal selection of MN, while ensuring the detonation resistance of the operation of the gas
power plant in a wide range of loads.

Manufacturers of gas power plants, focused mainly on freight auto transport, at the design stage,
lay down certain design features, taking into account the component composition of the natural gas
used [2, 21, 24, 28]. The European Union does not have large reserves of natural gas, with the
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Fig.1. Comparison of methods for calculating the methane number

exception of Norway, therefore, is supplied to Europe with natural gas from various countries
(Russia, Norway, Qatar, USA, Libya, Egypt, Algeria, etc.).

According to the well-known methods for determining the MN of natural gas, studies of all
natural gases supplied to Europe from different fields were carried out. The conducted studies have
shown ambiguous results (Fig.1), it is known that the optimal MN > 70. Note in advance that not all
the methods accurately determine MN, the most accurate is the AVL method.

From the data obtained by the AVL method, it follows that in most countries, including Russian
natural gas, MN > 70. However, even a high MN index is not considered a favorable gas for transport
engines, which is caused by the presence of large quantities of the inert gases in the composition of
natural gas (Hz, N2, CO», etc.), which reduce the efficiency of heat release during the combustion of
fuel in the combustion chamber of the engine. Thus, not all natural gases with high MN can be used
as the main motor fuel for gas engines, since they can cause detonation during combustion, and this
additionally complicates the regulation of the air-fuel mixture in the intake system.

The use of natural gas as a motor fuel in heavy-duty vehicles operating in mining and quarrying
conditions, taking into account the unfavorable environmental situation, will reduce the risk of the
release of toxic components by 3-4 times [22, 26-28]. The efficiency of the task is achieved if we
consider not the direct combustion of the produced gas in heat engines, but the combustion of a mix-
ture of gases selected for the qualitative composition based on methane, which has a high heat release
and is resistant to detonation. The composition of various methane gases is well illustrated by the
distribution scale of MN in Fig.2.

Natural gas

Sewer gas
Butane Propane 80-85 Landfill gas
I T T R — )
0 10-12 33-37 72-75 95-98 100 120-128
100 % Ha 100 % CH4
Northern regions
(sea gas)
Mixture with H

Gas from Russia

Fig.2. Scale of distribution of methane number of gases
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Natural gas from various fields in Russia Using the multicompo-
nent composition of artificial
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< < T ~ gas mixtures based on me-
Physical properties of natural gas thane, an algorithm of actions
N VX A was developed to select gas
) 1/5 mixtures, determine their phys-
N, N.i N, ) ) i
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i=l i=l j=itl by methane number and work
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1] 2| 3] 4] | ) :
Production of a gas mixture based on NG in the correspondlng types of

v v v Vv Y engines (Fig.3).

To accomplish the set task,

NGMong =2 X,CH, +2.C H, 1, + 2 BX; experimental studies of the ef-
] 2 3] 4] s fect of MN on the efficiency ofa

NG-based gas mixture quality gas power plant designed to op-

¢ ¢ ¢ ¢ ¢ erate in difficult mining and

quarry conditions were carried
out, three gas mixtures based on
S N

Classification and determination of NG methane number natural gas were complled com-

/ ¢ \ \ ponent-wise (see table) [16].

Based on the gas composi-
MN; =90 MN; = 95 MN; = 100 MN; = 105 MN;s = 110 . . .
tion given in the table, it is pos-
%

Recommended ICE when operating on NG with a corresponding MN sible to select the quahtatlve
\l composition of the gas mixture
based on methane for any gas

Gas ICE Bi'ﬁlellcggs"““e power plant of a heavy-duty
vehicle without modifications

and design changes [15, 16].
To confirm the reliability, con-
clusions and recommenda-

tions, a criterial mathematical
Fig.3. Algorithm for the selection and use of gas by MN in piston engines model was developed and

MN =Yg, ,x; +ZBi,nxl»"x7

Convertible diesel

Gas-diesel ICE ICE

y A y

Operation of mining transport equipment with gas engines

a multivariate regression
analysis of the effect of MN on the efficiency of the working process of a gas internal combustion
engine was performed.

Qualitative composition of the studied gas mixtures based on methane

Gas 1 (MN-75) Gas 2 (MN-98) Gas 3 (MN-104)
CHs—83.2 CHs -89 CHs—99.7
CoHe - 8 CoHe— 5.2 CoHe - 0.3
CsHs—3.6 CsHs - 2.8 CsHs -0
CsHio—-1.5 CsHio—-1.1 CsHio—-0
CO-3 CO2-1.5 H2-0
N2—-0.7 N2-0.4 N2—-0

Multivariate regression analysis was performed according to the technique presented in the work
[25]. In sequential planning of the experiment, it is assumed that the general equation of the model [25]:

Y=by+Xf_ biXi+ T b XX .+ X5 X, 9)
J#
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plans, they include the core,
points and experiences in the
center of the plane. All this

makes it possible to obtain a re- Ne kW 27 1 /J,/—Jﬁ{g\\

lationship between the three Mi,Nm 2% . > {(/’f\\

main indicators — MN, compres- , o1 wh 2% : 5

sion ratio € and crankshaft rota- 200 ) \

tion angle ¢2 [17]. 175 ‘ /// \ |
The influence of the MN on i~ =T = J_ =-X-=_x;=x ™|

the compression ratio is obvious, Vé=*='-‘="“—“"=x*—i_"'_'|

since the speed of propagation of 1% e s 7XZ-._X:—X__\lh‘X

the flame front changes, which 10 =% = M | 5 uE \‘*‘:X\\J

can both improve and worsen the 75

dynamics of the engine opera- 50 |
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tive is the selection of a gas mix-

. Fig.5. External speed characteristic of the gas power plant GChN12/13 of a minin
ture based on natural gas with £ P £08 POWETP g

dump truck

MN =90-105 and a compres§10n 1 — investigated PP based on a mixed NG; 2 — prototyped PP based on NG
ratio € = 11-14, while the optimal

compression ratio is determined
based on the corresponding type of engine.

To determine the reliability of theoretical studies in laboratory conditions, an experiment was
carried out using a multicomponent gas mixture and natural gas as a motor fuel for a gas power plant.
The tests were carried out using three investigated gas mixtures and two existing gas engine fuels
used in Russia, each with a corresponding methane number.

A detailed methodology for calculating the effect of MN on the performance of a gas engine
working process is presented in the work [16], based on the results of the calculation, the values from
the confidence interval were compared with the corresponding values of the model parameters. Hav-
ing transformed all the values according to the obtained confidence interval, the final model with the
numerical values of the estimated indicators of the regression coefficients is presented:

Y =120 —3x; + 7x; +4x; — 0.5 (ryxy +x1x3) — 3x,0x3 + 485x7 + 490x3 + 495x3. (10)

where x1 — angle of rotation of the crankshaft in the 2nd phase of combustion ¢2; x» — compression
ratio €; x3 — methane number MN.

Equation (10) made it possible to construct the dependence of the main indicators (MN, €, ¢2)
influence on the power of a gas power plant when operating on the studied gas mixtures with different
MN. Expression (10) determines the relationship between the MN and the engine performance, the
compression ratio € and the angle of rotation of the crankshaft ¢,. In this case, additional calculations
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of the engine operating process are not required, since they have already been experimentally
confirmed. [16]. Based on experimental data [6] the limits of the optimal values of the compression ratio
€ = 12-14 and the angle of rotation of the crankshaft 0 = 12-15° were determined. The resulting depend-
ence (Fig.4) well illustrates the relationship between the MN, the compression ratio and the control
characteristics of the quality of the air-gas mixture at the inlet to the engine cylinder.

Research results. To confirm the adequacy of the developed model of the planned experiment
and the influence of the methane number on the efficiency of the working process of the gas power
plant of the mining heavy-duty vehicle, a numerical calculation was used, the element-by-element
processing of the results obtained was carried out, and the dependence of the influence of the MN on
the power indicators of the gas engine was obtained.

To confirm the theoretical study ofthe influence of the methane number on the engine parameters
€, ¢2, which determine its energy efficiency, an experiment was carried out, an external speed char-
acteristic was built (Fig.5) of the investigated power plant of a mining gas engine dump truck, where
an increase in effective power by 10-15 % is observed.

The experimental results of the 8GChN12/13 gas PP confirmed the reliability of the theoretical
studies obtained. The dependence of the relationship between the MN, the degree of compression and
the angle of rotation of the crankshaft ¢ is obtained. The obtained dependence of the influence of the
interconnection between the MN, the compression ratio and the maximum flame propagation speed
in the engine cylinder, expressed through the angle ¢, made it possible to experimentally confirm
the increase in the effective power within 10-15 %. A change in the methane number of natural gas
MN = 75-97 with a compression ratio € = 12 and an ignition advance angle 6 = 12-15°, an increase
in power, compression ratio up to € = 14 while maintaining MN = 75-97 reduce the detonation re-
sistance. It is recommended to increase the MN to 98-104 at 6 = 12°.

The developed algorithm for adaptation and use of multicomponent gas mixtures made it possi-
ble, on the basis of experimental and calculated data, to qualify the gas according to MN = 75-104.
The most suitable composition of natural gas as a motor gas in 8GChN12/13 PP is gas 2 with
MN = 98 (composition: CHs — 89; CoHs — 5.2; C3Hg — 2.8; C4Hio — 1.1; CO2 — 1.5; N2 — 0.4 mol.%)
and gas 3 with MN = 104 (CH4 — 99.7; CoHe — 0.2; H2 — 0.1 mol. %), at the same time, there is an
increase in the effective power by 10-15 %.

Conclusion. The most optimal methane number of gas mixtures is MN = 97 with a compression
ratio of € = 12 and an angle @2 = 18°, while an increase in the effective power by 10-15 % is observed.
With a compression ratio of € = 13 the power of the PP increases by 17-22 % when using a gas
mixture and natural gas with MN = 104. The developed algorithm allows selecting gas mixtures for
the corresponding types of PP for mining equipment without complex design changes. The experi-
ment showed that the most suitable gas mixtures for a 8GChN12/13 gas PP of a mining dump truck
are gas 2 with MN = 98 and gas 3 with MN = 104.
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