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Abstract
Research aim is to analyze the prospects for increasing the efficiency of heavy-duty mining dump trucks
operation through the use of natural gas as the main energy carrier.
Research methodology included bench tests of a gas piston engine (GPE) KAMAZ mod. 820.60-260
with a capacity of 191 kW and the construction of forecast values of GPE parameters for the
BELAZ-75319 mining dump truck with a load capacity of 240 tons.
Results. A mathematical model and technique have been developed that allows predicting the main
parameters of a gas piston engine and optimizing its economic and environmental characteristics.
The use of natural gas as a motor fuel, with an unchanged engine design, leads to a decrease in its power.
Currently, gas modifications are being created on the basis of existing diesel engines, and it is not
always possible to implement any design measures at this stage. To realize all the capabilities of a gas
engine, it should initially be designed for gas motor fuel. This technique is based on the experimental
data of low-power gas piston engines and can be used for high-power gas engines studies intended for
installation on mining dump trucks.
Conclusions. Increasing the efficiency of mining dump trucks in the near future is possible through the
use of natural gas as the main energy carrier. The use of natural gas as a motor fuel allows to increase
the life of the engine, reduce the noise level and toxicity of exhaust gases, and reduce fuel costs.

Key words: mining dump trucks; open pit mining; diesel fuel, natural gas; gas piston engine;
environmental and economic efficiency.

Introduction. A feature peculiar to the contemporary period is the growth of
excavation depth together with more complex mining and geological conditions
of fields. When mining with an open pit, automobile is the main means of utility vehicles
and is used to transport about 80% of the total rock mass. Global mining industry
consumes billions of tons of diesel fuel annually, while the loaded dump trucks going
up the hill consume 70-80% of the total fuel.

Researches at a number of open pits [1-3] have determined that with highly
intensified and concentrated production and the grows of excavation depth, the air gets
polluted with harmful impurities with the maximum permissible concentration (MPC)
of carbon oxides being exceeded by 1.5-3 times and nitrogen oxides by 5-7 times.
Constant impact of exhaust fumes on the human body may cause immunodeficiency
and bronchitis, brain blood vessels, nervous system and other organs are affected;
miners exposed to exhaust fuels over the course of 10-20 years were diagnosed with
lung cancer [4-6].

Alternative fuels are considered today as a means of expanding the base of energy
resources and reducing anthropogenic impact on the environmental [7-9]. Practice
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Fig. 1. Load performance of KAMAZ 820.60-260 gas engine under n = 2200 r/mn:
G, — mass air flow, kg/h; G, — mass fuel flow, kg/h
Puc. 1. Harpy3ounas xapakrepuctuka razosoro asurareiast KAMA3 monenu 820.60-260
nipu n = 2200 06/mMuH:

G, — MaccoBbIii pacxosl BO3yXa, KI/4; G, — MaccOBBIH pacxol TOIUIMBA, KI/4
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proves that the most promising trend for transport vehicles is the application of gas fuel
[10—-16]. Natural gas doesn’t form deposits in the fuel system, doesn’t wash off the firm
of oil at the cylinder walls reducing friction and engine wear. The use of the natural gas
as motor fuel will make it possible to increase the life of engine by 1.5-2 times.

Gas has another important advantage — it is much cheaper than diesel fuel. For that
reason, Kovdorskiy GOK (Kovdorskiy mining and processing plant) has begun
switching its mining dump trucks to liquefied natural gas (LNG) since 2015. Kovdorskiy
GOK is the first enterprise in Russia to set to the realization of such project
(https://www.hibiny.com/news/archive/75172).

Research aim is to analyze the prospects for increasing the efficiency of heavy-duty
mining dump trucks operation through the use of natural gas as the main energy carrier.

Research methodology. Automotive manufacturers currently turn out dump trucks
with gas pistol engines, for example, KAMAZ PTC and URAL AZ manufacture dump
trucks with the capacity up to 20 tons, OJSC BELAZ — up to 45 tons. The use of gas
pistol engines at heavy-duty dump trucks is at the stage of research and development.

When switching mining dump trucks to gas fuel it should be noted that if engine
construction is not changed, its power loss can reach 30%. It is due to the fact that
natural gas—air mixture burns only with 5 to 15% of gas volume fractions. Consequently,
for effective burning and exhaust toxicity norms compliance, the stoichiometric ratio of
fuel mixture should be maintained, which makes up 9.53 for the natural gas for the
volume fractions of fuel and air. Therefore, the natural gas makes up almost 10% of the
mixture volume entering the cylinder which prevents from obtaining significant
inflation of a cylinder with air. Diesel fuel enters the motor cylinder through the injection
nozzle at the compression stroke and therefore doesn’t have an effect on the volumetric
inflation of a cylinder with air. For this reason the application of gas engines at mining
dump trucks requires the development of some measures on uprating the engine.

The main problem for the high dimension engines when changing to the natural gas
is to ensure stable combustion of the air-fuel mixture in the cylinder. It is known that
natural gas combustion in the cylinder is relatively slow as compared to diesel fuel.
It imposes certain constraints on the choice of the cylinder diameter and, therefore,
performance per liter. Currently, for the gas engines fueled by the natural gas, the
maximum performance per liter is 25 kW/1 [9].

In order to improve the performance of the dump truck engine, the engine
displacement should be increased by means of increasing the number of cylinders,
which adversely affects the dimensions and utilization efficiency of the motor.

A way of improving the utilization efficiency of heavy-duty dump trucks is to
determine the dependence between the mean effective pressure P, of a gas engine and
the adjustment parameters if the optimum economic and ecological features are reached.

The research was based on the results obtained during the bench test of KAMAZ
820.60-260 engine (Euro-4) [17, 18]. The following parameters of the motor were
studied: P, — mean effective pressure, MPa; g, — brake-specific efficient fuel
consumption, g/kW - h; T . — the temperature of the end gas in front of the centrifugal
compressor turbine, °C; NO, — nitrogen oxide concentration in the end gas, ppm;
CO - carbon oxide concentration in the end gas, ppm; CH — unburned hydrocarbons
concentration in the end gas, ppm.

In the course of the experiments the following factors varied: P, — pressure in front
of the inlet valves, kPa; 6 — ignition advanced angle, degrees of crankshaft turn;
Y, — the rate of opening of the throttle, %.

The indicated factors have been chosen as having the greatest influence on the
engine parameters under investigation.
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Fig. 2. Required external speed characteristic of gas engine 12DM-185A (initial data) as compared to
the characteristics of diesel engine MTU 16V4000:
N, — efficient power, kW; M, — effective torque, N - m; n — crankshaft speed, r/mn; o — excess air ratio
Puc. 2. TpeOyemas BHEIIHSAS CKOPOCTHAash XapaKTEpUCTHKa ra3oBoro nsurarens 12/IM-185A
(MCXOHBIE IaHHBIC) B CPAaBHEHHUH C XapaKTepHCTHKOM nu3ensHoro asurareast MTU 16V4000:
N, —>bdextuBHas MomHoCTh, KBT; M, — 3ddexTuBHbIi KpyTamuii MomenT, H - M; n — yacToTa BpaleHus KoJleHYa-
TOTO BaJsia, 00/MUH; o0 — KO3 PULHMEHT N30BITKA BO3IyXa
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In the course of investigation the task of optimization was being solved, i. e. reaching
minimum values of the parameters which characterize economic and ecological
indicators of the engine when reaching the required power indices.

Pressure effect in front of the admission valves. The data about the optimum values
of boost pressure obtained when calculating and in bench tests have shown that the
level of pressure should be about 90 kPa. Pressure reduction significantly reduces fuel
efficiency, while pressure growth leads to the growth of harmful substances release
volume with the end gas.

Ignition advanced angle effect. The data about the effect of the ignition advanced
angle are fully studied [17, 18]: as the angle measure increases, the fuel efficiency
grows, but at the same time, harmful substances release volume grows. The results of
the research have shown that the most optimum is the angle of 18-20 degrees
of crankshaft turn at full load.

The effect of throttle rate of opening. The issue of the effect from the percent opening
of a throttle has not been studied on purpose. The data from practice and experiments
show that it is advisable to maintain the rate of opening about 30%. From practical
experience it is known that the reduction of the opening angle of the throttle in mode of
full load can vary within a rather narrow range. It is connected with the fact that the
throttle for the engine is structurally oversized.

To study the engine parameters, fractional factorial experiment has been carried out
based on the two-level orthogonal planning (norm and deviation from a norm) for each
factor with the number of experiments 23. After the experiments and after calculating
the corresponding coefficients, the following equations of regression have been obtained
in the variables and natural values:

P =-1,38+0,007P, —0,0190 + 0,064, ,
g. =356,5-0,43P, +0—3,5Y, ,

NO, = —1866 + 7,638P, — 22,560 + 72,78Y,, , O
CO =237,25+1,43P, — 60+ 10Y,, ,

CH = 1006 — 2,48P, + 9,880 — 23,75Y, ,

T, = 478,75+ 0,58P, — 2,630 + 57, .

Statistical analysis with Student and Fisher’s criterion [19] has shown that all
coefficients in regression equations are significant and the equations obtained are
adequate to experimental data under the 5% level of significance (fig. 1).

In the course of solving the problem, the threshold values were chosen based on the
following:

— achievement of the maximum value of power must ensure minimum value of
brake-specific fuel consumption, thus the economic efficiency of the engine;

— at the present time for gas engines the values of 210-220 g/kW - h are the best
minimum values of brake-specific fuel consumption [9];

— with the purpose of maintaining the resource of the centrifugal compressor turbine
the temperature of the end gas in front of the turbine must not exceed 650 °C;

—the values of harmful substances release volume in the end gas were not considered
as soon as the mathematical model allows only forecasting their finite targets.
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Based on the obtained equations (1) let us solve the following problem:

~1,38+0,007P, —0,0190 + 0,064Y, —> max,
356,5—0,43P, + 0 —3,5Y, <220,

478,75+ 0,58P, — 2,630 +5Y, < 650,
120 < P, < 240,

10 <0 < 30,

30<7,, <100.

2)

The solution to system (2) are the values of the controlled parameters: P, = 120 kPa;
0 = 20 degrees of crankshaft turn; Y, = 30%, where target P, = 1.02 MPa;
g,=220 g/kW - h; T, =646 °C; NO_= 785 ppm; CO = 589 ppm; CH = 194 ppm.

The obtained rateé value P, = 1.02 MPa corresponds to the power N, =220 kW (300
hp — horsepower). In the line of KAMAZ gas engines, the highest power corresponds
to 820.92-300 (Euro-5) engine: N, = 220 kW (300 hp); g, = 209 g/kW - h (the forecast
value of the mathematical model is 220+11 g/kW - h).

For further improvement of engine power it is necessary to:

— increase the boost pressure and at the same time increase the gas pressure in the
system;

—use high-temperature resistant materials for the parts of the centrifugal compressor
turbine;

— use the system of the end gas aftertreatment.

Let us fulfill the preliminary analysis of the required characteristics of the gas piston
engine for the mining dump truck with the capacity of 240 tons. For example, let us
consider the use of diesel engine 12DM-185A produced by OOO UDMZ (Ekaterinburg)
for the mining dump truck BELAZ-75319 with the capacity of 240 tons [20]. Diesel
engine 12DM-185A develops the power of 1865 kW under the crankshaft speed of
1800 r/mn. To analyse the possibility of changing the diesel engine for the gas one, the
required characteristics (fig. 2) were calculated as compared to the parameters of
the diesel engine MTU 16V4000 (https:/www.mtu-online.com/mtu/company).
The obtained model provides rather good agreement with the actual characteristics of the
engine.

The change of heavy-duty mining dump trucks to gas fuel requires the development
of some measures on uprating the engine power. Computation and experimental studies
have shown the possibility of increasing the efficient parameters of the power module
based on the gas piston engine for mining dump trucks. In order to concert all capabilities
of the gas engine, it should be initially designed for the gas fuel.

Summary. The analytical-experimental model of the gas engine has been developed
together with the technique making it possible to forecast its basic parameters and
optimize economic and environmental characteristics. The technique was based on the
experimental data of the low-power gas piston engine, but due to the similarity
of the adiabatic processes it can be applied to study heavy-duty engines for mining
dump trucks.

Taking into account that in the nearest future the natural gas will be used as the
only cheap and reasonable fuel, the gas piston engine becomes perhaps the one and
only alternative of the power set for the heavy-duty mining dump trucks
of the future.
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IMoBbimenne 3¢pPeKTUBHOCTH IKCILUTYATAUH KAPbEPHBIX
CaMOCBAJIOB NPH UCMOJbL30BAHUN ra30MOPIIHEBBIX JIBUIaTe e

Xaszun M. JL.!, ®yp3uxos B. B.2, Tapacos II. 1.}

! VpasbCkuii rocyiapcTBEHHbIH TOPHBIN yHUBepcuTeT, ExarepunOypr, Poccus.
2 VpasbCKuii IU3elb-MOTOPHBIHN 3aBoj1, ExatepunOypr, Poccust.

3 Kommnanwust «IlepcriekriBa-My, ExarepunOypr, Poccus.

Pecgpepam
Llens pabomet — ananuz nepcnekmué nOGvluieHUs dPGeKmueHocmu IKCHAYAMAYUYU KAPbEPHBIX
€amoceanos 60abuol 2py30n00bEMHOCIU 3a CYent NPUMEHEHUsl NPUPOOHO20 2A3d 6 KAYeCmee 0CHOBHO20
9HepeOHOCUMeIs.
Memooonozusn npoeedenus uccnedosanusn. IIposedenue CmMeHOOBbIX UCHBIMAHULL 2A30NOPUHEBO20
osucamens (I'TI[]) KAMA3 mooenu 820.60-260 mowrocmoro 191 xBm u nocmpoenue npocHO3HbIX
sHauenul napamempos I'Tl/[ ona kapveprozo camocsana BEJIA3-75319 epysonodvemunocmoio 240 m.
Pezynomamet. Paspabomanvl mamemamuieckas MoOenb U MEmoOUKa, no3601aiouue npoecHo3uposams
OCHOGHblE NAPAMEMPbL 2A30NOPUIHEB020 08UAMENL U NPOBOOUMb ONMUMUZAYUIO €20 IKOHOMUYECKUX
u 9KoNOUNeCKUX Xapakmepucmuk. Mcnonvzosanue npupoorHoco 2aza 6 Kaiecmee MOmMopHO20 MONAUBd
npu HeUsMeHHOU KOHCMPYKYUU 08U2amesisi RPUGOOUN K CHUJICEHUIO e20 MowHocmu. B nacmosiwee apems
€o30aromcs 2az06ble MOOUGpUKAYUL Ha Da3e Yice CYWecmeyiomux OU3EIbHbIX 0gueamenetl, U OCYyWecmeums
Kakue-1ubo KOHCMPYKMUGHble MepOnpUusimus Ha SMomM dmane He gce20a ModicHo. /st peaiuzayuu ecex
803MOJICHOCEl 24306020 08Ucamens e20 ciedyem U3HAYAIbHO NPOEKMUposams HoO 2A30MOMOPHOe
monaugo. [annas memoouka NOCMPOeHd HA IKCNepumMeHmanvhvlx oannvlx TTI[ manoii mownocmu
u Mmodcem Oblmb nNpumeHeHa O UCCLEO0BAHUL 2A308bIX Ogueamenell OONbUWION MOWHOCTU,
nPeoHa3HaA4eHHbIX OJisl YCMAHOBKU HA KAPbEPHbLE CAMOCEALbL.
Buoi6oowl.  [logviuenue s¢hpexmusHocmu  SKCNIYAmayuu  KapbepHuIX Camoceanos 6 Oaudcatiwen
nepcnexmuee 603MONCHO 3a CHEm NPUMEHEHUs. RPUPOOHO20 2a3d 8 KA4ecmeae OCHOBHO20 IHeP2OHOCUMEISL.
Hcnonvzoeanue npupoonozo 2aza 6 kawecmee MOMOPHOLO MONAUBA NO3BOISAC YEETUYUMb CPOK CYHCObI
ogueamernsi, yMEHbUWUMb YPOGEHb ULYMA U MOKCUYHOCMb OMPAGOMANHbIX 24308, CHUUMb 3ampamyl Hd
MONUBO.

Knrouessie cnosa: kapvepnuie camocseanvl; OmKpbinvie 20pHvle pabomul; Ou3enbHoe MONIUGO,; NPUPOOHbILL
2a3; 2a30NOPuIHEBoll 08U2AMENb,; IKOLOSUYECKAs U IKOHOMUYECKAS P HeKmUusHoCmb.
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