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Abstract 
 
The paper describes the results of analysing modern methods of managing diesel engine processes 
when running on standard fuel. The potentialities of modern methods of simulating ICE operating 
cycles are analysed. Diesel locomotive engine is taken as an example to shown that numerical 
simulation of engine processes with the use of advanced program packages in the three-dimensional 
statement, as distinct from conventional computational methods, yields principally new data about the 
local distribution of investigated parameters over the combustion space volume in space and time. The 
approach offered in the paper for analysing the operating cycle with the application of numerical 
methods uses the technique of conducting numerical experiments for analysing engine performance 
indicators at the operating duties considered. This allows evaluating engine performance indicators for 
load, speed and generator characteristics with a high degree of accuracy and information content 
without conducting large-scale experimental research. Implementing modern methods of managing 
diesel engine processes was shown to reduce the level of emission of harmful substances and the 
environmental impact by 15-30%. 
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1. Introduction 
 
The modern trends in engine building are as follows: increasing the boosting level and 

fuel efficiency, reducing the level of exhaust gas (EG) toxicity, using microprocessor control 
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systems, new materials for manufacturing ICE parts and intricate multicomponent systems 
for EG neutralization (Popovicheva et al., 2014). 

Recently, special emphasis has been placed on problems related to improving 
dramatically the environmental indicators of diesel engines. Some West European countries 
are planning to introduce a prohibition on entrance of diesel engine vehicles to urban 
downtown areas. This is linked primarily to the emission of solid particles (SP) with exhaust 
gases, which have a porous structure and are the carriers of carcinogenic-mutagenic 
compounds. 

As applied to diesel engines, the focus recently is on the following: modern methods 
of managing the operating cycle; reducing massive emission of SP with exhaust gases; 
increasing the fuel injection pressure; reducing fuel atomisation dispersity; changing from 
three-dimensional or three-dimensional-film air-fuel mixing to a three-dimensional one; 
using thin-wall steel pistons with reduced heat loss in the walls and reduced thermo-
mechanical strain (Reitz and Duraisamy, 2015; Dempsey et al., 2013; Li et al., 2016). 
Mathematical simulation of engine processes in an ICE is a significant and promising line of 
computational-theoretical research. Research along this line is pursued by the academia, 
higher-educational establishments, R&D institutes, private companies (AVL, Ricardo), 
national laboratories (Los Alamos) and other entities. 

Using mathematical models for a computational estimate of the parameters of engine 
processes in combination with experimental research allows for an integrated evaluation and 
prognosis of ICE characteristics with change of design, operating duty and regulation 
parameters, and for using new kinds of fuels (Li et al., 2016; Nazemianet et al., 2019). As a 
rule, when simulating an operating cycle, mathematical models of different types and 
complexity levels are used at different research stages. Distinguished are one-zone, two-zone 
and multizone mathematical models for simulating an ICE operating cycle. The problem can 
be considered in the one-dimensional, two-dimensional and three-dimensional statements. 
Selecting the most suitable mathematical model as applied to a research stage can 
significantly reduce time expenditure and achieve an acceptable result. 
 
2. Review of the literature and problem statement 

 
Using microprocessor control systems and the Common-Rail fuel feed system helps 

managing a diesel engine process at a principally new level. In so doing, fuel metering 
accuracy is increased, the filminess fraction and fuel spraying dispersity is reduced, and 
multistage injection can be implemented (Aman et al., 2017). Using 3D characteristic cards 
stored in the memory of the electronic control unit (ECU) helps organise effective ICE 
running over the entire range of steady state motoring conditions and during transient 
conditions to approach required parameters. An example of a characteristic 3D card for the 
Skoda 1.9 TDI diesel engine is shown in Fig. 1. These advantages of modern control and fuel 
feed systems improve fuel efficiency and reduce the level of toxicity of ICE EG (Raeie et al., 
2014). 

The modern methods of managing a diesel engine operating cycle are primarily as 
follows: the method of managing a diesel engine operating cycle with Homogeneous Charge 
Compression Ignition (HCCI), preliminary mixing of a batch of diesel fuel when supplied to 
the inlet port (5-10%) with an additional fuel injector and the combustion chamber (90-95%) 
– Premixture Charge Compression Ignition (PCCI) – and multiphase fuel injection to 
improve environmental indicators, reduce the pressure build-up rate, and the noise and 
vibration levels (Bhiogade et al., 2017; Sharma et al., 2015). 
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Fig. 1. Example of 3D characteristic card for the Skoda 1.9 TDI diesel engine 
 

Implementation of the HCCI operating cycle by multistage fuel feed and addition of 
prepared EG to a fresh charge yields a virtually homogeneous fuel-air mixture with ignition 
at the required point in time. The principal schematic of implementing a diesel engine 
operating cycle and HCCI is shown in Fig. 2. 

 

 
 
                                   a)                                                     (b) 

 
Fig. 2. Principal schematic of implementing a diesel engine operating cycle (а) and HCCI (b) 

 
Such a method of implementing an operating cycle allows reducing maximum local 

temperatures in the combustion chamber, increase fuel combustion efficiency and improve 
diesel engine environmental indicators, primarily, nitrogen oxide (NOx) emission and mass 
discharge of SP. Thus, according to the Zeldovich hypothesis, the NOx concentration in the 
reaction zone increases linearly with maximum temperature growth and exponentially with 
oxygen concentration growth. Implementation of the HCCI process in a diesel engine 
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reduces local temperatures and oxygen concentration with a positive effect on exhaust gas 
toxicity. 

 
3. Research objective and tasks 

 
The research objective is analysis of modern methods of managing diesel engine 

processes when running on standard fuel, a computational estimate of the effectiveness of 
modern methods of mathematical simulation of a working diesel ICE. The following tasks 
were posed and solved in the research effort: 

- reviewing the literature on modern methods of managing diesel engine processes 
and the methods of their mathematical simulation; 

- performing numerical simulation of the diesel engine operating cycle in the three-
dimensional statement for the variants of standard design and with PCCI and HCCI systems, 
and analyzing the results; 

 - offering recommendations on improving the environmental indicators of the diesel 
engine by using modern methods of managing the engine process and the expediency of 
applying various mathematical models and numerical methods at different research stages, 
and on the development of diesel engine processes. 

 
4. Materials and methods for computational research of diesel engines cycles 

 
The development of modern numerical methods and computers allows formulating 

and solving complex multiparameter problems in mathematical simulation of ICE cycles in 
the three-dimensional unsteady statement (Dempsey et al., 2013; Li et al., 2016). 

Rolf Reitz (U.S.A.) and other scientists (Li et al., 2016) are involved in numerical 
simulation of engine processes. The focus of the research of these authors are the features of 
air-fuel mixing and combustion in an ICE cylinder. Numerical simulation of ICE cycles 
helps research the processes of air-fuel mixing, and combustion and formation of reaction 
products at an essentially new level. The potentialities of advanced program packages, for 
instance, such as AVL Fire, account for the design features of the combustion chamber, the 
design and regulation parameters of the fuel injection equipment, set ICE running conditions 
and fuel thermophysical properties. They also help considering optimization problems by 
selected criteria (fuel efficiency, toxicity, efficiency, and others). ICE cycles can also be 
simulated with account of transmission characteristics or of the vehicle as a whole. 

In this case, diesel engine processes can be considered in the plane axisymmetrical 
(2D), three-dimensional axisymmetrical (3D) and three-dimensional full-dimension 
statements. Using a 2D computational domain and grid reduces dramatically the computing 
time required for numerical simulation. Such an advantage is especially significant when 
searching for the most effective ICE design and regulation parameters. 

Solving the problem starts with selecting an engine type, its operating duty, the design 
parameters of the crank mechanism and gas distribution phases, and describing the fuel 
injection equipment parameters and the kind of fuel used. Next, a schematic of the 
computational domain is formed, which describes the configuration of the combustion 
chamber, a computational grid is synthesized initially in the automatic mode with basic 
settings, and then it is condensed close to the boundaries – the combustion chamber walls 
and in the subdomain of fuel spray propagation. Next, models are selected for describing 
working medium turbulence flows in the combustion chamber and models for describing the 
process of formation of reaction products (Dempsey et al., 2013). 

Following the setup of the mathematical model of the operating cycle, the 
computational parameters are set up – crank angle step and the number of iterations at each 
step. Next, the number of processor cores is specified and the number of processors or 
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computers (when a computational cluster is used). The next step is starting the problem run. 
The runtime depends on the type of computational domain (2D or 3D), level of discretization 
of the computational grid, the number of iterations at each step and the analysis type – 
computation or optimization. On the average, the runtime varies within 30 minutes to 7 days 
depending on the complexity of the problem being solved. A brief specification of the diesel 
engine considered in the paper is shown in Table 1. 

 
Table 1. Brief specification of diesel engine 

 
Item 
No. 

Parameter Value 

1 Rated power, kW 2940 
2 Rotational speed corresponding to rated power conditions, 

min-1 
1000 

3 Cylinder diameter, mm 260 
4 Piston stroke, mm 270 
5 Compression ratio 12.8 
6 Number of holes in the injector nozzle 8 
7 Diameter of injector nozzle holes, mm  0.42 

 
Fig. 3 shows the computational domain of the combustion chamber (a 45º sector 

corresponding to the subdomain of propagation of one fuel spray). Fig. 4 shows the 
computational grid describing the combustion chamber configuration. 

 

 
 

Fig. 3.  Computational domain of a sector of the combustion chamber of diesel engine  
 

The operating cycle was simulated starting from the point of closing of inlet valves – 
225 crank angle degrees (deg. c.a.) and up to the point of opening of exhaust valves - 490 
deg. c.a. The k-ε turbulence model recommended by the authors of paper (Perini et al., 2017) 
was used for numerical simulation of the flow of air and reaction products in the combustion 
chamber. The diesel fuel combustion process was considered with account of heat exchange 
between the working medium and the walls of the combustion chamber (Li et al., 2016; 
Perini et al., 2017). 
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Fig. 4.  Computational grid describing the configuration of the combustion chamber  
(2130500 computational cells) 

 
The authors also adjusted the function of dynamic computational grid remeshing to 

describe the configuration changes of the computational domain when the piston travels from 
the bottom dead centre (BDC) to the top dead centre (TDC). In doing so, parameters were 
adjusted for automatic synthesis of new computational grid layers close to the mobile 
boundaries when the piston travels to the BDC and deactivation of computational grid layers 
when the piston travels to the TDC. 

 
5. Results of research 

 
The results of computing the operating cycle of diesel engine during rated power duty 

in the three-dimensional axisymmetrical statement are shown in Figs. 5-7. Fig. 5 shows the 
of local flame temperature pattern for the crankshaft position of 370 deg. c.a. 

 

 
 

Fig. 5.  Local flame temperature pattern (К) 
 

It reveals that the maximum local flame temperature reaches 2500 К in the central 
area of the combustion chamber. In approaching to the walls, the temperature drops to 1200-
1500 К. Fig. 5 shows that implementing a diesel operating cycle with a single fuel injection 
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per cycle causes an apparent irregularity of temperatures, and hence, a fuel-and-air 
concentration, which during service leads to the occurrence of significant temperature 
gradients, thermal stresses in combustion chamber parts and a degradation of diesel engine 
environmental indicators. In case of the HCCI process, multistage fuel feed, homogenisation 
of the fuel-air mixture and implementation of multiple site combustion over the combustion 
space volume yield lower local maximum temperatures with smaller temperature gradients. 
All this facilitates engine running conditions and its environmental indicators. 

The indicator diagram of diesel engine is shown in Fig. 6, and the inner cylinder 
temperature averaged over the combustion space volume is shown in Fig. 7. As Fig. 6 shows, 
the maximum combustion pressure during operation of diesel engine in the rated power duty 
reaches 11.9 MPa. The maximum pressure angle is 367 deg. c.a. 

Fig. 7 displays the variation of the inner cylinder temperature averaged over the 
combustion space volume. The maximum temperature averaged over the combustion space 
volume reaches 1645 К at the crank angle of 390 degrees. The fuel self-ignition delay period 
was 5.6 deg. c.a. (Fig. 7) at the fuel injection advance crank angle of 20 degrees to the top 
dead centre (TDC). 

 

 
 

Fig. 6. Indicator diagram of diesel engine at rated power duty operation: 
 (Р – cylinder pressure, φ – crank angle) 

 
The results of numerical simulation of the process of formation of toxic and 

carcinogenic components in the engine cylinder at the duty being investigated are shown in 
Fig. 8 – nitrogen oxide (NO) mass fraction pattern, and Fig. 9 – solid particles (SP) mass 
fraction pattern. As Figs. 8 and 9 show, the pattern of concentration of harmful substances in 
the diesel engine combustion chamber has a pronounced local character due to air-fuel 
mixing and combustion features. 

Using modern methods of implementing engine processes increases the degree of 
homogenisation of the air-fuel mixture and fuel combustion efficiency, thereby reducing the 
level of emission of harmful substances. Typical duties of diesel locomotive engines are as 
follows: idling (60% of overall engine running); 30% of the rated power duty (about 25% of 
overall engine running) and rated operating duty (15% of overall engine running). The rated 
power duty is characterised by high temperatures in the engine cylinder, the highest hourly 
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fuel consumption among all operating duties and, respectively, a significant concentration of 
NOx in exhaust gases and SP. 

 

 
 

Fig. 7. Variation of inner cylinder temperature T averaged over the combustion space volume vs. crank 
angle φ 

 

 
 

Fig. 8.  Pattern of local NO mass fraction values 
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Fig. 9. Pattern of local SP volume fraction values 
 

Next, numerical methods were used for comparative studies of the diesel engine 
process for the following cases: 

• with homogeneous air-fuel mixing and combustion (HCCI); 
• with preliminary mixing of a fraction of diesel fuel during its admission to the 

injection port (PCCI). 
To simulate the engine HCCI cycle, the paper describes in the initial conditions the 

concentration of exhaust gases in the combustion chamber owing to the operation of the 
exhaust gases recirculation (EGR) system. The boundary conditions describe multistage fuel 
injection (four sub injections) for implementing the engine process with homogeneous air-
fuel mixing and combustion. To simulate the engine PCCI cycle, the paper describes in the 
initial conditions the concentration of fuel vapours in the combustion chamber owing to the 
operation of the system for preliminary fuel admission to the injection port. The comparative 
study data are summarised in Table 2. 

 
Table 2. Comparative study of engine performance indicators for different methods of implementing 

the engine process 
 

Computational 
variant 

n Ne Pz Tz ge NOx CO SP 
min-1 kW MPa К kg/kW·hr g/kW·hr g/kW·hr  g/kW·hr  

Standard 1000 2940 11.96 1,640 0.22 41.05 18.48 2.11 
HCCI 1000 2940 11.72 1,600 0.221 35 15.5 1.78 
PCCI 1000 2940 11.81 1,618 0.221 38.7 17.2 1.95 

 
6. Discussion the results 

 
The obtained local values of operating cycle parameters (the distribution of the flame 

temperature over the combustion space volume – Fig. 5) allow reasoning about the features 
of air-fuel mixing processes and fuel combustion in the diesel engine cylinder for the 
operating duty being considered. Analysis of these data helps making recommendations on 
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selecting the combustion chamber configuration, and the design and regulation parameters of 
the fuel injection equipment. At the stage of ICE design and development, this information 
(on local values of operating cycle parameters) enables reducing dramatically the time for 
experimental research with the use of costly equipment. 

Analysis of pressure and inner cylinder temperature averaged over the combustion 
space volume enables making conclusions on the effectiveness of implementing the diesel 
engine operating cycle. Processing these data provides information on effective and indicator 
parameters (efficiency, specific effective fuel consumption, effective engine power) for the 
operating duty being investigated. Further, these data are used for analysing operating cycle 
parameters by macro indicators (hourly fuel consumption, effective power, and others). 

The approach to analysing the operating cycle offered in the paper with the use of 
numerical methods enables using the technique of conducting numerical experiments for 
analysing engine performance indicators at the operating duties being considered. This helps 
assess engine performance indicators during running by load, speed and generator 
characteristics with a high degree of accuracy and information content without conducting 
large-scale experimental research. The comparative study data in Table 2 show that modern 
methods of implementing engine processes (HCCI and PCCI) reduce the level of emission of 
harmful substances with exhaust gases extremely effectively. Table 3 shows how the 
environmental impact is mitigated when the specific emission of NOx, СО and SP is reduced 
over a year of diesel locomotive engine operation with account of its running at the duty 
being considered. 

 
Table 3. Emission of harmful substances from a diesel locomotive engine to the atmosphere* 

 

Computational 
variant 

n Ne NOx CO SP NOx CO SP 

min-1 kW kg/hr kg/hr kg/hr t/year kg/year kg/year 

Standard 1000 2940 120.69 54.33 6.2 28.96 13.04 1.5 

HCCI 1000 2940 102.9 45.57 5.23 24.69 10.9 1.26 

PCCI 1000 2940 113.78 50.57 5.73 27.31 12.14 1.37 
*with account of the mean statistical annual run of 30000 km for a shunting diesel locomotive at rated 

duty for about 240 hours per year. 
 

7. Concluding remarks 
 
At different stages of research and development of diesel engine processes it is 

practical to use two-dimensional and three-dimensional axisymmetrical problem statements 
for preliminary analysis, and the three-dimensional full-scale statement to account for local 
effects. 

Using modern methods of managing the diesel engine process (HCCI and PCCI) 
reduces the level of emission of harmful substances – nitrogen oxides on average by 15-20 %, 
nitrogen monoxide by 12-16%, mass soot emission (solid particles) on average by 15-20 %. 
This will have a positive effect on improving environmental conditions and will mitigate the 
environmental impact. 
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