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Abstract 

On the present, a considerable reduction of the greenhouse gas emissions is one of the most important 

challenges in construction of the motorcars and their driving units. Application of the biofuels essentially 

contributes to reduction of air pollution caused by the exhaust gases. However, application of the 

bioethanol as a fuel in the spark ignition engines requires to perform some important constructional 

adjustments of these engines in order to ensure their proper functioning and to eliminate the potential 

operational risks. The scientific publication is focused on creation of a simulation model describing the 

advanced system, which is developed for application of the sustainable fuels. The scientific contribution 

of this work consists in original system of the cooling channel, which is applicable in all the high-

performance sport applications. There were obtained very good results during testing of this system in 

real operation, especially in the case of the E85 fuel. Combustion of this fuel, using the above-mentioned 

system, significantly eliminated thermal loading of the whole drive unit. The authors of this scientific 

publication also obtained a patent for this system. 
(Received in April 2022, accepted in May 2022. This paper was with the authors 1 week for 1 revision.) 
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1. INTRODUCTION 

The time interval, which is at disposal for removal of the combustion products (i.e. exhaust 

gases) from the engine cylinder and also for filling of this cylinder by a fresh fuel-air mixture 

is very short in the case of high powerful engines installed in the racing vehicles of the category 

L [1, 2]. The exchange of cylinder content is doing in the moment when the piston is in the 

bottom dead centre. A standard construction of the filling and exhaust pipes, which is typical 

for a wide range of the high powerful 2-stroke engines, is characterised by usage of five filling 

and four exhaust pipes (channels) [3]. There are two main disadvantages of such arrangement: 

insufficient filling of the cylinder with the fresh mixture and excessive thermal expansivity of 

the piston in cylinder. These negative phenomena are able to cause detonation combustion as 

well as possible destruction of engine in the case of the biofuel E85 combustion [4-8]. The main 

principle of the new system consists in installation of a cooling channel into the exhaust pipe 

and this added channel supplies the fresh fuel-air mixture into the cylinder. The cross-section 

of the given cooling channel is rectangular. During movement of the piston towards the bottom 

dead centre, the fresh mixture is transported to the cylinder volume also from the exhaust area 

by means of the cooling channel, which cools the exhaust part of the piston. This part of the 

piston is exposed to the highest temperature and this fact represents the most serious risk of 

destruction. This innovative constructional concept is illustrated on Fig. 1. The aim of the work 

is to present a system, which significantly reduces risk of the detonation combustion and it 

enables to use the sustainable fuels also in the racing vehicles with two-stroke engines. 
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Figure 1: Inverted model of cylinder inner space with suction and exhaust channels. 

2. COMPUTATION DESCRIBING EXCHANGE OF EXHAUST GASES 

AND FUEL MIXTURE 

The most difficult problem, which occurs during a mathematical description of the Otto cycle 

in the case of two-stroke engine, is a complexity of gas flow and heat exchange. It is necessary 

to apply a suitable numerical tool in order to describe in a complex way behaviour of the basic 

state values during the piston movement. The required numerical tool utilizes discretisation of 

the cylinder model. The whole solution process was realised by means of the finite volume 

method. 

      The computational solution was based on application of the simulation software ANSYS 

CFX [9, 10]. This software tool enables to simulate the energy flows in the individual elements, 

i.e. streaming, which is described by means of the Navier-Stokes differential equations, together 

with complemented models of turbulence. The process of computation takes into consideration 

change of the network shape caused due to movement of piston. Fig. 1 presents the inverted 

model of the cylinder inner space of the tested engine with the suction and exhaust pipes, 

including the patented cooling channel. This model was obtained by a scanning procedure using 

the equipment METROTOM. 

      The inverted model, which was created by the scanning procedure, can be further used (after 

an adjustment) directly in the simulation software, which requires just only geometry of the 

inner space of cylinder. The model was simplified in order to accelerate the whole 

computational process, whereby the cylinder inner space remained unchanged. There were only 

shortened the input and output channels. Fig. 2 illustrates the final model in the moment of 

exhaust channels opening. Opening of the exhaust channels begins at the shift of piston 

25.2 mm from the top dead centre, i.e. for the angular rotation of crankshaft at the angle 

θ4 = 91.6°. There are set up the initialisation conditions at this value of angle, corresponding to 

the zero starting time τ = 0 s. Consequently, increasing of the angle θ leads to the bottom dead 

centre (Fig. 3) and the piston starts to move again towards closing of the exhaust channels at 

the angle value θ = 268.4°. 
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Figure 2: Investigated geometry of cylinder  Figure 3: Investigated geometry of cylinder  

at θ4 = 91.6°.  at bottom dead centre. 
 

      The engine speed during the simulation process was 11000 rpm. A relative shift of the piston 

in direction of the axis z (positive direction of the axis is defined according to Fig. 2) is given 

by the following relation, which describes a dependence between the simulation time and piston 

relative shift: 
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where: z – shift of the piston (mm), 

 z0 – position of the piston at the beginning of simulation (mm). 

      Time dependence of the crankshaft angular rotation at the given engine speed is described 

by the relation: 
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      There is obtained, using the Eqs. (1) and (2), the resulting equation, which describes shift 

of the piston in dependence on time. This mathematical description is directly used in the 

simulation program: 
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      Gradual opening and closing of the exhaust and suction channels is realised during turning 

of the shaft about the angle 176.8° (3.0857 rad). The time interval, which is necessary for the 

given angular rotation, represents duration of the simulation process. This time can be obtained 

from the basic equation, which describes the angular speed, using the difference form of this 

equation: 
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      Time dependence of piston shift between opening and closing of the exhaust channels is 

illustrated in Fig. 4. 



Puskar, Kopas, Soltesova, Tarbajovsky: Simulation Model of Advanced System for … 

311 

 

Figure 4: Time dependence of piston shift at engine speed n = 11000 min-1. 

      The model of cylinder is divided into several individual domains using the software 

ANSYS, namely in the part Design Modeler [11, 12]. The main reason for such fragmentation 

is a requirement of shifting movement concerning the bottom part of cylinder volume. 

   

Figure 5: Inner space of cylinder at θ4. Figure 6: Exhaust channels. 

      The individual domains together create one functional entity. The basic computational 

domain is inner volume of the cylinder (Fig. 5). The exhaust channels are opened by shifting of 

the cylinder in direction of the axis z (Fig. 6). The suction channels are opening after expansion 

of the exhaust gases (Fig. 7), together with opening of the patented cooling channel using a 

short delay (Fig. 8), what causes pushing of the rest exhaust gases out from the cylinder inner 

space. 
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Figure 7: Suction channels. Figure 8: Patented cooling channel. 

      Discretisation of the domains (Fig. 9) were performed by means of three various types of 

the networks. The cylinder was additionally divided into the upper and bottom part with the 

network Sweep, which is based on the hexagonal elements [13]. The network of type sweep is 

suitable in the case of network deformation in order to avoid creation of negative volumes for 

the individual elements during the simulation computational process. The upper part of the 

cylinder volume uses the hexagonal network for a continual connection to the network sweep. 

The input and output channels are networked by means of the tetragonal network with regard 

to a requirement to create the boundary layers [14]. 

      The created network consists of 1.38·106 elements and 1.27·106 nodal points, whereby a 

considerable amount of the elements is used just for networking of the cylinder, which is the 

key domain of the whole simulation. 
 

 

Figure 9: Discretized calculation model. 
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3. SETTING OF UNICITY CONDITIONS FOR SOLUTION OF 

SIMULATION 

The geometrical conditions of unicity were defined by scanning and modification of the created 

model. Solution of all the applied differential equations from the area of streaming and heat 

transfer requires determination of the material characteristics for the domains, their 

initialisation conditions and boundary conditions, interfaces among the individual domains as 

well as conditions for the solver itself. 

      The material characteristics of the exhaust gases and fuel-air mixtures were determined 

according to stoichiometry of combustion, whereby the individual physical parameters were set 

as functionally depending on the temperature and pressure. In the initial time (τ = 0 s), the 

domain of cylinder contained 100 % amount of the exhaust gases at the pressure 5·105 Pa and 

temperature 530 °C. The initial velocity of the gas flow in direction of the piston movement 

was set at the level 30.92 m/s (for τ = 0 s) using the following relation, which describes the 

piston velocity vp in any time τ, in order to speed-up convergence of the whole computational 

process: 
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      There was also calculated the total energy in all the domains with regard to a necessity to 

solve changes of the state values due to doing of a volumetric work, in accordance with the first 

law of thermodynamics. This requirement drastically reduced the calculation time step to the 

value 1 μs in order to keep stability of convergence for the linear solver. The total solution time 

2.679·10-3s was divided to 2679 time steps using average number of four iterations per one 

time-step, what means approx. 10700 iterations at relatively dense discretization of the 

domains. The turbulent gas flow required application of the SST (Shear Stress Transport) 

model, which is suitable in the case of supersonic streaming with large pressure gradients. This 

situation is typical mainly for the exhaust process. The possibility of network deformation was 

applied for the domain of cylinder. The time dependence of movement, related to the bottom 

surface of the cylinder inner volume, in the contact place with the piston, was defined according 

to Eq. (6). The cylindrical surface required defining of an „unspecified“ shift, because this 

surface is changing during movement of the piston. 

      The exhaust channel domains contained the boundary conditions for the exhaust gas outputs 

with a possibility of supersonic streaming. In the case of the suction channels it was applied the 

boundary condition for intake of the fuel-air mixture with the overpressure value 60 kPa. This 

overpressure is caused due to compression of mixture under the piston in the space of the piston-

rod movement. It is assumed that the initial volume of mixture is compressed to 5/8, what causes 

8/5-times increase of the mixture pressure, i.e. from 100 kPa to 160 kPa. The analysed time 

dependence of the pressure at input to the suction channels (SC) is pictured in Fig. 10. 

      A simplified assumption of the pressure time dependence at input to the suction channels 

can be modified using a more complex simulation of streaming, considering the bottom volume 

under the piston and the total volume of the suction channels. This more complex simulation 

takes into consideration dynamics of the fuel-air mixture streaming. 
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Figure 10: Assumed time dependence of relative pressure at input to SC. 
 

   

Figure 11: Illustration of interface area on cylinder. Figure 12: Illustration of interface area on EC  

 and SC. 
 

      Since the individual domains are physically separated, it is necessary to create a domain 

interface among them. The domain interface is represented by the cylindrical surface of inner 

volume in the cylinder (Fig. 11) and by the inner cylindrical surfaces of the exhaust channels 

(EC) and suction channels (SC), (Fig. 12). The cylindrical surface of inner volume in the 

cylinder changes its size due to shift of the piston and it is in contact with the inner cylindrical 

surfaces of the exhaust and suction channels. The main requirement is to set a possibility for 

exchange of mass among the individual domains through their interface in order to enable gas 

flow among the domains, according to the physical principles of streaming. 

      It is necessary to determine the maximal number of iterations and also the iteration accuracy 

before starting the process of numerical solution. In spite of the predetermined maximal number 

of iterations 10, the predefined iteration accuracy was reached already after 4 iterations due to 

a short time step [15]. 
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4. EVALUATION OF RESULTS OBTAINED FROM NUMERICAL 

SOLUTION USING SOFTWARE ANSYS CFX 

A gradual solution of the difference equations using the iteration procedure, which is performed 

for the individual time steps, begins by starting of the solver. After finishing of this process it 

is possible to display the isosurfaces in any time step and for any position on the model. In this 

way can be supplemented the missing numerical values of the state values between the points 

4 and 1 in the Otto cycle that cannot be obtained analytically. Fig. 13 presents the isobaric 

surfaces for the time moment 3.2·10-4 s in the longitudinal cross-section of cylindrical surface. 

There are visible on this figure the following domains: cylinder, suction channels (bottom 

right), added suction channel (bottom left) and exhaust channel (top left). 
 

   

Figure 13: Isobaric surfaces in cylinder  Figure 14: Isothermal surfaces in cylinder 

cross-section.  cross-section. 
 

      It is evident (from this figure) that already after turning of the crankshaft about the angle 

21.13°, which corresponds to the time 3.2·10-4 s, the pressure decreases about approx. 350 kPa 

due to a leakage of gas through EC and also due to increased volume of cylinder. Adequately 

to this pressure decrease is reduced the temperature, as well. The field of temperature in the 

cross-section of cylinder is visible in Fig. 14. 
 

   

Figure 15: Field of velocities in cylinder  Figure 16: Detailed view on velocity vectors at  

cross-section.  place of EC in the time 3.2 . 10-4 s. 
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      Evaluation of the streaming velocities enables to display the field of absolute velocities 

(Fig. 15) or vectors of the velocity field (Fig. 16). 

      There are presented in Fig. 17 the velocity vectors during exchange of the exhaust gases by 

the fuel mixture in the time 0.7 ms (θ = 137.8°). Penetration of the fuel mixture to the exhaust 

gases in the place of the added SC is clearly visible. 

 

Figure 17: Velocity vectors in the time 0.7 ms (θ = 137.8°). 
 

      The missing part of the real Otto cycle between the points 4 and 1 can be obtained using 

analysis of the pressure values during the piston movement, Fig. 18. 
 

 

Figure 18: Diagram P-V between the points 4 and 1 in Otto cycle. 
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      The initial phase of the exhaust channel opening causes a rapid reduction of the pressure. 

After the suction channel opening, the pressure in the cylinder is moderately increased, because 

there is an overpressure of the fresh mixture in the suction channel. Decrease of this pressure 

begins near the bottom dead centre. The repeated movement of the piston upwards causes a 

moderate increase of the pressure and in this way the rest of the exhaust gases is pushed out 

from EC. The dependence of temperature in the cylinder on the volume of cylinder is visible in 

Fig. 19. 
 

 

Figure 19: Dependence of average temperature in cylinder on cylinder volume. 
 

      Evaluation of the computational results enables to present a global view on the time 

dependence concerning discharge and suction of gases in the tested two-stroke engine, whereby 

it is possible to read and indirectly to determine the residual amount of the exhaust gases 

remaining in the cylinder as swell as volume of the fresh mixture, which is blown out through 

EC without combustion. 

5. CONCLUSIONS 

The original scientific contribution of this work consists in a newly-developed system of the 

cooling channel, which can be applied in all the high-powerful sport applications. The system 

of cooling channel, which is installed in the exhaust pipe in order to eliminate the operational 

risks caused by application of the biofuel E85, enables to solve two important disadvantages of 

the high powerful combustion engines, i.e. the insufficient filling of the engine cylinder with 

the fresh fuel-air mixture and the excessive thermal expansivity of piston. The main advantage 

of this innovative technical solution consists in a fact that improved filling of the cylinder with 

the fresh mixture thanks to the added cooling channel increases the maximal power output of 

the engine. The second important advantage is that the fresh mixture, which flows to the 

cylinder through the cooling channel, decreases the piston surface temperature and in such a 

way it minimises risk of a possible destruction due to uncontrolled thermal dilatation of piston. 

This positive effect enables to apply also the alternative fuel mixtures, namely the biofuels, 

without operational problems. The presented cooling channel system was long-time developed, 
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really designed, successfully applied in the racing motorcycle and, consequently, it has become 

the subject of a patent application. 

      The future research plans are focused on further research and development of innovations 

determined for a more efficient utilisation of the renewable energy sources with regard to the 

planned emission limits. Our attention will be focused mainly on increasing of the efficiency 

during combustion of the fuels containing bio-components. 

ACKNOWLEDGEMENT 

This work was supported by the Slovak Research and Development Agency under the Contract no. 

APVV-19-0328. 

      The article was written in the framework of Grant Projects: VEGA 1/0318/21 “Research and 

development of innovations for more efficient utilization of renewable energy sources and for reduction 

of the carbon footprint of vehicles” and KEGA 006TUKE-4/2020 “Implementation of Knowledge from 

Research Focused on Reduction of Motor Vehicle Emissions into the Educational Process.”. 

REFERENCES 

[1] Balland, O.; Erikstad, S. O.; Fagerholt, K. (2014). Concurrent design of vessel machinery system 

and air emission controls to meet future air emissions regulations, Ocean Engineering, Vol. 84, 

283-292, doi:10.1016/j.oceaneng.2014.04.013 

[2] Puškár, M.; Bigoš, P. (2013). Measuring of accoustic wave influences generated at various 

configurations of racing engine inlet and exhaust system on brake mean effective pressure, 

Measurement, Vol. 46, No. 9, 3389-3400, doi:10.1016/j.measurement.2013.05.008 

[3] Nikodijevic, M.; Petrovic, R.; Bochkarev, S. V.; Todic, N.; Stankovic, I. (2020). Mathematical 

modeling of heat transfer of liquefied natural gas engines, Technical Gazette, Vol. 27, No. 2, 475-

479, doi:10.17559/TV-20180318180621 

[4] Ojstersek, R.; Acko, B.; Buchmeister, B. (2020). Simulation study of a flexible manufacturing 

system regarding sustainability, International Journal of Simulation Modelling, Vol. 19, No. 1, 65-

76, doi:10.2507/ijsimm19-1-502 

[5] Van Niekerk, A. S.; Drew, B.; Larsen, N.; Kay, P. J. (2019). Influence of blends of diesel and 

renewable fuels on compression ignition engine emissions over transient engine conditions, 

Applied Energy, Vol. 255, Paper 113890, 10 pages, doi:10.1016/j.apenergy.2019.113890 

[6] Puškár, M.; Kopas, M.; Sabadka, D.; Kliment, M.; Šoltésová, M. (2020). Reduction of the gaseous 

emissions in the marine diesel engine using biodiesel mixtures, Journal of Marine Science and 

Engineering, Vol. 8, No. 5, Paper 330, 11 pages, doi:10.3390/jmse8050330 

[7] Hdaib, I. I.; Yamin, J. A. (2022). Analysis of internal combustion engine performance using design 

of experiment, Technical Gazette, Vol. 29, No. 2, 483-496, doi:10.17559/TV-20210312194600 

[8] Buchmeister, B.; Friscic, D.; Palcic, I. (2013). Impact of demand changes and supply chain’s level 

constraints on bullwhip effect, Advances in Production Engineering & Management, Vol. 8, No. 

4, 199-208, doi:10.14743/apem2013.4.167 

[9] Li, Y. Chen, H.; Zhang, C.; Chen, H. (2021). Effects of diesel pre-injection on the combustion and 

emission characteristics of a common-rail diesel engine fueled with diesel-methanol dual-fuel, 

Fuel, Vol. 290, Paper 119824, 12 pages, doi:10.1016/j.fuel.2020.119824 

[10] Kuric, I.; Klačková, I.; Nikitin, Y. R.; Zajačko, I.; Císar, M.; Tucki, K. (2021). Analysis of 

diagnostic methods and energy of production systems drives, Processes, Vol. 9, No. 5, Paper 843, 

19 pages, doi:10.3390/pr9050843 

[11] Masovic, R.; Breski, T.; Cular, I.; Vuckovic, K.; Zezelj, D. (2021). Numerical model for worm 

gear pair inspection based on 3D scanned data, International Journal of Simulation Modelling, 

Vol. 20, No. 4, 637-648, doi:10.2507/ijsimm20-4-573 

[12] Shi, H. X.; Meng, J.; Li, Y. (2021). Numerical simulation of coarse particle two-phase flow in two-

stage vortex pump, International Journal of Simulation Modelling, Vol. 20, No. 4, 684-695, 

doi:10.2507/ijsimm20-4-579 

https://doi.org/10.1016/j.oceaneng.2014.04.013
https://doi.org/10.1016/j.measurement.2013.05.008
https://doi.org/10.17559/TV-20180318180621
https://doi.org/10.2507/ijsimm19-1-502
https://doi.org/10.1016/j.apenergy.2019.113890
https://doi.org/10.3390/jmse8050330
https://doi.org/10.17559/TV-20210312194600
https://doi.org/10.14743/apem2013.4.167
https://doi.org/10.1016/j.fuel.2020.119824
https://doi.org/10.3390/pr9050843
https://doi.org/10.2507/ijsimm20-4-573
https://doi.org/10.2507/ijsimm20-4-579


Puskar, Kopas, Soltesova, Tarbajovsky: Simulation Model of Advanced System for … 

319 

[13] Turoń, K.; Czech, P.; Tóth, J. (2019). Safety and security aspects in shared mobility systems, 

Scientific Journal of Silesian University of Technology. Series Transport, Vol. 104, 169-175, 

doi:10.20858/sjsutst.2019.104.15 

[14] Gracanin, D.; Buchmeister, B.; Lalic, B. (2014). Using cost-time profile for value stream 

optimization, Procedia Engineering, Vol. 69, 1225-1231, doi:10.1016/j.proeng.2014.03.113 

[15] Dodok, T.; Čuboňová, N.; Kuric, I. (2017). Workshop programming as part of technological 

preparation of production, Advances in Science and Technology Research Journal, Vol. 11, No. 1, 

111-116, doi:10.12913/22998624/66504 

https://doi.org/10.20858/sjsutst.2019.104.15
https://doi.org/10.1016/j.proeng.2014.03.113
https://doi.org/10.12913/22998624/66504

