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1. INTRODUCTION 

The efficiency of a modern spark ignition port injection (SIPI) engine is limited by a number of 

factors, includinglosses by cooling and friction. Generally, the efficiency of these engines is 

determined by the compression ratio (the ratio between the minimum and maximum volumes of the 

combustion chamber). Typical efficiencies for these engines are on the order of 20%. 

Spark ignition direct injection (SIDI) engines may bring a major improvement in SI engines because 

of their potential reduction in fuel consumption. However, for compliance with stringent emissions 

standards while performing at highefficiency levels, this engine requires further development, 

including advanced exhaust treatment and low sulfur fuel compatible with its operating 

characteristics.Other improvements to thermal efficiency for these engines result from the exhaust 

gases having a composition much closer to that of air and a lower temperature (which reduces heat 

loss) and the induction of excess air reduces pumping losses.In this last case, it is important to 

mention that Ostrikov et al., 2018 [1] developed a technological process and a flushing composition 

flushing oil for cleaning lubricating system of tractor diesel engines. Also, Buratsev et al, 2018 [2] 

working with turbulent combustion of natural gas have observed that the increasinge in the calorific 

intensity of the combustion chamber of one reactor as a result of a decrease in its volume leads to full 

conversion of the starting reagents and to lower carbon-black formation, then this remark ought to be 

applied to the combustion chambre of the engines.   

Some typical observations were done by Agarwal, 2007 [3] from the engine tests suggested that the 

thermal efficiency of the engine generally improves, cooling losses and exhaust gas temperature 

increase, smoke opacity generally gets lower for biodiesel blends. Possible reason may be additional 
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lubricity properties of the biodiesel; hence reduced frictional losses (FHP). The energy thus saved 

increases thermal efficiency, cooling losses and exhaust losses from the engine. The thermal 

efficiency starts reducing after a certain concentration of biodiesel. Knowing a model for engine 

working would help to obtain those observations decreasing such experimental labour. 

The effect of biofuels (metanol, etanol and butanol) on internal combustion engine performance and 

exaust emissions was recently studied by Peng, 2018 [4]. In the similar way, Natarajan et al., 2018 [5] 

worked with engine performance and emission characteristics of ethanol and diesel blends. Tests were 

carried out in a DI compression ignition engine. In order to search for the optimal process response 

through a limited number of experiment runs, application of Taguchi method in combination with 

grey relational analysis[6,7] was applied for solving amultiple response optimisation problem. Finally, 

solid carbon fuel was used by Glazov et al., 2018 [8  ] in the case of a superadiabatic filtration 

combustion mode, the combustion velocity was primarily determined by the supply rate of the 

oxidizing agent and by the stoichiometric process ratio for particular conditions. 

The aim of present study proposes a new approach based on Otto Cycle to determine the thermal 

efficiency and to compare to the experimental data published. Using mathematical models for 

quantitative estimative of the efficiency demands to engine quality specification is the perspective 

way for simplifying costs and setting norms. This study consists of fourmethodologies applied to two 

different gaseous systems. In order to test the methodologies, limited experimental measurements 

were used as testing data. In addition, it is believe that the engine thermal efficiency will decrease 

substantially when considering the effect of temperature in the methodologies.  

2. METHODOLOGY 

In the combustion engine, heat (𝑄𝑞
𝑎𝑖𝑟 ) is added at constant volume while the piston is momentarily at 

rest at head-end dead center. Then, the first law gives,  

𝑄𝑞
𝑎𝑖𝑟 = 𝑁.𝐶𝑣,𝑞

𝑎𝑖𝑟 (𝑇3 − 𝑇2)                                                                                                                       (1) 

Where 𝐶𝑣,𝑞
𝑎𝑖𝑟  is the molar heat capacity at constant volume of the air calculated by mixture rule found 

in Poling et al, 2001 [9] and T2 and T3 are the intake gas temperature at the inlet and outlet of the 

compressor, respectively. The rejection of heat (𝑄𝑓
𝑎𝑖𝑟 ) from the air while the piston is at crank-end 

dead center can be calculated by the first law as follows, 

𝑄𝑓
𝑎𝑖𝑟 = 𝑁.𝐶𝑣,𝑓

𝑎𝑖𝑟 (𝑇4 − 𝑇1)                                                                                                                       (2) 

Where 𝐶𝑣,𝑓
𝑎𝑖𝑟  is the molar heat capacity at constant volume of the air calculated by mixture rule found 

in Poling et al, 2001 [9] and T1 and T4 are the intake gas temperature at the outlet and inlet of the 

scape gases engine system, respectively.  

 = 1 −  
𝐶𝑣,𝑞
𝑎𝑖𝑟 (𝑇4−𝑇1)

𝐶𝑣,𝑓
𝑎𝑖𝑟 (𝑇3−𝑇2)

                                                                                                                               (3) 

Then, the thermal efficiency () of this cycle is found as follows, assuming constant molar heat 

capacity of air as ideal gas: 

 = 1 −  
𝑇4−𝑇1

𝑇3−𝑇2
                                                                                                                                        (4) 

Equations of ideal gas for the isentropic process can be presented: 

𝑇𝑉𝑘−1 = 𝑐𝑡𝑒(5.1)𝑇𝑝1−𝑘 𝑘 = 𝑐𝑡𝑒(5.2)𝑝𝑉𝑘 = 𝑐𝑡𝑒(5.3)                                                                        (5) 

Where k is the Poisson coefficient calculated by 𝑘 = 𝐶𝑝
𝑎𝑖𝑟 𝐶𝑣

𝑎𝑖𝑟 . 

If the virial equation [10,11] is representing the volumetric gas behavior, and B is the second virial 

coefficient that is a function of temperature. Then, the isentropic process has to be represented by the 

following energy balance: 

𝐶𝑣,𝑚
𝑎𝑖𝑟

𝑅

𝑑𝑇

𝑇
=

𝑇(𝑑𝐵 𝑑𝑇 )𝑑𝑉

(𝑉−𝐵)2 +
𝑑𝑉

𝑉−𝐵
                                                                                                                   (6) 

This equation has to be integrated when the system goes from state 1 to state 2, and from 3 to 4 as 

well. Assumptions of molar heat capacity at constant volume, average temperature, B and its 

derivative are all considered to be the average values in the range of integrated temperature will be 

used resulting:  
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−
𝐶𝑣

𝑅
𝑙𝑛

𝑇2

𝑇1
= −2𝑇 

𝑑𝐵

𝑑𝑇

   
 

1

 𝑉2−𝐵  
3 −

1

 𝑉1−𝐵  
3
 + 𝑙𝑛

𝑉2−𝐵 

𝑉1−𝐵 
                                                                               (7) 

In what, considering that the average values (
𝑑𝐵

𝑑𝑇

   
,𝐵 ,𝑇 ) for each process are calculated doing the 

arithmetic mean of initial and end of process.  

The second virial coefficient (B) was estimated by Vetere’s model [10]. Also, considering that in the 

Otto cycle, the process fluid  can be composed by (1) ambient air: a mixture of O2 and N2or (2) 

combustion gas: a mixture of H2O, CO2 and N2, the second virial of the mixture  (BM) was calculated 

by the following equation: 

𝐵𝑀 =   𝑥𝑖
𝑁
𝑗=1

𝑁
𝑖=1 𝑥𝑖𝐵𝑖𝑗                                                                                                                        (8) 

Where N is the number of compounds andi,j are the compounds of the mixture. 

In this work, four methods or path of calculations were used to estimate the thermal efficiency of the 

engine,as follows: 

Method 1: The system was considered as ideal gas and there was no influence of temperature on the 

properties in the calculations; 

Method 1.1: The system was considered as ideal gas and the influence of temperature was regarded on 

the properties in the calculations; 

Method 2: The system was considered as virial gas and there was no influence of temperature on the 

properties in the calculations; 

Method 2.1: The system was considered as virial gas and the influence of temperature was regarded 

on the properties in the calculations; 

Determination of relative deviation (R.D.): 

The relative deviation between experimental (𝜂𝑒𝑥𝑝 ) and calculated (𝜂𝑚𝑒𝑡 .𝑖
𝑐𝑎𝑙𝑐 ) thermal effciency was 

determined using the formula stated in Equation (1). 

𝑅.𝐷.%
 𝑖 

=
𝜂𝑚𝑒𝑡 .𝑖
𝑐𝑎𝑙𝑐 −𝜂𝑒𝑥𝑝

𝜂𝑒𝑥𝑝                                                                                                                               (9) 

Wherei is the method used to estimate the thermal efficiency. 

Table1. Experimental thermal efficiency as a function of compression ratio, published and calculated by four 

methods using [system 1: O2/N2 ] ambiente air as type of system.(Costa and Sodré, 2011[12] = P1: 0.898 atm e 

T1: 293K; Sudarmanta et al., 2016[13] and Balki and Sayin, 2014[14] = P1:  1 atm e T1: 300K). 

Reference r %ethanol % gasoline 𝜂 exp 𝜂𝑚𝑒𝑡 .1
𝑐𝑎𝑙𝑐  𝑅.𝐷.%

(1)
 𝜂𝑚𝑒𝑡 .1.1

𝑐𝑎𝑙𝑐  𝑅.𝐷.%
 1.1 

 

 

 

Costa and 

Sodré, 2011 

 

10 

100 0 34.70 60.01 73.20 46.04 32.68 

22 78 34.30 60.01 74.96 46.04 34.23 

 

11 

100 0 35.60 61.49 72.72 47.39 33.12 

22 78 35.00 61.49 75.69 47.39 35.40 

 

12 

100 0 37.20 62.80 68.82 48.59 30.62 

22 78 34.80 62.80 80.46 48.59 39.63 

 

Sudarmanta 

et al., 2016 

 

9.6 

0 100 41.50 59.35 43.01 45.39 4.55 

50 50 31.50 59.35 88.41 45.39 44.10 

10.6 50 50 33.50 60.92 81.85 46.83 39.79 

11.6 50 50 36.00 62.30 73.06 48.07 33.53 

 

 

 

Balki and 

Sayin, 2014 

 

8 

100 0 28.20 56.29 99.61 42.68 51.35 

0 100 23.90 56.29 135.52 42.68 78.58 

 

8.5 

100 0 29.60 57.33 93.68 43.56 47.16 

0 100 29.20 57.33 96.34 43.56 49.18 

 

9 

100 0 30.10 58.29 93.65 44.43 47.61 

0 100 29.80 58.29 95.60 44.43 49.09 

 

9.5 

100 0 30.30 59.18 95.31 45.24 49.31 

0 100 27.00 59.18 119.19 45.24 67.56 

Reference r %ethanol % gasoline 𝜂 exp 𝜂𝑚𝑒𝑡 .2
𝑐𝑎𝑙𝑐  𝑅.𝐷.%

(2)
 𝜂𝑚𝑒𝑡 .2.1

𝑐𝑎𝑙𝑐  𝑅.𝐷.%
 2.1 

 

 

 

 

10 

100 0 34.70 60.16 73.37 47.19 35.99 

22 78 34.30 60.16 75.39 47.19 37.58 
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Costa and 

Sodré, 2011 

 

11 

100 0 35.60 61.66 73.20 48.86 37.25 

22 78 35.00 61.66 76.17 48.86 39.60 

 

12 

100 0 37.20 62.99 69.33 49.95 34.27 

22 78 34.80 62.99 81.01 49.95 43.53 

 

Sudarmanta 

et al., 2016 

 

9.6 

0 100 41.50 59.52 43.42 46.59 12.27 

50 50 31.50 59.52 88.95 46.59 47.90 

10.6 50 50 33.50 61.10 82.39 48.35 44.33 

11.6 50 50 36.00 62.49 73.58 49.46 37.39 

 

 

Balki  and 

Sayin, 2014 

 

8 

100 0 28.20 56.43 100.11 43.61 54.65 

0 100 23.90 56.43 136.11 43.61 69.91 

 

8.5 

100 0 29.60 57.48 94.19 44.63 50.78 

0 100 29.20 57.48 96.85 44.63 52.84 

 

9 

100 0 30.10 58.45 94.19 45.74 51.96 

0 100 29.80 58.45 96.14 45.74 53.49 

 

9.5 

100 0 30.30 59.35 95.87 46.45 53.30 

0 100 27.00 59.35 119.81 46.45 72.04 

 The methodologies using the ideal gas model and gas with the second virial coefficient, when 

taking into account the influence of the temperature in the process, provided the smallest relative 

deviations for the thermal efficiency when compared to the deviations obtained by the 

methodologies in which the influence of the temperature was not considered. 

 Comparing the ideal gas and gas with the second virial coefficient methodologies, with the same 

consideration regarding the influence or not of the temperature in the process, it was perceived 

that the relative deviations for the thermal efficiency are very similar. 

 For all technical articles studied, it was observed that the use of the ideal gas model, influenced by 

temperature (met.1.1), provided the lowest relative deviations when compared to the other three 

methodologies studied. 

 The relative deviations between the experimental and estimated methodologies used in this paper 

for the article by Balki and Sayin (2014) were always greater than the deviations found for the 

other two articles studied.  

All Figures 1-5 were built to present the results obtained using the method 1.1 where the  effect of 

temperature was considered. 

Table2. Experimental thermal efficiency, as a function of compressionratio,published and calculated by four 

methods using [system 2: CO2/N2/H2O] combustion gases as type of system. 

Reference r %ethanol % gasoline 𝜂 exp 𝜂𝑚𝑒𝑡 .1
𝑐𝑎𝑙𝑐  𝑅.𝐷.%

(1)
 𝜂𝑚𝑒𝑡 .1.1

𝑐𝑎𝑙𝑐  𝑅.𝐷.%
 1.1 

 

 

 

Costa and 

Sodré, 

2011 

 

10 

100 0 34.70 55.89 61.07 46.54 34.12 

22 78 34.30 56.32 64.19 46.90 36.73 

 

11 

100 0 35.60 57.30 60.96 47.46 33.31 

22 78 35.00 57.73 64.94 47.83 36.66 

 

12 

100 0 37.20 58.53 57.34 48.27 29.76 

22 78 34.80 58.97 69.45 48.70 39.94 

 

Sudarmanta 

et al., 2016 

 

9.6 

0 100 41.50 55.68 34.17 47.30 13.98 

50 50 31.50 55.67 76.73 47.21 49.87 

10.6 50 50 33.50 57.16 70.63 47.42 41.55 

11.6 50 50 36.00 58.47 62.42 49.05 36.25 

 

 

 

Balki and 

Sayin, 2014 

 

8 

100 0 28.20 52.38 85.74 43.02 52.55 

0 100 23.90 52.78 120.84 43.37 81.46 

 

8.5 

100 0 29.60 53.36 80.27 44.86 51.55 

0 100 29.20 53.77 84.14 44.03 50.79 

 

9 

100 0 30.10 54.26 80.27 45.43 50.93 

0 100 29.80 54.68 83.49 46.63 56.47 

 

9.5 

100 0 30.30 55.10 81.85 45.95 51.65 

0 100 27.00 55.52 105.63 47.19 74.78 

Reference r %ethanol % gasoline 𝜂 exp 𝜂𝑚𝑒𝑡 .2
𝑐𝑎𝑙𝑐  𝑅.𝐷.%

(2)
 𝜂𝑚𝑒𝑡 .2.1

𝑐𝑎𝑙𝑐  𝑅.𝐷.%
 2.1 

 

 

 

 

10 

100 0 34.70 56.43 62.62 47.87 37.95 

22 78 34.30 56.79 65.57 48.03 40.03 
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Costa and 

Sodré, 

2011 

 

11 

100 0 35.60 57.87 62.56 49.18 38.15 

22 78 35.00 58.24 66.40 49.34 40.97 

 

12 

100 0 37.20 59.14 58.98 51.78 39.19 

22 78 34.80 59.51 71.01 52.14 49.83 

 

Sudarmanta 

et al., 2016 

 

9.6 

0 100 41.50 56.21 35.45 47.61 14.72 

50 50 31.50 56.13 78.19 47.50 50.79 

10.6 50 50 33.50 57.66 72.12 48.34 44.30 

11.6 50 50 36.00 58.99 63.86 49.83 38.42 

 

 

 

Balki and 

Sayin, 2014 

 

8 

100 0 28.20 52.87 87.48 45.21 60.32 

0 100 23.90 53.25 122.80 45.53 90.50 

 

8.5 

100 0 29.60 53.87 81.99 45.75 54.56 

0 100 29.20 54.26 85.82 46.12 57.95 

 

9 

100 0 30.10 54.79 82.03 46.50 54.49 

0 100 29.80 55.19 85.20 47.01 57.75 

 

9.5 

100 0 30.30 55.65 83.66 46.99 55.08 

0 100 27.00 56.05 107.59 47.52 76.00 

 
Figure1. Comparison of experimental thermal efficiency at variation compressionratio and type of system. 

(Costa and Sodré, 2011 – burnt ethanol, System1 (   ), System 2  (  )   ).  

 
Figure2. Comparison of experimental thermal efficiency at variation compression ratio and type of system. ( 

Costa and Sodré, 2011 – burnt E22,System 2 (), System 1). 

 

Figure3. Comparison of experimental thermal efficiency at variation compression ratio and type of system. 

(Sudarmanta et al. (2016) – burnt E50, System 1 (), System 2 ()). 
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Figure4. Comparison of experimental thermal efficiency at variation compression ratio and type of system. ( 

Balki and Sayin, 2014 – burnt ethanol, System 1 (), System  2 ()). 

 

Figure5. Comparison of experimental thermal efficiency at variation compression ratio and type of system. ( 

Balki and Sayin, 2014 – burnt gasoline, System 1 (), System 2 ()). 

3. CONCLUSION 

All calculations path to estimate thermal efficiency of the engine showed no significant variationwith 

ideal and virial equation to represent pVT gas behavior. However, when the variation in k coefficient 

was regarded, virial equation yielded a little high result for thermal efficiency of the engine thanideal 

equation. Differently from the literature, there are no maximum thermal efficiencies obtained for 

alltested fuels and for all compression ratios, then the modeling quality has to be improved. 

The engine thermal efficiency rose up increasing compression ratioup to 20:1 with all fuel. At the 

higher compression ratiosthe thermal efficiency did not vary noticeably.  

The most important advantage of the mathematical approach is that it can be used the better 

methodology for the design and optimization of new, novel or more complicated systems, which are 

being researched experimentaly in laboratory. So, engineering effortcan be reduced in the areas. 

Concerning about the gaseous system, there are no advantages of the use of combustion gases (N2, 

CO2, H2O) compared to classical method (O2, N2) which has simplicity and capacity to provide 

similar quality results and also do not require more experimental study.  
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