Effects of gasoline-air equivalence ratio on performance of an Otto engine
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ABSTRACT

The effects of equivalence ratio on the performance of an Otto cycle during the finite time are investigated. In the cycle model, the friction loss computed from the empirical correlation, the specific heat ratio of the working fluid supposed constant, the internal irreversibility described by using the compression and expansion efficiencies, and the heat transfer loss are considered. The relations between the power output and the compression ratio, between the thermal efficiency and the compression ratio, and the optimal relation between power output and the efficiency of the cycles are derived. Moreover, the effects of equivalence ratio on the cycle performance are analyzed. The results show that the power output, the thermal efficiency, the optimal compression ratio corresponding to maximum power output point, the optimal compression ratio corresponding to maximum thermal efficiency point, the working range of the cycle, the power output at maximum thermal efficiency and the thermal efficiency at maximum power output increase and then decrease as the equivalence ratio increases. 
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1. Introduction

A study of gas cycles as the models of internal combustion engines is useful for illustrating some of the important parameters influencing engine performance. In the last two decades, by using finite time thermodynamics theory, many optimization studies based on various performance criteria have been carried out for endoreversible and irreversible heat engine models [Sahin et al., 2002, Parlak et al., 2004; ebrahimi, 2009a]. Leff (1987) showed that some model engines (e.g., Otto, Diesel, Joule-Brayton, and Atkinson), operating reversibly without any loss at maximum work output per cycle, have efficiencies equal to, or well approximated by, the Novikov–Chambadal–Curzon–Ahlborn (NCCA) efficiency. Orlov and Berry (1993) deduced the power and efficiency upper limits for internal-combustion engines. They derived the maximum work or power and the corresponding efficiency bounds. Bera and Bandyopadhyay (1998) studied the effect of combustion on the thermoeconomic performances of Otto and Joule–Brayton engines. Ust et al., (2005) performed an ecological performance analysis for an irreversible Dual cycle by employing the new thermo-ecological criterion as the objective function. Parlak et al., (2005) optimized the performance of irreversible Dual cycle, gave the experimental results, and compared the performance of Dual and Diesel cycles under the maximum power output. Chen et al., (2003) determined the characteristics of power and efficiency for Otto cycle with heat transfer and friction losses. Ozsoysal (2006) gave the valid ranges of the heat transfer loss parameters of the Otto and diesel cycles with consideration of the heat loss as a percentage of the fuel’s energy. Parlak and Sahin (2006) defined the internal irreversibility by using entropy production and analyzed the effect of the internal irreversibility on the performance of the irreversible reciprocating heat engine cycle. Ge et al., (2008) analyzed the performance of an air standard Otto cycle. In the irreversible cycle model, the non-linear relation between the specific heat of the working fluid and its temperature, the friction loss computed according to the mean velocity of the piston, the internal irreversibility described by using the compression and expansion efficiencies, and the heat transfer loss are considered. 
As can be seen in the relevant literature, the investigation of the effect of equivalence ratio on performance of Otto cycle does not appear to have been published. Therefore, the objective of this study is to examine the effect of the equivalence ratio on performance of air standard Otto cycle. 

2. An air standard Otto cycle model

An air-standard Otto cycle model is shown in figure 1. Process 
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 is a reversible adiabatic compression, while process 
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 is an irreversible adiabatic process that takes into account the internal irreversibility in the real compression process. The heat addition is an isochoric process 
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. Process 
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 is a reversible adiabatic expansion, while 
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 is an irreversible adiabatic process that takes into account the internal irreversibility in the real expansion process. The heat rejection is an isochoric process 
[image: image6.wmf]41
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. Assuming constant specific heats, the heat added to the working fluid and the heat rejected by the working fluid are defined as follows from the first law of thermodynamics (Heywood, 1988):
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Therefore, the power output is
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where 
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 is the mass flow rate of the air–fuel mixture, 
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 is the gas constant, 
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 is the specific heat at constant volume for the working fluid, 
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 is the absolute temperature, 
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 is the friction power and 
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[image: image16.wmf]pv

cc

g

=

.
The compression ratio, 
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, is defined as:
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where 
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 is the volume of the gas in the cylinder.

For the processes 
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, we have
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and
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For the two reversible adiabatic processes 
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 and 
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, the compression and expansion efficiencies can be defined as (Chen, 2004):
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and
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Substituting equation (5) into equation (7) yields:
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When the total energy of the fuel is utilized, the maximum cycle temperature reaches undesirably high levels with regard to structural integrity. Hence, engine designers intend to restrict the maximum cycle temperature. The total energy of the fuel per second input into the engine can be given by: (Heywood, 1988)
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The heat loss through the cylinder wall is given in the following linear expression (Chen et al., 2008)
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where 
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 is constant.

Since the total energy of the delivered fuel 
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 is assumed to be the sum of the heat added to the working fluid 
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The relations between 
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 are defined as (Heywood, 1988): 
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and
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where 
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 is the equivalence ratio, 
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 is the air–fuel ratio and the subscript 
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 denotes stoichiometric conditions.

Combining equations (1) and (12) gives:
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Substituting equations (15) and (6) into equation (8) yields:
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The combustion efficiency, 
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h

, of a gasoline type fuel, such as octane, can be expressed in terms of equivalence ratio factor from measured data as (Abd Alla, 2002):
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where the maximum possible value of the combustion efficiency, 
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, is typically 0.9 in a spark ignition engine using a gasoline fuel. The range of effective 
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 values spans normal spark ignition combustion, i.e., from about 0.83 to about 1.33.

The data of total motored friction mean effective pressure for several four stroke cycle, four cylinder spark ignition engines between 845 and 2000
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 displacement, at wide open throttle, as a function of engine speed (Abd Alla, 2002) are well correlated by an equation of the form:
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where 
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 is in revolutions per second. The unit of 
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Therefore, the lost power due to friction is
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Therefore, the net actual power output of the Otto cycle engine can be written as:
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The thermal efficiency of the Otto cycle engine is expressed by
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Notice that both power and efficiency are convex functions of the compression ratio.

3. Numerical examples and discussions
As it can be concluded from Eqs. (20) and (21), the power output and the thermal efficiency of the Otto cycle are dependent on the equivalence ratio. In order to illustrate the effect of this parameter, the relations between the power output and the compression ratio, between the thermal efficiency and the compression ratio, and the optimal relation between power output and the efficiency of the cycles presented in figures 2–4. According to references (Ebrahimi, 2009b; Chen et al., 2008; Ge et al., 2008) , the following parameters are used: 
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Figures 2-3 show the effect of the equivalence ratio on the cycle performance with heat resistance, internal irreversibility and friction losses. From these figures, it can be found that the equivalence ratio plays important roles on the performance of the Otto engine. It is clearly seen that the effects of equivalence ratio on the performance of the cycle is related to compression ratio. They reflect the performance characteristics of a real irreversible Otto cycle engine. The power output versus compression ratio characteristic and the thermal efficiency versus compression ratio characteristic are approximately parabolic like curves. In other word, the power output and the thermal efficiency increase with increasing compression ratio, attain their maximum values and then decrease with further increases in compression ratio. It should be noted that the heat added and the heat rejected by the working fluid first increase and then start to decrease as the equivalence ratio increases (see Eqs. (2) and (3)).

Figures 2 and 3 show the effects of the equivalence ratio on the performance of the cycle. The power output and the thermal efficiency increase with increasing equivalence ratio up to about 
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 where they reach their peak value. This can be attributed to the fact that the ratio of the heat added by the working fluid to the heat rejected by the working fluid increase with the increasing equivalence ratio. With further increase in equivalence ratio, the power output and the thermal efficiency start to decline as the equivalence ratio increases. It can be attributed to the decrease in the ratio of the heat added by the working fluid to the heat rejected by the working fluid. This result is consistent with the experimental results in the internal combustion engine (Mercier, 2006). The results also revealed that the optimal compression ratio corresponding to maximum power output point, the optimal compression ratio corresponding to maximum thermal efficiency point and the working range of the cycle increase and then decrease as the equivalence ratio increases. Numerical calculation shows that for any same compression ratio, the smallest power output and the smallest thermal efficiency are for 
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Figure 4 shows the effect of the equivalence ratio on the power output versus the thermal efficiency. As can be seen from this figure, the power output versus thermal efficiency is loop shaped one. It can be seen that the power output at maximum thermal efficiency and the thermal efficiency at maximum power output improve with increasing equivalence ratio from 
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. With further increase in equivalence ratio, the power output at maximum thermal efficiency and the thermal efficiency at maximum power output decrease. 
According to above analysis, it can be found that the effects of the equivalence ratio on the cycle performance are obvious, and they should be considered in practice cycle analysis in order to make the cycle model be more close to practice.

4-Conclusion

In this paper, the effects of equivalence ratio on the performance of an Otto cycle during the finite time are investigated. The results show that the power output, the thermal efficiency, the optimal compression ratio corresponding to maximum power output point, the optimal compression ratio corresponding to maximum thermal efficiency point, the working range of the cycle, the power output at maximum thermal efficiency and the thermal efficiency at maximum power output increase and then decrease as the equivalence ratio increases. The results of this investigation are of importance when considering the designs of actual Otto engines.

Acknowledgement

The author would like to thank the Shahrekord University for the financial support.

References

1. Abd Alla GH. Computer simulation of a four stroke spark ignition engine. Energy Conversion & Management, 2002;43:1043-1061.

2. Bera NC, Bandyopadhyay Y. Effect of combustion on the economic operation of endoreversible Otto and Joule-Brayton engine. Int J Energy Res 1998;22:249-256.

3. Chen L, Zheng T, Sun F, Wu C. The power and efficiency characteristics for an irreversible Otto cycle. Int J Ambient Energy 2003;24(4):195–200.

4. Chen L, Ge Y, Sun F. Unified thermodynamic description and optimization for a class of irreversible reciprocating heat engine cycles. Proc IMechE Part D: J Automobile Engineering 2008;222:1489-1500.

5. Chen L, Sun F, Wu C. The optimal performance of an irreversible Dual-cycle. Applied Energy 2004;79(1):3–14.

6. Ebrahimi R. Effects of cut-off ratio on performance of an irreversible Dual cycle. Journal of American Science 2009a;5(3):83-90.

7. Ebrahimi R. Thermodynamic simulation of performance of an endoreversible Dual cycle with variable specific heat ratio of working fluid. Journal of American Science 200b9;5(5):175-180.

8. Ge Y, Chen L, Sun F. Finite time thermodynamic modeling and analysis of an irreversible Otto cycle. Applied Energy 2008;85(7):618-624.

9. Ge Y, Chen L, Sun F. Finite time thermodynamic modeling and analysis for an irreversible Diesel cycle. Proceedings IMechE, Part D: Journal of Automobile Engineering, 222(D5):887-94,(2008).

10. Heywood JB. Internal combustion engine fundamentals. New York: McGraw-Hill; 1997.

11. Leff HS. Thermal efficiency at maximum work-output: new results for old heat-engines. Am J Phys 1987;55(7):602–10.

12. Mercier M. Contribution to the study of the behavior of a spark ignition engine fueled with Groningen natural gas. Phd. Thesis, Université de Valenciennes et du Hainaut Cambrésis France, (2006) (in French).

13. Orlov VN, Berry RS. Power and efficiency limits for internal-combustion engines via methods of finite-time thermodynamics. J Appl Phys 1993;74(10):4317–22.

14. Ozsoysal OA. Heat loss as percentage of fuel’s energy in air standard Otto and diesel cycles. Energy Conv Manage 2006;47(7–8):1051–1062.

15. Parlak A, Sahin B, Yasar H. Performance optimisation of an irreversible Dual cycle with respect to pressure ratio and temperature ratio––experimental results of a ceramic coated IDI Diesel engine. Energy Convers. Manage. 2004;45:1219-1232.

16. Parlak A, Comparative performance analysis of irreversible dual and diesel cycles under maximum power conditions. Energy Conversion and Management. 2005;46(3):351–359.

17. Parlak A, Sahin B. Performance optimization of reciprocating heat engine cycles with internal irreversibility. J. Energy Inst., 2006;79(4):241–245.

18. Sahin B, Ozsoysal OA, Sogut OS. A comparative performance analysis of endoreversible Dual cycle under maximum ecological function and maximum power conditions. Journal of the Energy Institute, 2002;27(2):173-185.

19. Ust Y, Sahin B, Sogut OS. Performance analysis and optimization of an irreversible Dual cycle based on an ecological coefficient of performance criterion. Applied Energy 2005;82(1):23-39.

[image: image78.wmf]PV

-


[image: image79.emf] 

Volume  

1  

2  

Pressure  

P

 

V

 

3  

4  

2 s  

4 s  


[image: image80.emf] 

0

1

2

3

4

5

6

7

0 20 40 60 80 100

Power output  (kW)  

Compression ratio  

1.1

 

 

1.2

 

 

1

 

 

1.3

 

 

0.9

 

 


Figure 2. Effect of combustion efficiency on the variation of the power output with compression ratio
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Figure 3. Effect of combustion efficiency on the variation of the thermal efficiency with compression ratio
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Figure 4. Effect of combustion efficiency on the variation of the power output with thermal efficiency

Figure 1. � EMBED Equation.DSMT4  ���diagram for the air standard Otto cycle
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