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 In this paper, finite-time thermodynamic analysis of an air-standard 
internal-combustion Dual cycle is performed. Maximum power (MP), 
maximum power density (MPD), maximum efficient power (MEP) which 
are three alternative performance criteria are derived. The effects of the 
design parameters such as volume ratio and extreme temperature ratio of 
the cycle have been investigated under MP, MPD and MEP conditions. 
The analyzed results of air-standard internal-combustion Dual cycle 
showed the design parameters at maximum power (MP) conditions and 
maximum efficient power (MEP) conditions have a significant advantage 
compared to maximum power density (MPD) criterion.  
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1. Introduction 
 
 In order to provide more rational limits to the performance of real processes, 
thermodynamics is expanded to finite-time thermodynamics to interested in processes which 
have distinctive time or rate dependencies. Generally, finite-time thermodynamics is the 
method of modelling and optimization of real finite-time processes and finite-size devices that 
owe their thermodynamic deficiency to heat transfer, mass transfer, and fluid flow 
irreversibilities [1]. In the fundamental analysis of modern Diesel engines, the dual cycle is 
commonly employed as it includes the heat addition processes both at constant volume and 
constant pressure [2]. Power and thermal efficiency chosen for the optimization criteria, and 
design parameters at maximum power and at maximum thermal efficiency were investigated 
in the air standard Diesel and Dual cycle optimization studies [3-9]. Parlak [5] carried out an 
optimization based on maximum power and maximum thermal efficiency criteria for 
irreversible Dual and Diesel cycles. Parlak and Sahin [10] presented a study on optimal 
performance analysis on maximum power (MP) and maximum efficiency criterion including 
internal irreversibility for steady state operation for the air standard Dual cycle. Bhattacharyya 
[11] proposed a simplified irreversible model for air standard Diesel cycle. Zhao and Chen 
[12] established an irreversible Dual heat engine model which includes the Otto and Diesel 
cycles and they investigated the influence of the multi irreversibilities mainly resulting from 
the adiabatic processes, finite time processes and heat leak loss through the cylinder wall on 
the performance of the cycle. Blank and Wu [13] analysed and optimized the power potential 
of an endoreversible Diesel cycle with combustion. S.S. Hou [14] analyzed the effects of heat 
transfer on the net work output and the indicated thermal efficiency of an air standard Dual 
cycle. Chen et al. [15] analyzed and optimized the finite-time thermodynamic performance of 
an air-standard dual cycle, with heat transfer and friction-like term losses. 
 The proper optimization criteria to be chosen for the optimum design of the heat 
engines may differ depending on their purposes and working conditions. If the heat engine 
design was done not to obtain maximum work or power, but to have maximum benefit from 
energy, then the design objective is to get maximum efficiency. For example, fuel 
consumption is main concern for heat engines so the maximum thermal efficiency criterion is 
very important. Despite the fact that for engines of race car, maximum power output criterion 
is significant, for engines of passenger car, both fuel consumption and crank moment gain 
may equally important, in such a case both the power and thermal efficiency criteria have to 
considered in the design. Yilmaz [16] proposed a new performance criterion, called efficient 
power, is defined as the multiplication of power by efficiency of the cycle. This criterion was 



 2

successfully applied to the Otto cycle and Brayton cycle [17, 18]. There are a lot more 
studies on finite-time thermodynamic analysis for the Dual cycle in the literature [19-
28]. 

In this study, performance optimization of a Dual cycle is carried out based on 
efficient power criterion to consider the power output and the cycle efficiency together. Also 
performance analyses are performed according to maximum power and maximum power 
density. 

 
2. Cycle Analysis 
 An ideal air-standard Dual cycle is shown in Figure 1. The compression process 
ignition is isentropic 1-2; the combustion is modeled by a reversible constant volume process 
2-3, and a constant pressure process 3-4; the expansion process is isentropic 4-5; and the heat 
rejection is a reversible constant volume process 5-1.  
 

 
Figure 1. Air Standard Dual cycle 

 
 
The combustion heat input is Q23+Q34. The net cyclic work output can be written in the form  
 

( ) ( )[ ])( 153423 TTTTkTTcmW vnet −−−+−= &&     (1) 
where cv is the constant-volume specific heat, m& is the mass flow rate and k is ratio of specific 
heat. The power density defined as the power per minimum specific volume in the cycle then 
takes the form [17]  
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In order to write equations (1) and (2) can be written in more suitable form, let us define 
volume ratio as 
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where 1v  is the specific cylinder volume, 2v  is the specific combustion chamber volume. 
Using equation (3) and adiabatic relations equations (1) and (2) rewritten as [17] 
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Let us define the compression ratio ε, the cut-off ratio γ, the pressure ratio β, the cycle 
extreme temperature ratioα  as follows: 
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γ

αθβ =   

                             
⎥
⎦

⎤
⎢
⎣

⎡
+−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+−= − 11 1

1 αθγ
γ
αα

θγ
α k

vDC kTcmW &&                                      (9) 

                        ⎥
⎦

⎤
⎢
⎣

⎡
+−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+−= −− 11 11

1

1

1 αθγ
γ
αα

θγ
αθ kkv

DC k
v

TcmW
PD

&&                             (10) 

  

For β=constant and 
β
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as a special case of the Dual cycle by taking γ=1 as follows: 
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as a special case of the Dual cycle by taking β=1 as follows: 
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Thermal efficiency of a Dual cycle can be found as 
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For β=constant and 
β
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For γ=1, thermal efficiency can be written in the form 
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For β=1, thermal efficiency can be written in the form 
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To find maximum power, we differentiated equations (4) with respect to θ, set the resultant 
derivative equal to zero (i.e. 0/W =θ∂∂ & ). The optimum θ value are calculated numerically 
for maximum power and maximum power density. The thermal efficiencies at MP and MPD 
are also calculated numerically. The efficient power, which is defined as multiplication of 
power by efficiency of the cycle as 
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For β=constant and 
β

αθγ =   

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

−⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+−=

−

111

1
111

1

1

β
αθβ

β
αθβ

θ
β

αθβ
γ
βα

θθ
β

η

k
kTcmW

k

k

v&&         (22) 

 
The optimum θ  value for maximum efficient power (MEP) and the maximum efficient power 
are calculated numerically. 
 
3. Discussion and conclusions 
The variations of the normalized power ( maxW/W && ), power density ( maxdd W/W && ) and 

efficient power (
max

W/W ηη
&& ) with respect to the thermal efficiency are shown in figures 2a, 

2b and 2c respectively in variation of the cycle temperature ratio, α. As one can see from 
figure 2 that the thermal efficiency at MPD (ηMPD) and the thermal efficiency at MEP (ηMEP) 
are always greater than the thermal efficiency at MP conditions (ηMP). It can be concluded 
from those figures that, when α increases the global performance curves get closer for all 
performance criteria. 
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Figure 2. Variations of the normalized power (a),  the normalized power density (b) and the 

normalized efficient power  (c) with respect to thermal efficiency.  
 

Normalized power, normalized power density and normalized efficient power are plotted 
together for α=5 and α=9 in figures 3a and 3b respectively. It can be observed from these 
figures that, the ηMPD and ηMEP are greater than ηMP for α=5 and α=9  
 

 
Figure 3. Comparison of the normalized power, the normalized power density and 

normalized efficient power for α=5 (a) and α =9 (b) 
 
This finding can be seen more clearly from figure 4 which shows the comparison of three 
maximum efficiencies for different cycle temperature ratios, α. As it can be seen from the 
figure, ηMP and ηMEP are greater than ηMPD.    

 
 

Figure 4. Variations of the thermal efficiencies at MP, MPD and MEP conditions with 
respect to α  
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Power outputs at MP, MPD and MEP conditions can be seen with respect to a in Figure 5. Both 
of the power outputs at MP and MPD condition are higher than the MPD output of the cycle as 
expected. 

 
 

Figure 5. Variations of the power outputs of the cycle at MP, MPD and MEP conditions with 
respect to α  

 
4.  Conclusion 
 
The investigation of air-standard Dual cycle under reversible heat transfer conditions was 
presented in this study. The effects of various engine parameters were presented by using an 
alternative approach to evaluate net power output, power density and efficiency power from 
more realistic parameters such as cycle thermal efficiency and temperature ratios. 
 
Numerical results showed that Power outputs at MP condition are higher than the power 
output at MEP and MPD conditions of the cycle. But Power outputs at MP condition and 
MEP condition are very close to each other. The MP and MEP criterion have a significant 
power advantage compared to MPD criterion after α=2.5.  Also, increasing temperature ratios 
would result in an increase in power outputs. Finally, it can easily be said that the maximum 
efficient power conditions (MEP) is suitable to compromise the power and efficiency of the 
Dual cycles.  
 

NOMENCLATURE

 
cv constant volume specific heat                         
               (J.kg-1.K-1) 
k  ratio of specific heat  
m&  mass flow rate  (kg/s) 
T temperature  (K) 
v1  specific volume of    
              cylinder chamber      (m3/kg) 
 
v2  specific volume of    
              combustion chamber  (m3/kg) 
 
vmin  per minimum specific volume    
              in the cycle  (m3/kg) 
 
&W power generated from the heat 

 engine (W) 

 

ηW&  efficient power (W) 

 
α cycle extreme temperature ratio  
 (T4/T1) 
η thermal efficiency 
θ volume ratio 
ε compression ratio 
γ             cut-off ratio 
β            pressure ratio 
Subscripts 
max maximum 
min minimum 
MP maximum power 
MPD maximum power density 
MEP maximum efficient power



 7

References 
 
[1] Lın J., Chen L., Wu C., Sun F., Finite-time thermodynamic performance of a Dual cycle,    
  Internatıonal Journal Of Energy Research, 23 (1999), pp.765-772 
[2] Sahin B., Özsoysal OA., Söğüt OS, A comparative performance  analysis of   
     endoreversible dual cycle under maximum ecological function and maximum power   
     conditions. Exergy, an International Journal 2 (2002), pp.173–185. 
[3] Chen Xıan-Yu, Optımızatıon Of The Dual Cycle Consıderıng The Effect Of  Combustıon   
 On Power. Energy Conversion Management, 38 (1997),4, pp.371-  376. 
 [4] Sahin B., Özsoysal OA., Söğüt OS., A comparative performance  analysis of endoreversible  
 dual cycle under maximum ecological function and maximum power conditions. Exergy, an  
 International Journal, 2 (2002), pp.173–185. 
[5] Parlak A., Comparative performance analysis of irreversible Dual and Diesel cycles under  
 maximum power conditions. Energy Conversion and Management, 46 (2005), pp. 351–359. 
[6] L,Chen, F.Sun, Optimal performance of an irreversible dual-cycle, Applied Energy 79  
 (2004) pp.3-14  
[7] Ust Y., Sahin B, Söğüt O.S, Performance analysis and optimization of an irreversible dual- 
 cycle based on an ecological coefficient of performance criterion. Applied Energy 82 (2005),  
 pp. 23–39. 
[8] Sahin B., Kesgin U., Kodal A.and Vardar N., Performance optimization of a new combined  
 power cycle based on power density analysis of the dual cycle. Energy Conversion and  
 Management 43 (2002), pp.2019–2031. 
[9] Wang W., Chen L., Sun F.,Wu C., The effect of friction on the performance of an air  
 standard dual cycle. Exergy, an International Journal, 2 (2002), pp.340–344. 
 [10] Parlak A., Sahin B.,  Performance optimisation of reciprocating heat engine cycles with  
 internal irreversibility, Journal of the Energy Institute, 79 (2006), pp.241-245  
[11] Bhattacharyya S.. Optimizing an irreversible Diesel cycle — fine tuning of compression  
 ratio and cut-off ratio, Energy Conversion Management 41 (2000),88, pp.847-854  
[12] Zhao Y., Chen J., An irreversible heat engine model including three typical thermodynamic  
 cycles and their optimum performance analysis. International Journal of Thermal Sciences  
 46 (2007), pp. 605-613 
[13] Blank DA., Wu C., The effect of combustion on a power optimized endoreversible diesel  
 cycle. Energy Conversion Management 34 (1993), pp.493-498 
[14] SS Hou, Heat transfer effects on the performance of an air standard Dual cycle. Energy  
 Conversion and Management, 45 (2004), pp.3003-3015. 
[15] Chen L., Ge Y., Sun F., C.Wu, Effects of heat transfer, friction and variable specific heats  
 of working fluid on performance of an irreversible dual cycle. Energy Conversion and  
 Management, 47 (2006), pp. 3224–3234. 
[16] Yilmaz T., A new performance criterion for heat engines: efficient power. Journal of the  
 Energy Institute, 79 (2006), pp.38-41. 
[17] Gümüş M., Atmaca M., Efficiency of an Otto Engine under Alternative Power  
       Optimizations, International Journal of Energy Research , 33 (2009),pp.745-752 
[18] M.Atmaca and M.Gumus,. Power and Efficiency Analysis of Brayton Cycles with Internal  
 Irreversibility. Energy Sources, 32 (2010),  pp.1301-1315 
[19] Ghatak A, Chakraborty S., Effect of external irreversibilities and variable thermal 

properties of working fluid on thermal performance of a Dual internal combustion engine 
cycle. J. Mechanical Energy, 58 (2007), pp.1-12. 

[20] Blank D A, Wu C., The effects of combustion on a power-optimized endoreversible Dual 
cycle. Energy Convers. Manage., 14 (1994), pp.98-103. 

[21] Parlak A, Sahin B, Yasar H., Performance optimization 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., 45 (2004), pp.1219-1232. 



 8

[22] Ebrahimi R., Effects of specific heat ratio on the power output and efficiency 
characteristics for an irreversible Dual cycle. J. American Sci., 6 (2010), pp.181-184. 

[23] Ozsoysal O A., Effects of combustion efficiency on a Dual cycle. Energy Convers. 
Manage., 50 (2009), pp.2400-2406. 

[24] Ge Y, Chen L, Sun F., Finite time thermodynamic modeling and analysis for an irreversible 
Dual cycle. Math. Comput. Model., 50 (2009), pp.101-108. 

[25] Ebrahimi R., Thermodynamic modeling of an irreversible dual cycle: effect of mean piston 
speed. Rep. and opin., 1 (2009), pp.25-30. 

[26] Ebrahimi R., Thermodynamic simulation of performance of an endoreversible Dual cycle 
with variable specific heat ratio of working fluid. J. American Sci., 5 (2009), pp.175-180. 

[27] Ebrahimi R., Effects of cut-off ratio on performance of an irreversible Dual cycle. J. 
American Sci., 5 (2009), pp.83-90. 

[28] Ebrahimi R., Performance analysis of a dual cycle engine with considerations of pressure 
ratio and cut-off ratio. Acta Physica Polonica A, 118 (2010), pp.534-539. 

 
 
 
 
Author’s affiliations: 
 
M. Atmaca (corresponding author) 
Technology Faculty, Department of Mechanical Engineering 
Marmara University, Ziverbey, 34722, Istanbul, Turkey 
E-mail: matmaca@marmara.edu.tr 
 
 
M. Gumus 
Technology Faculty, Department of Mechanical Engineering 
Marmara University, Ziverbey, 34722, Istanbul, Turkey 
E-mail: mgumus@marmara.edu.tr 
 
A. Demir 
Ispark, Umraniye, Istanbul 
E-mail: a.dmir@ispark.com.tr 
 
 
 
 


