
International Conference on Energy Efficient Technologies For Automobiles (EETA’ 15) 
Journal of Chemical and Pharmaceutical Sciences                                                                                           ISSN: 0974-2115 

JCHPS Special Issue 6: March 2015                                                   www.jchps.com      Page 14 

FINITE TIME THERMODYNAMIC ANALYSIS OF AN 

IRREVERSIBLE OTTO CYCLE 
Antonio Joseph*, Gireesh Kumaran Thampi 

Department of Mechanical Engineering, School of Engineering, Cochin University of Science and Technology, 

Kochi 682022, India 

*Corresponding author: Email: antonioswas@gmail.com 

ABSTRACT 

             Finite Time Thermodynamics can be used to analyse the thermal systems without the actual knowledge of 

what is happening inside the system. An irreversible Otto cycle is analysed, by considering the SI engine consisting 

of three systems; compressor, combustion chamber and expander. Each systems interact with the other only 

through heat transfer. Assuming that the irreversibility occurs only during the heat interaction between the systems 

as well as between the system and surrounding. The system is considered to be endoreversible since there are only 

external irreversibilities. Carnot theorem is applied to the endoreversible system to get simple relations for thermal 

efficiency and power. MATLAB program is created for the analysis and the results obtained are compared with 

actual cycle analysis. The results predicted using FTT analysis is found to be close to that of the results predicted 

by actual Otto cycle with an error of 0 – 10%.  
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INTRODUCTION  

  Early, in the course of development in technology, analysis of systems close to the realistic values become 

inevitable. Thus, Finite Time Thermodynamics has evolved from infinite time thermodynamic analysis to 

overcome its unrealistic behavior. Infinite time analysis, which was based on reversible thermodynamics become 

obsolete due to its inaccuracy of the predicted results. In Finite Time Thermodynamic (FTT) analysis, it is assumed 

that the irreversibility is mainly due to the heat interactions and frictional loss. The vantage of this technique is that, 

for the analysis of a thermal system, actual knowledge of what is happening inside the system is not needed. But 

later on, irreversible thermodynamics came into role to get more accurate results. But the effort and knowledge 

needed for it was more when compared to that of the FTT analysis. 

  Many researches had occurred in this field for the optimization of various thermal systems. The early 

research in this field was the analysis of Heat engines. As an improvement from the Carnot heat engine, Chambadal 

considered that the external irreversibility was due to the finite temperature difference between the working fluid 

temperature and source temperature. Similar work was done by Novikov in which he considered an internal 

irreversibility during the expansion process, by introducing a characteristic parameter, in addition to the 

Chambadal’s model. Later on, Curzon and Ahlborn developed another model in which external irreversibility due 

to the finite temperature difference between working fluid and sink temperatures were also considered, appending 

to the Chambadal’s model. Similar work done during this period was by Wu and Kiang. They introduced internal 

irreversibilities during both the compression and expansion process apart from that considered by the Novikov 

model.  

  FTT analysis was applied in other thermal systems also. FTT was used as a tool to optimize the power 

output and thermal efficiency of the system. Kaushik and Kumar and Yaqi et al used FTT for determining the 

maximum power produced by the Stirling engine and its corresponding thermal efficiency.  

  Associated to our work, Lin et al developed FTT model of an irreversible air standard Miller cycle. In this, 

the relation for internal irreversibility is described by using the compression and expansion efficiencies, heat 

transfer losses as percentage of fuels energy and friction losses which is a function of mean piston velocity. Ge et al 

had modelled an irreversible Otto cycle based on FTT, similar to the works done by Lin et al . 

  In the present study we consider an air standard Otto cycle for the analysis. Various process occurring in 

the Otto cycle are taken to be as individual systems. The only energy interaction between these systems is 

considered to be heat. The external irreversibility is due to the temperature difference between system and 

surrounding. While the internal irreversibility is due to the incomplete combustion of fuels at rich mixtures and 

dissociation of the products of combustion at high temperatures. This makes the model to depend on engine 

operating parameters like, engine speed, fuel equivalence ratio and compression ratio. This simple model 

developed provides the result close to actual values. The results also show improvement from our previous work 

which was independent on engine speed and equivalence ratio [10]. Following section provide the details of Finite 

Time Thermodynamics Model of Otto cycle developed. 

http://www.jchps.com/
mailto:antonioswas@gmail.com


International Conference on Energy Efficient Technologies For Automobiles (EETA’ 15) 
Journal of Chemical and Pharmaceutical Sciences                                                                                           ISSN: 0974-2115 

JCHPS Special Issue 6: March 2015                                                   www.jchps.com      Page 15 

FINITE TIME THERMODYNAMIC MODELLING 

Air standard Otto cycle consists of two isochoric and two isentropic processes. In our study, we had assumed 

that the entire process is taking place through three different systems working between two thermal reservoirs as 

shown in the Fig.1. Each system performing individual tasks, interacts with the other systems only through heat 

transfer. Each system is assumed to have finite temperature difference with the surrounding. Hence, heat loss takes 

place to the surrounding as the heat is transferred from one system to the other. Various systems considered for the 

analysis and the process to complete an Otto cycle is described as follows: 

 Compressor takes heat from the expander and compresses the working fluid (air) to increase the heat energy. 

After compression it supplies heat energy to the expander.  

 Combustion chamber supplies the heat equivalent to the calorific value of fuel burned to the expander, at the 

instant when the compressor is supplying heat. 

 Expander takes both the heat energy supplied by the compressor and the combustion chamber and rejects a 

portion of heat energy. While, rest of the energy is converted as work. 

 Expander rejects a portion of heat energy to the heat sink. The working medium is returned back to the 

compressor with some amount of energy retaining in it. Thus, Otto cycle is completed. 

 
Fig. 1. Schematic diagram of the various systems grouped together to perform an Otto cycle, showing the 

heat interactions between the systems and the heat leak to the surrounding 

As the heat is transferred from one system to the other, a portion of heat is leaked to the surrounding. This heat 

leak is the external irreversibility considered in the analysis.  

The heat transferred through each systems are given as follows: 

Since the heat interaction between expander and compressor is assumed to be at constant pressure. Heat input to 

the compressor is obtained as, 

Q1 = ma Cp T1               (1) 

Where, ma is the mass of air supplied (in kg) and Cp is the specific heat of air at constant pressure (in kJ/kg K). 

T1 is the inlet temperature (in K). 

Inside the compressor, air is compressed isentropically to higher temperature T2.  Since the process is isentropic, 

heat interaction is absent during compression. Therefore, all the energy spent by compressor work is used to rise 

the internal energy of air. At the end of compression, heat energy supplied to the expander is obtained as, 

Q2 = Q1 + ma Cv (T2 – T1)            (2) 

Where, Cv is the specific heat of the air at constant volume (in kJ/kg K).  

At that instant, heat obtained by the combustion of fuel is supplied to the expander from the combustion 

chamber. It is calculated as, 

Q3 = mf CV              (3) 

Where, mf is the mass of the fuel burned (in kg) and CV is the calorific value of fuel (in kJ/kg). 

Expander converts a portion of these heat energies into work while the rest is rejected to heat sink. In the 

expander, isentropic expansion of the working fluid takes place. Since there is no heat interaction during this 

process. The work obtained is utilized from the internal energy stored in the fluid. Therefore the heat energy 

transferred from the expander gets reduced. After expansion, the remaining heat energy is rejected to the heat sink 

and the compressor.  It is obtained as, 

Q4 = Q5 + Q1              (4) 

Heat rejected to the heat sink is calculated as, 

Q5 = ma Cv (T4 – T1)              (5) 

Where, T4 is the final temperature attained during the expansion processes.  
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Heat leak during every heat interaction between the systems is calculated as, 

Qc = h A (Tc – Ta) tc             (6) 

QComb = h A (TComb – Ta) tComb            (7) 

QE = h A (TE – Ta) tE             (8) 

QExhaust = h A (TExhaust – Ta) tExhaust           (9) 

QS = h A (T1 – Ta) tS           (10) 

Where, h is the heat transfer coefficient (in kW/m2 K), A is the area of contact with the surrounding (in m2). 

Temperature terms, Tc denotes the average temperature inside the compressor, TComb the temperature of 

combustion, TE the average temperature inside the expander, TExhaust the average temperature during heat rejection 

to the heat sink, and Ta is the temperature of surrounding. The process time is denoted by t (in sec). Time taken for 

all the process except combustion and constant volume heat rejection (Exhaust) is 180o CA (Crank Angle). While 

the rest two is instantaneous i.e. only 1o CA. 

Heat transfer coefficient was found by using Hohenberg’s correlation. Hohenberg had developed a correlation, 

in-terms of combustion chamber volume V, cylinder pressure P (in bar), temperature T, and mean piston speed Smp. 

h = C1 V -0.06 P 0.8 T -0.4 (C2 + Smp) 0.8         (11) 

The constants, C1 = 130, C2 = 1.4 

Internal irreversibilities that occur inside the system is assumed to be due to:  

 The incomplete combustion of fuels at rich mixtures 

 Dissociation of the products of combustion at higher temperatures. Dissociation will increase with the engine 

speed as the cylinder temperature increases due to the reduced heat transfer to the coolant.  

 The amount of air enters into the combustion chamber during the suction stroke decreases with the engine 

speed.  

These internal irreversibilities are considered by introducing two characteristic terms into the relation for power 

and efficiency. 

Characteristic term used for the effect of incomplete combustion in-terms of fuel equivalence ratio, ϕ is, ϕn. 

Where, n can have the value from 0.1 to 0.5 depending upon the engine geometry and other parameters that affects 

the combustion process. 

While the characteristic term used to represent the effect of volumetric efficiency and dissociation in terms of 

engine speed (N) is, (x – e (N / 1000))/100. Where x can have the values from 50 to 80 depending upon the valve 

timing, engine operating conditions etc. 

Power developed by the cycle is found to be, 

           (12) 

The time taken to complete one cycle is calculated as 

tcycle = tc + tcomb + tE + tExhaust + ts              (13) 

The net heat transfer is calculated as, (sign convention needs to be considered while calculating) 

Qnet = Q1 + Q2 + Q3 + Q4 + Qc + QComb + QE + QExhaust + QS                                                         

            (14)  

 Thermal efficiency is obtained using the relation, 

           (15) 

Where, Qin is the total amount of heat supplied into the expander. 

The relation for thermal efficiency and power of an endoreversible Otto cycle operating between the 

temperatures TA and TR is found using Finite Time Thermodynamics as,  

           (16) 

           (17) 

Where, i and j are the characteristic terms used to represent the irreversibility that occur during the compression 

and expansion process. 
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RESULTS AND DISCUSSION 

The relations obtained from Finite Time Thermodynamic analysis is used to develop a MATLAB program. 

Results of actual Otto cycle analysis obtained from the work done by Joseph and Thampi [13] was used to compare 

the results obtained from FTT analysis. The details of engine parameters used for FTT and actual cycle analysis is 

shown in the Table I. Valve timing and ignition timing is used only for the actual cycle analysis. 

Thermal efficiency: The results obtained using both the analysis are plotted using MATLAB, for various engine 

operating parameters like  engine speed, equivalence ratio and compression ratio. From the results, it is clear that 

the thermal efficiency calculated using FTT is almost closer to that obtained by actual cycle analysis. Figure 2 – 4 

shows the results obtained for thermal efficiency with equivalence ratio for various engine speeds and compression 

ratios. The results show that thermal efficiency of Otto cycle decreases with the increase in equivalence ratio for 

both the FTT and actual cycle analysis. This reduction in efficiency is due to the dissociation of products of 

combustion at high temperatures, incomplete combustion at rich mixtures and increased heat loss due to the 

increased in-cylinder temperature. From the fig. 2 – 4, it is seen that the FTT results obtained shows a variation of 0 

to 10% with the actual cycle analysis in almost all engine speeds and fuel equivalence ratios. However at some 

points the variation goes up to 16%. This variation is due to the variation of internal and external irreversibilities 

considered in the FTT analysis from that of the actual irreversibilities, described using actual cycle analysis.  

TABLE 1:ENGINE GEOMETRY AND OPERATING PARAMETERS 
Item Content 

Bore 0.07 m 

Stroke length 0.09 m 

Connecting rod length 0.1973 m 

Compression ratio 1:7 to 1:9 

Equivalence ratio 0.8 to 1.4 

Engine speed 2000 to 3500 rpm 

Ambient pressure 1 bar 

Ambient temperature 303 K 

Coolant temperature 400 K 

Inlet valve opening time 10o CA BTDC 

Inlet valve closing time 50o CA ATDC 

Exhaust valve opening time 40o CA BBDC 

Exhaust valve closing time 10o CA ATDC 

Ignition timing 10o CA BTDC 

Fuel Isooctane 

Power: The power produced is calculated using the actual cycle analysis as well as with the FTT analysis. In FTT 

analysis, we had introduced two characteristic terms to represent the effects of volumetric efficiency, dissociation 

at high temperatures and incomplete combustion at rich mixtures. The results obtained using FTT behaves in the 

same fashion as that of the actual cycle analysis. However, it shows deviation from the actual cycle analysis. This is 

because in actual cycle analysis, thermodynamics occurring inside the combustion chamber is analysed in the 

microscopic level. While in the FTT analysis, a macroscopic view on what is happening outside the system is 

considered. Figure 5 – 7 shows the results obtained by FTT and actual cycle analysis. The power predicted using 

FTT analysis varies about 0 – 20% than the actual cycle analysis at various engine operating parameters 

considered. With the engine speed, the power developed should have increased. But as the engine speed increases, 

volumetric efficiency decreases. Hence, the power developed starts to decrease with the speed when the effect of 

volumetric efficiency exceeds the effect of engine speed on the power developed. Since in FTT analysis we had 

assumed that the gas properties are independent of temperature, and air is considered as the working fluid, the 

results shows deviation from the actual values. Fuel has only the role of supplying heat. During constant volume 

heat addition, amount of heat supplied by the combustion chamber to the expander is equivalent to heating value of 

the given mass of fuel. During high engine speeds, the power predicted by FTT analysis shows variation of about 

25% or more at very rich mixtures. This is due to the over prediction of the effects of volumetric efficiency and the 

incomplete combustion by the characteristic term introduced. 
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Figure.2.Variation of thermal efficiency 

with equivalence ratio at various engine 

speeds and compression ratio 1:7 

calculated using actual cycle (Dashed 

Line), FIT analysis 

Fig. 3. Variation of thermal efficiency 

with equivalence ratio at various engine 

speeds and compression ratio 1:8 

calculated using actual cycle (dashed 

line), ftt analysis. 

 

Fig. 4. Variation of thermal efficiency 

with equivalence ratio at various engine 

speeds and compression ratio 1:9 

calculated using actual cycle (dashed 

line), ftt analysis. 

 
  

Fig. 5. Variation of power developed 

with equivalence ratio at various engine 

speeds and compression ratio 1:7 

calculated using actual cycle (dashed 

line), FTT analysis. 

Fig. 6. Variation of power developed 

with equivalence ratio at various engine 

speeds and compression ratio 1:8 

calculated using actual cycle (dashed 

line), FTT analysis. 

Fig. 7. Variation of power developed 

with equivalence ratio at various engine 

speeds and compression ratio 1:9 

calculated using actual cycle (dashed 

line), FTT analysis. 

CONCLUSION  

FTT analysis on an irreversible Otto cycle is done to develop the relations for thermal efficiency and power 

in terms of heat interactions. The results shows that, values obtained using these relations are close to the actual 

values. However, at some regions it shows more deviations.  

Since air is considered as the working medium and not the air-fuel mixture, FTT analysis shows some 

deviation from the actual values. Characteristic terms are introduced to represent the effects of incomplete 

combustion of fuel at rich mixtures, dissociation of burnt gases at high temperatures, and the effect of volumetric 

efficiency on engine speed.  

The thermal efficiency calculated using the FTT analysis shows a deviation of 0-10% from that of the 

actual cycle analysis. While the power calculated using FTT shows a variation of 0-20% in almost all operating 

conditions. This shows that, using simple methods, thermal systems can be analysed using FTT to obtain results 

close to the actual values. In short, Finite Time Thermodynamics can be used as an effective tool to get a rough 

idea about thermal systems, more close to the realistic values; without knowing actually what is happening inside 

the system. FTT can also be used as a pre analysis tool for analysing the new or modified thermal systems to get an 

idea about the improvements in performance from the existing or equivalent systems. 
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