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In this study, a simulation model with finite time thermodynamics was presented 
for an Otto cycle six-stroke engine. In this six-stroke engine, two free strokes occur 
after the exhaust stroke. These free strokes cause the engine to have higher thermal 
efficiency. Due to high thermal efficiency, these six-stroke engines can be used in 
hybrid electric vehicles. In this study, the effect of residual gas fraction and stroke 
ratio on the effective power and effective thermal efficiency were investigated. In 
addition, heat balance was obtained for the engine and the use of fuel energy in 
the engine was examined with the help of performance fractions. In the simulation 
model, the results are quite realistic as the working fluid was assumed to consist of 
fuel-air-residual gases mixture. 
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Introduction 

It is possible to see that internal combustion engines are used everywhere. Since the 
invention of internal combustion engines, it has been subjected to many innovative changes 
[1, 2]. These changes take place within the triangle consisting of performance, economy and 
environment [3]. Today, Otto and Diesel cycle engines are widely used. These engines are en-
gineered by many engine researchers and designers for both fuel economy, high power and low 
exhaust emissions [4-6]. Atkinson and Miller cycle engines are also being designed, in partic-
ular by modifying the heat rejection processes of conventional heat cycles to increase thermal 
efficiency [7-9]. It is desirable for the range-extender engines in hybrid-electric vehicles to 
have high thermal efficiency. In the same way, the engines used in electric generators operate 
at constant speed and these engines are required to have high thermal efficiency [10]. There are 
also five-stroke engines that guarantee high thermal efficiency [11].

As an alternative to conventional internal combustion engines, there are also six-
stroke engines. Despite the fact that these engines were first designed in the 1880's, they are 
still expected to be developed and used as a potential nowadays. It is basically a modified ver-
sion of the four-stroke engines and is usually high thermal efficiency focused designs [12-15]. 
Six-stroke engines can be described as engines that allow two additional strokes to occur in 
the conventional four-stroke engine cycle after exhaust stroke [16, 17]. Generally, exhaust heat 
recovery methods are used to increase thermal efficiency in six-stroke engines [18, 19].
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There are also six-stroke engine designs in which the free-stroke method is used in-
stead of the exhaust heat recovery method. The main purpose of these designs is to change the 
initial conditions of the cycle. The idea of the six-stroke engine design with free-stroke method 
was first proposed by Kelem and Kelem [20]. Their main purpose in this design is to clean and 
cool the cylinder with air thanks to free strokes. Thus, it is aimed to increase the volumetric 
efficiency and thermal efficiency. The exhaust valve or a third valve remain open during the 
free strokes. Here, the first free stroke is the second intake stroke, the second free stroke is the 
second exhaust stroke. Since the same valve remains open in these sequential strokes, the flow 
direction in the manifold is changing. However, the design of the valve mechanism, which al-
lows the exhaust valve to remain open for a long time, appears to be quite simple and practical. 
In this study, this design of Kelem and Kelem [20] was slightly modified. In the free strokes 
after the exhaust stroke, instead of the continuous exhaust valve (or third valve) being open, 
the intake and exhaust valves are opened in the first and second free stroke, respectively, fig. 
1. In the first free stroke (free intake) only the intake valve is open and fresh air-flows into the 

cylinder. In the second free stroke (free exhaust) 
only the exhaust valve is open and the working 
fluid in the cylinder is ejected. In this way, the 
exhaust manifold flow problems in their design 
are largely eliminated. In fig. 1, it is seen that 
the novel six-stroke engine consists of conven-
tional four strokes and two free strokes. The 
four-stroke engine completes one cycle in two 
crank revolutions, while the six-stroke engine 
completes one cycle in three crank revolutions. 

Atkinson or Miller cycle engines are preferred today due to their high thermal effi-
ciency especially for hybrid electric vehicles. As the expansion ratio is greater than the com-
pression ratio, such engines are also called over-expanded (or extended expansion) engines. 
Interestingly, although the engines used in these vehicles have high thermal efficiency, the pow-
er/volume ratio is low compared to conventional engines. Over-expanded engines are also mod-
ified as conventional engines, such as six-stroke engines, and both engines offer high thermal 
efficiency. The cycle is fully extended instead of the expansion process on six-stroke engines. 
This results in fewer cycles for the same engine speed.

It can be assumed that the theoretical thermodynamic cycle takes place in a finite time 
so that the relationship between the thermodynamic cycles of the theoretical heat engines and 
the actual engine cycles can be explained more realistically. This method is called the finite time 
thermodynamics method. However, in these models, theoretical cycle models can be brought 
closer to the actual cycles by taking into account the actual cycle losses. Since it is both prac-
tical and suitable for parametric studies, the finite time thermodynamics method is frequently 
preferred for quasi-realistic or realistic models of actual internal combustion engines [21, 22]. 
Thanks to the finite time thermodynamics method, the effects of many design parameters on 
engine performance can be examined. There are many studies in the literature examining the ef-
fects of design parameters on engine performance [23-33]. With the finite time thermodynamics 
method, the effects of many design parameters such as stroke length [23, 24], stroke/bore ratio 
[25], friction loss [26], compression ratio [27], residual gas fraction [28], and combustion effi-
ciency [29] on engine performance can be examined in detail. In theoretical cycles in classical 
thermodynamics, the working fluid is considered to be air. In the finite time thermodynamics 
method, the working fluid can be defined only as air [30, 31] or air-fuel mixture [32] or air-fu-

Figure 1. Pressure crank angle diagram  
for six-stroke Otto engine cycle
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el-residual gas mixture [33]. As can be seen, finite time thermodynamics method can be widely 
used in modelling of actual engines according to theoretical cycles. 

There are no studies in the literature that examined the performance of six-stroke en-
gines. However, the six-stroke engine concept examined in this study was modeled by simulat-
ing a conventional four-stroke engine. In this study, the effects of design parameters on engine 
performance, irreversibility, friction, heat transfer losses were also taken into consideration. 

Simulation model

The thermodynamic model of the both cycles are similar because the six-stroke en-
gines are the modified versions of the four-stroke engines. The pressure-volume, Pv, and tem-
perature-entropy, Ts, diagrams for cycles are illustrated in fig. 2. The presented model is used 
to simulate both cycle processes and to examine the effects of design parameters on engine 
performance. Thanks to this model, the effects of design parameters on engine performance can 
be examined and design properties for optimum performance are determined. Subscript, s, is 
used for cases where the compression and expansion processes are reversible and the processes 
are indicated by dashed line. The sequential numbering in fig. 2 is made according to fig. 1. 
When the Pv diagram is examined, points 0 → 1 → 2 → 3 → 4 → 1′ → 0 represent irreversible 
four-stroke Otto cycle engine and points 0 → 1 → 2 → 3 → 4 → 1′ → 0′ →1″ →0 represent 
irreversible six-stroke Otto cycle engine. Here 0′ →1″ and 1″ → 0 processes are free-intake and 
free-exhaust strokes for the six-stroke cycle engine. With these two processes, the in-cylinder 
temperature and the residual gas fraction are relatively reduced. It is modeled assuming that 
both engine cycles occur at points 1 → 2 → 3 → 4 → 1. However, the characteristics of the 
point 1 are different from each other in both engine cycles. The main reason for this is that in 
six-stroke engines, the temperature and residual gas fraction at the point 1 is lower than four-
stroke engines due to the two free strokes that occur after the exhaust stroke [12-14].

(a) (b)

P
re

ss
u

re
, P

Te
m

p
e

ra
tu

re
, T

Volume, v Entropy, s

1, 1', 1''
0, 0'

2s

2

3

4

4s

2s

2

3

4

4s

1

Figure 2. Diagrams for Otto cycle; (a) pressure-volume and (b) temperature-entropy [28, 30, 34] 

The simulation flowchart is shown in fig. 3. In this simulation, engine performance 
can be optimized for maximum effective power or maximum effective thermal efficiency using 
input parameters.

It is assumed that the working fluid, ṁmix, is a mixture of air, ṁa, fuel, ṁf, and residual 
gases, ṁr, and that the fuel mass per second, ṁf, for both cycles is constant [28, 33]:
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where ϕ, xAFs, and xr are equivalence ratio, stoichiometric air/fuel ratio, and residual gas frac-
tion, respectively, xr – the expressed as ṁr /ṁmix. For the six-stroke engine, ṁmix6 is expressed as 
follows. Subscript 6 is used to refer to a six-stroke engine:

( )
( )

s
mix6 6 6 6
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a f r f
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x
φ
φ
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= + + =

−
     (2)

where ṁf6 = ṁf, it is ṁa6 = ṁa but ṁr6 < ṁr and xr6 < xr. In the free intake process in the six-stroke 
engine, only the air-flows into the cylinder, and the in-cylinder concentration of the residual 
gases decreases depending on the compression ratio, ε. In the free exhaust process, the air-re-
sidual gases mixture in the cylinder is discharged and the residual gas fraction is relatively 
reduced. At the end of the exhaust and free exhaust processes, it is assumed that the residual gas 
fraction is the same. Since the exhaust gas is actually composed of a mixture of residual gas and 
air at the end of the free exhaust stroke, xr6 was used to express the actual residual gas fraction 
in the cylinder. Thus, the relationship between xr and xr6 is defined:

6 1
r

r
xx
ε

=
+

(3)

Accordingly, in this simulation model, xr is used for four-stroke engines and xr6 – the 
used for six-stroke engines. This is the same for all the next equations. The specific heats for 
the working fluid are considered to be constant. However, since the working fluid is composed 
of the air-fuel-residual gas mixture, specific temperatures vary depending on ϕ and xr. Accord-
ingly, the constant volume specific heat, cvmix, and the gas constant, Rmix, for the working fluid 
are formulated [28]:
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The end of the compression process temperature, T2s, and the end of the expansion 
process temperature, T4s, are formulated [22, 28, 34]:

Figure 3. Simulation flow chart of the four- and six-stroke Otto cycle engine
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However, it was accepted that there was irreversibility in these processes in the mod-
el. Therefore, T2 and T4 should be determined instead of T2s and T4s. In order to express these 
irreversibility, the compression process isentropic efficiency, η, and the expansion process isen-
tropic efficiency, ηe, is used. Thus, T2 and T4 can be calculated [22, 34]:

2 1
2 1

s

c

T T
T T

η
−

= + (8)

( )4 4 3 3s eT T T T= − + (9)
The total heat input per second, Qin, and total heat output per second, Qout, are in con-

stant volume in the Otto cycle [28, 34]:
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where Q̇in is also equal to the difference in fuel energy flow, Q̇f, and heat transfer loss, Q̇ht, during 
the combustion process [33, 35]:

in f htQ Q Q= −   (12)
Q̇f  and Q̇ht are expressed [27, 29, 31]:
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where ηcom, Hu, and β are the combustion efficiency, lower heat value of fuel, total heat loss co-
efficient, respectively, ηcom  is defined as a function of ϕ, Hu and β were accepted as constant [28].

The effective power, Pe, and effective thermal efficiency, ηth, are defined as the perfor-
mance parameters [36]:

e in outP Q Q Pµ= − −  (15)

e
th

f

P
Q
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(16)

where Pµ is the friction loss power and is the function of the friction coefficient, µ, and the av-
erage piston speed, cm, [36]. Here, the same equation is used for both engine cycles. Although 
the cycle is 50% longer (which means more friction loss) in six-stroke engines, 50% less cycles 
occur for the same piston speed:
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where λ is the ratio of stroke length to cylinder diameter [34]:
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where T1 is generally considered to be equal to T0, which is the reference temperature. However, 
the air-fuel mixture taken into the cylinder at the temperature T0 – the mixed with the residual 
gas at temperature T4. The T1 is therefore, expressed as a function of T0, T4, Rr, and Rmix [33, 34]:
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Only a part of the fuel energy flow is con-
verted by the engine into the effective power. The 
power lost that cannot be converted into effective 
power is caused by friction, exhaust, heat trans-
fer and incomplete combustion, fig. 4. This power 
lost is also called performance lost.

The ratio of performance lost to fuel energy 
is expressed as the performance lost fraction. The 

performance lost fractions resulting from exhaust, Fex, friction, Fµ, heat transfer, Fht, and incom-
plete combustion, Finc, are expressed [35]:
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The performance fraction can be defined:
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Figure 4. Typical heat balance for internal 
combustion engines
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All variables can be calculated by equations 1-24 when specific heats (cva, cvf, cvr), gas 
constants (Ra, Rf, Rr), xr, λ, ϕ, ε, vt, xAFs, N, P1, T0, Tw, β, ηc, ηe, and µ are known. For the six-stroke 
engine xr6 is used instead of xr for calculations. 

Numerical study and discussion

In this comprehensive study, the effect of xr and λ on the performance of both the four- 
and the six-stroke Otto cycle engine has been investigated in detail with the simulation model 
developed. As a result of this numerical study, design criteria for a six-stroke engine were ex-
amined in detail and remarkable data were obtained, tab. 1. 

Table 1. Design parameters for numerical study [22-36]
Parameter Value Unit

Total cylinder volume, vt 500 [cm3]
Engine speed, N 4000 [rpm]
Isentropic efficiencies, ηc and ηe 0.97
Stoichiometric air-fuel ratio, xAFs 15.05 (for gasoline)
Reference temperature, T0 300 [K]
Cylinder wall temperature, Tw 400 K
Reference pressure, P0 = P1 100 [kPa]
Heat loss coefficient, β 0.5 [kJkg–1K–1]
Friction coefficient, µ 12.9 [Nsm–1]
Lower heat value 44790 (for gasoline) [kJkg–1]
Specific heats, (cva / cvf  /cvr) 0.718/1.638/0.866 [kJkg–1K–1]
Gas constants, (Ra /Rf /Rr) 0.287/0.07/0.307 [kJkg–1K–1]
Equivalence ratio, ϕ 1.00
Stroke ratio, λ 0.5 → 1.5
Residual gas fraction, xr 0.05 → 0.25
Compression ratio, ε 2 → 100

Figure 5 shows the change in critical point temperatures depending on the compression 
ratio. When T1 is examined, it is seen that the six-stroke engine has a lower initial cycle tempera-
ture than the four-stroke engine. This is actually a parameter that increases the volumetric effi-
ciency. The value of T1 varies depending on ε, T4, 

and xr, eq. (19). For the case where xr is fixed, xr6 
to ε for the six-stroke engine is inversely propor-
tional, eq. (3). In addition, T4 for the six-stroke 
engine is slightly higher than the four-stroke en-
gine. It is seen that T4 and ε are inversely propor-
tional. The main reason for the low T1 in the six-
stroke engine is that xr6 is very low compared to 
xr. As T1 is low in the six-stroke engine, T2 is also 
low. The higher xr, the lower the maximum com-
bustion temperature. As the xr6 is lower than the 
xr, the maximum cycle temperature T3 is slightly 
higher in the six-stroke engine. 

Figure 5. Variations of compression ratio, ε,  
temperatures of critical points, T, at fixed 
residual gas fraction, xr, stroke ratio, λ, and 
equivalence ratio, ϕ
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Figure 6 illustrates the variation of Q̇in, 
Q̇out, Q̇ht, Q̇f, Pe, and Pµ depending on ε. In the 
simulation model, Q̇f trend is the same for both 
engines because it is assumed that ṁf  and ṁf6  are equal in order to compare the performance 
of the four- and the six-stroke engine. However, 
Q̇f  increases as the ṁf 

increases with the increase 
of ε for fixed vt. The Q̇ht varies depending on T2 
and T3 and is proportional to ε. The Q̇in, which 
is equal to the difference between Q̇f and Q̇ht, 
increases first and then decreases depending on 
ε. The Q̇out depends on the difference between 
T4 and T1. Because the T4 and T1 difference are 
higher in the six-stroke engine than the four-

stroke engine, Q̇out is slightly higher in the six-stroke engine. The Pµ varies according to µ and cm,  eq. (17). According to the simulation model, although ṁf =ṁf6 , due to the xr, and xr6 relationship 
in the simulation model, ṁmix ≠ ṁmix6 . For both engines, Pµ is almost equal. Depending on ε, Pe 
increases first and then decreases.

Figure 7 demonstrates the effect of ε on ηth for the case where xr, λ , and ϕ are constant. 
As ε increases, ηth increases first and then decreases. It also shows that the expression thermal 
efficiency increases as the compression ratio is increased in classic thermodynamics does not 
apply when using a realistic thermodynamic model as here. Because when the losses such as 
friction, heat transfer and irreversibilities are taken into account, the change in the thermal 
efficiency depending on the compression ratio is as follows. It is clearly seen here that the six-
stroke engine has higher thermal efficiency than the four-stroke engine.

Figure 8 shows the effect of λ on Pe, and ηth when xr and ϕ are fixed. For high speed 
engines, λ > 1. When λ increases, Pµ increases, so Pe decreases. When it is desired to have high 
Pe and ηth, λ > 1 should be required.
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Figure 8. Variations of effective power, Pe,  
effective thermal efficiency, ηe, against to stroke 
ratio, λ, at fixed residual gas fraction, xr, and 
equivalence ratio, ϕ

 

In fig. 9, as xr decreases, the maximum value of ηth for the four-stroke engine increases 
significantly, while that of the six-stroke engine is almost unchanged. As xr increases, ṁf de-
creases and therefore, Q̇f  decreases. When xr increases Pe decreases significantly. The advan-
tage of this six-stroke engine is further highlighted. The ηth of the six-stroke engine is higher 
for each value of xr.

Figure 6. Variations of compression ratio, ε, 
powers (or heat flows), P, at fixed residual gas 
fraction, xr, stroke ratio, λ, and equivalence 
ratio, ϕ
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Figure 10. Variations of performance fractions, F,   
stroke ratio, λ, at fixed equivalence ratio, ϕ, 
residual gas fraction, xr, and compression ratio, ε

The effect of λ on performance fractions 
with ϕ, xr, and ε fixed is shown in fig. 10. Ac-
cordingly, Finc, Fht, and Fex do not have a rela-
tionship with λ. As the cm will change depend-
ing on λ, Fµ increases with the increase of λ. 
There is also a decrease in Fpe due to the in-
crease in Fµ. The λ appears to have a consider-
able effect on Fpe. However, in each case, Fpe 

of 
the six-stroke engine is higher than that of the 
four-stroke engine.

When xr increases, Fht and Fµ increase 
and Fex 

and Fpe decrease, fig. 11. There is no 
relationship between xr and Finc. The value of 
xr6 is determined by ε and xr. Due to the increase in xr, the Fht change of the six-stroke engine is 
considerably less than that of the four-stroke engine. This is certainly due to the advantageous 
situation resulting from the xr – xr6 relationship. This is also the case for Fpe. Depending on the 
xr, the Fpe of the six-stroke engine does not change much, while the Fpe of the four-stroke engine 
is markedly reduced.

The finite time thermodynamics method applied for the four-stroke engine is very 
similar to the results in the literature. Although the finite time thermodynamics method for the 
six-stroke engine was applied for the first time, the effects of the design parameters on the en-
gine performance could be successfully examined.

Conclusions

In order to examine the effects of engine design parameters on Pe and ηth, a sim-
ple simulation model has been presented by using the finite-time thermodynamics method. 
Parametrical studies were performed for both four- and six-stroke cycle engines. In numerical 
study, xr and λ were used as independent variables. Sub-models are carried out for T1 and ηcom. 
Performance loss fractions for engine heat balance are generated for ṁfHu. Thus, the energy 
distribution (or also called heat balance) can be examined as dimensionless.

When comparing the four-stroke engine with the six-stroke engine for the same ϕ, Pe 

of the four-stroke engine and the ηth of the six-stroke engine are higher. If ηth and Pe are to be 
high, λ should be preferred low. The six-stroke engine for the same λ can be said to have higher 

Figure 11. Variations of performance fractions, F,  
residual gas fraction, xr, at fixed equivalence 
ratio, ϕ, stroke ratio, λ, and compression ratio, ε
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performance in both Pee and ηth. The increase in xr is a disadvantage for both Pe and ηth. Howev-
er, as xr increases, the performance of the six-stroke engine is quite good compared to the four-
stroke engine. The Fht, Fex, and Finc are not related to λ. However, as λ increases, Fµ increases and 
Fpe decreases. The xr has nothing to do with Finc. However, as xr increases, Fht and Fµ increase 
and Fex and Ppe decrease. The change of Fpe for both engines is not the same, depending on the 
change of xr. As xr increases, Fpe curves of the four- and six-stroke engines move away from 
each other and the six-stroke engine becomes more advantageous than the four-stroke engine.

What is done here is that although it is only a parametric study, the superiority of the 
novel six-stroke engine compared to the four-stroke engine clearly emerges. The six-stroke 
engine is cooler and cleaner due to free strokes. In addition, under the same conditions, the 
six-stroke engine appears to be more advantageous than the four-stroke engine. Highly efficient 
engines are preferred especially for fuel saving in hybrid electric vehicles. That is, novel six-
stroke engines can be used in hybrid electric vehicles. 
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