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The analysis of the six-stroke Otto cycle was performed using the finite-

time thermodynamics dependence on mean piston speed, equivalence ratio 

and residual gas fraction. In the analysis, friction loss, internal 

irreversibilities, heat transfer losses were taken into account by empirical 

correlations. Relations between power output, thermal efficiency, and 

compression ratio were obtained by detailed numerical examples. The 

results were presented as comparative for four- and six-stroke Otto cycle. It 

was assumed that the cycles operate with the same mixture flow per second 

so that both performances of cycles can be compared. The study showed 

that more fuel flow can be supplied to the six-stroke Otto cycle for the same 

mixture flow. However, there was a slight increase in the maximum cycle 

temperature. For this reason, the results are crucial in providing a good 

guideline for evaluating and improving the performance of real six-stroke 

Otto engines. 
Keywords: six stroke, endoreversible Otto cycle, finite time thermodynamics, performance, 

efficiency 

 

1. Introduction 

Innovative developments in internal 

combustion engines are achieved every day. 

Recently, engine designs are divided into two 

with a clear line: the high economy and high 

performance. Particularly in hybrid-electric 

vehicles, high fuel economy is targeted, so it 

is desirable that the internal combustion 

engine is economic, in other words, the 

thermal efficiency is high [1]. In terms of 

high thermal efficiency, there are Atkinson 

and Miller cycles which can be an alternative 

to conventional Otto cycle. These cycles are 

usually preferred in hybrid-electric vehicles. 

Miller and Atkinson cycles are the modified 

versions of conventional cycles, such as Otto 

and Diesel cycles. Another modified cycle is 

the six-stroke cycle, and the invention of this 

cycle dates back to the 1880s [2]. While six-

stroke engines are structurally very similar to 

four-stroke engines, engine development has 

always been on four-stroke engines. When 

the first years of the development of engine 

technology were examined, the priority was 

to increase the maximum engine power. Six-

stroke engines always keep fuel economy in 

the forefront. Today, fuel economy is more 
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important than engine power. Six-stroke 

engines are not a forgotten invention, but a 

potentially pending invention [1-3]. 

Although the thermal efficiency of six-stroke 

engines is high, the specific engine volume 

(displacement volume/power) is also high. A 

cycle of four-stroke engines is completed on 

two crankshaft revolutions, while a cycle of 

six-stroke engines is completed on three 

crankshaft revolutions [3]. 

There are many different six-stroke engine 

designs in the literature [4]. Theoretical and 

experimental studies on six-stroke engines 

are generally related to exhaust heat 

recovery. Exhaust heat recovery is based on 

the principle of achieving additional work in 

the cycle by evaporating non-combustible 

liquids (eg water) in the cylinder using 

exhaust gases energy [1-4]. Instead of 

exhaust heat recovery in six-stroke engines, 

the free-stroke method can also be used to 

clean the inside of the cylinder and to cool the 

cylinder volume at the start of the new cycle. 

Thus, it is envisaged that the volumetric 

efficiency can be partially increased by 

internal cooling of the engine [5]. This study 

is related to the six-stroke engine obtained by 

adding two free strokes in addition to the 

four-stroke cycle, and the pressure-crank 

angle diagram is presented in Figure 1.  

In Figure 1 after the exhaust stroke, the free 

intake stroke (only fresh air) and the free 

exhaust stroke are realized. At this time, the 

residual gas fraction in the cylinder is 

reduced after the exhaust stroke, and the 

novel cycle is colder and cleaner. Thus, 

volumetric efficiency and thermal efficiency 

are increasing. 

 
Figure 1. Pressure-crank angle diagram for six-stroke Otto engine cycle 

Internal combustion engine cycles are expressed 

as air standard cycles in classic 

thermodynamics. In these cycles, friction, 

combustion, heat transfer, gas exchange, 

variable specific heats are ignored and ideal 

cycles occur in infinite time. Because the 

processes in the infinite time are realized as if 

they are quasi-static, the work output obtained 

from the cycle is maximum while the power is 

equal to zero. For this reason, it is very difficult 

to simulate the actual engine performance of the 

ideal cycles with the subject of classical 

thermodynamics and is not suitable for 

parametric work [6-8]. The term finite time 

thermodynamics, first applied by Curzon and 

Ahlborn in 1975, enables the examination of 

parameters affecting engine performance such 

as friction, heat transfer, variable specific heat, 

volumetric efficiency in ideal cycles, and 

acknowledges that the cycle has been completed 

in a certain time. Thus, ideal cycles are 

practically approximated to the actual engine 

cycle [7-10]. In the finite time thermodynamics, 

the cycles are internal-reversible and expressed 

as endoreversible [10]. Finite time 

thermodynamics is often one of the preferred 

practical approaches in real engine cycle 

analysis. [11]. This approach is used for 

comparison purposes to demonstrate the effects 

of variable engine parameters such as mean 

piston speed, cylinder diameter, cylinder wall 

temperature, equivalence ratio, stroke length, 
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working fluid properties [12]. In the literature, it 

is possible to come across a number of studies 

using the finite time thermodynamic approach in 

examining the performances of real engine 

cycles. In these studies, it is possible to adopt 

ideal air [13], fuel-air mixture [14] or fuel-air-

residual gas mixture [15] as working fluid as the 

actual engine cycle model. However, in finite 

time thermodynamic models, specific heat can 

be regarded as constant [16] regardless of the 

temperature, or it can be regarded as a function 

of temperature [17]. However, different specific 

heat models [18] for the working fluid can also 

be compared. The finite time thermodynamics 

can also be used to compare different 

characteristic cycles such as Otto-Diesel [19], 

Otto-Dual-Diesel [20], Otto-Miller [21] and 

Dual-Dual Atkinson [18]. For actual engines, 

finite time thermodynamics can be used for the 

effects on the engine performance of the 

parameters related to the subjects such as 

variable compression ratio [11], late intake 

valve closing method [22], turbocharger [23], 

alternative fuel mixture [24], steam injection 

method [25] and gas exchange process [26]. 

In this study, the effects of the variation of the 

equivalence ratio, the residual gas fraction and 

the mean piston speed parameters on the six-

stroke Otto cycle engine performance, 

especially in the case of high thermal efficiency, 

are investigated by using the finite time 

thermodynamic approach. The initial cycle 

temperature is defined as a function of the 

residual gas fraction, while the specific heat and 

cylinder wall temperature are considered 

constant. In addition, the performance of four- 

and six-stroke Otto cycle has been examined in 

detail with the numerical example. 

2. Thermodynamic Analysis 

The pressure-volume (P-v) and the temperature-

entropy (T-s) diagrams of an endoreversible six-

stroke Otto engine cycle is shown in figure 2, 

where the “s” subscripts denote reversible 

processes for compression (1→2s) and 

expansion (3→4s). The heat addition (2→3) and 

the heat rejection (4→1) processes are isochoric 

processes [15]. The process 4→1 shown in the 

T-s diagram for the six-stroke Otto engine cycle 

actually takes place as 4→1’→0'→1”→0→1. 

However, this process is modeled as 4→1 to 

simulate the cycle model to the Otto engine 

cycle. In the figure 2, the 0→1 and 

1'→0'→1”→0 processes shown in the P-v 

diagram are the gas change processes for the six-

stroke Otto engine cycle. 

 

 
Figure 2. Six-stroke Otto engine cycle (a) P-v diagram, 

(b) T-s diagram 
The six-stroke Otto engine cycle is a modified 

version of the four-stroke Otto engine cycle, and 

for this reason, firstly equations have been 

presented for the four-stroke Otto engine cycle 

and finally the modifications required for the 

six-stroke Otto engine cycle have been 

explained [1]. 

The relations between the fuel flow (�̇�𝑓) and 

mean piston speed (𝑆�̅�) [6-8], between �̇�𝑓 and 

the fuel-air-residual gas (mixture) flow (�̇�𝑡) [6-

8] are defined as: 

�̇�𝑓 = 0.0003𝑆�̅�    (1) 

�̇�𝑡 = �̇�𝑓 + �̇�𝑎 + �̇�𝑟    (2) 

�̇�𝑡 =
�̇�𝑓(𝜙+𝑥𝐴𝐹𝑠)

𝜙(1−𝑥𝑟)
    (3) 

where 𝑥𝐴𝐹𝑠 is the air-fuel ratio for stoichiometric 

conditions, �̇�𝑎 is air flow,  𝜙 is equivalance 

ratio and 𝑥𝑟, is the residual gas fraction from 

previous cycle, and one can find it as [6-8]: 

𝑥𝑟 = �̇�𝑟 �̇�𝑡⁄      (4) 
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where �̇�𝑟 is residual gases flow. It should be 

noted here that the residual gases were assumed 

to consist of CO2, H2O and N2.  

The specific heat at constant volume (𝑐𝑣𝑡) and 

the gas constant (𝑅𝑡) for the working fluid are 

defined as: 

𝑐𝑣𝑡 =
{
(1−𝑥𝑟)(𝑥𝐴𝐹𝑠𝑐𝑣𝑎+𝜙𝑐𝑣𝑓)

+𝑥𝑟(𝜙+𝑥𝐴𝐹𝑠)𝑐𝑣𝑟
}

(𝜙+𝑥𝐴𝐹𝑠)
   (5) 

𝑅𝑡 =
{
(1−𝑥𝑟)(𝑥𝐴𝐹𝑠𝑅𝑎+𝜙𝑅𝑓)

+𝑥𝑟(𝜙+𝑥𝐴𝐹𝑠)𝑅𝑟
}

(𝜙+𝑥𝐴𝐹𝑠)
   (6) 

where 𝑐𝑣𝑎, 𝑐𝑣𝑓 and 𝑐𝑣𝑟 are the mass specific heat 

at constant volume for air, fuel and residual 

gases, and 𝑅𝑎 𝑅𝑓,and 𝑅𝑟 are the gas constant for 

air, fuel and residual gases, respectively. 

For the two adiabatic processes, the 

compression and expansion efficiencies [14, 

15]. 

𝜂𝑐 = (𝑇2𝑠 − 𝑇1) (𝑇2 − 𝑇1)⁄    (7) 

𝜂𝑒 = (𝑇4 − 𝑇3) (𝑇4𝑠 − 𝑇3)⁄    (8) 

These two efficiencies are used to describe the 

internal irreversibility of the processes. The 

equations for reversible adiabatic processes 

1→2s and 3→4s are as follows [27]: 

𝑐𝑣𝑡 ln(𝑇2𝑠 𝑇1⁄ ) = 𝑅𝑡 ln(𝜀)   (9) 

𝑐𝑣𝑡 ln(𝑇4𝑠 𝑇3⁄ ) = −𝑅𝑡 ln(𝜀)            (10) 

The added heat flow per second in the isochoric 

(2→3) heat addition process may be written as 

[28]: 

�̇�𝑖𝑛 = �̇�𝑡𝑐𝑣𝑡(𝑇3 − 𝑇2) =

�̇�𝑓

𝜙
{
(𝑥𝐴𝐹𝑠𝑐𝑣𝑎 + 𝜙𝑐𝑣𝑓)

+ [
𝑥𝑟𝑐𝑣𝑟(𝜙+𝑥𝐴𝐹𝑠)

(1−𝑥𝑟)
]
} (𝑇3 − 𝑇2)           (11) 

The rejected heat flow per second in the 

isochoric (4→1) heat rejection process may be 

written as [28]: 

�̇�𝑜𝑢𝑡 = �̇�𝑡𝑐𝑣𝑡(𝑇4 − 𝑇1) =

�̇�𝑓

𝜙
{
(𝑥𝐴𝐹𝑠𝑐𝑣𝑎 + 𝜙𝑐𝑣𝑓)

+ [
𝑥𝑟𝑐𝑣𝑟(𝜙+𝑥𝐴𝐹𝑠)

(1−𝑥𝑟)
]
} (𝑇4 − 𝑇1)           (12) 

The total energy flow of the fuel may be written 

as [6-8]: 

�̇�𝑓 = 𝜂𝑐𝑜𝑚�̇�𝑓𝐻𝑢 = (−1.4474 +
4.1858

𝜙
−

1.8671

𝜙2 ) �̇�𝑓𝐻𝑢    (13) 

where 𝜂𝑐𝑜𝑚 and 𝐻𝑢 are the combustion 

efficiency and lower heat value of the fuel, 

respectively. Heat transfer losses for an ideal 

Otto cycle model can be negligible, but for a real 

Otto cycle, the heat transfer irreversibility 

between the working fluid and the cylinder wall 

is so important that it cannot be negligible. The 

heat loss on the cylinder wall can be expressed 

by a simple linear equation. 

�̇�ℎ𝑡 =
�̇�𝑓𝛽(𝜙+𝑥𝐴𝐹𝑠)

𝜙
(𝑇2 + 𝑇3 − 2𝑇𝑤)           (14) 

where 𝛽 is the heat leakage coefficient of the 

cylinder wall. The relationship between�̇�𝑓, �̇�𝑖𝑛 

and�̇�ℎ𝑡 can be defined as follows [6-8]: 

�̇�𝑖𝑛 = �̇�𝑓 − �̇�ℎ𝑡             (15) 

In thermodynamic analyzes 𝑇1 is considered a 

constant value as the initial cycle temperature. It 

is generally accepted that 𝑇0 and 𝑇1 are equal. 

The 𝑇1 is defined as a specific function because 

the residual gas fraction is now included in the 

calculation. It is assumed that 𝑇1 changes 

according to reference temperature (𝑇0), 𝑇4 and 

𝑥𝑟. 𝑇1 can be written as [6-8]: 

𝑇1 = 𝑇0 +
𝑥𝑟𝑅𝑟(𝑇4−𝑇0)

𝑅
     “           (16) 

The friction loss can be expressed as a function 

of 𝑆�̅� [14]: 

|𝑃𝜇| = 𝜇(𝑆�̅�)
2
              (17) 

where 𝜇 is the coefficient of friction, which 

takes into account the global losses. The power 

output of the Otto cycle engine is expressed by: 

𝑃 = �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 − |𝑃𝜇|  

=
�̇�𝑓

𝜙𝑅𝑡
{
(𝑥𝐴𝐹𝑠𝑐𝑣𝑎 + 𝜙𝑐𝑣𝑓)

+ [
𝑥𝑟𝑐𝑣𝑟(𝜙+𝑥𝐴𝐹𝑠)

(1−𝑥𝑟)
]
} {

𝑅𝑡(𝑇3 − 𝑇2)

+(𝑅𝑡 + 𝑥𝑟𝑅𝑟)(𝑇4 − 𝑇0)
} −

𝜇(𝑆�̅�)
2
                     (18) 

The efficiency of the cycle is expressed by [14]: 

𝜂𝑡ℎ = 𝑃 �̇�𝑖𝑛⁄               (19) 

When 𝑆�̅�, 𝑐𝑣𝑎, 𝑐𝑣𝑓, 𝑐𝑣𝑟, 𝑅𝑎, 𝑅𝑓, 𝑅𝑟, 𝛽, 𝑇𝑤, 𝑇0, 𝜇, 𝑥𝑟, 

𝑥𝐴𝐹𝑠 and 𝜙 are given, 𝑇1, 𝑇2, 𝑇2𝑠, 𝑇3, 𝑇4, and 𝑇4𝑠 can 

be obtained from Eqs. (7-16). Using Eq. 18 and 

Eq. 19, power output and thermal efficiency can 

be determined, respectively. 

The above equations apply to the four-stroke 

Otto cycle. Some variables must be redefined so 

that these equations can be used for the six-

stroke Otto cycle.  
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At the same engine speed, the number of cycles 

involved in the four-stroke engine and the six-

stroke engine are different. In four-stroke 

engines, one cycle is completed in two 

revolutions while in six-stroke engines, one 

cycle is completed in three revolutions. This 

results in lower fuel consumption for the six-

stroke engine for the same engine volume, in 

other words, lower heat input and lower power 

output. The same mixture flow (�̇�𝑡 = �̇�𝑡6) 

conditions have been taken into account for the 

comparison of the four-stroke engines and the 

six-stroke engines. 

In order to use the equations described for the 

above four-stroke Otto cycle for the six-stroke 

Otto cycle it is sufficient to redefine the 

variables 𝑥𝑟 and �̇�𝑓. 

𝑥𝑟6 =
𝑥𝑟

𝜀+1
              (20) 

�̇�𝑓6 =
�̇�𝑓(1−𝑥𝑟6)

(1−𝑥𝑟)
=

�̇�𝑓(𝜀−𝑥𝑟+1)

(1−𝑥𝑟)(𝜀+1)
           (21) 

where 𝑥𝑟6 is the residual gas fraction for six-

stroke Otto cycle and �̇�𝑓6 is the fuel flow. In the 

above equations, 𝑥𝑟6 and �̇�𝑓6 should be used 

instead 𝑥𝑟 and �̇�𝑓, respectively. 

3. Results and Discussion 

The following constants and parameters are 

used for the numerical example: 𝜂𝑐 = 0.97, 𝜂𝑒 =

0.97, 𝑥𝐴𝐹𝑠 = 15.05, 𝑇0 = 300 K, 𝛽 = 0.5 kJ/kgK, 𝜇 =

12.9 Ns/m, 𝐻𝑢 = 44790 kJ/kg, 𝑐𝑣𝑎 = 0.718 kJ/kgK, 

𝑐𝑣𝑓 = 1.638 kJ/kgK, 𝑐𝑣𝑟 = 0.866 kJ/kgK, 𝑅𝑎 =

0.287 kJ/kgK, 𝑅𝑓 = 0.073 kJ/kgK, 𝑅𝑟 = 0.307 kJ/kgK, 

𝑇𝑤 = 400 K, 𝜙 = 0.85 → 1.15, 𝑥𝑟 = 5% → 20%, 𝜀 =

2 → 100, 𝑆�̅� = 7 → 15 m/s, �̇�𝑡 = �̇�𝑡6 [5-28]. It is 

assumed that the fuel is used as a gasoline 

equivalent of isooctane (𝐶8𝐻18). This study 

focuses on the investigation of the effects of 

mean piston speed and equivalence ratio and 

residual gas fraction on performance of four- 

and six-stroke Otto cycle engine. The 

performance parameters obtained for both 

engines are compared. 

The variation of �̇�𝑓versus ε for a constant 𝑆�̅� is 

shown in Figure 3, since �̇�𝑡 values for four- and 

six-stroke engines are assumed to be equal in 

this study. It is found that �̇�𝑓6 increases with the 

increase of 𝑥𝑟. While the �̇�𝑡 parameter changes 

as a function of 𝑆�̅�, 𝜙 ,𝑥𝐴𝐹𝑠 and 𝑥𝑟, the 

�̇�𝑓parameter changes only as a function of the 

𝑆�̅�. The �̇�𝑓6 parameter, however, changes as a 

function of �̇�𝑓, 𝜀 and 𝑥𝑟. Because �̇�𝑡 = �̇�𝑡6 is 

assumed in this study, the �̇�𝑓6 parameter of the 

four-stroke engine does not change according to 

the 𝑥𝑟, while the �̇�𝑓6 parameter of the six-stroke 

engine increases with the 𝑥𝑟. 

 
Figure 3.  The fuel consumption versus compression 

ratio (𝛷=1.00 and 𝑆�̅�=9 m/s) 

The variations in the temperatures 𝑇1, 𝑇2, 𝑇3 and 

𝑇4 with the compression ratio are shown in 

Figure 4 It is found that 𝑇1 and 𝑇4 decreases with 

the increase of compression ratio, while 𝑇2 and 

𝑇2 increase with the increase of compression 

ratio. It is seen that 𝑇1, which is the initial cycle 

temperature, is lower in the six-stroke Otto cycle 

than in the four-cycle Otto cycle. This means 

that the cooling load for an engine is decreasing. 

 
Figure 4.  The temperature versus compression ratio 

(𝑥𝑟=10%, 𝛷=1.00 and 𝑆�̅�=9 m/s) 

The equations presented above regarding the 

power output and thermal efficiency of the four- 

and six-stroke Otto cycle are generally based on 

the equivalence ratio, the mean piston speed and 

the residual gas fraction. The graphs shown in 

figures 5-10 expressing power output-

compression ratio and power output-thermal 

efficiency relations were obtained so that the 

effects of these parameters on both cycles can be 

examined. An increase in the compression ratio 

leads to an increase in the power output at first, 

and after reaching a peak, the power output 
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appears to decrease significantly with increasing 

compression ratio. The equivalence ratio, mean 

piston speed and residual gas fraction were 

found to play an important role in cycle 

performance. It is evident from these figures that 

the equivalence ratio, the mean piston speed, 

and the effect on the power output over the 

residual gas fraction are related to the 

compression ratio. 

Figure 5 and 6 show the effect of the change in 

the equivalence ratio on the output power. 

 
Figure 5. Effect of equivalence ratio on the variation of 

the power output with compression ratio (𝑥𝑟=10% and 

𝑆�̅�=9 m/s) 

 
Figure 6. Effect of equivalence ratio on the variation of 

the power output with thermal efficiency (𝑥𝑟=10% and 

𝑆�̅�=9 m/s) 

Figure 5 shows that as the mixture is enriched at 

low compression ratios, the output power 

decreases, and at very high compression ratios, 

the output power decreases as the stoichiometric 

ratio increases. This is the same for both cycles. 

However, the output power is also higher due to 

the compression ratio, since the constant mean 

piston speed and the residual gas fraction have 

higher heat input. When Figure 6 is examined, it 

is seen that the six-stroke engine has higher 

thermal efficiency than the four-stroke engine. 

It can be seen that the power output tendency 

depending on the equivalence ratio for both 

cycles is the same, but the six-stroke engine 

cycle can operate at higher thermal efficiencies. 

Figure 7 and figure 8 show the effect of the 

change of the residual gas fraction on the output 

power. 

 
Figure 7. Effect of residual gas fraction on the variation 

of the power output with compression ratio (𝛷=1.00 and 

𝑆�̅�=9 m/s) 

 
Figure 8.  Effect of residual gas fraction on the variation 

of the power output with thermal efficiency (𝛷=1.00 and 

𝑆�̅�=9 m/s) 

Figure 7 shows that as the residual gas fraction 

increases, the power output decreases in the 

four-stroke engine and increases in the six-

stroke engine. The main reason for this is the 

increase in the �̇�𝑓depending on the residual gas 

fraction (see Figure 3). In Figure 8, the thermal 

efficiency of the four-stroke engine decreases 

with the increase of the residual gas fraction. In 

the six-stroke engine, the increase in residual 

gas fraction increases thermal efficiency. 

Figure 9 and Figure 10 show the effect of mean 

piston speed change on the output power. Fuel 

flow was defined as a parameter of mean piston 

speed (equation 1). When Figure 9 is examined, 

the output power increases due to the constant 

equivalence ratio and the increase of the mean 

piston speed for the residual gas fraction, as well 

as the fuel flow for any compression ratio. When 

Figure 10 is examined, the maximum efficiency 

decreases as the mean piston speed increases. It 

is also seen that the six-stroke engine has 

reached higher efficiency values. 
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Figure 9.  Effect of mean piston speed on the variation of 

the power output with compression ratio (𝑥𝑟=10% and 

𝛷=1.00) 

 
Figure 10 Effect of mean piston speed on the variation of 

the power output with thermal efficiency (𝑥𝑟=10% and 

𝛷=1.00) 

 
Figure 11. The change of the performance parameters 

versus compression ratio (𝑥𝑟=10%, 𝑆�̅�=9 m/s and 

𝛷=1.00) 

As a general evaluation, the �̇�𝑓 value for the 

same �̇�𝑡 value is higher than that of the six-

stroke engine. However, for the same 

conditions, the thermal efficiency of the six-

stroke engine is higher than the four-stroke 

engine. Because both �̇�𝑓 and 𝜂𝑡ℎ are high, the 

output power of the six-stroke engine is quite 

high compared to the four-stroke engine. Figure 

11 shows the performance parameters of the 

four- and six-stroke engines for the same 𝑥𝑟, 𝛷 

and 𝑆�̅� values, depending on the compression 

ratio. For the same conditions, the �̇�𝑓 is about 

10% higher than the four-stroke engine, while 

the 𝜂𝑡ℎ is about 5% higher, with the result that 

the output power of the six-stroke engine is 

about 20% higher than the four-stroke engine. 

4. Conclusions 

In this study, the effects of the residual gas 

fraction, mean piston speed, and equivalence 

ratio on the performance of a six-stroke Otto 

cycle were investigated. Since the six-cycle 

engine concept is an unconventional concept, 

conventional 4-stroke Otto cycle results were 

obtained and compared for the same conditions 

so that the results obtained can be interpreted. In 

the study carried out, the mixture flow was 

assumed to be the same in both cycles. It was 

assumed, however, that the initial cycle 

temperature is a function of the residual gas 

fraction. 

The model presented in this study was created to 

show only the tendency of the motor 

performance not to change according to certain 

parameters. Although the results obtained here 

are notoriously impressive for engine designers, 

it is never enough for a real engine design. 

Furthermore, the results obtained here do not 

show that a real engine will operate at this 

performance. Although the suction and exhaust 

processes are very important in the six-stroke 

engine concept, the mechanical design and 

performance of the valve mechanism has been 

intentionally ignored. 

The general conclusions from the results of this 

study are as follows: 

 The performance trend of the six-stroke 

Otto cycle due to the compression ratio is 

quite similar to the four-stroke Otto cycle. 

 Both cycles have the same residual gas 

fraction, but the actual residual gas fraction 

for six-stroke Otto cycle as a function of the 

compression ratio due to the effect of free 

strokes in the six-stroke Otto cycle is much 

less. However, since the engine does not 

produce any work during free strokes, the 

initial cycle temperature is relatively low. 

This means that the engine is cooling itself a 

little. In other words, the cooling load of the 

engine is reduced. This is an important 

advantage of the six-stroke Otto engine 

cycle. 

 Compared to the four- and six-stroke 

Otto engines operating under the same 

conditions with equivalent physical 
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characteristics, the four-stroke Otto engine 

provides higher output power than the six-

stroke Otto engine. In contrast to this, the six-

stroke engine has a higher thermal efficiency 

than the four-stroke engine. The main reason 

why the thermal efficiency is high despite the 

low output power is that the cycle duration 

are different at the same engine speed. The 

mixture flow was considered to be the same 

for comparison between two cycles. In this 

case, fuel flow can be achieved for the same 

amount of mixture for the six-stroke Otto 

engine. 

The analysis helped to understand the strong 

effects of the residual gas fraction, mean piston 

speed, and equivalence ratio on the performance 

of a six-stroke Otto cycle. For this reason, the 

results are crucial in providing a good guide for 

performance evaluation and improvement of 

real six-stroke Otto engines. 

Nomenclature 

𝑐𝑣𝑎 [kJ/kgK] specific heat for air 

𝑐𝑣𝑓 [kJ/kgK] specific heat for fuel 

𝑐𝑣𝑟 [kJ/kgK] specific heat for residual gas 

𝑐𝑣𝑡 [kJ/kgK] specific heat for mixture 

𝐻𝑢 [kJ/kg]  lower heat value for fuel 

�̇�𝑎 [kg/s]  air flow 

�̇�𝑓 [kg/s]  fuel flow 

�̇�𝑓6 [kg/s]  fuel flow for six-stroke 

�̇�𝑟 [kg/s]  residual gas flow 

�̇�𝑡 [kg/s]  mixture flow 

𝑃 [kW]  power output 

𝑃𝜇 [kW]  global friction loss power 

�̇�ℎ𝑡 [kJ/s]    heat leakage per second 

�̇�𝑓 [kJ/s]    fuel energy flow 

�̇�𝑖𝑛 [kJ/s]  added heat flow 

�̇�𝑜𝑢𝑡 [kJ/s]  rejected heat flow 

𝑅𝑎 [kJ/kgK] gas constant for air 

𝑅𝑓 [kJ/kgK] gas constant for fuel 

𝑅𝑟 [kJ/kgK] gas constant for residual gas 

𝑅𝑡 [kJ/kgK] gas constant for mixture 

𝑆�̅� [m/s]  mean piston velocity 

𝑇0 [kJ/kgK] reference temperature 

𝑇𝑤 [kJ/kgK] wall temperature 

𝑥𝐴𝐹𝑠 [-]  stoichiometric air-fuel ratio 

𝑥𝑟 [-]  residual gas fraction 

𝑥𝑟6 [-]  residual gas fraction for six-

stroke 
𝑊𝑐𝑛𝑒𝑡 [kJ]  net work per cycle 

𝜂𝑐 [-]  compression efficiency 

𝜂𝑐𝑜𝑚 [-]  combustion efficiency 

𝜂𝑒 [-]  expansion efficiency 

𝜂𝑡ℎ [-]  thermal efficiency 

𝛷 [-]  equivalence ratio 

𝛽 [kJ/kgK] heat leakage coefficient 

𝜀 [-]  compression ratio 

𝜇 [Ns/m]   coefficient of friction 

𝜏𝑐 [s]  period of cycle 
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