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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
Sfuel-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)
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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, 75, 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 points0 -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].
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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, 7, is @ mixture of air, 71, fuel, 1, and residual
gases, 11,, and that the fuel mass per second, i, for both cycles is constant [28, 33]:

(¢+XAFS)
o)

mmix :ma +mf +mr me

(1
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where ¢, x,r, and x, are equivalence ratio, stoichiometric air/fuel ratio, and residual gas frac-
tion, respectively, x,— the expressed as 7, /ni,;. For the six-stroke engine, 7,6 i expressed as
follows. Subscript 6 is used to refer to a six-stroke engine:

. (¢+xAFs)
_mf—¢(l—x,6) 2)

where ritgs = i1y, it 18 11,6 =11, but mit,s <1, and x,, < x.. 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, €. 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, x,s was used to express the actual residual gas fraction
in the cylinder. Thus, the relationship between x, and x4 is defined:

Myixe = Mye + My + Mg

X

=T 3
Xr6 e+l ( )

Input parameters:

- cylinder volume

- compression ratio

- residual gas fraction
- stroke/bore ratio

- equivalence ratio

- engine speed

- heat loss coefficient
- cylinder wall temperature
- inlet temperature
-inlet pressure

- specific heats

- isentropic efficiency
- friction coefficient

- fuel heat value

Calculated parameters:

- mass-flow of working fluid

- mean piston speed

- combustion efficiency

- temperatures of critical points
- pressures of critical points

- energy flow of fuel

- energy flow of losses

- total heat input

- total heat output

Examined performance parameters:
P - effective power
- effective thermal efficiency

A 4

Figure 3. Simulation flow chart of the four- and six-stroke Otto cycle engine

Accordingly, in this simulation model, x, is used for four-stroke engines and x,s — 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 ¢ and x,. Accord-
ingly, the constant volume specific heat, ¢,mix, and the gas constant, R, for the working fluid
are formulated [28]:

. (l—x,,)(xAFscm +¢cvf)+xr (¢+xAFS)cW 4

yvmix
P+ X 45

R _(1_xr)(xAFsRa+¢Rf)+xr(¢+xAFs)Rr 5)
™ P+ X 45
The end of the compression process temperature, 75, and the end of the expansion
process temperature, 7y, are formulated [22, 28, 34]:
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In(g)+c,... In(T
Tzs =exp lex ( ) ymix ( 1) (6)
Cymix

Tys =exp ()
However, it was accepted that there was irreversibility in these processes in the mod-
el. Therefore, 7> and T, should be determined instead of 75 and Ty. In order to express these
irreversibility, the compression process isentropic efficiency, #, and the expansion process isen-

tropic efficiency, 7., is used. Thus, 7, and T, can be calculated [22, 34]:

T, -T,
T2 _ 2s 1 + 71 (8)
e

T4:(T4S_T3) e+]é (9)

The total heat input per second, Q,,, and total heat output per second, Q.. are in con-
stant volume in the Otto cycle [28, 34]:

O = i o (T~ T3) = '%’[(xmcm +ge,)+xe, [(T-1T5) (10)
Oout = Minix Comi (I, -1)= %[(XAFSCVG +¢Cvf)+xrcvr:|(T4 -1) (11)

where Q,, is also equal to the difference in fuel energy flow, O, and heat transfer loss, Oy, during
the combustion process [33, 35]:

00 =0s ~ Oy (12)
Oy and Q,, are expressed [27, 29, 31]:

. . 4.1858 1.86876 | .

O =TeommH, =(—1.4474+ —¢—2] oH, (13)
. + X 4
O = iy (T2+73—2Tw)zm,vMﬂ(Tz+T3—2Tw) (14)

p(1-x,)

where ..., H,, and f§ are the combustion efficiency, lower heat value of fuel, total heat loss co-
efficient, respectively, #.,,, is defined as a function of ¢, H, and  were accepted as constant [28].

The effective power, P,, and effective thermal efficiency, 7, are defined as the perfor-
mance parameters [36]:

P. =0 O — P, (15)
P.
M = Qe (16)

where P, is the friction loss power and is the function of the friction coefficient, x, and the av-
erage piston speed, ¢,, [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 4 is the ratio of stroke length to cylinder diameter [34]:

4y, (s-1

_L_ 4y _wn(enl) (18)

D D} neD’
where T is generally considered to be equal to 7,, which is the reference temperature. However,
the air-fuel mixture taken into the cylinder at the temperature 7, — the mixed with the residual
gas at temperature 7,. The 7 is therefore, expressed as a function of Ty, Ty, R,, and R, [33, 34]:

Ty (i R, +1it Ry )+, R, T, . xR, (T, ~T,)

L= , 0 (19)
mmimeix Rmix
. L Effective power, P, Only a part of .the fuel energy flow is con-
__MH, Engine [ 222227 verted by the engine into the effec‘uye power. The
Fuel energy SEEEEE power lost that cannot be converted into effective
-, 'y Frictionloss, P, . e
I v Exaustloss, Q,, power is caused by friction, exhaust, heat trans-

v Heat transfer loss, Q,,

Incomplete combustion, 0/n... - 0, 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, F,, friction, F,, heat transfer, F, and incom-
plete combustion, F},., are expressed [35]:

Figure 4. Typical heat balance for internal
combustion engines

— Qout — Qout
* mH, 0O, (20)
ncom
_ P/t _ }.)u
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inc — . = 1_ com 23
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The performance fraction can be defined:
_gH, ~(Fox + F + Fy + Fino ) P

mc e

i H, S H, O
T]COm

F,

= nth ﬂcam (24)
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All variables can be calculated by equations 1-24 when specific heats (c,,, ¢y, ¢.), gas
constants (R,, R, R,), X,, 4, ¢, & Vi, X4rs, N, P1, To, T,,, B, 9, 1, and p are known. For the six-stroke
engine x,¢ 1S used instead of x, for calculations.

Numerical study and discussion

In this comprehensive study, the effect of x, and 4 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, v, 500 [cm?]
Engine speed, N 4000 [rpm]
Isentropic efficiencies, 7. and 7, 0.97
Stoichiometric air-fuel ratio, xAF 15.05 (for gasoline)
Reference temperature, 7, 300 [K]
Cylinder wall temperature, 7, 400 K
Reference pressure, P, = P, 100 [kPa]
Heat loss coefficient, 0.5 [kJkg'K™']
Friction coefficient, u 12.9 [Nsm™]
Lower heat value 44790 (for gasoline) [kIkg™]
Specific heats, (c,./ c,//c,,) 0.718/1.638/0.866 [kJkg K]
Gas constants, (R,/R/R,) 0.287/0.07/0.307 [kJkg'K™]
Equivalence ratio, ¢ 1.00
Stroke ratio, A 05—1.5
Residual gas fraction, x, 0.05—0.25
Compression ratio, & 2 — 100

Figure 5 shows the change in critical point temperatures depending on the compression
ratio. When T 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 T varies depending on ¢, T, 100
and x,, eq. (19). For the case where x, is fixed, x,, ¢
to & for the six-stroke engine is inversely propor-
tional, eq. (3). In addition, 7} for the six-stroke 60
engine is slightly higher than the four-stroke en-
gine. It is seen that 7}, and ¢ are inversely propor-

- - - - Six-stroke
Four-stroke .

80

40

tional. The main reason for the low 7 in the six- 00

stroke engine is that x, is very low compared to ol T — A

X AS Tl is low in the SiX-Stl‘Oke engine T2 iS alSO 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750
e 2

. . T [K]
low. The higher x,, the lower the maximum com-

bustion temperature. As the x,¢ is lower than the temperatures of critical points, 7, at fixed

Xrs the I'naximu.m cycle temperature Ty is slightly  yegiqual gas fraction, x,, stroke ratio, 4, and
higher in the six-stroke engine. equivalence ratio, ¢

Figure 5. Variations of compression ratio, ¢,
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100 Figure 6 illustrates the variation of O,
Qout, Qm, Q'/-, P,, and P, depending on ¢. In the
simulation model, Q; trend is the same for both
engines because it is assumed that r1, and g
are equal in order to compare the performance
(15  Oof the four- and the six-stroke engine. However,
A=10 Oy increases as the 71, increases with the increase
7 , _ #=100  of ¢ for fixed v.. The Oy, varies depending on T,
0 10 20 3°P W] 40 and T; and is proportional to ¢. The Qin, whiph
. L. . . is equal to the difference between O, and O,
Figure 6. Variations of compression ratio, ¢, . .
powers (or heat flows), P, at fixed residual gas increases first and then decregses depending on
fraction, x,, stroke ratio, 4, and equivalence €. The Qo depends on the difference between
ratio, ¢ T, and T,. Because the T, and T, difference are
higher in the six-stroke engine than the four-
stroke engine, O, is slightly higher in the six-stroke engine. The P, varies according to x and c,,,
eq. (17). According to the simulation model, although siz,=ri14, due to the x,, and x, relationship
in the simulation model, #t,x # fitmis . For both engines, P, is almost equal. Depending on ¢, P,
increases first and then decreases.
Figure 7 demonstrates the effect of ¢ on #,, for the case where x,, 4, and ¢ are constant.
As ¢ increases, 7, 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 4 on P,, and 7, when x, and ¢ are fixed. For high speed
engines, 4 > 1. When /4 increases, P, increases, so P, decreases. When it is desired to have high
P, and n,, 4> 1 should be required.

80 |

60

40
Four-stroke

20 F ’ - - - - Six-stroke

100 - — Four-stroke . x,=15% 10 . -~ Six-stroke
£ - - - - Six-stroke AN A=10 Four-stroke
80 ‘\\ ¢ =1.00 g‘ gl
AN =
60 | ~ 6 lE
40 + 4t
20 ! 2F
0 - " 1 0 . . . . . ,
0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25 0.3
Nen Men
Figure 7. Variations of compression ratio, &, Figure 8. Variations of effective power, P,,
effective thermal efficiency, 7,, at fixed residual effective thermal efficiency, 7., against to stroke
gas fraction, x,, stroke ratio, 4, and equivalence ratio, 4, at fixed residual gas fraction, x,, and
ratio, ¢ equivalence ratio, ¢

In fig. 9, as x, decreases, the maximum value of 7, for the four-stroke engine increases
significantly, while that of the six-stroke engine is almost unchanged. As x, increases, 1, de-
creases and therefore, O, decreases. When x, increases P, decreases significantly. The advan-
tage of this six-stroke engine is further highlighted. The 7, of the six-stroke engine is higher
for each value of x,.
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Figure 9. Variations of effective power, P,, Figure 10. Variations of performance fractions, F,
effective thermal efficiency, 7., against to residual stroke ratio, 4, at fixed equivalence ratio, ¢,
gas fraction, x,, at fixed stroke ratio, 4, and residual gas fraction, x,, and compression ratio, &
equivalence ratio, ¢
. Xr
The effect of 4 on performance fractions 42006 oot 0016 0021 7" 002%

F %]

with ¢, x,, and ¢ fixed is shown in fig. 10. Ac-
cordingly, Fi., Fi, and F., do not have a rela- ol A=10 p Ff"f”s";’ke
tionship with 1. As the ¢, will change depend- | -8 T T Stk
ing on 4, F, increases with the increase of A.
There is also a decrease in F,, due to the in-
crease in F,. The 4 appears to have a consider-
able effect on F,.. However, in each case, F,, of
the six-stroke engine is higher than that of the . . ;
Figure 11. Variations of performance fractions, F,

four-stroke englpe. . residual gas fraction, x,, at fixed equivalence
When x, increases, £, and F, increase ratio, ¢, stroke ratio, 4, and compression ratio, &

and F, and F),. decrease, fig. 11. There is no

relationship between x, and Fj,.. The value of

X, 1s determined by ¢ and x,. Due to the increase in x,, the F), 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 x, — x, relationship. This is also the case for F,,.. Depending on the
X,, the F,, of the six-stroke engine does not change much, while the 7, 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.

0 1 1 1 - J
0.05 0.1 0.15 0.2 X 0.25

Conclusions

In order to examine the effects of engine design parameters on P, and 7,, 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, x, and A were used as independent variables. Sub-models are carried out for 7} and #.,,.
Performance loss fractions for engine heat balance are generated for sit/f1,. 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 ¢, P,
of the four-stroke engine and the #,, of the six-stroke engine are higher. If #,, and P, are to be
high, 4 should be preferred low. The six-stroke engine for the same A can be said to have higher



Arabaci, E.: Performance Analysis of a Novel Six-Stroke Otto Cycle Engine
1728 THERMAL SCIENCE: Year 2021, Vol. 25, No. 3A, pp. 1719-1729

performance in both Pe, and 7,,. The increase in x, is a disadvantage for both P, and 7,,. Howev-
er, as x, increases, the performance of the six-stroke engine is quite good compared to the four-
stroke engine. The F}, F, and F,.are not related to .. However, as /4 increases, £, increases and
F,. decreases. The x, has nothing to do with F;,.. However, as x, increases, F},and F, increase
and F..and P, decrease. The change of F,, for both engines is not the same, depending on the
change of x,. As x, increases, F,, 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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