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Abstract: In a few decades, the researchers studying on the optimisation and
improvement of performance specifications and emission formations of the
internal combustion engines have turned the attention on application of
different cycles such Miller cycle and Takemura cycle into internal combustion
engines. In this work, a novel analysis criterion named as effective exergetic
performance coefficient (EFEXPEC) have been presented and applied to
seven-process cycle consisting of Takemura cycle and Miller cycle. Maximum
performance specifications such as maximum thermal efficiency, maximum
power output, maximum EFEXPEC, power at maximum EFEXPEC and
efficiency at maximum EFEXPEC have been examined. The consequences can
be assessed by researchers who work on ICEs to actualise the proposed
combination practically and to determine maximum EFEXPEC conditions. The
maximum value of power (Pj4y) is 27.3 kW and it has been obtained at 6,000
rpm and 20 of compression ratio. The maximum value of thermal efficiency is
40.15% and it has been obtained at 0.9 of equivalence ratio and 20 of
compression ratio. The maximum value of EFECPEC (EFECPEC)y) is 0.18
and it has been obtained at 0.9 of equivalence ratio and 14 of compression ratio.

Keywords: dual-miller cycle; Takemura cycle; performance analysis;
thermo-ecology; engine performance; internal combustion engines.
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1 Introduction

The researchers and engineers work to develop more efficient and eco-friendly
combustion engines (ICEs) by virtue of economical and environmental restrictions. The
application of Miller cycle (AMC) is more advantageous due to lower cost and ease of
application to minimise NOx formation of the ICEs compared to other emission control
methods, therefore the scientists have focused on the AMC recently (Gonca, 2017; Gonca
et al., 2013, 2015a, 2015b, 2015c, 2015d, 2017; Mikalsen et al., 2009). Gonca (2017)
performed an ecological-based performance analysis based on ecological coefficient of
performance (ECOP) criterion. Gonca et al. (2013) introduced the dual MC by integrating
the classical MC to dual diesel cycle and they parametrically acquired the grid
performance curves for the dual MC. Gonca et al. (2015a) theoretically performed a
combination of the MC and steam injection method (SIM) and decreased the NO
emissions. Gonca et al. (2015b) determined combustion and heat transfer constants for
the dual MC engine and examined the impact of the constants on the dual MC engine.
Gonca et al. (2015¢, 2015d, 2017) actualised empirical and computational studies to
acquire performance properties and emission values of a diesel engine with the AMC
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(Gonca et al., 2015¢), of a diesel engine with the AMC and turbo charging (Gonca et al.,
2015d), of a diesel engine with the AMC, steam injection technique and turbo charging
together (Gonca et al., 2017). Mikalsen et al. (2009) presented the performance
specifications of a combined heat and power generation system including natural gas
engine operating on Otto cycle and AMC. Takemura cycle provides combustion at
constant temperatures (Kamiuto, 2006). Hence, these cycles can be unified for
performance improvement and emission reduction. In the literature, there are a few
studies on the seven-process cycle (Gonca and Sahin, 2019; Gonca et al., 2020, 2022) and
it has been firstly proposed by Gonca and Sahin (2019). There are so many works based
on simulation models in the literature for the engines and their cycles (Andresen, 1983;
Bejan, 1996; Chen et al., 1999; Chen and Xia, 2017). Also, the researchers studied on
different performance analysis criteria such as ECOP, exergy, power density, efficient
power (Fawal and Kodal, 2021; Li et al., 2021; Karakurt et al., 2022; Caglayan and
Caliskan, 2019; Patodi and Maheshwari, 2013), etc.

This work reports an ecology-based performance optimisation and analysis for the
Dual-Miller cycle and Takemura cycle combination based on a novel performance
analysis criterion called effective exergetic performance coefficient (EFEXPEC). The
impacts of design and operational parameters (DOP) on the maximum EFEXPEC
conditions (MEX), power output and efficiency at the MEX have been investigated by
graphs and illustrations based on grid curves.

2 Theoretical model

This work examined the maximum EFEXPEC specifications of the studied cycle which is
presented in Figure 1. Computational performance examinations have been conducted to
examine the performance specifications depending on the engine DOP by using a
finite-time thermodynamics model. Table 1 shows the standard values of the parameters
used for design and operation.

The presented performance analysis criterion named as EFEXPEC is derived as
following:

EFEXPEC = =l (1)

7z)ovlgsgen
where 7., T and S'ge,, are exergetic efficiency, ambient temperature (K) and entropy
generation per second, « is cycle temperature ratio, ¢ is cycle temperature ratio, they are

given as follows:

a:Tmax :E (2)

g I 3)
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Table 1 The engine properties and values of design parameters

Parameter Symbol Value Unit
Intake temperature T, 300 K
Intake pressure P, 100 kPa
Miller cycle angle 0, 10 Ca
Stroke length L 0.062 m
Bore d 0.072 m
Cylinder wall temperature To 400 K
Friction coefficient u 0.0129 Ns/m

Source: Gonca and Sahin (2019)

Figure 1 T7-s and P-v diagram of the irreversible seven-process cycle

P T
AN N

Vris total cylinder volume which is given as follows:

Ve =V, +V, = 4)
r—1
2
Vc:ﬁ:ndL 1 5)
r 4 r-1

where V, states clearance volume, r is compression ratio, d is the bore diameter (m), L is
engine stroke (m). Other equations used in this study have been obtained from previous
studies (Gonca and Sahin, 2019; Gonca et al., 2020, 2022). Power output is given below:

f)c{f' = Qin - Qout - Pfi B (6)

The heat input (O, ), the heat output (Q,, ) and the power dissipated by friction is
respectively determined as follows:
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Qin = Qf,c _th
:mT|: CVdT+J‘ CPdT+R T511'1(7'T):|
T

25 2 15
[(2 506-10- llT—+1 454 10’7T——4 246-10- 7T—+3 1621075 — T
3 2.5 2 1.5

T—OS T- 2 VE)
+1.04337—1.512-10%| — s +3.063-105 (-7-1)-2.212-107 -~ (7

T

3 25 2 15
KZ 506-10- “T—+1 454 10’7T——4 246- 10’7T—+3 162-107° — T
3 2.5 2 15

T—O.S T—2 K
+1.33037—1.512-10*| — X +3.063-105 (-71)-2.212-107 -~
N T

+R,T5 In(r7))

. Ts Vel
Qm,,zmTD CydT + j deT}
T; Wi

T3 T25 T]S
=m 2.506-107" —+1.454-1077 ———4.246- 10‘7—+3 162-107° —
3 2.5 2 1.5

T—OAS T—2 %
+1.04337-1.512-10% T +3.063-105(-71)-2.212-107 5 (®)

T

725 T2 715
(2 506-10~ 11T—+1 A454- 10*7——4246 10*7—+3 162-10~ T2
3 2.5 2 15

703 2]
+1.33037—1.512-10%| — o +3.063-105 (=71)-2.212-107 -~

Ti

Py=u(Vep) ©)

The friction coefficient is defined as u, average velocity of the piston is described as
below:

Vip = —— (10)

where N is engine speed in revolution per minute (rpm) and L is stroke length in metre
(m). Q/ is heat dissipation depending on the burned fuel:

Oy =netivy LHV (11)

where LHV is fuel lower heating value. 1, is the fuel mass flow rate (kg/s) and it is
attained as below:
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I’}’lfN

" 120 (12)

my
The mass of the injected fuel per cycle (kg) is given as m. The combustion efficiency is
described as 7. which is obtained as below (Ebrahimi, 2011, 2012):

e =—1,44738+4,18581/¢ —1,86876/ ¢ (13)

The equivalence ratio (@) is defined as follows:

(ms /ma)

?="F,

(14)

where m means mass per cycle in kilogram (kg), subscript ¢ and f denote air and fuel. Fj,
is stoichiometric fuel/air ratio. The air mass per cycle and F, are derived as follows:

My =paVa = pa (VT—Vrg) (15)

£-(12.01-+1.008- B+16-y+14.01-5)
28.85

Fy (16)

Atomic number of carbon (C), hydrogen (H), oxygen (O) and nitrogen (N) in fuel are
respectively symbolised by a, f, y, . The molar fuel/air ratio is ¢ which is given as
follows (Ferguson, 1986):

e 021 (17)

1)

p means density which is obtained depending on inlet temperature and pressure as
follows:

pa=f(0, R) (18)

where f denotes function. The function values are evaluated by Engineering Equation
Solver (EES) software (EES Academic Professional Edition, 2022). The chemical
formula of the diesel fuel is Ci44Hys9 (Ferguson, 1986). Q;,, in equation (7) signifies
energy loss depending on heat transfer and it is defined as follows:

. L +T
O = hy Ay (Tavg—To)=htrAcyz( = S—Toj (19)
where 7, is coefficient of heat transfer which is described as below (Hohenberg, 1979):

— 08
By =130V 0 BOSTO4 (S, +1.4) (20)
The T means temperature, subscripts 0 and avg are cylinder wall temperature and average
temperature of the in-cylinder working fluid. The 4 means surface area in contact with
the working fluid in square meter (m?), subscript cy! signifies cylinder. Ay is derived as
follows:
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2
Ay = mdL——+ ™9~ @
r—1 2

The average temperature of air-residual gas mixture (7}, is acquired as below:

Ty = 2B 2 e i 22)
my Ry +1itg Ry

R signifies gas-constant, subscript rg indicate residual gas. m signifies mass flow rate in
kilogram per second (kg/s). Subscript 7 means total fluid flow rate. They are derived as
follows:

My = Mg + iy + g, (23)
A F
g =X T (4)
120 p
. mgeN
m,, =———=m,RGF, 25
© =0 (25)

The residual gas fraction (RGF) is determined as the ratio of residual gas to total
introduced working fluid. The cylinder bore diameter () is given in meter.

3 Results and discussion

The impact of the DOP on the maximum power (P,y), on the maximum thermal
efficiency (7).4x), maximum EFECPEC (EFEXPEC,yx), on the power at the maximum
EFEXPEC (Pyzyx), on the thermal efficiency at the maximum EFEXPEC (#,y) of a
engine operating on the studied cycle is shown by illustrations. The Takemura cycle ratio
was changed to obtain maximum values of the performance specifications.

Figures 2(a)-2(c) demonstrate the influences of equivalence ratio (¢ and
compression ratio (#) and on the Py, #uyux, EFEXPECyx, Pyex and nygy. The power
output values increases between 0.8 and 1 of the equivalence ratio and then it diminishes
at the higher values of the equivalence ratio. However, the thermal efficiency values
enhances to 0.9 of the ¢ and then it diminishes between 0.9 and 1.5 of the ¢. The
variation trend of the EFEXPEC,,y is similar to that of thermal efficiency at the
maximum EFECPEC for a constant . The compression ratio has the positive effect on
the Pyrax, Puex, Nuax and nyex but it does negatively affect the EFEXPEC,yx, because
although the power output increases the maximum combustion temperature and exergy
destruction also increase. Therefore, the EFEXPEC decreases with increasing
compression ratio. The highest and lowest values of the Pyx, #aux, EFEXPECyx, Puex
and #yex are 15.05 kW, 11.88 kW, 40.15%, 21.48%, 0.1796, 0.0405, 14.93 kW, 11.16
kW and 39.83%, 21.15%, respectively.
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Figure 2 The influences of » and ¢ on, (a) Pyy.y and 114y (b) EFECPEC, 4 and Pygy
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Figure 3 The influences of » and N on, (a) Py and .4y (b) EFECPEC)x and Py
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Figure 3 The influences of » and N on, (a) Pyy and #y,4x (b) EFECPEC)14x and Py
(c) EFECPEC)4x and ngx (continued)
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Figures 3(a)-3(c) demonstrate the influences of » and speed (N) on the Py, Maax
EFEXPEC)4x, Pyex and 1yex. The engine speed has the reverse effect of the r. Pyx and
Pyex increase and the EFEXPEC decreases with increasing engine speed. However, the
thermal efficiency values decreases with decreasing » and enhancing N since the friction
losses, maximum combustion temperature, entropy generation increase with swelling N
like as compression ratio. The maximum and minimum values of Py, #Haux
EFEXPEC)4x, Pysy and nyey are 29.4 kW, 14.06 kW, 39.36%, 35.66%, 0.1622, 0.1219,
29.04 kW, 13.85 kW and 39.05%, 34.95%, respectively.

Figures 4(a)—4(b) display the effects of cycle pressure ratio (1) and cut-off ratio (p) on
the EFEXPECy4x, Pyex and nygy. The Pygy and ey increase with increasing 4 and p.
However, the maximum EFEXPEC decreases with increasing A and p due to dominant
effects of entropy generation and maximum combustion temperatures. The highest and
lowest values of EFEXPEC,x, Pyex and nygy are 0.1639, 0.09853, 14.99 kW, 13.78 kW
and 39.21%, 36.04%, respectively.

Figures 5(a)-5(b) display the impacts of the » and ¢ on the pressure ratio (f) at the
MEX (Buex), 4 at the MEX (Ay£x), exhaust-temperature ratio ({) at the MEX ({jzx) and
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cycle temperature ratio (@) at the MEX (ayzx). Enhancing » causes to swell in Aygy, ouex
and reduction in the fyzy and {3y at the maximum EFEXPEC. However, there is not a
steady variation of Syex, Avey, (uey and oyex depending on the ¢ variation. They have the
maximum and minimum values equivalence ratio at the 1 and 1.5.

Figure 5 The influences of ¢ and r on, (a) Syeyx and Ayey (b) (uex and apey

44 ‘ T
—

I

2,1

I 3,6
70 80 0 ayex 100 110 120 7.2
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Figure 7 The influences of A and p on the fygy and {yey
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Figure 6 show the influences of the » and N on the Byey, Avex, (uex and ayey. All of them
increase with enhancing N due to frictions and higher combustion temperatures.

Figure 7 demonstrates the impacts of A and p on the variation of the Syzy and {yex.
They minimise with increasing A and p since equivalence ratio is constant and so heat
input during the combustion process constant. Therefore, the Syzy and (yzy reduce, as A
and p enhance in order to provide constant heat input for a cycle.

4 Conclusions

The Puax, Naax> Puex, 1uex and EFEXPEC),x have lower values at the higher and lower
of values of the ¢. They have higher values at the average values of it. The compression
ratio has the positive effect on the Py x, 7y, Puex, uex but it does negatively affect the
EFEXPEC,;x. The engine speed has the similar effect as the r. The Pyy, Pyry increase
and the EFEXPEC decreases with swelling N. However, the #y4x, #yey minimise with
enhancing N. The 7,y and Py increase with increasing A and p. On the other hand, the
EFEXPEC);x decreases with increment of them. Enhancing r provides increment in the
4, a and reduction in the £ and { at the maximum EFEXPEC. The By, Auex, {uex and
ayex enhance with enhancing speed. The fyzy and {jzy minimise with increasing 4 and p.
The results can be utilised by engine researchers to develop more eco-friendly engines.
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