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ABSTRACT

The diesel engine is an indispensable part of technology and it is commonly used in land and marine vehicles. However, 
diesel engines release NOx emissions due to high combustion temperatures. They have harmful effects on the environment 
such as sources of photo-chemical fog and climate changes. Therefore, they must be reduced and limited. The Miller 
cycle application is a NOx control method and it is popular in the recent years to abate NOx produced from the internal 
combustion engines (ICEs). A performance investigation of a Dual-Miller cycle (DMC) engine in terms of power (PO), 
power density (PD) and effective efficiency (EE) has been performed using a new finite-time thermodynamics modeling 
(FTTM) in this study. The effects of engine design and operating parameters on the engine performance (EPER) have 
been examined. Additionally, the energy losses have been determined resulting from incomplete combustion (IC), 
friction (FR), heat transfer (HT) and exhaust output (EO). The results presented could be an essential tool for DMC 
marine engine designers.
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INTRODUCTION

The ICEs are commonly used in the transport sectors. 
However, they release pollutant emissions to the atmosphere. 
One of these pollutant emissions is NOx and it is formed at 
high combustion temperatures. Miller cycle (MC) application 
is a method used to abate NOx emission. Miller (1947) 
developed and applied the MC in a diesel engine to abate 
compression work. MC was also applied in a gas engine by 
Miller and Lieberherr (1957). Stebler et al. (1996) performed 
a numerical and experimental study to show that the MC could 
abate the NOx produced from a Diesel engine. Clarke and 
Smith (1997) applied the MC in a diesel engine using an intake 
control valve. Shimogata et al. (1997) implemented the MC 
into a gas engine co-generation system and enhanced thermal 
efficiency and power output of the system. Okamoto et al. 
(1998) applied the MC and EGR combinations at the different 
ratios into a gas engine in order to examine the performance 
variation of the gas engine at stoichiometric combustion 
conditions. Anderson et al. (1998) analyzed the performance 

of a MC gasoline engine based on the first and second law 
of thermodynamics. Wang and Ruxton (2004) reported that 
NOx formation could be slown down by the application of 
the MC and it is more eco-friendly compared to other engine 
cycles. Wang et al. (2005) conducted an experimental work 
to obtain abatement in NOx of a diesel engine. The NOx 
formation of a petrol engine by applying the MC with late 
intake valve closing version (LIVC) was decreased (Wang et 
al. 2007; Wang et al. 2008). Mikalsen et al. (2009) assessed 
the potential benefits of the MC application in a natural gas 
combined system. The cycle performances of the reversible 
MC with constant specific heats of working fluid (Al-Sarkhi 
et al. 2002) and the cycle performance of the reversible and 
irreversible MC engines considering temperature-dependent 
specific heats were analyzed (Al-Sarkhi et al. 2006; Al-Sarkhi 
et al. 2007). Zhao and Chen (2007) changed pressure ratios 
of a irreversible MC to assess the cycle performance. The 
effects of engine speed and temperature-dependent specific 
heats, relative air–fuel ratio and stroke length on the 
performance of a reversible MC were examined (Ebrahimi 
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2011a; Ebrahimi 2012). According to Rinaldini et al. (2013) 
study, NOx and soot would be minimized simultaneously 
in a high-speed DI Diesel engine by applying the MC. Li 
et al. (2014) proved that MC application could diminish 
the specific fuel consumption of a gasoline engine. Ge et 
al. (2005a) used a FTTM so as to examine the effects of 
FR and HT losses on the performance of an air standard 
MC. Wu et al. (2003) applied the MC to a supercharged 
gasoline engine and attained a considerable increase in 
thermal efficiency. It was proved that the MC application 
can provide a noticeable reduction in NO formation based 
on experimental and theoretical studies (Gonca et al. 2013a; 
Gonca et al. 2013b; Gonca and Sahin 2014; Gonca et al. 2015a; 
Gonca et al. 2015b; Gonca et al. 2015c; Gonca et al. 2015d; 
Gonca et al. 2015e). Ust et al. (2015) compared the exergetic 
performance of the Otto-Miller, Diesel-Miller and Dual-
Miller cycle cogeneration systems. Martins and Lanzanova 
(2015) applied the MC and EGR together in a gasoline engine 
fuelled with ethanol and increased the brake efficiency by 
47%. Gonca (2016a) compared the performances of the Otto 
MC, diesel MC and dual MC engines. Gonca (2016b) carried 
out thermodynamic analysis for the Dual-Atkinson cycle 
and derived the performance maps. Gonca and Sahin (2016) 
compared the performance and emission formations of the 
turbocharged and steam injected MC. Many performance 
analyses for Dual, Miller and other cycles by using FTT were 
also performed by the engine researchers described in the 
literature (Chen et al. 1999; Wu et al. 1999; Wang et al. 2002; 
Chen and Sun 2004; Ge et al. 2005b; Ge et al. 2005c; Chen 
2005; Chen et al. 2006; Ge et al. 2009; Chen et al. 2010; Chen 
et al. 2011;Gahruei et al. 2013; Chen and Xia 2016; Chen et 
al. 2016; Ge et al. 2016). 

The effects of the engine design and operating parameters 
on the performance characteristics and energy losses of 
an DMC engine are reported in this work. Apart from 
former works, comprehensive comparisons for the engine 
design parameters are shown by using the included figures. 
Furthermore, energy losses arising from EO, HT, FR and IC. 
In this report, realistic performance characteristics named 
as EE, PO and PD have been used for the DMC engine. The 
presented results could be assessed by an engine designer to 
optimize the performance of DMC engines running at lower 
NOx emissions. 

THEORETICAL MODEL

This study presents a comprehensive analysis for DMC 
which is depicted in Fig. 1. A numerical simulation of EE, 
PO and PD is conducted by using a FTTM. In the performance 
computations, intake temperature ( 1T ), intake pressure ( 1P), 
cycle temperature ratio 6 1T / T , engine speed ( N ), 

), residual gas fraction (RGF), cylinder 
wall temperature ( WT ), cylinder bore ( d ) and stroke ( L ) are 

conditions.

Fig. 1. P-v diagram for the irreversible Dual-Miller cycle (Gonca et al. 2013b).

The PO, PD and EE could be written as:
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Where, the total heat addition ( inQ ), the total heat rejection 
( outQ ) and loss power by friction lP  (Gonca et al. 2013a; Ge 
et al. 2008) are given as:
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where Z is a constant relation to friction (Gonca et al. 2013a) 
and its minimum value is 75 for the diesel engines, where  
is the friction coefficient, PS  is the average piston velocity 
which is :

S
30p

L N
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where L  and N are stroke length (m) and speed (rpm). fQ  is 
the total heat potential of the fuel injected into the combustion 
chamber and it is obtained as:

f f uQ m H=  (6)

where uH  is the lower heat value (LHV). fm H is the time-
dependent fuel mass and it can be expressed as follows:

120
f

f

m N
m =  (7)

where fm  is fuel mass per cycle (kg). ,f cQ  is the heat released 
by combustion; htQ  is the heat loss by heat transfer into 
cylinder wall and they are given as below:

,f c c f uQ m Hη=  (8)
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where, c  is the combustion efficiency. It can be written as 
(Ebrahimi 2011a; Ebrahimi 2011b; Ebrahimi 2012):
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 is equivalence ratio and it can be written as:
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where, am  is air mass per cycle (kg). stF  is stoichiometric 
fuel-air ratio and they are given as follows:
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where VT , Va , Vrg , Vs , and Vc  are volume of total cylinder, 
air, residual gas, stroke and clearance. 

rg  is density of residual gas which is given as:

1( , )rg mixf T P (18)

mixT  is average temperature of air-steam mixture. They 
are given as: 

a a a rg rg rg
mix

a a rg rg

m T R m T R
T

m R m R
+

=
+

 (20)

aR  and rgR  are gas constants of air and residual gas. Their 
values are considered in the calculations as 0.287kJ/kg.K 

The compression ratio (r) is given as:

1 2r V / V (21)

Where f  means function for the eq. 18. The functional 
expressions are obtained by using EES software (EES 2016). 
Fuel used in the model is diesel and its chemical formula 
is given as C14.4H24.9 (Ferguson 1986). Where , , ,   are 
atomic numbers of carbon, hydrogen, oxygen, nitrogen in fuel, 
respectively.  is the molar fuel-air ratio (Ferguson 1986):

0,21
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(22)

where, trh  is the heat transfer coefficient and it is stated as 
(Hohenberg 1979):
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Tm , am , rgm  and cylA  are flow rate of air-fuel mixture (kg/s), 
air (kg/s), residual gas (kg/s) and heat transfer area of the  
cylinder (m2), respectively, they are stated as follows:
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where sm  and rgm  are air masses per cycle (kg). RGF is 
the residual gas fraction. d  and r  are cylinder bore (m) 
and compression ratio, respectively. meT  and WT  are average 
combustion temperature and cylinder wall temperature. 

PC  and VC  are the specific heats of constant pressure and 
constant volume processes, they are given as (Ge et al. 2008):
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The equations for reversible adiabatic processes (1-2s) and 
(4-5s) are respectively as follows (Lin et al. 1999):
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 is named as pressure ratio. For irreversible conditions, 2T  
and 5T  could be written as (Rashidi et al 2013; Rashidi et al 
2014a; Rashidi et al 2014b; Rashidi et al 2014c; Rashidi et al 
2014d; Mousapour et al. 2016; Gonca 2017b; Gonca 2017c; 
Gonca 2017d; Gonca and Sahin 2017b) :
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Where C  and E  are isentropic compression and 
expansion efficiencies, respectively. In this work, the other 
dimensionless engine design parameters used in the analysis 
are cycle temperature ratio (CTR- ), cycle pressure ratio 

(CPR- ) and cut-off ratio ( ). They may be expressed 
respectively as:
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Energy losses could be expressed as percentage of fuel’s 
energy by combustion in combustion chamber of the engine 
(Lin et al. 2008). In this work, similar approach is used to 
obtain the energy losses dependent on heat transfer to cylinder 
wall, exhaust, friction and incomplete combustion presented 
as:
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RESULTS AND DISCUSSION

In this study, a FTTM has been applied to a DMC engine 
to evaluate PO, PD and EE. Fig. 2 shows the effects of cycle 
temperature ratio on the performance characteristics. The 
maximum EE, PO and PD increase with increasing CTR 
owing to more energy input into a cylinder. 

Fig. 2. The variation of efP - dP - ef  with respect to .

Fig. 3 shows the effects of friction coefficient on the 
performance parameters. The friction coefficient is related 
to lubrication oil and in-cylinder surfaces in which friction 
occurs. Friction losses increase with increasing the friction 
coefficient, hence performance parameters decrease 
remarkably since irreversibility increases.
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Fig. 3. The variation of efP - dP - ef  with respect to .

Fig. 4 illustrates the effects of the engine speed on the 
performance characteristics. As expected, the PO and PD 
rise with enhancing speed. However, the effective efficiency 
is slightly lower at higher engine speeds as the friction losses 
rise with augmenting engine speeds. It is clear that the raise 
ratio of fuel energy is slightly higher compared to that of 
PO and PD. 

Fig. 4. The variation of efP - dP - ef  with respect to N .

Figs. 5 show the influence of mean piston speed on the 
engine performance. Fig. 5a is plotted at constant engine speed 
condition. In this figure, it is shown that the performance 
characteristics rise simultaneously with enhancing mean 
piston speed because engine dimensions (stroke length and 
bore) enhance together. Fig. 5b is plotted at constant stroke 
length condition. As the effective efficiency decreases, the 
PO and PD increase with increasing mean piston speed at 
this condition, since engine speed raises. It is clearly seen 
that PD change at constant stroke length condition is greater 
than that at constant engine speed condition, as the change 
in engine dimensions has similar trend as the change in PO 
at the constant stroke length condition.

Fig. 5. The variation of efP - dP - ef  with respect to pS  at constant a) N , b) L.

Fig. 6 shows the effects of stroke length on the engine 
performance characteristics. It is clear from the figure that the 
PO increases while the EE and PD decrease with enhancing 
stroke length. The main reason of this result is that the 
friction losses and engine dimensions increase with respect 
to stroke length. Although engine power increases, engine 
dimensions increase more. Therefore, power density decreases 
with increasing power. Also, it is seen from the figure that the 
ratio of power change is higher than that of power density.

Fig. 6. The variation of efP - dP - ef  with respect to L.
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Fig. 7a and 7b show the effects of intake temperature on 
the engine performance at two different conditions. Fig. 7a 
is plotted at constant CTR condition. The performance 
characteristics increase while intake temperature increases 
since maximum combustion temperature and energy input 
increase. Fig. 7b is plotted at constant maximum combustion 
temperature condition. The performance parameters 
minimize with increasing intake temperature since air mass 
introduced into cylinder minimizes.

Fig. 7. The variation of efP - dP - ef  with respect to T1 at constant a)  
and b) Tmax.

Fig. 8a, 8b, 8c and 8d illustrate the influences of equivalence 
ratio and compression ratio on the CTR and the performance 
characteristics. The CTR and the performance characteristics 
enhance with rising compression ratio. However, they rise to 
a certain value and then begin to abate with rising equivalence 
ratios. There are optimum values of equivalence ratio which 
give maximum CTR, PO, PD and EE. Their optimum values 
are observed at different equivalence ratios. The maximum 
values of CTR, PO and PD are between 1 and 1.2 of equivalence 
ratio while the maximum value of EE is between 0.8 and 1 of  
the equivalence ratio. 

Fig. 8. The variation of a) , b) efP - dP , c) ef  and d) efP - ef  
with respect to r  and .

Fig. 9 shows the influence of equivalence ratio on the engine 
performance. Similar to previous figures, the performance 
parameters increase to certain values of equivalence ratio 
and then start to reduce. The maximum effective efficiency 
is seen at 0.9 of equivalence ratio while the maximum power 
is seen at 1.2 of equivalence ratio.
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Fig. 9. The variation of efP - dP - ef  with respect to .

Fig. 10 shows the effects of cylinder wall temperature on 
the engine performance. There are no noticeable changes in 
maximum power and power density depending on cylinder 
wall temperature. However, maximum effective efficiency 
decreases with decreasing cylinder wall temperature since 
heat transfer loss increases with decreasing wall temperature.

Fig. 10. The variation of efP - dP - ef  with respect to TW.

Fig. 11 demonstrates the influence of intake pressure on 
the engine performance. It is known that more air mass is 
introduced into the cylinder at higher pressure conditions. 
Thus, performance parameters increase with raising intake 
pressure.

Fig. 11. The variation of efP - dP - ef  with respect to P1.

The influences of the ratio of bore to stroke (d/L) on the 
performance characteristics are demonstrated in Fig.12. It is 
clear that the performance characteristics rise with raising 
d/L due to increasing engine dimensions. 

Fig. 12. The variation of efP - dP - ef  with respect to d/L.

Figs. 13a-c show the effects of d/L on the performance 
characteristics at constant cylinder volume for three different 
conditions. Fig. 13a is plotted at constant CTR and stroke 
length condition. The performance parameters enhance to 
a determined value and then begin to abate with rising d/L. 
Fig. 13b is plotted at constant equivalence ratio and stroke 
length condition. The performance parameters raise with 
increasing d/L. Fig. 13c is plotted at constant equivalence 
ratio and compression ratio condition. This figure shows 
similar characteristics to previous figure. Same increase trend 
can be observed. 
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Fig. 13. The effects of d/L on efP - dP - ef  variation at constant a)  and L, 
b)  and L, c)  and r.

Figs. 14a-b demonstrate the influence of r on losses as 
fuel’s energy for two different conditions. Fig. 14a is depicted 
at constant cycle temperature ratio condition. Incomplete 
combustion loss (Lic) and exhaust energy loss (Lex) decrease 
while heat transfer loss (Lht) increase and friction loss (Lfr) 
remains constant with increasing r. Total cylinder volume 
and equivalence ratio change with respect to changing of 
r at this condition. Lic is related to equivalence ratio and it 
changes with changing equivalence ratio. It decreases as 
fuel energy input decreases with increasing r. Fig. 14b is 

depicted at constant equivalence ratio condition. Lic and Lfr  
are constant, Lht increases and Lex decreases with respect to 
rising compression ratio. Cylinder volume enhances with 
increasing r, hence Lht increases. Useful work increases with 
increasing r and so Lex abates. Lfr changes with respect to stroke 
and speed which are constant at both of these conditions. 
Therefore, Lic does not change.

Fig. 14. The variation of energy loss percentages with respect to r for constant 
a)  and b) .

Figs. 15a-c demonstrate the effects of RGF on the 
performance parameters for three different conditions. The 
figures are plotted at constant cycle temperature condition, 
constant equivalence ratio condition and at constant 
compression ratio condition. Similar trends are seen for 
all conditions. The performance characteristics abate with 
increasing RGF as expected. Because, intake temperature 
rises and air mass introduced into the cylinder diminishes 
with increasing RGF.
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Fig. 15. The effects of RGF on efP - dP - ef  variation at constant a) , b) , c) r.

In this work, the curves are obtained with respect to the 
variation of the equivalence ratio. The operating points of the 
engine can be determined to acquire the maximum efficiency 
or maximum power conditions. 

CONCLUSION

The influences of the engine design and operating 
parameters on the performance characteristics and energy 
losses of a diesel engine have been investigated using a FTTM. 
Comprehensive parametrical comparisons have been 
performed. In the parametrical studies, the influences of CTR 
( ), CPR ( ), friction coefficient ( ), engine speed (N), 
mean piston speed ( pS ), stroke length (L), intake temperature 
(T1), intake pressure (P1), equivalence ratio ( ), compression 
ratio ( r ), bore-stroke length ratio (d / L) and residual gas 
fraction ( RGF ) on the performance parameters have been 
examined. The results show that the performance parameters 
increase with increasing cycle temperature ratio ( ), cycle 
pressure ratio ( ) and intake pressure (P1). The engine 
performance abates with friction coefficient ( ). On the other 
hand, the PO, PD and EE rise with rising mean piston speed 
for constant engine speed conditions. However, as the PO 
and PD increase, the EE diminishes with rising mean piston 
speed for constant stroke length conditions. While the PO 
and PD increase, the EE abates with rising stroke length and 
engine speed. The PO, PD and EE increase up to a determined 
value and then begin to abate with rising equivalence ratio 
and compression ratio. The energy losses with respect to 
heat transfer increase, as incomplete combustion and exhaust 
output losses decrease with increasing compression ratio 
for constant  conditions. At this condition, friction losses 
are constant. However, the losses dependent on friction and 
incomplete combustion are constant, while exhaust output 
losses decrease and heat transfer losses increase at the constant 
equivalence ratio conditions. Scientifically valuable results 
have been obtained and they can be used by eco-friendly 
engine designers.
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