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Abstract: The Atkinson cycle, where expansion ratio is higher than the compression ratio, is one
of the methods used to improve thermal efficiency of engines. Miller improved the Atkinson
cycle by controlling the intake- or exhaust-valve closing timing, a technique which is called the
Miller cycle. The Otto–Miller cycle can improve thermal efficiency and reduce NOx emission by
reducing compression work; however, it must compensate for the compression pressure and maintain
the intake air mass through an effective compression ratio or turbocharge. Hence, we performed
thermodynamic cycle analysis with changes in the intake-valve closing timing for the Otto–Miller
cycle and evaluated the engine performance and Miller timing through the resulting problems and
solutions. When only the compression ratio was compensated, the theoretical thermal efficiency of
the Otto–Miller cycle improved by approximately 18.8% compared to that of the Otto cycle. In terms
of thermal efficiency, it is more advantageous to compensate only the compression ratio; however,
when considering the output of the engine, it is advantageous to also compensate the boost pressure
to maintain the intake air mass flow rate.

Keywords: Atkinson cycle; Otto–Miller cycle; Miller timing; early intake-valve closing; late intake-
valve closing; effective compression ratio; expansion ratio; gas engine

1. Introduction

One of the methods to improve engine efficiency is to convert the pressure energy
obtained from combustion into mechanical work energy by expanding it to atmospheric
pressure as much as possible [1,2]. This can be accomplished through the Atkinson cycle.
In the mid-1940s, Miller proposed the concept of making the expansion ratio higher than
the compression ratio through a the decrease in the effective compression ratio due to the
change in valve closing time, without significant structural changes in the existing engine.
This technique highlights the usefulness of increasing the thermal efficiency of engines by
applying the Atkinson cycle.

Thermodynamics has seen a series of advances since these techniques were used to
optimize efficiency, along with improvements in the performance of real thermodynamic
process devices and cycles [1–5]. In the 1940s, Miller [6] proposed an auto cycle with a low
compression and high expansion stroke called the Miller cycle. Recently, the Miller cycle
has attracted attention, and some authors [7] have investigated the finite-time thermody-
namic performance of the Miller cycle. Hatamura et al. [8] reported that the Miller cycle
has the same advantages as the mean effective pressure higher than the Otto cycle with
a lower nominal compression ratio. Fukuzawa et al. [9] described key technologies and
performance specifications for high-efficiency Miller cycle gas engines and a series of en-
gines planned for the future. Using a numerical example of Al-Sarki et al. [10], we compare
the performance characteristic curves of the Atkinson cycle with the curves of the Miller
and Joule–Brayton cycles, and summarize the impact of maximizing power density on the
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performance of cycle efficiency. Sasaki et al. [11] reported performance by applying efficient
Miller cycles to hybrid buses with high-performance capacitance systems. Performance
analysis and optimization of the right-hand [12] turbocharged Miller cycle auto engine was
performed. Get et al. [13] studied the performance characteristics of the Auto Miller cycle
along with heat transfer losses and friction losses in the engine combustion chamber [14].
These studies were conducted without considering the variable heat of the working fluid.
Other researchers [15] also studied the effect of variable generating heat on the performance
of the Miller cycle in working fluids. Al-Sarki et al. [16] and Zhao and Chen [17] conducted
a study based on the theoretical basis for engine performance in the Miller cycle, as well as
the effects of major engine design variables and system irreversibility. Al-Saki et al. [18]
compared and evaluated the performance properties of Miller’s engine by considering vari-
ous thermal models (i.e., constant, linear, and quadratic polynomials). To accurately predict
the performance of the Miller cycle, we need an accurate model beyond the quadratic
polynomial. Lin and Hou [19] conducted a study on the properties of fuel, friction, and
heat loss generated by variable specific heat with Miller cycles under peak temperature
limits on the performance of standard Miller cycles. Chen et al. [20] established an engine
model of the Miller cycle consisting of two heating, two cooling, and two radioactive parts
using heat loss, leakage, and internal inelastic properties. A cycle with the performance of
diesel cars, Brayton, Atkinson, Dual, and Miller cycles has been derived. Liu and Chen [21]
established a general Miller reversible cycle model, including variable heat capacity of
working fluids, the process of compression and expansion, and the reversibility of heat
leakage losses. In all of the above studies, it is assumed that the specific heat at constant
pressure and volume of the working fluid is a constant or function of temperature alone
and has a linear or nonlinear form. However, in computing the chemical energy emitted by
instantaneous combustion of internal combustion engines, a specific heat ratio is usually
presented as a linear function of the average temperature [22]. The aforementioned model
has already been used and the phenomenon considered is well known [23]. However,
since certain heat ratios have a large effect on the shape of emission peaks and emission
curves [24], some researchers have elaborated various equations to illustrate the depen-
dence of specific heat ratios on temperature [22–25]. The most important thermodynamic
property used to calculate the heat emission of an engine is the specific heat ratio [25]. It is
also important to note that it is possible to change the specific heat ratio value of the intake
charge by changing the exhaust gas recirculation (EGR) speed on the actual engine. EGR
is a common method of controlling the production of nitrogen oxides in cylinders and is
used in most modern internal combustion engines [26]. Furthermore, no investigation has
been published on the impact of engine speed on Miller cycle performance. Therefore, the
purpose of this study is to examine the effect of variable heat ratios and engine speed on
power and the thermal efficiency of the air standard miller cycle.

The Miller cycle [27] was initially proposed to improve engine efficiency. This cycle is
an over-expanded cycle, i.e., one with a higher expansion ratio than compression ratio. It
has recently been proposed as a means of reducing hazardous emissions while maintaining
engine efficiency by lowering the engine compression rates and maximizing the gas temper-
ature and pressure in cylinders. Many reports have described the concept of the Miller cycle
engine and investigated various aspects of the Miller cycle engine design and operation.
Alsargh et al. [28] and Zhao and Chen [29] conducted theoretical investigations on Miller
cycle engine performance and studied the effects of key engine design variables and system
invisibility. Endo et al. [30] have described the design of a large commercial (280–1100 kW)
gas engine using the Miller cycle principle, claiming a fuel economy advantage of >5%
over existing technologies of its class. Gheorghiu and Uberschör [31] studied overextended
engines for use in hybrid vehicles and investigated the causes of efficiency loss in common
implementations of these cycles. Wang and Lucston [32] and Wang et al. [33] investigated
the application of the Miller cycle concept to reduce engine emissions and found that a
significant reduction in engine fuel consumption was possible, despite its penalties. The
Miller cycle is a modification of the overinflating cycle, which provides a higher expan-
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sion ratio than the compression ratio, with improved thermal efficiency compared to the
operating conditions of a conventional internal combustion engine [34]. In practice, this
difference in expansion ratio can be achieved through a compression stroke that includes a
late or early closing of the intake valve. This effectively reduces the compression stroke, but
maintains the combustion and expansion processes as normal to extract additional energy
before the exhaust process while reducing the brake average effective pressure (BMEP)
to improve thermal efficiency [34,35]. The brake mean effective pressure metric is used
to define the operation of the actual engine output defined in the brake output. To avoid
a short compression stroke, turbochargers or superchargers have been used to maintain
a stable BMEP level and thus ensure continued benefits of this cycle [34]. Therefore, the
Miller cycle uses boosting to recover the lost charge caused by a smaller displacement
during compression. This cycle also provides cooling to the pre-combustion fuel–air mix-
ture according to the inlet valve closing timing to help minimize the combustion knock
problems with SI engine operation prior to ignition [35].

Additionally, through the study of potential internal combustion engine high effi-
ciency, Lui et al. [36] demonstrated the impact of energy balance on combustion efficiency
limits through evaluation by various parameters such as compression ratio (CR), heat
transfer coefficient, intake charge characteristics, combustion phase, etc. Lui et al. [37]
used a mixture of n-heptane and toluene to study the formation of polycyclic aromatic
hydrocarbons (PAHs) and soot in rich, partially mixed, and non-mixed flames. The flame
temperature was adjusted by diluting the flame with Ar, N2, and CO2. To study the effect of
flame temperature on PAHs and soot evolution, laser-induced fluorescence, laser-induced
incident, and bicolor furnace measurements were used. Results show similar temperature
distributions for different gas dilutions at low flow rates. When CO2 is diluted, the for-
mation of large PAH increases as the flow rate increases, but when the flame temperature
decreases, the formation of soot decreases because the formation of soot is suppressed.
Therefore, it can be concluded that the evolution of PAH and soot depends greatly on the
flame temperature.

In addition, the Miller cycle reduces NOx emissions by reducing the compression
and combustion peak temperatures. The Miller cycle is one of the best methods to satisfy
IMO (International Maritime Organization) Tier III regulations and improve thermal effi-
ciency [38–42]. Therefore, determining the intake-valve closing timing, called the Miller
timing, is one of the most important processes in developing auxiliary gas engines for ships.
The Miller cycle is divided into early intake-valve closing (EIVC) and late intake-valve
closing, which close the intake valve during the intake process and during the compression
process, respectively. However, there is no difference in the analysis results of the two
processes, as only the intake-valve closing timing is involved in thermodynamic cycle
analysis, although their actual flow patterns in the cylinder and combustion characteristics
are different.

In this study, we performed thermodynamic cycle analysis with changes in the intake-
valve closing timing for the Otto–Miller cycle and evaluated the engine performance and
Miller timing through the resulting problems and solutions. EIVC, which is considered
more effective in reducing NOx emissions [43–45], was applied in this cycle analysis.

2. Otto–Miller Cycle
2.1. Cycle Curve and the Quantity of State in Each Process

Figure 1 demonstrates the curves of the ideal Otto cycle considering air exchange
and the Otto–Miller cycle, which closes the intake valve during the intake process. The
negative pressure caused by the downward motion of the piston after valve closure was
not considered.
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Figure 1. Curves of the ideal Otto and Otto–Miller cycles.

According to the figure, the Otto cycle performs in the order of 1-2-3-4-5-6-7-1. During
analysis, we assumed that the operating fluid is a mixture of air and fuel, and the specific
heat ratio of each process is the same. Here, the design compression ratio, εc

∗, is v1/v2,
and the expansion ratio, εe

∗, is v3/v4 = v1/v2. The pressure ratio, α∗, which is the ratio of
the pressure before and after combustion under constant volume conditions, is defined as
p3/p2 = T3/T2.

When the Otto cycle is converted into the Miller cycle, the 1′-2′-3′-4′-5-6-7-1′-1-1′

process is performed by advancing the intake-valve closing timing. In this case, the
effective compression ratio, εc, and pressure ratio, α, differ from the design compression
ratio (apparent compression ratio), εc

∗, and the apparent pressure ratio, α∗, of the cycle,
respectively. However, the effective expansion ratio, εe, is always the same as the design
compression ratio, εc

∗, as shown in the figure. The effective compression ratio, pressure
ratio, and expansion ratio are expressed as follows:

εc =
v1
′

v2
= εc

∗ v1
′

v1
(1)

α =
p3
′

p2′
=

T3
′

T2
′ (2)

εe =
v4
′

v3′
=

v4

v3
=

v1

v2
= εc

∗ (3)

The compression expansion ratio, Rec, defined as the ratio of the compression ratio
to the expansion ratio, can be expressed as a function of the intake-valve closing timing,
as follows:

Rec =
εc

εe
=

εc
∗ v′1/v1

εc∗
=

v1
′

v1
(4)

For the cycle analysis, we determined the changes in the temperature, pressure, and
gas mass in each state as follows.

In state 1′, the temperature and pressure are the same as in the initial state, but the gas
mass decreases because the intake valve is closed during the downward movement of the
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piston. The gas mass flow rate can be described as a function of the intake-valve closing
timing as shown in Equation (4).

m1
′ = m1

v1
′

v1
(5)

Process 1′–2′ is regarded as an adiabatic compression process, process 2′–3′ is a heating
process with constant volume combustion, and process 3′–4′ is an adiabatic expansion
process; therefore, the temperature and pressure in each state are expressed as follows:

T2
′ = T1εc

κ−1, p2
′ = p1εc

κ (6)

T3
′ = T1αεc

κ−1, p3
′ = p1αεc

κ (7)

T4
′ = T1α

(
εc

εe

)κ−1
, p4

′ = p1α

(
εc

εe

)κ

(8)

The gas mass in each state during this process is the same as that of state 1′ because
there is no inflow or outflow of the gas in the cylinder.

Next, process 4′–5 is a blowdown process when the piston stops at the bottom dead
center. Therefore, although it is a heat dissipation process under constant volume condi-
tions, the change in the gas state can be interpreted as an adiabatic process because of the
entropy emission from the exhaust process. Therefore, the temperature, pressure, and gas
mass in state 5 are expressed as follows:

T5 = T4
′
(

p5

p4
′

) κ−1
κ

= T1α
1
κ

(
Pe

Pi

) κ−1
κ

(9)

p5 = Pe (exhaust pressure) (10)

m5 = m4
′ T4

T5

p5

p4
= m1

′α−
1
κ

(
εe

εc

)(
Pe

Pi

) 1
κ

(11)

Process 5–6 is a heat dissipation process under constant pressure, and the gas temper-
ature change can be regarded as an isothermal process owing to the discharge of unburned
gas; thus, the temperature, pressure, and gas mass in state are expressed as follows:

T6 = T5 = T4
′
(

p5

p4
′

) κ−1
κ

= T1α
1
κ

(
Pe

Pi

) κ−1
κ

(12)

p6 = p5 = Pe (13)

m6 = m5
v6

v5
= m1

′α−
1
κ εc
−1
(

εe

εc

)(
Pe

Pi

) 1
κ

(14)

In process 6–7, because the pressure in the intake pipe is lower than the exhaust
pressure, there is a pressure drop due to the reverse flow of gas in the cylinder when the
intake valve is opened. Therefore, the gas undergoes an adiabatic state change under a
constant volume, as in process 4′–5, and state 7 is expressed as follows:

T7 = T6

(
p7

p6

) κ−1
κ

= T1α
1
κ (15)

p7 = p1 = Pi (intake pressure) (16)

m7 = m6
p7

p6

T6

T7
= m1

′α−
1
κ εc
−1 (17)

Process 7-1′-1-1′ is an intake process under constant pressure, during which the intake
valve is closed before bottom dead center (BDC), and the piston moves downward and
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upward continuously till the position where the intake valve is closed. Each quantity of
state becomes an initial state and forms a cycle.

However, because the increase in temperature due to combustion under constant
volume conditions depends on the air–fuel ratio, the temperature increase for a specific
air–fuel ratio is always the same. Thus, the pressure ratio, α, can be expressed as a function
of the intake-valve closing timing, as shown in the following equation.

∆T = Q1
mCv

= 1
1+λa f

Hu f
Cv

= constant

Where, Q1
mCv

=
m f ·Hu f

(ma+m f )Cv
= 1

ma+m f
m f

Hu f
Cv

= 1
1+ ma

m f

Hu f
Cv

= 1
1+λa f

Hu f
Cv

(18)

∴ T3 − T2 = T3
′ − T2

′ → T2(α
∗ − 1) = T2

′(α− 1) (19)

α = 1 +
(

εc
∗

εc

)κ−1

(α∗ − 1) = 1 +
(

v1

v1
′

)κ−1

(α∗ − 1) (20)

Here, the thermal dissociation is not considered, in order to analyze the convenience
of analysis and the effect of valve timing.

2.2. Thermal Efficiency and Mean Effective Pressure (MEP) of Miller Cycle

Based on the quantities of states in each process calculated above, the thermal efficiency
when the Otto cycle is converted into the Otto–Miller cycle according to the intake-valve
closing timing can be obtained as follows:

ηth(OM) =
Wth
Q1

= 1− Q21 + Q22

Q1
(21)

In the above equation, the amount of heat supplied, Q1, and that released under
constant volume and constant pressure conditions, Q21, and Q22, respectively, correspond
to the following changes in internal energy and enthalpy.

Q1 =
∫ 3′

2′
mCvdT = m1

′Cv(T3
′ − T2

′) (22)

Q21 = −
∫ 5

4′
mCvdT = Cv(m4

′T4
′ −m5T5) (23)

Q22 = −
∫ 6

5
mCpdT = Cp(m5T5 −m6T6) (24)

By substituting the temperature and mass change in each state described above and
considering it as an intake and exhaust process involving a quasi-static change (Pi = Pe),
the theoretical thermal efficiency is expressed as follows, when the Otto cycle is converted
into the Miller cycle by changing the intake-valve closing timing.

ηth(OM) = 1− εc
κ−1·F(OM)

F(OM) =

[
α( εc

εe )
κ−1−( εc

εe )
−1]

+κ
[
( εc

εe )
−1−εc

−1
]

α−1

(25)

This equation can also be expressed as a function of the intake- valve closing timing
using Equation (4), which is the relational equation of the compression expansion ratio.

ηth(OM) = 1− εc
∗κ−1·F(OM)

∗

F(OM)
∗ =

(
v1
′

v1

)−κ

[
α

(
v1
′

v1

)κ

−1
]
+κ[1−εc

∗−1]

α−1

(26)
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The point at which the Miller cycling effect can be maximized is the point at which
the cycle work reaches its maximum, and the pressure after expansion is the same as the
initial pressure. Rec is expressed as a function of the pressure ratio as follows:

Rec =
εc

εe
= α−

1
κ (27)

Figure 2 demonstrates the relationship between these parameters according to intake
valve closing timing. The valve closing timing is expressed as crank angle (CA). Here, the
design compression ratio (ε∗c ) and apparent pressure ratio (α∗) 10 and 3.5, respectively.

Figure 2. Compression expansion ratio, Rec, and α−
1
κ as functions of intake valve closing timing.

Figure 2 clearly shows that the maximum expansion effect can be obtained at approxi-
mately 430 ◦CA, where the maximum theoretical thermal efficiency is expected.

Figure 3 illustrates the theoretical thermal efficiency of the Otto–Miller cycle according
to the change in the design compression ratio (ε∗c), apparent pressure ratio (α∗) and the
intake-valve closing timing obtained from Equation (26).

Figure 3. Theoretical thermal efficiency of Otto–Miller cycle according to the intake valve closing timing.
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The theoretical thermal efficiency tends to decrease gradually as the intake-valve
closing timing advances, and then decreases rapidly after approximately 420 ◦CA. This is
because the effective compression ratio decreases according to the EIVC timing, thereby
decreasing the maximum pressure in the cylinder. The thermal efficiency at 430 ◦CA, which
is the intake valve closing time for achieving the maximum Miller effect as mentioned
above, is about 36.7%, which is 8.3% (rel.) less than when the intake valve is closed at
540 ◦CA (BDC).

In addition, the engine output is evaluated using the theoretical MEP, and the relation-
ship is as follows, according to the definition of the MEP.

MEPth(OM) =
Wth
Vs

= ηth(OM)
p1εc

∗κ(α− 1)
(κ − 1)(εc∗ − 1)

(
v1
′

v1

)κ

(28)

The MEP of the Otto–Miller cycle according to Equation (28) is presented in Figure 4.
Here, the design compression ratio (ε∗c) and apparent pressure ratio (α∗) are 10 and
3.5, respectively.

Figure 4. Theoretical MEP of Otto-Miller cycle according to the intake valve closing timing.

The earlier the intake valve is closed, the less fresh is the inflow, thereby decreasing
the heat supply and engine output. The MEP is a function of the thermal efficiency and
the amount of heat supplied; thus, as the intake-valve closing timing is increased, the
decrease in the MEP is more pronounced than the thermal efficiency. Therefore, the MEP
at an intake-valve closing timing of approximately 430 ◦CA is significantly reduced, to
approximately 58.4% from the value at 540 ◦CA.

As described above, to observe the effect of the Miller cycle, the effective compression
ratio and intake air mass must be compensated. Namely, either the maximum pressure in
the combustion chamber must be maintained or the intake air mass must be the same.

3. Compensation for Otto–Miller Cycle
3.1. Cycle Curve Showing Compensation for Otto–Miller Cycle

Figure 5 presents the curves obtained when the maximum pressure in the cylinder is
kept the same by compensating the effective compression ratio; the maximum pressure
in the cylinder and the effective intake air mass are kept the same by compensating the
effective compression ratio and simultaneous turbocharging.
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Figure 5. P–V curves showing compensation of only compression ratio (CR) and simultaneous
turbocharging in Otto–Miller cycle.

Here, the quasi-static change (Pi = Pe) is considered in the gas exchange process.
Therefore, the Otto cycle performs the 1-2-3-4-5-6-1 process. When only the effective
compression ratio is compensated, the clearance volume is reduced by ∆Vc; further, when
turbocharging is performed by compensating the compression ratio, the clearance volume
is reduced by ∆Vc

′. Therefore, when compensating only the compression ratio, the cycle
performs the 1′ ′-2′ ′-3′ ′-4′ ′-5-6-1′ ′-1-1′ ′ process, and when simultaneously compensating
the intake air mass by turbocharging, the cycle follows the 1′ ′ ′-2′ ′ ′-3′ ′ ′-4′ ′ ′-5-6-7-1′ ′ ′-8-1′ ′ ′

process. In addition, even if each state is in the same position, the actual volume is different
because the reference point of the clearance volume is adjusted.

3.2. Compensation of Effective Compression Ratio (Maximum Pressure)

Compensating the maximum pressure involves reducing the clearance volume by
∆Vc according to the intake-valve closing time, so that the effective compression ratio
always becomes equal to the design compression ratio; thus, the maximum pressure of the
combustion chamber is maintained even when the closing time is advanced. Therefore, the
effective compression ratio εc(c) can be expressed as

εc(c) =
v1
′′

v2 ′′
=

v1
′ − ∆Vc

v2 − ∆Vc
= εc

∗
(
=

v1

v2

)
. (29)

From the above relationship, the clearance volume can be reduced according to the
change in the intake-valve closing timing.

∆Vc =
v1 − v1

′

εc∗ − 1
=

v1

εc∗ − 1

(
1− v1

′

v1

)
(30)

Furthermore, the effective expansion ratio, εe(c), can be obtained by the following equation:

εe(c) =
v4
′′

v3 ′′
=

v4 − ∆Vc

v3 − ∆Vc
=

v1 − ∆Vc

v2 − ∆Vc
(31)
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In contrast, because the effective and design compression ratios are equal, the effective
pressure ratio, α(c), and the design pressure ratio, α∗, are also equal.

Using the above relationships in Equations (25) and (28), the theoretical thermal
efficiency and MEP of the Otto–Miller cycle when compensating only the compression
ratio can be obtained as follows:

ηth(OM_C) = 1− εc(c)
κ−1·F(OM_C)

F(OM_C) =

[
α
{

εc(c)
εe(c)

}κ−1
−
{

εc(c)
εe(c)

}−1
]
+κ

[{
εc(c)
εe(c)

}−1
−εc(c)−1

]
α−1

(32)

MEPth(OM_C) = ηth(OM_C)·
p1εc(c)

κ(α− 1)
(κ − 1){εc(c)− 1} ·

v1
′′

v1
(33)

Therefore, the equations of the thermal efficiency and MEP have the same pattern,
although the values of the effective compression ratio and expansion ratio are different.

3.3. Simultaneous Compensation of Effective Compression Ratio and Intake Air Mass

In this case, the maximum pressure of the gas in the cylinder is equaliszd by com-
pensating the effective compression ratio, and concurrently, the intake air mass is also
equalized through turbocharging. Therefore, because the effective compression ratio must
be reduced owing to an increase in the compression pressure due to turbocharging, the
clearance volume to be reduced, ∆Vc

′, is slightly smaller than in the case of compensating
only the compression ratio.

Accordingly, the effective compression ratio, εc(t), and effective expansion ratio, εe(t),
shown in Figure 5, are defined as follows:

εc(t) =
v1
′′′

v2 ′′′
=

v1
′ − ∆Vc

′

v2 − ∆Vc
′ = εc

∗
(
=

v1

v2

)
(34)

εe(t) =
v4
′′′

v3 ′′′
=

v4 − ∆Vc
′

v3 − ∆Vc
′ =

v1 − ∆Vc
′

v2 − ∆Vc
′ (35)

In addition, because the gas pressure after compression is equally adjusted, the fol-
lowing relationship is established.

p2
′′′ = p2 (36)

Pt

(
v1
′ − ∆Vc

′

v2 − ∆Vc
′

)κ

= p1

(
v1

v2

)κ

(37)

Similarly, because the intake air mass is the same, the following relationship is estab-
lished by applying the ideal gas state equation.

m(o) = m(s) (38)

Pt =

(
v1 − ∆Vc

′

v1
′ − ∆Vc

′

)
p1 (39)

Thus, the clearance volume to be reduced is expressed as follows using
Equations (38) and (39): (

v1 − ∆Vc
′

v1
′ − ∆Vc

′

)(
v1
′ − ∆Vc

′

v2 − ∆Vc
′

)κ

=

(
v1

v2

)κ

(40)

The theoretical thermal efficiency and the mean effective pressure can also be obtained
by substituting Equations (26) and (28) for simultaneous compensation of the maximum
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pressure and the intake air mass in the cylinder through compensating the effective com-
pression ratio and simultaneous turbocharging. They are expressed as follows:

ηth(OM_T) = 1− εc(t)
κ−1·F(OM_T)

F(OM_C) =

[
α
{

εc(t)
εe(t)

}κ−1
− Pe

Pt

{
εc(t)
εe(t)

}−1
]
+κ Pe

Pt

[{
εc(t)
εe(t)

}−1
−εc(t)−1

]
α−1

(41)

MEPth(OM_T) = ηth(OM_T)·
p1εc(t)

κ(α− 1)
(κ − 1){(εc(t)− 1} ·

v1
′′

v1
(42)

3.4. Thermal Efficiency and MEP of Otto–Miller Cycles with Compensation

Figure 6 compares the theoretical thermal efficiency of the Otto–Miller cycles when the
maximum pressure is equalized by only compensating for the effective compression ratio
(ε∗c ), and when the maximum pressure and intake air mass are equalized simultaneously
through compensating the compression ratio (ε∗c), pressure ratio (α∗) and turbocharging.
The figure also demonstrates the required boost pressure.

Figure 6. Comparison of theoretical thermal efficiency with compensation of compression ratio (CR)
only and simultaneous turbocharging.

When compensating only the compression ratio, the thermal efficiency increases as the
intake-valve closing time advances, reaches a maximum value at approximately 430 ◦CA,
where the effect of the Miller cycle is the greatest, and then decreases rapidly. For the
Otto–Miller engine cycle with compression ratio compensation, the thermal efficiency can
be improved by approximately 18.8% compared to that of the Otto cycle. In addition, in the
region of the intake-valve closing timing before 430 ◦CA, the thermal efficiency when only
the compression ratio is compensated is slightly higher than that when the compression
ratio compensation and turbocharging are simultaneously performed. This is because the
effective compression ratio when only the compression ratio is compensated, as described
above, is higher than that when the compression ratio compensation and turbocharging
are performed simultaneously.
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Compression ratio compensation along with turbocharging indicates that the thermal
efficiency continuously increases according to the increase in the intake-valve closing
timing. However, excessive increase in the intake-valve closing timing causes mechanical
and thermal disturbances, and it is therefore limited to the application extent. As shown
in the figure, a turbocharging pressure of approximately 2.27 bar is required at around
430 ◦CA, indicating maximum thermal efficiency. In the case of a medium-speed marine
engine, owing to a high compression ratio and mechanical loss, the intake-valve closing
timing is approximately 500–520 ◦CA. To ensure an earlier closing time, the application of
two-stage turbocharger should be considered [34].

Figure 7 compares the MEPs obtained under the same conditions as in Figure 6.

Figure 7. Comparison of MEP with compensation of compression ratio (CR) only and turbocharging
simultaneous.

As mentioned above, the MEP depends on the thermal efficiency and amount of heat
supplied. Therefore, when compensating only the compression ratio (ε∗c), pressure ratio
(α∗) and the MEP tends to decrease owing to the continuous reduction in the intake air
mass, although the thermal efficiency is improved up to 430 ◦CA. When compensating
the intake air mass along with simultaneous turbocharging, because the supplied heat is
constant, regardless of the change in the intake-valve closing timing, the MEP depends on
the thermal efficiency and thus increases continuously as the thermal efficiency changes.

To enhance only the thermal efficiency, it is advantageous to compensate only the
compression ratio; however, if the overall engine performance is considered, it is advan-
tageous to compensate the compression ratio along with simultaneous turbocharging. In
other words, to maximize the Miller effect, it is necessary to select an appropriate Miller
timing and boost pressure.

Figure 8 depicts the temperature in the combustion chamber after compression in the
Otto–Miller cycle.
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Figure 8. Gas temperature after compression according to change intake valve closing timing.

Figure 8 depicts the temperature in the combustion chamber after compression with
the compression ratio (ε∗c ) and pressure ratio (α∗) in the Otto–Miller cycle. The gas tempera-
ture after compression can be obtained as a function of only the effective compression ratio
(ε∗c ) because the compression process is adiabatic. When the maximum pressure and intake
air mass are simultaneously compensated for by compensating the compression ratio (ε∗c ),
pressure ratio (α∗) and turbocharging, the gas temperature continuously decreases with the
advancement of the intake-valve closing timing. Accordingly, the peak gas temperature
after combustion will also be lowered, thereby reducing NOx emissions.

4. Conclusions

Thermodynamic analysis of the Otto–Miller cycle was performed, taking into consid-
eration changes in the closing time of the intake valve, and the potential for improvement
of the thermal efficiency and engine output was evaluated. The following important
conclusions were obtained:

1. The Otto–Miller cycle can improve thermal efficiency and reduce NOx emissions by re-
ducing compression work; however, it must compensate for the compression pressure
and intake air mass by compensating the effective compression ratio or turbocharging.

2. The Miller effect yielded the maximum theoretical thermal efficiency at approximately
430 ◦CA. However, considering the actual engine characteristics and operating condi-
tions, an appropriate effective compression ratio and boost pressure must be selected.

3. When only the compression ratio was compensated, the theoretical thermal efficiency
of the Otto–Miller cycle improved by approximately 18.8% compared to that of the
Otto cycle.

4. In terms of enhancing only the thermal efficiency, it is more advantageous to com-
pensate only the compression ratio, but when considering the engine output, it is
effective to compensate the boost pressure also to maintain the intake air mass.
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Nomenclature

Nomenclature
Cv Constant specific heat
Huf Lower heating value
Rec Ratio of the compression ratio to the expansion ratio
VS Displacement volume
Wth Theoretical cycle work
α Pressure ratio before and after combustion at Otto cycle
εc Compression ratio
εe Expansion ratio
κ Specific heat ratio
λaf Air/fuel equivalence ratio

Abbreviation
BDC Bottom dead center
CA Crank angle
EGR Exhaust gas recirculation
EIVC Early intake valve closing
LIVC Late intake valve closing
MEP Mean effective pressure
(c) with compensation of only compression ratio

(t)
with compensation of compression ratio and turbocharging
simultaneously

Subscripts
OM Otto-Miller cycle
OM_C Otto-Miller cycle with compensation of only compression ratio

OM_T
Otto-Miller cycle with compensation of compression ratio and
turbocharging simultaneously

th Theoretical value
Superscripts

* apparent value (design value)
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