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The recent improvements on spark ignition engines have been the result of improved engine thermodynamic cycles,

made possible by advances in technologies such as variable valve timing, variable compression ratio, and turbines of

variable geometry. To assess the improvement capability of engine performance under a changing thermodynamic

cycle, performance of an irreversible Miller cycle in internal combustion engines is analyzed using finite time

thermodynamics. In this model, the nonlinear relation between the specific heats of a working fluid and its

temperature, the frictional loss computed according to the mean velocity of the piston, and heat transfer loss through

the cylinder wall are considered. The relations between the power output and the compression ratio and between the

thermal efficiency and the compression ratio are indicated by detailed numerical examples. Moreover, the effects of

variation of combustion chamber volume and variation of piston displacement volume on the cycle performance are

analyzed. The results obtained herein have realistic significance and may provide guidelines for the design and

evaluation of practical internal combustion engines.

Introduction

R ECENT engine developments are being made mainly by
friction reduction, combustion improvement, and thermody-

namic cycle modification. New technologies such as variable valve
timing or variable compression ratio are used for the thermodynamic
improvement of internal combustion engines and are important for
the latter. To evaluate the potential for thermodynamic improvement
of these and other technologies, numerical studiesmust be performed
using different tools [1–3].
In the last three decades, finite time thermodynamics (FTT) has

been developed [4–8]. This approach consists of an extension of
classical equilibrium thermodynamics by the inclusion of some
classes of irreversibilities in the thermodynamic formalism. FTT is a
powerful tool for the performance analysis and optimization of real
engine cycles [9,10]. Suchmodels are used for comparison reasons to
show the effect of varying engine parameters, conditions, fluid
properties, etc. Meanwhile, good approximations of power output,
thermal efficiency, and mean effective pressure can be expected [11].
Several studies have examined the finite time thermodynamic
performance of reciprocating heat engines. Klein [12] studied the
effect of heat transfer through a cylinder wall on the work output of
the Otto and Diesel cycles. Angulo-Brown et al. [13] derived the
compression ratio of an optimized air standard Otto cycle model with
friction-like loss during a finite time. Al-Sarkhi et al. [14] studied
the effect of maximizing power density on the cycle efficiency for the
Miller cycle without any loss and compared them with those of the
Atkinson and Joule–Brayton cycles by using numerical examples.
Hou [15] investigated the effect of heat transfer through the cylinder
wall on the performance of a dual cycle. Zhao and Chen [16]
performed analysis and parametric optimum criteria of an irreversible
Miller heat engine using finite time thermodynamics. The perfor-
mance of the cycle is optimized with respect to the pressure ratio of
the working substances. Ge et al. [17] analyzed a model of air
standard Otto cycle using finite time thermodynamics and outlined
effects of heat transfer, friction, and internal irreversibility on the

performance of cycle. Al-Sarkhi et al. [18] evaluated the performance
of theMiller cycle under different specific heat models (i.e., constant,
linear, and polynomial) for the air. Wang et al. [19,20] investigated
the application of the Miller cycle concept, both analytically and
experimentally to reduce engine exhaust gas emissions. Chen et al.
[21] described a class of generalized irreversible reciprocating heat
engines. The cycle model consisted of two heating branches, two
cooling branches, and two adiabatic branches with consideration
of the losses of heat transfer, friction, internal irreversibility, and
variable specific heat. Lin and Hou [22] investigated the effects of
friction and variable specific heats of the working fluid and heat loss
as characterized by a percentage of the fuel’s energy on the
performance of an air standard Miller cycle under the restriction of
the maximum cycle temperature. Ebrahimi [23] analyzed effects
of the variable specific heat ratio of working fluid on the performance
of Diesel cycles. Ebrahimi [24] investigated effects of mean piston
speed, equivalence ratio, and cylinder wall temperature on the perfor-
mance of an Atkinson engine by using numerical examples.
The Miller cycle engine was patented by an American engineer,

Ralph Miller in 1947 [25]. The main difference between the Miller
cycle engine and a common (Otto cycle) automobile engine is that the
former has a longer expansion stroke, while retaining a shorter com-
pression stroke. This is accomplished by closing the intake valve
before the termination of the intake stroke or keeping the intake valve
open during a portion of the compression stroke [11]. The Miller
cycle can be applied to an internal combustion engine using variable
valve timing. A significant improvement to the Miller cycle may be
achieved if compression ratio adjustment is used in addition to valve
timing variation [26,27].
As can be seen in the relevant literature, the investigation of the

effect of the variation of combustion chamber volume and the
variation of piston displacement volumeonperformance of theMiller
cycle does not appear to have been published. Therefore, the objec-
tive of this study is to evaluate the effects of the variation of
combustion chamber volume and the variation of piston displace-
ment volume on the performance of the Miller cycle.

Miller Cycle

The characteristic of the Miller cycle is that the effective
compression stroke of the engine is shorter than the expansion stroke.
Figure 1 shows the pressure–volume diagram of the Miller cycle. In
this figure, different cases of the Miller cycle are shown assuming
variation of combustion chamber volume and variation of piston
displacement volume, in which the variation of the combustion
chamber and piston displacement volumes are achieved through the
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change of position of bottom dead center (BDC) and top dead center
(TDC). It should be noted here that the other cases are similar to these
six cases.
The mass flow rate of air is calculated as [28]

_ma �
ηvρaVdN

2
(1)

where _ma is the mass flow rate of air, Vd is the piston displacement
volume, ρa is air density, and N is the engine speed. The relations
between _ma and the mass flow rate of fuel _mf, and between _ma and
the mass flow rate of the air–fuel mixture _mmix, are defined as [28]

_mf �
_maφ

AFs
(2)

and

_mmix � _ma

�
1� φ

AFs

�
(3)

where φ is the equivalence ratio, and AFs is the stoichiometric air–
fuel ratio. It should be noted that the equivalence ratio is the ratio of
the actual fuel/air ratio to the stoichiometric ratio (or its inverse).
The specific heat at constant pressure for the air–fuel mixture can

be computed as [29]

CPmix � CPaxa � CPfxf (4)

whereCPa andCPf are air specific heat and fuel specific heat, and xa
and xf are the mass fractions for air and fuel, given, respectively, as

xf �
1

1� �AFs∕φ�
(5)

xa � 1 − xf (6)

According to the relation between CV and CP, the specific heat at
constant volume can be written as

CVmix � CPmix − Rmix (7)

where CVmix is the specific heat of the air–fuel mixture at constant
volume, andRmix is the gas constant for themixture. It is calculated as
follows [30]:

Rmix �
R

Mmix

(8)

where R is the gas constant of the air, andMmix is the molar mass of
the mixture and is determined as

Mmix � Maya �Mfyf (9)

whereMa andMf are themolarmass of air and fuel, respectively, and
ya and yf are the molar fractions of air and fuel, respectively, and are
obtained as

yf �
1

1� 4.76�as∕φ�
(10)

ya � 1 − yf (11)

where as is the stoichiometric number of moles for the air.
The specific heat of the working fluid depends upon its

temperature and this will influence the performance of the cycle.
Over the temperature range from 200 to 6000 K, the specific heat
curve is assumed to follow fourth-order polynomials, introduced by a
team of researchers called the NASA polynomial equation [31].
According to data obtained from polynomials in [31], it can be
assumed that the specific heat of both gasoline and air is the following
third-order polynomial for the temperature range 300–2500 K:

CPa � 0.913� 0.00T − 5.941× 10−8T2� 1.909× 10−12T3 (12)

CPf � 0.169� 0.006T − 2.759× 10−6T2� 4.643× 10−10T3 (13)

In these relations, T is temperature. Substituting Eqs. (5), (6), (12),
and (13) into Eq. (4) yields CPmix

as follows:

a) b) c)

d) e) f)

Fig. 1 Pressure–volume diagram for the six cases of the Miller cycle.

EBRAHIMI AND HOSEINPOUR 543

D
ow

nl
oa

de
d 

by
 G

E
O

R
G

IA
 I

N
ST

 O
F 

T
E

C
H

N
O

L
O

G
Y

 o
n 

M
ay

 2
4,

 2
01

4 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.T

39
81

 



CPmix �
1

φ� AFs
�0.169φ� 0.913AFs � 0.006φT

− �2.759 × 10−6φ� 5.941 × 10−8AFs�T2

� �4.643 × 10−10φ� 1.909 × 10−12AFs�T3� (14)

For the constant volume heat addition process 2 → 3, the rate of heat
transferred to theworking fluid during the process 2 → 3 can begiven
as

_Qin � _mmix

Z
T3

T2

�CPmix − Rmix� dT

� ηvρairVdN

2

�
1� φ

AFs

��
1

φ� AFs
�0.003φ�T2

3 − T2
2�

− �0.916 × 10−6φ� 1.980 × 10−8AFs��T3
3 − T3

2�
� �1.160 × 10−10φ� 0.477 × 10−12AFs��T4

3 − T4
2�

� �0.169φ� 0.913AFs��T3 − T2�� −
R�φ� 4.76as��T3 − T2�

φMf �Ma4.76as

�

(15)

The heat rejected per second by the working fluid during processes
4 → 5 and 5 → 1 is

_Qout � _mmix

�Z
T5

T4

�CPmix − Rmix� dT �
Z
T1

T5

CPmix dT

�

� ηvρairVdN

2

�
1� φ

AFs

��
1

φ� AFs
�0.003φ�T2

1 − T2
4�

− �0.916 × 10−6φ − 1.980 × 10−8AFs��T3
1 − T3

4�
� �1.160 × 10−10φ� 0.477 × 10−12AFs��T4

1 − T4
4�

� �0.169φ� 0.913AFs��T1 − T4�� −
R�φ� 4.76as��T5 − T4�

φMf �Ma4.76as

�

(16)

BecauseCP andCV are dependent on temperature, the equation often
used for a reversible adiabatic process with constant CV cannot be
used for an adiabatic process with a variable γ [18,32,33]. In the
present work, the equation for the entropy change of an ideal gas [i.e.,
Eq. (17)] has been used to find relations between temperatures at
various points in the cycle:

ΔS � Cv
dT

T
� R dV

V
or ΔS � CP

dT

T
� R dP

P
(17)

During the isentropic processes 1 → 2 and 3 → 4, Eq. (17) will be
used to get a relation between T1 and T2 and another one between T3

and T4. Therefore, after substituting the value for CVmix from Eq. (7)
and performing the integration of Eq. (17), equations describing
processes 1 → 2 and 3 → 4 can be, respectively, expressed as
follows:

1

φ� AFs

�
�0.169φ� 0.913AFs� ln

�
T2

T1

�
� 0.006φ�T2 − T1�

− �1.379 × 10−6φ − 2.970 × 10−8AFs��T2
2 − T2

1�

� �1.547 × 10−10φ� 0.636 × 10−12AFs��T3
2 − T3

1�
�

−
R�φ� 4.76as�

φMf �Ma4.76as

�
ln

�
T2

T1

�
� ln�r�c�

�
� 0 (18)

1

φ�AFs

�
�0.169φ� 0.913AFs� ln

�
T4

T3

�
� 0.006φ�T4 − T3�

− �1.379 × 10−6φ − 2.970 × 10−8AFs��T2
4 − T2

3�

� �1.547 × 10−10φ� 0.636 × 10−12AFs��T3
4 − T3

3�
�

−
R�φ� 4.76as�

φMf �Ma4.76as

�
ln

�
T4

T3

�
� ln�rc�

�
� 0 (19)

Besides, the total entropy change between points 2 and 3 (process
2 → 3) and between 4 and 1 (processes 4 → 5 and 5 → 1) is equal to
zero [29,32]:

ΔS2→3 � ΔS4→5 � ΔS5→1 � 0 (20)

By substituting the specific heat from Eqs. (7) and (14) and
integrating from the initial to the final state of the process, the change
in entropy in Eq. (20) can be written as

1

φ�AFs

�
�0.169φ� 0.913AFs� ln

�
T3T1

T2T4

�

− �1.379 × 10−6φ − 2.970 × 10−8AFs��T2
1 − T2

2 − T2
4 � T2

3�
� �1.547 × 10−10φ� 0.636 × 10−12AFs��T3

1 − T3
2 − T3

4 � T3
3�

� 0.006φ�T1 − T2 − T4 � T3�
�
−

R�φ� 4.76as�
φMf �Ma4.76as

× ln

�
T3T5

T2T4

�
� 0 (21)

For an ideal cycle model, there are no losses. However, for a real
internal combustion engine cycle, the heat transfer irreversibility
between the working fluid and the cylinder wall and the friction-like
term are not negligible [8,12,15,17]. The heat loss through the
cylinder wall is assumed to be proportional to the average
temperature of both the working fluid and the cylinder wall. So, the
rate of heat loss can be evaluated as follows [8,34]:

_Qloss � αconvAtr�Tavg − Tw� (22)

where _Qloss is the rate of heat loss, αconv is the heat-transfer
coefficient, Atr is the area, Tavg is the average temperature of the
working fluid, andTw is the average temperature of the cylinder wall.
By substituting the heat-transfer coefficient, the average temperature
of the working fluid, and the combustion chamber area into Eq. (22),
the rate of heat loss can be calculated as follows:

_Qloss � 0.0625kπ�D� 4LTDC�
�
ρair2LND

μ

�
0.7

�T3 � T2 − 2Tw�

(23)

where k is the thermal conductivity, μ is dynamic viscositym andD is
the piston diameter.
The total energy of the fuel per second input into the engine,

of a gasoline-type fuel, can be expressed in terms of the equivalence
ratio as [1]

_Qfuel � ηc _mfQLHV

� ηc max�−1.6082� 4.6509∕φ − 2.0746∕φ2� _mfQLHV (24)

where _Qfuel is the total heat released by combustion, ηc is combustion
efficiency, andQLHV is lower heating. The maximum possible value
of the combustion efficiency ηc max is typically 0.9 in a spark ignition
engine using a gasoline fuel. Thus, the rate of heat transferred to the
working fluid by combustion during the process 2 → 3 can be
represented by the following relation [33]:
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_Qin � _Qfuel − _Qloss

� ηvρairVdNφηc maxQLHV

2AFs
�−1.6082� 4.6509∕φ − 2.0746∕φ2�

− 0.0625kπ�D� 4LTDC�
�
ρair2LND

μ

�
0.7

�T3 � T2 − 2Tw� (25)

Every time the piston moves, friction acts to retard the motion
[35–37]. Considering the friction effects on the piston in all the
processes of the cycle, we assume a dissipation term represented by a
friction force Fμ that is linearly proportional to the velocity of the
piston [7–9], which can be written as follows:

Ff � −f�ν (26)

where f is the coefficient of friction that takes into account the global
losses on the power output, and ν is the piston’s velocity. Running at
engine speed N, the mean velocity of the piston is

�ν � 2LN (27)

whereL is the length stroke. In other words,L is the total distance the
piston travels per cycle.
Therefore, the power lost due to friction is [8]

Pf � Ff �ν � −f�ν2 � −f�2LN�2 (28)

The power output of the Miller cycle engine is given by

P � _Qin − _Qout − Pf �
ηvρairVdN�1� φ∕AFs�

2

×
�

1

φ� AFs
��0.169φ� 0.913AFs��T3 − T2 − T1 � T4�

� 0.003φ�T2
3 − T2

2 − T2
1 � T2

4�
− �2.759 × 10−6φ − 5.941 × 10−8AFs��T3

3 − T3
2 − T3

1 � T3
4�

� �4.643 × 10−10φ� 1.909 × 10−12AFs��T4
3 − T4

2 − T4
1 � T3

4��

−
R�φ� 4.76as��T3 − T2 − T5 � T4�

φMf �Ma4.76as

�
− f�L2N�rc − 1��2 (29)

The efficiency of the Miller cycle engine can be expressed by

η � P

_Qin

× 100

�

1
φ�AFs ��0.169φ� 0.913AFs��T3 − T2 − T1 � T4� � 0.003φ�T2

3 − T2
2 − T2

1 � T2
4�−

�2.759 × 10−6φ − 5.941 × 10−8AFs��T3
3 − T3

2 − T3
1 � T3

4� � �4.643 × 10−10φ�
1.909 × 10−12AFs��T4

3 − T4
2 − T4

1 � T3
4�� − f�R�φ� 4.76as��T3 − T2 − T5 � T4��∕�φMf �Ma4.76as�g − f�LTDCN�rc − 1��2

1
φ�AFs �0.003φ�T

2
3 − T2

2� − �0.916 × 10−6φ� 1.980 × 10−8AFs��T3
3 − T3

2� � �1.160 × 10−10φ�
0.477 × 10−12AFs��T4

3 − T4
2� � �0.169φ� 0.913AFs��T3 − T2�� − f�R�φ� 4.76as��T3 − T2��∕�φMf �Ma4.76as�g

× 100

(30)

When T1 is given, T2 can be obtained from Eq. (18), then,
substituting Eq. (15) by Eq. (25) yields T3, and T4 can beworked out
by Eq. (19), and, the last, T5 can be received from Eq. (21).
Substituting T2, T3, T4, and T5 into Eqs. (29) and (30), respectively,
the power output and thermal efficiency of the Miller cycle engine
can be obtained.

Numerical Example and Discussion

The following constants and parameter values have been used in
this exercise: D � 78.6 mm, Lαβ � 85 mm, T1 � 300 K, N �
4000 rpm,Tw � 400 K,f � 12.9 Nsm−1, x � 17 mm,μ � 4.343
kgk−1 mol−1, k � 0.06763 Wm−1 K−1, Ma � 111 kg kmol−1,
Mf � 28.97 kg kmol−1, QLHV � 44300 kj kg−1, R � 8.314
kj kg−1 K−1, ϕ � 1, AFs � 15.1, αs � 12.5, ηv � 80%, and rc �
1 − 40 [23–28,38–43]. Thevariable parameters in each case are given
in Table 1. It should be noted that the variations of volume of piston
displacement and volume of combustion chamber can be changed by
the amount of the working fluid. Thus, in this work, two states are
assumed in determining the amount of fluid working for each case:
1) First state: The amount of fluid working for each case is directly

proportional to the piston displacement volume.
2) Second state: The amount of fluid working for all cases is

proportional to the piston displacement volume in case A. Therefore,
the amount of fluid working for all cases is the same.
Figures 2–5 show the power output versus compression ratio and

the thermal efficiency versus compression ratio for the six cases of the
Miller cycle. It can be concluded from these figures that the increase
of compression ratio increases the power output at first and then
decreases it. In other words, the power output versus compression
ratio characteristic is approximately parabolic-like curves.
Figures 2 and 3 show the influence of the variation of combustion

chamber volume and the variation of piston displacement volume on
the Miller cycle performance. It should be noted here that, in Figs. 2
and 3, the amount of fluid working is proportional to the piston
displacement volume for each case (first state). It can be observed in
Figs. 2 and 3 that, if the compression ratio is less than a certain value,
the power output and thermal efficiency increase with increasing
piston displacement volume and remaining constant combustion
chamber volume (comparison between cases A and B, and also
between cases D and E). With further increase in the compression
ratio, the power output and the thermal efficiency decrease with
increasing piston displacement volume and remaining constant
combustion chamber volume. It can be revealed that the maximum
power output and the maximum efficiency increase and the working
range of the cycle, the optimal compression ratio corresponding to the
maximum power output point, and the optimal compression ratio
corresponding to the maximum thermal efficiency point decrease

Table 1 Variable parameter in each case in Fig. 1

Case Effective compression ratio, r�c compression ratio, rc Piston displacement volume, Vd Length stroke, L Position piston at TDC, LTDC

A �Vα − VL�∕Vβ Vα∕Vβ Vαβ Lαβ Lβ
B Vα∕Vβ �Vα � VL�∕Vβ Vαβ � VL Lαβ � x Lβ
C �Vα − 2VL�∕Vβ �Vα − VL�∕Vβ Vαβ − VL Lαβ − x Lβ

D �Vα − VL�∕�Vβ − VL� Vα∕�Vβ − VL� Vαβ � VL Lαβ � x Lβ − x
E Vα∕�Vβ − VL� �Vα � VL�∕�Vβ − VL� Vαβ � 2VL Lαβ � 2x Lβ − x
F �Vα − 2VL�∕�Vβ − VL� �Vα − VL�∕�Vβ − VL� Vαβ Lαβ Lβ − x
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with increasing piston displacement volume and remaining constant
combustion chamber volume.
Figures 4 and 5 indicate the influence of the variation of

combustion chamber volume and piston displacement volume on the
Miller cycle performance. It should be noted that, in Figs. 4 and 5, the
amount of fluid working for all cases is the same (second state). The
maximum power output and the maximum efficiency, the working
range of the cycle, the optimal compression ratio corresponding to the
maximum power output point, and the optimal compression ratio
corresponding to the maximum thermal efficiency point increase
with decreasing piston displacement volume and remaining constant
combustion chamber volume (comparison between cases A and C,
and also between cases D and F). As in these figures, if compression
ratio is less than a certain value, the power output and thermal
efficiency decrease with decreasing piston displacement volume and
remaining constant combustion chamber volume, whereas if the
compression ratio exceeds a certain value, the power output and
thermal efficiency increase with decreasing piston displacement
volume and remaining constant combustion chamber volume.
Figures 2–5, for both states, show that, if the compression ratio is

less than a certain value, the power output and thermal efficiency
increase with decreasing combustion volume, whereas if the
compression ratio exceeds a certain value, the power output and
thermal efficiency decreasewith decreasing combustionvolume. The
optimal compression ratio corresponding to the maximum power
output point, the optimal compression ratio corresponding to the
maximum thermal efficiency point, and the working range of the
cycle increase with decreasing combustion volume and the position

of BDC remains constant (comparison between cases A and D,
between cases B and E, and also between cases C and F). The
maximum power output and the maximum efficiency in the first state
increase and in the second state decreasewith decreasing combustion
volume and the position of BDC remains constant. The optimal
compression ratio corresponding to the maximum power output
point, the optimal compression ratio corresponding to the maximum
thermal efficiency point, and theworking range of the cycle decrease,
whereas the maximum power output and the maximum efficiency
remain constant with decreasing combustion volume and the piston
displacement volume remains constant (comparison between casesA
and F, and also between cases B and D).

Conclusions

In this paper, the performance of a Miller cycle was analyzed by
using finite time thermodynamics and the effects of variations of
chamber combustion volume, piston displacement volume, and
compression ratio on the power output and thermal efficiency of the
Miller cycle were investigated by detailed numerical examples. The
results obtained can be applied to theOtto, Atkinson,Diesel, and dual
cycles. Thus, the results obtained are important to provide a good
guidance for the performance evaluation and improvement of the
practical internal combustion engine.
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