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To eliminate the pollutants exhausting, this paper presents an
idea of using compressed air as the power source for engines.
Instead of an internal combustion (IC) engine, this automobile is
equipped with a compressed air engines (CAEs), which trans-
forms the energy of the compressed air into mechanical kinematic
energy. Through analysis of the working process of a CAE, the
mathematical model is setup. Experiments are carried out to
verify the engine performance and the basic model’s validity. By
selecting the appropriate reference values, the mathematical
model is transformed to a dimensionless expression. The dimen-
sionless speed and efficiency characteristics of the CAE are
obtained. Through analysis, it can be obtained that the dimension-
less average rotating speed is mainly determined by the intake
duration angle, the dimensionless inertia parameter, the dimen-
sionless exhaust pressure, and the scale factor of exhaust valve.
Moreover, the efficiency of the CAE is mainly determined by the
dimensionless exhaust pressure, the intake duration angle and the
dimensionless cylinder clearance. This research can be referred
to in the design of CAE and the study on optimization of the CAE.
[DOI: 10.1115/1.4029867]
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Introduction

Facing the energy crisis and air pollution problem, researches
pay more attention to new energy technologies nowadays [1]. It is
anticipated that renewable energy may account for 20–30% of the
world energy consumption by 2020 [2]. In this situation, the CAE
using air as a fuel has attracted much attention over the past dec-
ade [3].Compared with the electrical motor, the CAE has unique
advantages, such as better safety, lower cost, longer life span,
more simple construction, and less pollution during manufacturing
process [4]. In the past, the CAE had not been used widely
because of its low efficiency, power, and energy density. These
days, with the development of carbon–fiber tank technology the
air supply pressure of the CAE can be illustrated to 300 bar, and
the energy density of the compressed air in the carbon–fiber tank
can reach 491.6 kJ/kg [5], which is equal to lithium battery energy
density [6].

Previous studies have given different methods to improve
CAE’s efficiency. Creutzig et al. analyzed the thermodynamic ef-
ficiency of a compressed air car powered by a pneumatic engine
and considered the merits of compressed air versus chemical stor-
age of potential energy [7]. Huang et al. researched CAE effi-
ciency by experimental investigation [8]. Enhanced heat exchange
is an effective method. Williams et al. designed a frost-free cryo-
genic heat exchangers for automotive propulsion to improve heat
exchange coefficient [9]. Known et al. proposed an innovative
quasi-isothermal expansion engine [10]. Besides enhancing heat
exchange, controlling energy distribution is also an important
method. To optimize energy efficiency, MDI designed CAE using
a simple electromagnetic distribution system, which controls the
flow of air into the engine [11]. But few studies established key
influence parameters to energy efficiency, and studies focus on
speed characteristics to CAE.

The paper focuses on speed and efficiency characteristics of
CAE. To obtain the main parameters which have influence on
speed and efficiency characteristics, a dimensionless mathematical
model of a CAE is presented, and simulation results are shown
and discussed. This research can be referred to in the design of
CAEs and the study on optimization of the CAE.

This paper is arranged as follows. First, the working principles
of CAE are analyzed in Sec. 2. Second, mathematical models
can be setup in Sec. 3. To verified basic mathematical models,
experiment is built in Sec. 4. By selecting the appropriate refer-
ence values, the basic mathematical model is transformed to a
dimensionless expression in Sec. 5. Energy efficiency based on air
power is described in Sec. 6. Simulation based on dimensionless
mathematical model is performed in Sec. 7. Finally, the conclu-
sions are summarized in Sec. 8.

Introduction of the CAE

Figure 1 shows the structure of a piston-type CAE. For a single
cylinder piston-type CAE, its operation is controlled by the valve
system (indicated by number 2, number 15, and number 16). The
cam (indicated by number 2), which is driven by a crankshaft
mechanism and used to trigger the intake and exhaust valves, is
retained for fast response of valve moment. In the suction power
stroke, the compressed air flows into the cylinder through the
intake valve (indicated by number 15), and the piston (indicated
by number 5) is driven downward, linear movement of the piston
is converted to rotary motion by crank-connecting rod mechanism
(indicated by number 6, number 10). The intake valve closes after
a specific crank angle; the compressed air inside the cylinder
expands and pushes the piston down. When the piston is near the
bottom dead center, the exhaust valve opens so that the air with
residual pressure discharges under the impetus of the piston. Rota-
tion of the crankshaft (indicated by number 10) is transferred to
the valve system by gear train (indicated by number 13, number
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14, and number 16). To obtain low friction coefficient, lubrication
system (indicated by number 11, number 12) is applied. And fly-
wheel (indicated by number 9) is used to gain smooth speed.

The CAE system, as shown in Fig. 2, consists of a controller,
two regulators, an electronic pressure control unit, a CAE, and a
Silencer. The major elements and their functions are listed in
Table 1. The intake pressure control system consists of a control-
ler (indicated by number 4), two regulators (indicated by number
1 and number 5), an electronic pressure control unit (indicated by
number 3), and a pressure sensor (indicated by number 7).

Basic Mathematical Models

Figure 3 shows a model of a CAE coupled to a load. The basic
thermodynamic mathematical model can be referenced in the
author’s previous work [12]. The following equation, derived
from Newton’s principle for a rotation body, describes the dynam-
ics of the system:

Ti � Tr � TL ¼ J €h (1)

The indicated torque (Ti) is generated by the conversion of
CAE to mechanical energy during the working process. The recip-
rocating torque (Tr) is produced by the motion of the piston
assembly and the small end of the connecting rod. TL is load tor-
que. J is the moment of inertia of crankshaft, flywheel, main gear,
and rotating part of connecting rod.

The relationship between the pressure inside cylinder (pc), and
the indicated torque (Ti), can be expressed as

Ti ¼ ðpc � paÞAprGðhÞ (2)

where

GðhÞ ¼ sinðhþ bÞ
cos b

(3)

b can be expressed as

b ¼ sin�1 r sin h
L

(4)

k ¼ r=L (5)

Fig. 1 Structure of the single cylinder CAE

Fig. 2 The ideal schematic diagram of CAE system

Fig. 3 Engine and load model

Table 1 The equipment of CAE automobile

Elements Function

1 Regulator Regulate gas pressure to meet electronic
proportional directional control valve
pressure

2 Air operated regulator Modulate the pressure of entering air and
control of CAE

3 Electronic pressure
control unit

Modulate the amount of entering air which
controls the elements 2

4 Controller Measure pressure and output the analog
signal to the electronic control valve

5 Pressure sensor Calculate the pressure of airflow
6 CAE Provide the power
7 Silencer Reduce exhaust noise
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From the piston-crank geometry, the piston displacement (y)
can be given by

y ¼ r þ L� L cos b� r cos h (6)

The cylinder volume can be given by

VðhÞ ¼ pD2

4
yðhÞ þ Vc (7)

The reciprocating torque (Tr), is given by

Tr ¼ MrGðhÞðcos hþ k cos 2hÞ _h2 (8)

According to road performance, the load torque can be
expressed as

TL ¼ C1
_h2 þ C2

€h (9)

where C1 is resistance parameter during the operation process, C2

is resistance parameter during the acceleration process.
The effective sectional area of the intake and exhaust valve can

be expressed as

A1 ¼
s1Ae max 0 � h < h1

0 others

(
(10)

A2 ¼
s2Ae max pi � h < h2

0 others

(
(11)

If some extra area for support material around the valves is not
considered, the maximum diameter of intake or exhaust valve can
be illustrated by Fig. 4.

According to Fig. 4, the maximum effective area can be
expressed as

Ae max ¼
pD2

16
(12)

Experimental Study on the CAE System

To verify the feasibility of the CAE, a prototype was modified
from a single cylinder piston-type IC engine by transforming its
valve system. Major structural parameters of the prototype are
shown in Table 2.

The test platform, as seen in Fig. 5, consists of a regulator, a
tank, a cylinder pressure sensor (4075A, KISTLER), an intake
pressure sensor, a coupling, an eddy current dynamometer, a
reformed CAE and a data acquisition system. The compressed air,
discharged from an air tank, flows through the pipeline, and into
the CAE.

The test bench was designed to measure the CAE’s operating
parameters and performances, including intake pressure, rotating
speed, torque of the CAE. The pressure transducer was installed at
the inlet pipe of the CAE to measure inlet pressure. The cylinder
pressure sensor was installed at the cylinder head to measure the
pressure inside cylinder of the CAE.

Curves of output torque and output power variation in different
intake pressure at 300 rpm rotating speed are shown in Fig. 6,
curves of cylinder pressure are shown in Fig. 7.

As shown in Fig. 6, the output torque and power of the CAE are
measured by the experimental bench at various supply pressure
and 300 rpm rotating speed. The experimental and simulation
results have similar trends. Both torque and power curves increase
with the supply pressure at constant rotate speed. The torque and
power of the simulation results are higher than the experimental
results at same supply pressure, and the errors will increase with
the supply pressure. This is because compressed air leakage will
happen during the CAE operation and the leakage will be acuter
with the supply pressure.

The pressure curve of the compressed air in the cylinder is
shown in Fig. 7. It is clear that the simulation results are consistent
with the experimental results, and that verifies the mathematical
model above. The cylinder pressure can be obtained by the simu-
lation, as shown in Fig. 7. The experimental and simulation curves
have similar trends. The main reasons for the difference between
the simulation results and the experimental results are the fluctua-
tion of the supply pressure, leakage between piston and cylinder
and the friction.

Dimensionless Mathematical Model

To obtain main influence parameters on efficiency and speed,
further research on its speed and efficiency characteristics is essen-
tial. In this section, a dimensionless mathematical model of the CAE
is proposed. The reference values and the dimensionless variables
are shown in Table 3. The basic mathematical can be made dimen-
sionless as described in the Dimensionless Energy Equation section.

Dimensionless Energy Equation. The dimensionless energy
equation is described by

Fig. 4 The relationship between the maximum effective cross-
sectional and piston area

Table 2 Major structural parameters of the verification
prototype

Type Specification

Number of cylinder 1
Bore�Stroke 88.0 mm� 89.0 mm
Displacement 400 cc
Crank-link rod ratio 0.316
Compression ratio 9.5
Intake valve lift 6.4 mm
Exhaust valve lift 6.4 mm
Intake valve opening 0 deg (crank angle)
Intake valve closing 130 deg (crank angle)
Exhaust valve opening 180 deg (crank angle)
Exhaust valve closing 340 deg (crank angle)
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dT�

dt�
¼ 1

m�

�
t�hcA�h 1� T�ð Þ � ðj� 1ÞT�G�2 þ jT�1G�1

� ðj� 1Þ p
�dV�

dt�
� T�G�1

�
(13)

where the dimensionless parameter (t�hc), which is the dimension-
less temperature settling time of the cylinder, is the ratio of the
temperature settling time constant (thc), and the time reference
value (tb) [13]. The dimensionless and dimensional time constant
can be written as follows:

t�hc ¼
thc

tb

(14)

thc ¼
Cvmb

aAb

(15)

A�h ¼ 2þ 4
y�

D�
(16)

Dimensionless Equation of Continuity. The dimensionless
equation of continuity can be given as the following equation:

dm�

dt�
¼ G� (17)

Dimensionless Flow Equation. The dimensionless flow equa-
tion is

G� ¼
si

B

H

p�uffiffiffiffiffi
T�u

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p�d
p�u

� �2
j

� p�d
p�u

� �jþ1
j

s
p�d
p�u
> 0:528

si

p�uffiffiffiffiffi
T�u

p p�d
p�u
� 0:528

8>>>><
>>>>:

(18)

Fig. 6 Curves of output torque, output power variation in different intake pressure

Fig. 5 Configuration of experimental apparatus: (1) compressor, (2) buffer bank, (3)
pressure regulator, (4) intake pressure sensor, (5) cylinder pressure sensor, (6) CAE, (7)
coupling, (8) eddy current dynamometer, and (9) data acquisition system
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where

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2j
Rðj� 1Þ

s
(19)

H ¼ 2

jþ 1

� � 1
j�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j

Rðj� 1Þ

s
(20)

Dimensionless Dynamic Equation. The dimensionless
dynamic equation can be written as follows:

d2h

dðt�Þ2
¼ 1

t�f

� �2

p� � p�a
� �

G hð Þ � e cos hþ k cos 2hð Þ _h2
h i

G hð Þ

� 1

t�L
C�1

dh
dt�

� �2

þC�2
d2h

dðt�Þ2

" #
(21)

Referred to J-parameter that is used in the current selection
method of a pneumatic cylinder [14,15], dimensionless inertia
parameter (t�f ), is defined in the following equation:

t�f ¼
tf
tb

(22)

tf ¼
ffiffiffiffiffiffiffiffiffi
J=r

psAp

s
(23)

where e is the ratio of the moment of inertia, which is defined in
the following equation:

e ¼ Mir
2

J
(24)

where, C�1 and C�2 which can be written as follows:

C�1 ¼
C1

psAp

(25)

C�2 ¼
C2

psAp

(26)

Dimensionless State Equation. The dimensionless state equa-
tion can be expressed by

p�cV� ¼ m�T� (27)

Efficiency Analysis

There are two ways to evaluate the efficiency of the CAE. One
is the overall efficiency which takes account of compressed air
production, storage, transport and transformation into mechanical
energy. The other is the operational efficiency which is useful in
the design, optimization, and evaluation of a CAE. In this paper,
the efficiency is the operational efficiency. There are two ways to
define energy efficiency in current research. One is the ratio of the
output shaft energy to the input energy of the CAE as follows [8]:

g ¼ 2pnTor

DpQ
(28)

The other way is shown as follows [16]:

g ¼ 2pnTor

psQ
(29)

According to Ref. [17], the available energy of compressed air
can be calculated as follows:

E ¼ msRTa ln
ps

pa

þ j
j� 1

T1

Ta

� 1� ln
T1

Ta

� �� �
(30)

Dimensionless available energy becomes

E� ¼ m�s ln
1

p�a
þ j

j� 1
T�1 � 1� ln T�1
� �� �

(31)

Fig. 7 Curves of cylinder pressure

Table 3 Reference values and dimensionless variables

Variable Reference value Dimensionless variable

Displacement S Stroke x*¼ x/S
Area of piston Ap Area of piston A*¼A/Ap

Volume Vb¼Ap�S V*¼V/Vb

Pressure ps Supply pressure p*¼ p/pb

Temperature Ta Atmosphere temperature T*¼T/Ta

Air mass flow
Gmax ¼

Ae maxpsCffiffiffiffiffi
Ta

p Maximum air mass flow
G*¼G/Gmax

Air mass
mb ¼

psVb

RTa

m*¼m/mb

Time
tb ¼

mb

Gb

Vb

Ae maxCR
ffiffiffiffiffi
Ta

p t*¼ t/tb

Work Wb ¼ psVb W*¼W/Wb

Power Pb ¼ Wb=tb P*¼P/Pb

Torque Tb ¼ pbVb=2p T�or¼Tor/Tb
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In a working cycle, the output work of the CAE can be
expressed as

W ¼
ð

pdV (32)

The dimensionless output work becomes

W� ¼
ð

p�dV� (33)

The energy efficiency of the CAE can be calculated as follows:

g ¼ E�

W�
(34)

Simulations and Analysis

From the discussion above, it can be obtained that the dimen-
sionless speed and efficiency are determined by 14 dimensionless
parameters. The initial values of the 14 dimensionless parameters
are shown in Table 4. The software, MATLAB/SIMULINK, is used for
modeling the simulation. Figure 8 shows the working cycle for
CAE. Figure 9 depicts the dimensionless speed and efficiency
characteristics of CAE.

From Fig. 8, the relationship between dimensionless volume
and dimensionless pressure are obtained. At the beginning of the
movement, because the driving torque is larger than the load tor-
que, the rotation speed increases. At this time, the pressure inside
cylinder is stable during intake compressed air process. With the
increase of rotation speed, the mass of compressed air will enter
the cylinder, and the pressure inside cylinder will reduce, and lead
driving torque decreasing until a stable working cycle.

Thermodynamically, the working process of the CAE can be
considered to be the reverse process of the piston-type air com-
pressor. The CAE loss consists of adiabatic expansion loss, intake
process loss, and exhaust process loss. The energy loss will
increase with the working crankshaft speed.

Figure 9(a) shows the dimensionless rotating speed of crank-
shaft during the working process. When the average

dimensionless output torque is equal to the dimensionless load tor-
que, the average speed tends to stabilize. Figure 9(b) shows the
energy efficiency variation curve during the working process.
Because the energy loss will increase when the dimensionless
rotating speed of crankshaft increases, the energy efficiency will
decrease. The dimensionless rotating speed fluctuation leads to
the energy efficiency fluctuation.

As is known, C�1 and C�2 are resistance parameters which
cannot be controlled, the relationship between resistance parame-
ters and speed, efficiency characteristics is not considered in this
paper.

According to the mathematical model above, each dimension-
less parameter can be changed for comparison while all other
dimensionless parameters are kept constant. To evaluate speed
and efficiency characteristics of the CAE, the average dimension-
less rotating speed of crankshaft and efficiency are defined as

x� ¼

ðt

0

x�dt

t
(35)

g ¼

ðt

0

gdt

t
(36)

The change rate of the dimensionless rotating speed is the ratio
of the change in the dimensionless average rotating speed for one
parameter and the total change (xtotal�cg) in the dimensionless
average rotating speed for all parameters. The rate of changes of
the dimensionless average rotating speed for the ratio of crank
radius and connecting rod link length is given by Eq. (39)

Table 4 The initial values of the parameters

Parameter V�c k D* s1 s2

Value 0.1 0.314 1 0.25 0.5

Parameter T�1 p�a t�hc h1 h2

Value 1 0.05 0.0001 pi/3 11*pi/6

Parameter t�f e C�1 C�2
Value 2.5 0.06 0.0001 0.0001

Fig. 8 Working cycle for CAE

Fig. 9 Speed and efficiency characteristics of CAE
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xtotal�cg ¼ xV�c�cg þ xk�cg þ xD��cg þ xs1�cg

þ xs2�cg þ xT�
1
�cg þ xp�a�cg þ xt�

hc
�cg

þ xt�
f
�cg þ xe�cg þ xh1�cg þ xh2�cg (37)

xk�cg ¼
xk�max þ xk�min

kav

(38)

nk ¼
xk�cg

xtotal�cg

(39)

where kav is the average value of the ratio of crank radius and con-
necting rod link length change.

The rate of change of efficiency is the ratio of the change in the
efficiency for one parameter and the total change (xtotal�cg) in the

efficiency for all parameters, which is defined with the method
mentioned above.

Figure 10 describes the rate of change of the dimensionless
rotating speed of crankshaft for each parameter.

It can be seen from Fig. 10 that:

(a) The dimensionless average rotating speed is influenced sig-
nificantly by the dimensionless inertia parameter (t�f ) the
intake duration angle (h1), the dimensionless exhaust
pressure (p�a), and the scale factor of exhaust valve (s2). The
rates of changes of the average rotating speed for the four
parameters are 0.1168, 0.2652, 0.108, and 0.1738,
respectively.

(b) The dimensionless average rotating speed is slightly
affected by the dimensionless temperature settling time
(t�hc), the dimensionless piston diameter (D*), and the ratio
of the crankshaft radius and link length (k).

(c) The energy efficiency is influenced significantly by the
dimensionless exhaust pressure (p�a), the intake duration
angle (h1), and the dimensionless cylinder clearance (V�c ).
The rates of changes of the efficiency for the three parame-
ters are 0.4857, 0.1457, and 0.1394, respectively.

(d) The energy efficiency is hardly affected by the dimension-
less inertia parameter (t�f ), the moment of inertia ratio (e),
the dimensionless temperature settling time (t�hc), the scale
factor of intake valve (s1), the dimensionless piston diame-
ter (D*), and the ratio of the crankshaft radius and link
length (k).

In summary, the dimensionless rotating speed and energy effi-
ciency are mainly determined by the dimensionless inertia param-
eter, the intake duration angle, the dimensionless exhaust
pressure, the scale factor of exhaust valve, and the dimensionless
cylinder clearance. The other parameters can be neglected, so the

Fig. 10 Rate of change of speed and efficiency for each
parameter

Fig. 11 Rotating speed characteristics of the CAE. (a) Relationship between rotating speed
and t�f , (b) relationship between speed and h1, (c) relationship between rotating speed and p�a,
and (d) relationship between speed and s2.
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study on optimization of the CAE can be carried on based on the
analysis of the influence of the five dimensionless parameters on
the dimensionless average rotating speed and the efficiency.

The relationship between the dimensionless rotating speed
and the dimensionless inertia parameter, the intake duration
angle, the dimensionless exhaust pressure, and the scale factor
of exhaust valve were studied, and results are shown in Fig. 11.
The relationship between the energy efficiency and the dimen-
sionless exhaust pressure, the intake duration angle, and the
dimensionless cylinder clearance were studied, and the results
are shown in Fig. 12.

From Figs. 11 and 12, it can be seen that:

(a) The dimensionless average rotating speed decreases with
an increase in the dimensionless inertia parameter. The rea-
son is that the growth of the dimensionless parameters rep-
resents the increase of moment of inertia of crankshaft,
flywheel, main gear, and rotating of connecting rod.

(b) The dimensionless average rotating speed increases with
the intake duration angle. When the intake duration angle is
bigger than 1.57, the dimensionless average rotating speed
remains almost constant.
The primary reason is that when the intake duration angle
is lower than 1.57, flowing into the cylinder the mass of
compressed air decreases. That will reduce the output tor-
que and the rotating speed. However, if the intake duration
angle is bigger than 1.57, the compressed air in the cylinder
is not completely discharged. This leads to a higher pres-
sure in the cylinder and the pressure blocks the motion of
the piston and reduces the rotating speed since it’s often
higher than the atmospheric pressure.

(c) When the dimensionless exhaust pressure is lower than
0.07, the dimensionless rotating speed remains almost con-
stant; when the dimensionless exhaust pressure is higher
than 0.07, the dimensionless average rotating speed starts
to decrease sharply.

(d) The dimensionless average rotating speed increases with
the scale factor of exhaust valve.
That is because when the scale factor of the exhaust valve
increases, the compressed air in the cylinder is easy to be
discharged.

(e) The average efficiency increases with an increase in the
dimensionless exhaust pressure. The main reason is that,
when the dimensionless exhaust pressure increases, the
compressed air power can be fully expanded.

(f) The average efficiency decreases with an increase in the
intake duration angle. That is because that, the bigger the
intake duration angle is, the more the compressed air flows
into the cylinder. However, the compressed air in the cylin-
der is not completely expanded.

(g) The average efficiency decreases with an increase in the
dimensionless cylinder clearance. The main reason is that,
the bigger the cylinder clearance is, the more the
compressed air flows in to the cylinder. Note that the com-
pressed air in the cylinder clearance does not produce
energy output.

Conclusions

In this paper, a CAE system was introduced, and the working
process of the CAE was studied. The basic model was verified by
experiment. Based on the mathematical model in previous study,
appropriate reference values were selected. Then the dimension-
less model of the CAE was proposed, and the dimensionless rotat-
ing speed and efficiency were analyzed with simulation. The
conclusions are summarized as follows:

(1) Simulation results have consistency with experimental
results, and that proves the mathematical model of the CAE
is correct.

(2) The dimensionless average rotating speed characteristics of
the CAE are mainly determined by the dimensionless

Fig. 12 Efficiency characteristics of the CAE. (a) Relationship between efficiency and p�a, (b)
relationship between efficiency and h1, (c) relationship between efficiency and V �c .

044501-8 / Vol. 137, JULY 2015 Transactions of the ASME

Downloaded From: https://energyresources.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



inertia parameter, the intake duration angle, the dimension-
less exhaust pressure, and the scale factor of exhaust valve.
The influence of all other parameters on the dimensionless
average rotating speed can be neglected.

(3) The energy efficiency characteristics of the CAE are mainly
determined by the dimensionless exhaust pressure, the
intake duration angle and the dimensionless cylinder clear-
ance. The influence of all other parameters on the energy
efficiency can be neglected.

(4) When the intake duration angle is smaller than 1.57, the
dimensionless average rotating speed increases with the
intake duration angle. When the intake duration angle is
bigger than 1.57, the dimensionless average rotating speed
remains almost constant.

(5) When the dimensionless exhaust pressure is lower than
0.07, the dimensionless rotating speed remains almost con-
stant. When the dimensionless exhaust pressure is higher
than 0.07, the dimensionless average rotating speed
decreases sharply with an increase in the dimensionless
exhaust pressure.

This research can be referred in the design of CAE system and
the study on optimization of the CAE system.

Nomenclature

Ah ¼ heat transfer area (m2)
Ap ¼ piston area (m2)

Aemax ¼ the maximum effective cross-sectional area (m2)
C1,C2 ¼ coefficients

D ¼ cylinder bore diameter (m)
E ¼ air power (J)
G ¼ air mass flow (kg/s)
J ¼ the moment of inertia of crankshaft, flywheel, main gear

and rotating part of connecting rod (kg�m2)
L ¼ connecting rod length (m)
m ¼ air mass (kg)
M ¼ piston, rings, pin, and small end of connecting rod mass

(kg)
n ¼ rotating speed (rpm)
P ¼ output power (w)
pa ¼ atmospheric pressure (¼101 kPa)
pc ¼ cylinder pressure (Pa)
ps ¼ supply pressure (Pa)
Q ¼ airflow value under compressed condition (cm3/s)
r ¼ crank radius (m)
R ¼ gas constant
S ¼ stroke (m)
t ¼ time (s)

T ¼ temperature (K)
Ti ¼ indicated torque (N�m)

TL ¼ load torque (N�m)
Tr ¼ reciprocating torque (N�m)

Tor ¼ torque of the CAE (N�m)
Vc ¼ cylinder clearance (m3)
W ¼ output work (J)
b ¼ connecting rod angle (rad)

Dp ¼ different pressure from inlet to outlet (kg f/cm2)
g ¼ efficiency
h ¼ crankshaft angular position (rad)

h1 ¼ intake duration angle (rad)
h2 ¼ exhaust duration angle (rad)
j ¼ specific heat ratio (¼1.4)
k ¼ the ratio of crank radius and connecting rod length

s1, s2 ¼ scale factor of intake valve and exhaust valve
x ¼ angle speed (rad/s)

Subscripts

b ¼ reference value
c ¼ inside cylinder
d ¼ downstream side
s ¼ supply
u ¼ upstream side
1 ¼ intake
2 ¼ exhaust

Superscript

* ¼ dimensionless
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