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Performance Characteristics Research on Power System
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To alleviate air pollution and eliminate pollutants from internal combustion engines, many researchers have paid more attention to compressed
air engines (CAEs). However, the low energy utilization efficiency and low output power of a CAE hinder its development. In this paper, a
new kind of CAE, which has four valves is proposed, which reduces the kinetic energy of the flowing air. Through analysis of the CAEs, a
mathematical model of the working processes was developed. Using the simulation method, the performance of the new kind of CAE was
obtained. To verify the theoretical model, a prototype of a four-valve of single cylinder piston type CAE was designed, and the experiment was
carried out. Parameter influence analysis and optimization were studied to improve the four-valve CAE performance. Results show that, first,
the output torque and output power of the four-valves of CAE are higher than of the two-valves of CAE. When the intake pressure is set at 0.6
MPa and 0.7 MPa, and the rotation speed is 450 rpm, the output torque of the four-valve of CAE is about 2.7 and 2.2 times that of the two-
valve of CAE. The output torque and power differences between the two kinds of CAE ascend sharply with increased rotation speed. Second,
the energy efficiency and output power are impacted significantly by the intake valve close angle and exhaust passage diameter. Thirdly, the
optimization of the four-valve CAE can significantly enhance the output power compared with two-valve CAE. This research can be referred to

in the design of the CAEs.
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Highlights

*  Adesign of a four-valve compressed air engine to obtain high output power and efficiency is presented.

* A prototype of a four-valve single cylinder piston type compressed air engine is designed, and experiments are carried out.

*  Parameter influence analysis and optimization are studied to improve the four-valve compressed air engine’s performance.

*  The proposed four-valve compressed air engine can enhance significantly the output power in comparison to two-valve

compressed air engine.

0 INTRODUCTION

One major source of air pollutants is generated from
internal combustion engines (ICE) for vehicles [1]. It
has been reported that the pollutants produced by ICE
are responsible for more than 30 % of air pollutants.
To alleviate air pollution and eliminate pollutants
from ICE, various alternatives, including battery
power driven engines [2], hydrogen fuel cell-based
engines [3], liquid nitrogen fuel power driven engines,
and hybrid energy driven engines [4] and [5] have
been developed. However, looking at these various
alternatives, each option has its limitations. For
example, battery-operated engines suffer from long
charging time, high initial cost, heavy metal pollution,
and periodical replacement cost [6]. Distribution and
storage are difficult for hydrogen fuel cell driven
engines, and building hydrogen generator stations is
expensive [7]. Liquid nitrogen vehicles are difficult to
use given their high cost. The main power source of
hybrid energy driven engines remain fossil fuel, so this
kind of engine does not meet zero pollution vehicle
requirements [8]. In these situations, the technology of
the compressed air engine (CAE) and its utilization in

vehicles has become an attractive option, owing to its
potential of zero pollution. However, in early tests, the
vehicle running on compressed air alone was limited
to the storage capacity of the tanks.

To obtain high energy density and store more
energy in limited space, the storage pressure reaches
several hundred bars. Once the compressed air is
released from the tanks, its pressure falls to 30 bar as
it passes through the pressure reducer. Even at high
pressure, the compressed air carries much less energy
than other transportation energy sources. Therefore,
the CAE applications will need to overcome
limitations in compressed air energy density. To
enhance the output power of CAE and improve the
energy efficiency, numerous studies have considered
the high efficiency and high output power energy
conversion system for CAE. Shen et al. built an air-
powered motorcycle prototype with a fuzzy logic
speed controller; the efficiency is above 70 % [1]. Liu
et al. investigated a new rotary intake and exhaust
system for a piston type CAE and obtained 2.15 kW
output power at 13 bar [9]. To overcome leakage under
high air supply pressure, a new pressure-compensated
intake valve was designed by Yu et al. [10]. Zhang et
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al. studied a single-valve reciprocating expander and
pointed out that the pressure loss is mainly caused by
the air intake process [11]. Xu et al. designed a heat
exchange system of the CAE to prevent ice blocking
and improve energy efficiency [12].Yu et al. analysed
the influences of some parameters and optimized the
energy efficiency and output power with improved
NSGA-II [13].

The output power and energy efficiency are
significantly influenced by the open and close
duration, angle and pressure of the intake and
exhaust valves [14].To apply of CAEs as the main
power system in automobiles, modifications should
be made on a compressed air distribution system of
CAE. In this paper, a four-valve CAE is proposed to
obtain more energy during the working process. The
challenge of this work lies in the energy efficiency.
Thus, a multi-objective optimal method is applied to
improve energy efficiency. The study aims to obtain
a CAE whose energy efficiency is above 20 %, and
output power is over 5.5 kW.

1 ENERGY EFFICIENCY OF THE TRADITIONAL CAE

The energy of compressed air could be converted to
mechanical work during the state change process
of compressed air. The working process of a single
cylinder CAE could be divided into three stages in
Fig. 1. The working process has been illustrated in the
previous literature.
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Fig. 1. Working cycle of CAE

For CAE, the ideal scenario for performing the
maximum level of mechanical work is described as
three ideal processes: quasistatic intake processes,
isothermal expand process, and quasistatic exhaust
process. According to the literature [15], the work
done in these processes can be calculated by Eq. (1).

W,=pV,inx (1
where W is the maximum level of mechanical work,
D, is the pressure of supply air, V; is the volume of
supply air, and p,, is the environment pressure.

To determine energy losses and investigate
CAE internal energy distributions, the air power is
introduced in this paper, which is described by Eq. (2).

P=p,G L. )

a

According to the exact definition of air power, the
kinetic power of the flowing air, isothermal expansion
power and exhaust power are included in the air power
calculation. The kinetic energy, expansion, energy and
exhaust energy can be expressed with the following

equations.
it ,
P =—|—mv |, 3
=43 ®)
no_ . dV
P J.Vl |24 F 4
T “4)
Pd:paGaln&' (5)

a

In the above equations, P,, Pr and P, are the
kinetic power, expansion power and exhaust power,
respectively, V; and ¥, are the volumes of beginning
expansion and finishing expansion respectively, p; is
the pressure of exhaust air.

Fig. 2 displays the ratio of P, in intake air power.
When the average air velocity is below 100 m/s, the
pressure of air is above 0.3 MPa, and kinetic energy
accounts for less than 5 % of the available energy.
When the average air velocity is above 200 m/s, kinetic
energy accounts for more than 18 % of the available
energy. Thus, when the effective cross-sectional area
is narrow, and the ratio of the input pressure and
output pressure is below the critical pressure ratio, the
kinetic energy should be considered.

Fig. 3 shows expansion energy loss in air power.
The bigger the polytropic exponent is, the larger
the expansion loss is. Therefore, achieving quasi-
isothermal expansion is an important measure to
improve energy efficiency and output power.

It is obvious that the higher the exhaust pressure
is, the greater the exhaust energy loss is. Theoretically,
energy loss occurs in an irreversible process.
Therefore, irreversible processes in CAE systems will
reduce the air power. The irreversible process will
influence the energy efficiency of a CAE.
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Fig. 3. The ratio of expansion energy loss in air power

In this paper, the efficiency of a CAE is defined
as the ratio of the output shaft energy to the input air
power of CAE as follows [16].

2 THE NEW KIND OF CAE WITH FOUR VALVES

To have precise, continuous valve timing control
and fast response, the flow of air moving into and
out of the cylinder is controlled by using a simple
cam mechanism. The effective area of intake and the
exhaust port is determined by cam lift.

According to the ratio of the pressure of the
upstream side p, to the pressure of downstream
pressure p,, the flow equation for the flow through a
restriction can be written as follows [17]:

dm _ A,p,¢

do a)\/a’

(6)

where

ol
2 | Pd < 58
R\xk+1 Py

¢ = 2 K+l P (7)
k1 [&j" —(&] " Pds o508
(K_l) R Pu Pu Pu

where w is the rotation speed of the crankshaft.

The air mass flowing into the cylinder is inversely
proportional to the rotation speed of the crankshaft.
Therefore, the higher the speed of the crankshaft, the
lower the output torque. To improve the performance
under high speed, increasing the effective area is an
effective method.

To increase the effective area, a four-valve CAE
is proposed. The schematic drawing of the proposed
four-valve mechanical structure is illustrated in Fig. 4.
Rotations of a crankshaft of CAE are transmitted to
both inlet and exhaust cams by using a timing belt and
timing pulleys. The cam lift follows the cam profile
when appropriate preload springs are used [18].

Preload spring

Timing pulley

Force balance
valve stem

Fig 4. The schematic drawing of the four-valve mechanical
structure

The four-valve CAE, which has been applied in
the field of traditional internal combustion engines,
has a bigger flow effective area and provides more
power than the two-valves CAE. Adding more
valves improves the mass flow of intake and exhaust
compressed air, thereby enhancing output power at
high speed. The principle of the four-valve CAE is
same as the two-valve CAE, which is introduced in
the literature [16].
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3 THERMODYNAMIC MODEL AND EXPERIMENT

To model a pneumatic system, the law of conservation
of energy, the equation of continuity and the equation
of state of the ideal gas is fundamental [19].

3.1 The Volume
The volume of the cylinder is variable due to the

movement of the piston. From the piston-crank
geometry, the piston displacement, y, is expressed by

y=L+r—Lcosf —rcosp, (®)
where
. _prsin
B =sin 11589 9)
The volume of the cylinder is given by
2

V= %. (10)

3.2 The Mass

According to the law of mass conservation, air mass
in the cylinder in one cycle can be given as:

dm

E:P(Gin—Gom), (11)
where subscript in and out represent the fact that
compressed air flows into and out the cylinder.

3.3 The Pressure

Pressure changes of the air inside the cylinder can
be calculated by deriving the state equation of ideal

gases:
d—p:l[R0G+mRﬁ—pd—V}. (12)
dt vV t t

3.4 The Energy

The temperature differential can be calculated by
solving the energy equation. For CAE system, intake
process and exhaust process are the open system,
expand process is a closed system. For ideal air,
accordingly, the energy balance is written by,
cm® - a (o -6)+(c,0,-C,0)q,
v dz» e w a p a v m
dv

_RGGout —p;, (13)

where C, is the specific heat at constant volume, C,
is the specific heat at constant pressure, 4, is the heat

transfer coefficient which is a constant value, 4,, is the
heat transfer area.

3.5 The Performance
The output power and energy efficiency are important

evaluate indicators to engine. The output power can
be expressed as:

Txw
= , 14
¢ 9550 (14)
[T
T==1L, (15)
where d
r=r,-T.-T.-T, (16)

where P, is the output power, 7; is the instantaneous
torque, 7;,1s the indicated torque, 7,.is the reciprocating
torque, and 7y is the friction torque. Details of torque
calculation are presented in the literature [20].

3.6 Performance of the Four-Valve CAE

Compared with the two-valve CAE, the four-valve
CAE can achieve a low Mach number, which can
reduce the kinetic energy of the flowing air, and the
four-valve mechanism can increase the mass flow
rate, which can enhance the output power. To obtain
the characteristic of four-valve CAE, the initial values
of the four-valve CAE mechanism are shown in Table
1. For simplification, the intake valve and exhaust
valve have the same structural parameter. MATLAB/
SIMULINK software is used for modelling the
simulation. Fig. 5 depicts the output power and energy
efficiency characteristics of the multi-valve CAE and
the two-valve CAE at different rotational speeds when
the supply pressure is equal to 2 MPa.

Table 1. Four-valve of CAE specifications

Type Value
Bore 85 mm
Stroke 88 mm
Displacement 05L
Intake port diameter 16 mm
Exhaust port diameter 16 mm
Compression ratio 10

Minimum diameter of passage 12 mm
Number of intake valve 2

Number of exhaust valve 2

As can be seen from Fig. 5, the curve of the en-
ergy efficiency of the four-valve CAE is slightly larger
than that of the two-valve CAE, and the output power
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of the four-valve CAE is higher than that of the two-
valve CAE by approximately 0.6 kW, which is about
1.1 to 2 times that of the two-valve CAE. Especially
when the rotational speed is 600 rpm, the highest out-
put power is 3.6 kW.
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Fig. 5. Efficiency and power of CAE in different rotational speed;
a) curves of efficiency, b) curves of power

The output power and energy efficiency
characteristics of the four-valve CAE have been
studied by setting the rotational speed of the four-
valve CAE at 600 rpm, under the supply pressure of
the four-valve, at 1 MPa to 3 MPa. Fig. 6 illustrates
the relationship between the performances and supply
pressure of the four-valve CAE.

With an increase in the supply pressure, the output
power of the four-valve CAE increases stably. In the
first instance, the energy efficiency increases with
an increase in the supply pressure; when the supply
pressure is larger than 1.8 MPa, the energy efficiency
slowly drops.

The primary reason is that the indicated pressure
inside the cylinder increases with an increase in the
supply pressure. The higher the indicated pressure
inside the cylinder is, the larger output power is.
However, the residual pressure inside the cylinder
also increases when the supply pressure is larger than
1.8 MPa under the exhaust process, which leads to
exhaust energy loss.
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Fig. 6. Efficiency and power of four-valve CAE
in different supply pressure

3.7 Experiment and Analysis

To verify the above theoretical model, we designed
a multi-valve single-cylinder piston type CAE
model and prototype, which are shown in Fig. 7. The
effective areas of intake and exhaust valves are shown
in Fig. 8. Basic parameters are shown in Table 2.

Fig. 7. The model and prototype of multi-valves of CAE

The friction coefficient of the ring assembly is
important to calculate friction torque. The correct
oil can keep an engine running smoothly. Because
the principles of the CAE are different from ICE, it
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is necessary to find the correct lubricating oil to keep
the CAE running smoothly and effectively. According
to the literature [21], the lower the temperature is, the
higher the viscosity is. The working temperature range
of CAE is 220 K to 293 K, so we adopted refrigerator
oil as a lubricating oil; its viscosities value are 15
mm?/s and 3.1 mm2/s when the temperatures are 313
K and 373 K, respectively.

12
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Intake valve  § ;

10 o - Exhaust valve
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Fig. 8. Effective areas of intake valve and exhaust valve

Table 2. Single cylinder CAE specifications

Type Value
Displacement 05L
Number of valves 4
Opening angle of intake valve 0°
Closing angle of intake valve 90°
Maximum cam lift of intake valve 3.5 mm
Opening angle of exhaust valve 180°
Closing angle of exhaust valve 360°
Maximum cam lift of exhaust valve 5.72 mm
Intake port diameter 22 mm
Exhaust port diameter 22 mm
Minimum diameter of passage 14 mm

To compare performance, the output power
and torque of two-valves of CAE and multi-valves
of CAE, the experiment is carried out under same
working conditions. The experimental apparatus and
the procedure have been introduced in the literature
[10]. The intake pressure is set at 0.6 MPa and 0.7
MPa. Experiments of the output torque and output
power of the two kinds of CAEs were done, and the
results are shown in Fig. 9.

Fig. 9a illustrates the relationship between the
output torque and the rotation speed of the two kinds
of CAEs. As can be seen, the curves of the output

torque of the two kinds of CAEs decline sharply with
the rotational speed. Moreover, the output torque of
the four-valve of CAE is much higher than that of the
two-valve of CAE in the same intake pressure and
rotational speed. When the intake pressure is set at 0.6
MPa, and the rotational speed is 450 rpm, the output
torque of the four-valve CAE is about 2.7 times that
of the two-valve CAE. When the intake pressure is set
at 0.7 MPa, and the rotational speed is 450 rpm, the
output torque of the four-valve CAE is about 2.2 times
that of the two-valve CAE. Moreover, the output
torque difference of the two kinds of CAE ascends
sharply with increasing rotational speed.
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Fig. 9. The output torque and power of the CAEs in different intake
pressure; a) torque vs speed and b) power vs speed

Fig. 9b illustrates the relationship between the
output power and the rotational speed of the two kinds
of CAEs. As can be seen, the curves of the output
power of the two kinds of CAEs decline sharply with
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the rotational speed. Moreover, the output power
of the four-valve CAE is much higher than that of
the two-valve CAE in the same intake pressure and
rotational speed. The output power difference of
two kinds of CAEs ascends sharply with increased
rotational speed.

4 PARAMETER INFLUENCE ANALYSIS

In conventional mechanical valve trains, intake and
exhaust valves lift are determined by the cam profile.
In this paper, the cam profile is described by a five
polynomial curve which is given by:

h(a)=Cy+C a’ +Ca’+Ca"+Ca', (17)

where
a=-", (18)
X
COthax 5 (19)

where x is the cam angle, xp is the half wrap angle,
superscript p, g, r, s are plural. For simplification, we
suppose the following equations [22]:

p=2n
=2n+/
= (20)
r=2n+2l
s=2n+4l

where, n, [ are positive integers.

C,, C; C,, C can be calculated by boundary
conditions [23] which are functions of n, [. In this
paper, intake cam profile variable »; and /; are equal to
3 and 6, respectively, and exhaust cam profile variable
n, and /, are equal to 6 and 3, respectively.

In an actual four-valve CAE system, the
compressed air charged from the buffer container
flows into the cylinder through the regulator, and the
air mass that flows into the cylinder is limited by the
effective sectional area of the regulator. The values
of the initial parameters are shown in Table 2. The
rotation speed is 600 rpm, and the supply pressure is
3 MPa.

Except the above parameters, according to the
thermodynamic model, the output power and energy
efficiency are influenced by cylinder clearance
distance, L., is the distance between the bottom of
the valve and the top of the piston when the piston
reaches to the top dead centre, intake cam maximum
lift, IVL, intake valve close angle, /V'C, intake valve
head diameter, /HD, exhaust cam maximum lift, EVL,
exhaust valve close angle, EVC, exhaust passage
diameter, EPD, exhaust valve head diameter, EHD.

The initial values of the above parameters are shown
in Table 3.

Table 3. The initial values of the parameters

Parameter LC VL IVC IHD
Value 7mm 3.2mm 90° 16 mm
Parameter EVL EVC EPD EHD
Value 5.72mm 360° 12mm 16 mm

According to the thermodynamic model above,
each parameter can be changed for comparison while
all other parameters are kept constant, and the simula-
tion results are varying each parameter, as illustrated
in Fig. 10.

It can be seen from Fig. 10 that:

a) The energy efficiency and output power are
impacted significantly by the intake valve close
angle and exhaust passage diameter. The energy
efficiency decreases from 28 % to 20 % with
the intake valve close angle increasing from 70°
to 130°. In the first instance, the output power
increases with an increase in the intake valve
close angle; when the intake valve close angle
is larger than 110°, the output power begins to
decrease. When the exhaust passage diameter
increases from 10 mm to 16 mm, the energy
efficiency increases from 18.2 % to 25 %, and the
output power increases from 4 kW to 6.7 kW.

b) The energy efficiency and output power are
slightly affected by intake cam maximum lift,
exhaust cam maximum lift and exhaust valve
close angle.

¢) Other parameters have little influence on the
output power and energy efficiency.

5 OPTIMUM PERFORMANCE PARAMETERS

According to the above analysis, the output power and
energy efficiency of the four-valve CAE are influenced
by intake valve close angle, exhaust passage diameter,
intake cam maximum lift, exhaust cam maximum
lift and exhaust valve close angle. Therefore, in this
section, the above five parameters will be optimized.
Meanwhile, to keep the four-valve CAE running
smoothly, the average temperature inside the cylinder
is used as another objective function.

The coupling between parameters has no
explicit expressions, according to the literature [15].
The independent optimal of individual parameters
shows that the output power, energy efficiency, and
temperature of a four-valve CAE cannot achieve
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Fig. 10. Influence of parameters on the efficiency and power
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optimum simultaneously. The ranges of parameters
are shown in Table 4.

Table 4. Parameters range

Parameters Range
Intake cam maximum lift (IVL) 2mmto 4 mm
Exhaust cam maximum lift (EVL) 4mmto7 mm
Intake valve close angle (IVC) 60°to 120°
Exhaust valve close angle (EVC) 330° to 360°

Exhaust passage diameter (EPD) 9mmto 12 mm

Constraint functions such as the maximum
acceleration of the valve train components and the
minimum curvature radius are considered in the
optimization procedure.

In this paper, an orthogonal design [24] and [25]
was used to obtain representative combinations of
parameters. The optimal parameter combination
for the expected indicators was obtained using grey
relation analysis [26] and [27]. A part of the orthogonal
array is formed by the parameters in Table 5.

Table 5. The orthogonal array of the four-valve CAE’s parameters
(partial)

No. NL[mm] EVL[mm] WNC[] EVC[] EPD [mm]
1 2 4 60 330 9

2 2 475 75 3375 9.75
3 2 55 90 345 105
4 2 6.25 105 3525  11.25
5 2 7 120 360 12
6 25 4 75 345 11.25
7 25 475 90 3525 12
8 25 55 105 360 9

9 25 6.25 120 330 9.75
10 25 7 60 3375 105

Details of the optimization procedure are
presented in [10]. Through simulating calculations
with the virtual prototype, the output power, energy
efficiency and temperature are shown in Table 6,
and the corresponding combination of parameters is
shown in Table 7.

Table 6. Optimal performance indicators

Pe [kW] 7 [%] 0 K]
range 4106 20 to 40 210 to 250
value 5.95 23.1 249.9

Table 7. Optimal combination of the parameters

Parameter IVL [mm] EVL[mm] IVC[] EVC[°] EPD [mm]
Value 3.5 4 105 337.5 12

6 CONCLUSIONS

In this paper, energy loss during the working process
was obtained by using air power. To improve output
power and energy efficiency, a four-valve CAE
was introduced. The prototype was designed to
experiment and to compare the performance of the
output power and torque of two-valve CAE and four-
valve CAE; the experiment was carried out under
same working conditions. The eight factors related to
the performance of the multi-valves were discussed,
and some key parameters were optimized by using
orthogonal design and grey relation analysis. The
conclusions are summarized as follows:

1. The output torque and output power of the four-
valve CAE are higher than of the two-valve CAE.
When the intake pressure is set at 0.6 MPa, and
the rotation speed is 450 rpm, the output torque of
the four-valve CAE is about 2.7 times that of the
two-valve CAE. When the intake pressure is set
at 0.7 MPa, and the rotation speed is 450 rpm, the
output torque of the four-valves of CAE is about
2.2 times that of the two-valve CAE. Moreover,
the output torque and power differences of the
two kinds of CAE ascend sharply with increasing
rotational speed.

2. The energy efficiency and output power are
impacted significantly by the intake valve close
angle and exhaust passage diameter. When the
intake valve close angle increases from 70° to
130°, the energy efficiency decreases from 28
% to 20 %. Moreover, in the first instance, the
output power increases with an increase in the
intake valve close angle; when the intake valve
close angle is larger than 110°, the output power
begins to decrease.

3.  When the inlet pressure is 3 MPa, the rotational
speed is 600 rpm, intake valve lift is 3.5 mm,
exhaust valve lift is 4mm, intake valve close
angle is 105°, exhaust valve close angle is 337.5
and exhaust passage diameter is 12 mm, optimal
output power equals 5.95 kW, the working
efficiency equals 23.1 %, and the average
temperature inside cylinder equals 249.9 K.

The optimization of the multi-valves CAE can
significantly enhance the output power compared with
a two-valve CAE. Moreover, the air power efficiency
of the four-valve CAE is slightly higher than that of
the two-valve CAE.
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8 NOMENCLATURE

effective area, [m2]

heat transfer area, [m2]

diameter of piston, [m]

specific heat at constant pressure, [J/(kg-K)]
specific heat at constant volume, [J/(kg-K)]
cam profile displacement, [m]

heat transfer coefficient, [J/(m2-K)]

mass flow, [kg/s]

length of connecting rod, [m]

mass of the piston, rings, pin and small end of the
connecting rod, [kg]

mass, [kg]

power, [W]

volume flow, [m3/s]

pressure, [Pa]

air density, [kg/m3]

volume, [m3]

velocity, [m/s]

work done per cycle, [J]

the angle of link and crank, [rad]

piston displacement, [mm]

temperature, [K]

specific heat ratio,

crank angle, [rad]

oS TANL AN

polytropic exponent,
efficiency, [%]
crank speed, [rad/s]

g3 ADPTTTIT IO QTSI

Subscripts

a ideal

s supply

u  upstream

d  downstream
in inflow

out outflow
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