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Exergy analysis was applied to a revolving vane compressed air engine.The engine had a swept volume of 30 cm3. At the benchmark
conditions, the suction pressure was 8 bar, the discharge pressure was 1 bar, and the operating speed was 3,000 rev⋅min−1. It was
found that the engine had a second-law efficiency of 29.6% at the benchmark conditions. The contributors of exergy loss were
friction (49%), throttling (38%), heat transfer (12%), and fluidmixing (1%). A parametric study was also conducted.The parameters
to be examined were suction reservoir pressure (4 to 12 bar), operating speed (2,400 to 3,600 rev⋅min−1), and rotational cylinder
inertia (0.94 to 2.81 g⋅mm2). The study found that a higher suction reservoir pressure initially increased the second-law efficiency
but then plateaued at about 30%. With a higher operating speed and a higher cylinder inertia, second-law efficiency decreased. As
compared to suction pressure and operating speed, cylinder inertia is the most practical and significant to be modified.

1. Introduction

Since its inception in the 1800s, reciprocating piston engines
have been widely used to drive motor vehicles. However,
even with all the progress and innovations in the reciprocat-
ing engine technology, there are still issues and challenges
facing the engine design. To overcome these, there have
been attempts to come up with new engine designs. Rotary
engines have been proposed as a possible design alternative.
As compared to a reciprocating engine, rotary engines are
usually more compact and have less number of components
with better vibration and noise characteristics. In response,
Wankel developed a rotary piston engine in the 1960s which
has been adopted by Mazda to drive its sport vehicles.
However, leakage is one of the main issues with this engine
design [1]. More recently, Sakita introduced a new rotary
machine design called the “cat andmouse type” rotary engine
[2]. Shen and Hwang adopted the sliding vane machine
design for an air-powered motorcycle [3].

In 2006, a new rotary machine design concept called
the revolving vane (RV) mechanism was introduced by Teh

and Ooi [4]. An improved version was later proposed to
improve the mechanical efficiency of the machine [5]. Unlike
the more common rotary machines which use stationary
cylinders, the RV machine lets the cylinder move together
with the rotor. This significantly reduces the frictions of the
machine. In addition, it is also found that the RV machine
exhibits better volumetric performance as compared to a
rolling piston machine [6]. The machine was first introduced
as a compressor but has subsequently been used in expander
and air engine applications too [7–9].

In its simplest form, the RV mechanism consists of a
rotor, a vane, and a cylinder as shown in Figure 1(a). However,
unlike other rotary machines, the cylinder rotates together
with the rotor, resulting in smaller relative velocities and less
frictional losses at the rubbing surfaces. The rotor and the
cylinder are arranged eccentrically and they rotate at their
respective axes. The vane divides the space between the rotor
and the cylinder inner wall into two, that is, the suction and
discharge chambers. As the rotor rotates, the volumes of these
chambers vary allowing for thermodynamics processes to
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Figure 1: Revolving vane engine: (a) schematics and (b) working principles [6].

occur. A stationary casing is usually required to house the
engine. The working principles of an RV engine are shown
in Figure 1(b).

Meanwhile, it was reported that through the burning of
fossil fuels, mainly gasoline and diesel, the transportation
sector contributed around 15% of the total global greenhouse
emission [10]. Therefore, various cleaner alternative fuels
have been proposed in the recent years. Among others, one
of the most interesting is the compressed air engine [3, 11, 12].
In this paper, the RV machine is adopted for air engine
application. Various aspects of the mechanism have been
comprehensively studied before [7–9, 13]. However, an exergy
analysis of themachine is still lacking. It is the purpose of this
paper to describe the exergy analysis of the RV compressed
air engine to quantify the irreversibilities involved in the
operation.This analysis will help to improve the future design
process of the machine.

Exergy, also known as availability, is the maximum
amount of usefulwork that can be derived froma substance in
bringing it to an equilibrium state with the environment.The
exergy of a system is the maximum useful work possible in a
process that brings the system into thermal equilibrium with
its surroundings. After the system and surroundings reach
equilibrium, the exergy is zero. Exergy also accounts for the
irreversibility of a process.

In addition to the first law, exergy analysis also uses
the second law of thermodynamics, which deals with the
concepts of quality of energy as well as entropy of a system.
As exergy is a property of the system, the exergies of the fluid
before and after the cycle can be quantified.The loss will then
be the reduction in total exergy of the system. The second-
law efficiency is determined as well and it provides a more
comprehensive evaluation of the efficiency of the engine.

Exergy analysis has been carried out for various
machines, including compressors and engines. McGovern
et al. [14] developed an analysis technique that uses the
exergy of a gas to quantify the shaft power wastage in scroll

and rotary compressors. They summarized the losses in
a compressor to be mainly contributed by throttling at
valves, mechanical friction, leakage, heat transfers, and
reexpansion of compressed gases. By employing equations
of irreversibilities for the different components, they were
able to quantify that the major losses in the compressor are
due to throttling (12%), leakage (40%), and friction (24%).
In another paper, McGovern and Harte [15] performed
an exergy analysis for an open reciprocating compressor.
They showed that results from computer simulations
of compressors can be readily utilised to provide an
understanding for design optimization. The breakdown of
shaft power wastage could be quantified using simulations
and instantaneous exergy destruction rates of the different
components are presented. Overall, it was found that the
major contributions are due to throttling (53.7%), internal
convection (18.7%), friction (12.5%), and fluid mixing (5.7%).
The exergy analysis in this paper used the method used in
the study.

In other papers, McGovern [16, 17] outlined the methods
of exergy analysis and reported that it is common for
compressors to have second-law efficiencies of about 50%.
Stecco and Manfrida [18] and McGovern [19] have proposed
the case for using exergy analysis to measure efficiency of
compressors. Both concluded that exergy analysis could be
applied to all types of compressors and could be applied to
study of an entire plant or cycle.

Reddy et al. [20] performed an exergy analysis on internal
combustion engines using either diesel or biogas-diesel mix-
ture as fuel. Similar works on internal combustion engines
have also been carried out by other researchers [21–24].

2. Methodology

Mathematical models of various aspects of an RV engine
have been presented in detail and experimentally verified
before [7–9, 25]. Therefore, they will not be discussed again
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here. Interested readers are directed to the relevant literature.
Developing on the foundation of those models, the exergy
model of RV engine was created.

In an RV engine, exergy is destroyed mostly through heat
transfer between the working fluid, the solid components and
the surrounding, dissipated heat from friction between the
rubbing surfaces, fluid throttling, and fluid mixing. During
operation, the working fluid undergoes thermodynamics
processes and its temperature varies. This results in heat
transfers between the fluid, the engine components, and
the surrounding. This heat energy can potentially be used
to produce work. However, in reality, some energy will be
wasted resulting in exergy destruction. Simultaneously, some
of the engine’s moving components rub against one another
during operation. This increases the local temperature that is
eventually dissipated as heat, resulting in exergy destruction.
There are fluid flows into, within, and out from the engine
too. As a fluid enters a control volume, its pressure drops
because downstream pressure is lower than the upstream.
This drop is called throttling and it destroys exergy.Moreover,
if the temperatures between upstream and downstream are
different, there will be additional exergy destruction due to
the fluid mixing.

Exergy destruction rates due to heat transfer, friction,
throttling, and mixing can be expressed according to (1) as
proposed by McGovern and Harte [15]:
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where 𝑠
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is the specific entropy after throttling, computed at
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A parameter called the second-law efficiency can be
introduced to quantify the exergy performance of the system
according to (2). The amount of exergy supplied is computed
from the inflow of fluid into the suction chamber according
to (3) as proposed before [26]:

𝜂 = 1 −

̇

𝐼

̇

𝐸

,
(2)

̇

𝐸 = �̇� [(ℎ − ℎ

0
) − 𝑇

0
(𝑠 − 𝑠

0
)] . (3)

In the exergy analysis of RV engine, two control volumes
were in focus, that is, the engine’s suction and discharge
chambers. In both chambers, exergywas destroyed by friction
and heat transfer. In addition, at the suction chamber, there
were inflow of fluid from the suction reservoir and outflow
due to internal leakage. At the discharge chamber, there were
inflow of fluid from suction chamber due to leakage and

Table 1: Benchmark operating conditions and major dimensions.

Item Value
Working fluid Air
Operating speed 3000 rev⋅min−1

Suction reservoir temperature 25∘C
Suction reservoir pressure 8 bar
Discharge reservoir temperature 25∘C
Discharge reservoir pressure 1 bar
Atmospheric temperature 25∘C
Radius of rotor 29mm
Inner radius of cylinder 35mm
Length of engine chamber 25mm
Rotating inertia of rotor 0.21 g⋅m2

Rotating inertia of cylinder 2.81 g⋅m2

Friction coefficient of vane 0.15
Assembly radial clearance 20𝜇m
Vane endface total gap width 180 𝜇m
Cylinder endface total gap width 40 𝜇m

outflow to the discharge reservoir.These flows contributed to
exergy destruction through throttling and mixing.

A simulation code to model the exergy behaviour of
an RV engine was developed in MATLAB programming
language. This code was coupled to the existing RV engine
modelsmentioned at the beginning of this section.Whenever
required, a general convergence criterion of 1% was used
throughout the simulation.The benchmark operating condi-
tions and major dimensions of the RV engine are shown in
Table 1. The design configuration of the RV engine studied is
shown in Figure 2. These follow those used in the validation
of the RV engine models reported previously [25].

Following the benchmark analysis, a parametric study
was conducted to analyse how different parameters affect
the exergy behaviours. The parameters to be examined were
suction reservoir pressure, operational speed of engine, and
rotational cylinder inertia. These parameters were selected
because they were found to affect the performance of the
engine significantly in previous studies [7]. Moreover, these
parameters can be changed independently without affecting
the other parameters during the study.

3. Results and Discussion

The benchmark results gathered from the simulation are
presented and discussed in this section. Following the discus-
sion, a parametric study was presented.

3.1. Benchmark Conditions. Figure 3(a) shows the instanta-
neous exergy destruction rate due to heat transfer. The heat
transfer was between the working fluid and the surrounding
walls. The wall temperature was assumed constant and
equal to the surrounding temperature. The figure shows that
exergy destruction rate due to heat transfer in the suction
chamber was significantly higher than that of the discharge
chamber throughout the cycle. This is because of the greater
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Figure 2: The revolving vane engine components and sectional drawing [25].
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Figure 3: (a) Exergy destruction rate due to heat transfer and (b) temperature variations of the fluid.

temperature fluctuation of the fluid in the suction chamber
as compared to that in the discharge chamber as shown
by Figure 3(b). In the suction chamber, fluid temperature
increased rapidly at the start of the cycle due to the rapid
increase in pressure at the beginning of the suction process.
Temperature then fell due to heat transfer to the surrounding
walls for the rest of the suction process. It subsequently
decreased rapidly when the expansion process started. How-
ever, when the temperature was too low, it bounced back
because of heat transfer from the walls. Temperature of fluid
in the discharge control volumewas fairly constant.Therewas
a slight variation at the beginning of the cycle due to the rapid
drop of pressure in the chamber when it was first exposed to
the discharge reservoir.

Figure 4 shows the instantaneous exergy destruction rate
due to friction. Exergy destruction due to vane friction was
dominant, followed by the cylinder bearing, while the rest
were almost negligible. This was due to the high cylinder
inertia of the engine prototype used in this study. It is the
characteristic of the RV engine that its vane contact force and
the corresponding frictional loss are linearly proportional
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Figure 4: Exergy destruction rate due to friction.

to the cylinder inertia. The results suggest that it is crucial
to reduce the cylinder inertia to improve the exergy perfor-
mance of the engine.

Figure 5(a) shows the instantaneous exergy destruction
rate due to throttling. Average contributions of inflow,
outflow, and leakage were comparable. The highest exergy
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Figure 5: (a) Exergy destruction rate due to throttling and (b) pressure variations of the fluid.

destruction of the inflow into the suction chamber occurred
at a rotor angle of around 30∘. This was when inflow rate
into the suction chamber from the suction reservoir was the
highest. It did not occur earlier because of the progressive
uncovering of the suction port. For the outflow from the
discharge chamber, exergy destruction peaked at a rotor
angle of around 45∘. This was when the outflow rate was
the highest. Like the inflow, it did not occur at an earlier
rotor angle due to the progressive opening of the discharge
port. However, the uncovering process of the discharge port
was slower as compared to the suction port. High exergy
destruction rate was observed at rotor angles from 30∘ to
180∘. This corresponds to the high leakage flow rate from the
suction to discharge chambers because of the large pressure
difference between the chambers as shown in Figure 5(b).
From the findings, it can be inferred that, to reduce exergy
destruction due to throttling, the uncovering processes of the
ports should be made faster. This can be done by placing the
ports closer to the vane and by increasing the diameter of the
ports. For the leakage, tightening the leakage gaps to reduce
its flow rate will help to reduce the exergy destruction.

Figure 6 shows the exergy destruction rate due to fluid
mixing. The exergy destruction due to inflow dominated
the rest. This was due to the significantly higher flow rate
and fluid properties differences of the inflow as compared to
the outflow and leakage. This is particularly true when the
pressure in the suction chamber was different from that in the
suction reservoir. Once the two pressures equated, the exergy
destruction rate dropped rapidly.

Overall, the average exergy supply rate into the engine
was 661.6W while the average exergy destruction rate was
465.6W. This equates to second-law efficiency of 29.6%. The
breakdown of the overall exergy destruction is shown in
Table 2. It can be seen that the main contributor of exergy
loss was friction, accounting for almost half of the total loss.
Therefore, it can be concluded that the first step to improve
the RV engine’s performance is to reduce its frictional loss.

3.2. Parametric Study. The effects of different suction reser-
voir pressure conditions to exergy are shown in Table 3. In
order to avoid over- and underexpansions, the suction valve

Table 2: Breakdown of average exergy destruction rate of the RV
engine.

Item Value (W) Contribution
Heat transfer 55.3 12%
Friction 226.2 49%
Throttling 179.0 38%
Fluid mixing 5.1 1%

Table 3: Data of variation of suction reservoir pressure.

Suction pressure (bar) 4 6 8 10 12
Suction valve opening angle 116∘ 94∘ 84∘ 67∘ 58∘

Second-law efficiency 3.0% 30.0% 29.6% 31.6% 30.2%
Exergy supplied (W) 359 551 662 737 803
Exergy destroyed (W) 348 386 466 504 560
Contribution of throttling (W) 100 119 179 206 249
Contribution of friction (W) 224 225 226 226 227
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Figure 6: Exergy destruction rate due to fluid mixing.

opening angle was varied accordingly. The results show that
a higher suction reservoir pressure resulted in higher exergy
destruction of the engine. This is due to throttling, and not
friction, as can be seen in the table. Friction is not a factor here
because pressure does not affect the frictional loss of an RV
engine significantly, which is one of the unique characteristics
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Table 4: Data of variation of operating speed.

Operating speed (rev⋅min−1) 2,400 3,000 3,600
Second-law efficiency 38.6% 29.6% 22.1%
Exergy destroyed (W) 321 466 654
Exergy supplied (W) 523 662 839
Contribution of throttling (W) 149 175 179
Contribution of friction (W) 123 226 374

of themechanism.At the same time, a higher suction pressure
resulted in higher exergy supplied, as the fluid had a higher
potential to do useful work. The exergy supply is increased
by the increase in suction mass flow rate too. The total effect
was quantified by the second-order efficiency. It is observed
that second-law efficiency climbed rapidly as suction pressure
increases from 4 to 6 bar, but it stayed almost constant at
around 30% from 6 to 12 bar. At 4 bar, the exergy supply
rate was too low. As suction pressure was increased, both
the exergy supply and destruction rates increased at the
same pace. Hence, the second-law efficiency plateaus beyond
suction pressure of 6 bar.

From this analysis, the engine prototype was found to be
not suitable for operation at suction pressures below 6 bar.
This is a specific behaviour of this particular engine, not a
general conclusion, as the prototype was designed for such
applications. When the engine is needed for a low suction
pressure application, some of the design parameters, such as
engine dimensions and bearing sizes, should be modified to
reduce the corresponding frictional losses.

The effects of different operational speed to exergy
behaviour of an RV engine are shown in Table 4. Gener-
ally, exergy destruction rate increased as rotational speed
increased. The main losses came from higher fluid throttling
losses and frictional losses. The higher throttling loss was
because of the inability of the suction to catch up with
the increasing speed. The higher frictional loss was because
of the higher rotational acceleration, which increased the
contact force and the corresponding frictional force at the
vane contact line with the cylinder.

At the same time, a higher rotational speed also increased
the mass flow rate, resulting in a higher exergy supply rate.
However, the exergy destruction rate increased faster over the
same range. Hence, the second-law efficiency decreased as
speed increased. A low operating speed is hence favourable
to maximise the work potential of the high-pressure fluid.
However, a low operating speed will limit the output power of
the engine.Therefore, a compromise has to be made between
the output power and the second-law efficiency in practice.

The effects of different cylinder inertias to the exergy
characteristics of RV engine are tabulated in Table 5. It can be
seen that exergy destruction increased as the cylinder inertia
increased. This is mainly because lower cylinder inertia gave
a lower vane frictional loss. Interestingly, throttling loss was
smaller with a smaller inertia, although not so significantly.
This was because of the increased internal leakage due
to larger radial clearance gap with a lighter cylinder. The
bearings must be redesigned if a light cylinder was to be used

Table 5: Data of variation of cylinder inertia.

Cylinder inertia (g⋅m2) 0.94 1.87 2.81
Second-law efficiency 49.9% 39.2% 29.6%
Exergy destroyed (W) 332 403 466
Exergy supplied (W) 662 662 662
Contribution of throttling (W) 163 175 179
Contribution of friction (W) 109 167 226

to keep this clearance gap small. Meanwhile, exergy supplied
by the fluid was maintained at a constant rate in this case as
the suction reservoir pressure and rotational speed were kept
the same.Therefore, the second-law efficiencywas the highest
when cylinder inertia is the smallest. It can be seen that the
effect of inertia to second-law efficiency is significant. As
compared to suction pressure and operating speed, cylinder
inertia is the most practical to be modified as the others
are based on operating demands. A smaller inertia can be
achieved by removing the unnecessary mass of the cylinder
(without compromising its dynamic balance) or by using a
lower density material (without compromising its strength).

4. Conclusion

Exergy analysis has been applied to the revolving vane
compressed air engine. The air engine had a rotor radius of
29mm, cylinder radius of 35mm, and length of 25mm. At
the benchmark conditions, the suction pressure was 8 bar,
the discharge pressure was 1 bar, and the operating speed was
3,000 rev⋅min−1. Temperatures of suction reservoir, discharge
reservoir, and atmosphere were 25∘C. Four main sources
of exergy destruction were identified, namely, heat transfer,
friction, throttling, and fluid mixing. From the analysis, the
following was found:

(i) Overall, the air engine had a second-law efficiency
of 29.6%. The main contributor of exergy loss was
friction (49%), followed by throttling (38%) and heat
transfer (12%). The exergy loss due to fluid mixing is
almost negligible.

(ii) The main contributor of the exergy destruction rate
due to heat transfer is in the suction chamber due to
the large temperature fluctuation of the fluid in it.

(iii) The main contributor of exergy destruction due to
friction was that at the vane, followed by the cylinder
bearing, while the rest were almost negligible. This
was due to the high cylinder inertia of the engine
prototype used. The results suggest that it is crucial
to reduce the cylinder inertia to improve the perfor-
mance of the engine.

(iv) The contributions of inflow, outflow, and internal
leakage to the average exergy destruction due to
throttling were comparable. From the findings, it
was found that, to reduce exergy destruction due
to throttling, the uncovering processes of the ports
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should be made faster. This can be done by placing
the ports closer to the vane and by increasing the
diameter of the ports. For the leakage, tightening the
leakage gaps to reduce its flow rate will help to reduce
the exergy destruction.

(v) The exergy destruction due to mixing was dominated
by the inflow. However, the overall contribution of
fluid mixing to the exergy loss is very small (around
1%).

A parametric study was also conducted to analyse how
different parameters affect the exergy behaviours.The param-
eters to be examined were suction reservoir pressure (from
4 to 12 bar), operational speed of engine (from 2,400 to
3,600 rev⋅min−1), and rotational cylinder inertia (from 0.94
to 2.81 g⋅mm2). The study found the following:

(i) A higher suction reservoir pressure resulted in both
higher exergy destruction and supply of the engine.
However, the rates of change were different so the
second-law efficiency climbed rapidly as suction pres-
sure increases from 4 to 6 bar, but it stayed almost
constant at about 30% from 6 to 12 bar. From this
analysis, the engine prototype was found to be not
suitable for operation at suction pressures below 6 bar.
When the engine is needed for a low suction pressure
application should be modified.

(ii) Both exergy destruction and supply rates increased as
the rotational speed increased. However, the exergy
destruction rate increased faster. Hence, the second-
law efficiency decreased as speed increased. A low
operating speed is therefore favourable to maximise
the work potential of the high-pressure fluid. How-
ever, it is noted that a low operating speed will limit
the output power of the engine.

(iii) Exergy destruction increased as the cylinder inertia
increased while the supply rate is constant. The
second-law efficiency was the highest when cylinder
inertia is the smallest. As compared to suction pres-
sure and operating speed, cylinder inertia is the most
practical and significant to be modified.

Nomenclature

̇

𝐸: Exergy supply rate (W)
ℎ: Specific enthalpy (J⋅kg−1)
̇

𝐼: Exergy destruction rate (W)
�̇�: Mass flow rate (kg⋅s−1)
̇

𝑄: Heat transfer rate (W)
𝑠: Specific entropy (J⋅kg−1)
𝑇: Temperature (K)
�̇�: Power (W).

Greek Letters

𝜂: Efficiency.

Subscripts

0: Ambient
𝑓: Friction
ht: Heat transfer
𝑖: Identifier for inlet flow stream
𝑗: Identifier for thermal mass
th: Throttling
mx: Mixing.
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