
Energy Conversion and Management 105 (2015) 518–529
Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier .com/locate /enconman
Timing optimization of single-stage single-acting reciprocating
expansion engine based on exergy analysis
http://dx.doi.org/10.1016/j.enconman.2015.08.012
0196-8904/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: imchm@yahoo.co.uk (M. Farzaneh-Gord), m_jannatabadi@

yahoo.com (M. Jannatabadi).
Mahmood Farzaneh-Gord, Mohsen Jannatabadi ⇑
The Faculty of Mechanical Engineering, Shahrood University of Technology, Shahrood, Iran

a r t i c l e i n f o
Article history:
Received 23 April 2015
Accepted 4 August 2015
Available online 19 August 2015

Keywords:
Natural gas
Single acting expansion engine
Exergy efficiency
Genetic Algorithm
Timing optimization
a b s t r a c t

For recovering the waste potential energy of natural gas during pressure reduction in City Gate Stations
(CGS), Reciprocating Expansion Engine (REE) could be utilized instead of throttling valves. The main goal
of this theoretical analysis is to optimize ports opening and closing time of REEs. The first and second
law analysis of the natural gas inside the cylinder, as a control volume, has been carried out for optimiza-
tion. The optimization is based on Genetic Algorithm from exergy efficiency concept. The influence of the
REE pressure ratio on the exergy efficiency is analyzed by numerical calculations too. In general, the results
of the analysis showed that exergy efficiency based on optimization of inlet/outlet ports opening and closing
timing has a huge impact on the REE performance. It was found that for optimized timing, exergy destruc-
tion due to outlet throttling is two or three times of destruction due to inlet throttling, in one case 14.5 kW
against of 6 kW. It is also found that engine size does not have much impact on the port timings. The results
showed that exergy destruction due to mixing and heat transfer can be neglected, although friction and
inlet/outlet throttling have a significant impact on exergy loss. The portion of friction is about 5–10% in
all cases. It is also found that inlet pressure has significant effects on optimized port timing. In cases of inlet
pressure of 70 bars, inlet processes should be finished at 63� and in cases of 55 bars it is about 72�. If a REE is
optimized for inlet pressure of 70 bar, it should not be utilized for inlet pressure less than 30 bar.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Natural Gas (NG) pressure should be reduced in City Gate
stations (CGS) before its transmission for being consumed in local
distribution systems. The expansion valve is traditionally used for
pressure reduction. Expansion valve destroy a lot of potential
energy of high pressure natural gas during pressure reduction.
There are a lot of researches to analyze the methods for recovering
this huge wasted energy. These methods consist of using combined
heat and power (CHP) and turbo expanders [1–6]. Exergy recovery
and energy analysis of pressurized gas in natural gas expansion
plants by using of internal combustion engine (ICE) and an organic
Rankine cycle (ORC) has been studied [7–9].

A few studies have been carried out on using turbo expanders
instead of throttling valve to recover the wasted potential energy
in natural gas pressure reduction [10–12]. Using of solar heating
unit due to decreasing fuel consumption and installing turbo
expander instead of throttling valve for power generation has been
studied [13].
It has been shown that the amount of pressure drop is the main
parameter which has a huge impact on the amount of power out-
put. The effect of turbine’s isentropic efficiency on power output
has been analyzed too [10]. It has shown that the variation of flow
rate has a significant effect on the amount of power generation
[11]. Another investigation shows that installing turbo expander
in parallel with expansion valve has financial benefit over a year
[12].

There is a very good possibility of recovering energy from pres-
surized gas during pressure reduction using REE. Power generation
from REE is clean and could be considered as green energy. A sche-
matic diagram of a REE is shown in Fig. 1. Nowadays, employing
natural gas reciprocating single or double acting expansion engine
in parallel with expansion valve is getting a popular alternative
option [14]. Single-acting REE (see Fig. 2) which could be made less
expensive than double acting only has one expansion stroke per
revolution of crankshaft. Therefore, the expansion of gas will take
place on the top side of the piston. This means that the piston is
only powered by gas on its down stroke and needs the momentum
of the crankshaft to force it back up from Bottom Dead Center
(BDC) to Top Dead Center (TDC).

Although REEs have been employed in NG industries for pres-
sure reduction, there is a very limited research about these
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Nomenclature

A instantaneous heat transfer area (m2)
As;d inlet/outlet port area (m2)
b specific flow exergy function (kW)
CL clearance volume (m3)
CP constant pressure specific heat (j/kg K)
CV constant volume specific heat (j/kg K)
Di piston diameter (m)
Do outside diameter (m)
E energy (kW)
d port diameter (m)
f friction factor
h specific enthalpy (j/kg)
_I exergy destruction (kW)
L connecting rod length (m)
t time (s)
Lr ring wide (m)
_m mass flow rate (kg/s)
N motor speed (rpm)
P pressure (Pa)
_Q heat transfer rate (kW)
R crank radius (m)
Rg constant coefficient of methane (j/kg K)
rp pressure ratio
_Sgen entropy generation (W/K)
s specific entropy (j/kg K)
T temperature (K)
T0 dead state temperature (K)
Ta ambient temperature (K)
u internal energy (j/kg)
U overall heat transfer coefficient (w/m2 K)

V volume (m3)
W power (kW)
x piston displacement (m)
c isentropic power
W exergy efficiency
h instant angle of connecting rod (�)
_N rate of exergy transfer (kW)
x rotational speed (rad/s)

Subscripts
av average
0 clearance volume
b brake work
c control volume of expansion engine
d discharge
dis cylinder volume
f friction
i identifier for inlet flow stream
id ideal
ind indicator
in inside cylinder
mix refer to mixing
out outside cylinder
Q refer to heat transfer
r ring piston
s suction
t total exergy transfer
th refer to throttling
w wall cylinder

High pressure gas

Inlet port

Low pressure gas

outlet port

Gas Expansion
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engines. One report shows that the amount of power generation by
REE from natural gas potential energy depends on mass flow rate,
pressure ratio and NG preheating [14]. Since experimental investi-
gation of REE is very costly, computer modeling for analyzing and
the engine alternative designing is more affordable. Farzaneh-Gord
and Jannatabadi [15] modeled the single-acting REE and analyzed
the effect of various parameters such as speed, port and piston
diameter, connecting rod length and crank radius on the engine
performance and proposed the optimized amount of these param-
eters. Farzaneh-Gord et al. [16] studied utilizing a REE at much
lower pressure (between 4 and 17 bar) for Town Border pressure
reduction Stations (TBS). In their study AGA8 equation of state
has been used for calculating natural gas thermodynamic
properties.

From the point of geometric and simulation view, a REE is
similar to a reciprocating compressor. It just acts the reverse of
compressor but instead of valves, spool valves are used for control-
ling inlet and outlet mass flow. Therefore, similar research on
reciprocating compressors is worth reviewing. A lot of researches
Expansion
Engine Gearbox

Electric
Generation

Generator
To Distribution System

Expansion
Valve

High
Pressure Gas

Fig. 1. A schematic diagram of installing an expansion engine in a CGS.

θ

Connecting rod

Crank radius

Fig. 2. A schematic diagram of a single acting reciprocating expansion engine.
have been reported on the further development of the methods
of physical simulation and thermodynamic processes occurring
on the reciprocating compressors to predict overall performance
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under various conditions [17–19]. One study investigates perfor-
mance and volumetric efficiency of reciprocating compressors
and introduces some parameters which cause decreasing the effi-
ciency of the system [20]. In a theoretical simulation, based on real
and ideal gas assumption, the effects of such important parameters
has been analyzed on the performance of natural gas reciprocating
compressor and results show that there is a difference between
temperature, indicated work and mass flow rate of compressor
when the gas is assumed to be ideal or real [21].

Since the physical resemblance of REE to the Spark Ignition (SI)
engine or reciprocating compressor and the effect of ports opening
and closing time on exergy destruction due to inlet/outlet throt-
tling, the researches on exergy modeling of reciprocating compres-
sor and SI engine are also worth presenting. Exergy analysis has
been interested by researchers in recent years to predict the energy
loss recourses of systems and to increase system performance.
Studies such as [22–24,20] have been done on exergy analysis of
natural gas during pressure reduction. The measurement of param-
eters which waste the compressor shaft power has been studied by
McGovern [23]. He studies on the exergy destruction of reciprocat-
ing compressor due to heat transfer, friction, inlet/outlet throttling
and mixing and identify their locations [25]. Study on the effects of
some design and operating parameters on the exergy analysis of SI
engine shows that changing these parameters have a huge effect
on the irreversibility of engine during its process [26]. The type
motion and geometry of valve is a basic parameter to control the
mass flow rate. Semlistch studied on the valve and piston motion
to investigate the energy loses of SI engine [27]. There are many
styles of slide or piston valves to control mass flow of steam engi-
nes [28]. In this thesis two cylindrical valves are used for this pur-
pose, Fig. 2.

A single valve reciprocating expander has been studied and it
was shown that there is high flow speed due to pressure difference
in admission process [29]. The main goal of the present study is to
optimize the opening and closing time of inlet and outlet ports the-
oretically. Scientific researchers have not been carried out on the
exergy analysis of REE yet. Since the first law analysis does not give
enough information about the performance of a REE, the current
study is based on minimizing entropy generation during suction,
expansion, discharge and recompression processes. For this pur-
pose a thermodynamic model has been developed. In this model,
control volume is assumed as gas inside the cylinder (see Fig. 2).
The model could predict in-cylinder pressure and temperature at
various crank angles. Through the analysis, the effects CGS inlet
pressure variation on exergy destruction has been investigated.
The fluid flow through the inlet and outlet ports modeled as fluid
flow through orifices. Genetic Algorithm is selected for optimiza-
tion and second law efficiency is considered as fitness function.
The number of population size is considered 20 and Roulette func-
tion is utilized for optimization. The continuity and first law of
thermodynamic with heat transfer between the in-cylinder natural
gas and environment are considered simultaneously to calculate
the gas temperature and pressure. The natural gas is assumed as
methane and modeled as an ideal gas.

2. First law thermodynamic

The first law for selected control volume (in-cylinder gas) could
be presented as [30]:

dECV

dt
¼ _QCV � _WCV þ

X
ð _mhÞs �

X
ð _mhÞd ð1Þ

It could be seen that the potential and kinetic energy are
assumed negligible in inlet an outlet enthalpy fluxes. For inlet/out-
let conditions the suction/discharge temperature and pressure are
considered as boundary conditions. In Eq. (1), the work term could
be calculated as [31]:
WCV ¼
Z h¼360

h¼0
PcdVc ð2Þ

The work obtained from the above equation should be consid-
ered as indicator work. It is assumed that the energy of system is
a function of internal energy only, it means that potential and
kinetic energy are negligible [32] which follows that:

dECV

dt
¼ dðmcucÞ

dt
¼ mc

duc

dt
þ uc

dmc

dt
ð3Þ

Heat transfer between in-cylinder gas and ambient could be
modeled as follow [32].

_QCV ¼ UðtÞAðtÞðTa � TcðtÞÞ ð4Þ
UðtÞ and AðtÞ are overall heat transfer coefficient and instanta-

neous heat transfer area, respectively. The more information about
heat transfer modeling could be found in [33]. The mass conserva-
tion law could be expressed as [31]:

dmc

dt
¼ dms

dt
� dmd

dt
ð5Þ

With substituting the Eqs. (4) and (5) in Eq. (1), the following
equation could be obtained [32]:

duc

dt
¼ 1

mc
UðtÞAðtÞðTa � TcðtÞÞ � Pc

dVc

dt
þ _mshs � _mdhc � _mcuc

� �
ð6Þ

The above equations are differentiated respect to time, to con-
vert them to the form of crank angle, the following equation could
be used [32]:

d
dt

¼ d
dh

dh
dt

¼ x
d
dh

ð7Þ

where x is the rotational speed of crank shaft. Since for ideal gas
duc ¼ CvdTc , the first law of thermodynamic could be rearranged
as below [32]:

dTc

dh
¼ 1

mcCv

1
x

UðtÞAðtÞðTa � TcðtÞÞ � Pc
dVc

dh
þ dms

dh
hs � dmd

dh
hc

�

� uc
dms

dh
� dmd

dh

� ��
ð8Þ

For calculating instantaneous pressure and temperature of gas
as a function of crank angle, each degree is divided into 10 steps;
it means that 3600 steps are used to mathematical simulation con-
vergence. The difference between the initial and final in-cycle tem-
perature and pressure is considered as a convergence function.
Then based on Euler method and ideal gas equation of state tem-
perature and pressure of gas could be calculated as follow [15]:

Tjþ1
c ¼ T j

c þ dT j
c ð9Þ

Pjþ1
c ¼ mjþ1

c RgT
jþ1
c

V jþ1
c

ð10Þ

3. Thermodynamic properties calculation

In this study, the specific heat capacity of methane is considered
as a function of temperature as follow [34]:

CPðTÞ ¼ A1 þB1
C1=T

sinhðC1=TÞ
� �2

þD1
E1=T

coshðE1=TÞ
� �2

A1 ¼ 3:3298�104; B1 ¼ 7:9933�104; C1 ¼ 2:0869�103;

D1 ¼ 4:1602�104; E1 ¼ 9:9196�102

ð11Þ

For calculating the enthalpy of methane, the below equation
could be used [34]:
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hðTÞ ¼ hid þ A1ðT � T0Þ þ B1C1 coth
C1

T

� �
� coth

C1

T0

� �� �

� D1E1 tanh
E1

T

� �
� tanh

E1

T0

� �� �
ð12Þ

And then the internal energy could be calculated as [30]:

uðTÞ ¼ hðTÞ � RgT ð13Þ
Entropy of methane could be calculated as [34]:

sðT; PÞ ¼ sid þ sðTÞ � Rg ln
P
P0

� �
ð14Þ

where [34]:

sðTÞ ¼ A1 ln
T
T0

� �
þ B1

C1

T

� �
coth

C1

T

� �
� C1

T0

� �
coth

C1

T0

� ��

� ln sinh
C1

T

� �� �
þ ln sinh

C1

T0

� �� ��

� D1
E1

T

� �
tanh

E1

T

� �
� E1

T0

� �
tanh

E1

T0

� ��

� ln cosh
E1

T

� �� �
þ ln cosh

E1

T0

� �� ��
ð15Þ
4. Geometrical modeling

According to slider crank mechanism, the piston instantaneous
position could be calculated as [15]:

xðhÞ ¼ x0 þ Rð1� cos hÞ þ L 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� R

L

� �2

sin2h

s8<
:

9=
; ð16Þ

where x0 is the length of clearance volume. Then the cylinder vol-
ume will be calculated as [15]:

VcðhÞ ¼ xðhÞpD2
i

4
ð17Þ
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Fig. 3. Timing of expansion engine.
5. Mass flow rate modeling

The inlet/exhaust port timing is one of the most important
parameters which has a major effect on the engine performance
and is controlled by a spool valve, Fig. 2. Here, it is assumed that
two spool valves are being employed to control inlet and outlet
mass flow. This gives a freedom for selecting optimized period of
opening of each inlet/outlet ports. Instantaneous inlet and outlet
ports cross sectional area are modeled with a sine function as fol-
lows [15]:

dms

dh
¼

1
xAsPs sin h

h0
p

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2c

ðc�1ÞRgTs

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pc
Ps

� �2
c � Pc

Ps

� �cþ1
c

r
if Pc

Ps
> 2

cþ1

� � c
c�1

1
xAsPs sin h

h0
p

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c

RgTs
2

cþ1

� �cþ1
c�1

r
if Pc

Ps
6 2

cþ1

� � c
c�1

8>>><
>>>:

9>>>=
>>>;

ð18Þ

dmd

dh
¼

1
xAdPc sin

h�hi
he�hi

p
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2c
ðc�1ÞRgTc

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pd
Pc

� �2
c � Pd

Pc

� �cþ1
c

r
if Pd

Pc
> 2

cþ1

� � c
c�1

1
xAdPc sin

h�hi
he�hi

p
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c
RgTc

2
cþ1

� �cþ1
c�1

r
if Pd

Pc
6 2

cþ1

� � c
c�1

8>>><
>>>:

9>>>=
>>>;

ð19Þ
It could be realized that based on gas dynamic law, the chocking

in the ports occurs when the pressure ratio is less than

ð2=ðcþ 1ÞÞc=c�1.During the chocking, the port mass flow rate
should be calculated using the relation in the bottom of Eqs. (18)
and (19) [14]. In these equations h0 is intake port closure timing
(IPCT), hi is an exhaust port opening timing (EPOT), and he is an
exhaust port closure timing (EPCT) (see Fig. 3).
6. Exergy analysis

Exergy of a system is the maximum work which could be
achieved if the system is brought to equilibrium with the environ-
ment. Exergy cannot be created but it can be destroyed due to ther-
modynamic irreversibility such as friction, mixing, heat transfer
and throttling.

According to Kotas, exergy efficiency is defined as the ratio of
the ‘‘desired exergy output” to the ‘‘exergy used” [35]. Tsatsoron
is prefers the terms ‘‘product” and ‘‘fuel” instead, respectively
[36]. The meaning of ‘‘desired exergy effect” or ‘‘product” is the
desired result produced in the system whereas the ‘‘exergy used”
or ‘‘fuel” defines as the net resources to produce the desired effect
[37]. Eventually, it is preferable to say that, exergy efficiency is the
ratio of ‘‘actual work developed by the system” and the ‘‘exergy
made available to the system”:

W ¼ Bactual work by the system

Bexergymade to system
ð20Þ

In REE, actual work is the power generation or brake work and
the exergy used to get this power is the different between total
exergy input and output which is called exergy transfer. Then the
ratio of brake work to exergy transfer is exergy efficiency as [38]:

W ¼ Wb

Nt
ð21Þ

Wb ¼ WC:V �Wf ð22Þ
For calculating the rate of exergy transfer to control volume, the

inlet and outlet mass flow rates and thermodynamic properties of
gas inside the control volume should be evaluated. The ambient
temperature and suction/discharge conditions should be consid-
ered to calculate the inlet/outlet exergy. The rate of exergy transfer
is given by [38]:

_Nt ¼ _mðbs � bdÞ ¼ ð _mshs � _mdhdÞ � T0ð _msss � _mdsdÞ ð23Þ
Parameters causing the irreversibility within gas stream in

expansion chamber are heat transfer between the gas and the
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ambient, mixing of inlet stream, inlet/outlet throttling and friction.
For calculating the heat transfer, two control volumes are assumed.
First, the heat transfer between the ambient at temperature of Ta

and the temperature of solid at Tw, and then heat transfer between
the solid and the gas inside the expansion chamber by the temper-
ature of Tc , (see Fig. 4). In this study, it is assumed that
Tw ¼ Tw;in ¼ Tw;out ¼ ðTs þ TdÞ=2 [32]. In REE due to long period of
discharge process, discharge temperature could not considered
constant. Consequently, it is calculated as:

Td ¼
PðmdTcÞP

md
ð24Þ

Hence the irreversibility due to heat transfer from an ambient
to the gas is given by [38]:

_IQ ¼ T0
_Qin

1
Tc

� 1
Tw

� �
þ _Qout

1
Tw

� 1
Ta

� �� �
ð25Þ

The process of inlet/outlet throttling was assumed as an adia-
batic and isenthalpic process. Irreversibility due to these throttling
could be computed as [35]:

_Ithi ¼ T0 _ms½sc � si� ð26Þ

_Ithe ¼ T0 _md½sd � sc� ð27Þ
where si and sd are entropy at the suction line and discharge condi-
tion respectively.

Since, there is a temperature difference between the inlet gas
and in-cylinder gas, there would be another irreversibility due to
mixing which is calculated as follows [25]:

_Imix ¼ _msT0 ðsc � siÞ � hc � hs

Tc

� �

¼ _msT0Cp ln
Tc

Ts

� �
� Tc � Ts

Tc

� �
ð28Þ

Considering oil free piston ring, friction work due to piston
movement of expansion engine could be calculated as below [39]:

Wf ¼ 2SpfPcLrDi ð29Þ
Lr is the ring width, S is stroke length, f is the friction coefficient

of PTFE and Pc is the in-cylinder gas pressure.

7. Results and discussion

Energy and exergy analyses as well as optimization based on
minimizing exergy destruction or maximizing exergy efficiency
,gas w inT T gasT T

Fig. 4. Heat transfer betw
are studied for a REE where the methane is considered as an ideal
gas. For calculating the gas temperature and pressure, the first law
of thermodynamic and the ideal gas state equation are used
simultaneously. Inlet temperature, inlet and outlet pressure of
in-cylinder gas should be specified at the beginning of the simula-
tion. The equations which were described in the previous section
are solved at each time-step to calculate thermodynamic proper-
ties of the gas. At the start of the cycle, the port is opened to admit
gas into the cylinder. It closes to allow the gas to expand as the
piston moves down the cylinder. Then it opens to release the low
pressure gas from the cylinder and finally closes to compress the
small amount of gas that remains in the cylinder before the cycle
begins again. Thus, the ports are opened and closed in turn, twice
in each cycle.

Firstly, to validate the numerical method, a comparison has
been carried out between numerical, theoretical and measured
values. The measured value has been reported in Ref. [40] for a
steam engine. It should be pointed out that a steam engine could
be considered as a REE. For validation, pressure–volume change
has been compared. For this purpose a uni-flow configuration of
steam engine is compared with REE. In uni-flow configuration
exhaust ports are located on cylinder wall, it means that piston
controls the exhaust mass flow rate. In this comparison case inlet
pressure and temperature are assumed as 69 bar and 811 K,
discharge pressure as 1.4 bar, piston diameter as 8.9 cm, motor
speed as 2000 rpm, inlet port diameter as 1.9 cm, five valve square
with sides of 1 cm and stroke of 9 cm. Fig. 5 shows the comparison.
As it could be realized there is a good agreement between the
numerical and measured values.

The calculations are performed for the inlet pressures of 70 and
55 bars.Optimumopeningand closing timeof theports is calculated
in order tomaximize exergy efficiency. In optimizationwithGenetic
Algorithm, 700 iterations are carried out to reach the best timing.
Then by considering the piston average speed and piston diameter,
other aspects of engine have been optimized respect to these values.
Table 1 shows the major components of a piston engine.

At first, for optimization, a basic case of engine geometry is con-
sidered, Di ¼ 16, Do ¼ 18, ds ¼ dd ¼ 5, S ¼ 2R ¼ 14, L ¼ 20 cm and
CL ¼ 7%. From these values, it could be realized that piston diam-
eter is larger than piston stroke which develops greater peak
power.

In expansion engines, average piston speed should be between
3.2 and 4.4 m/s [41]. From equation of uave ¼ 2SN and S ¼ 2R, this
leads to change crank radius from 6.4 to 8.8 cm. Here, in basic case
crank radius of 7 cm with average piston speed of 3.5 m/s is
assumed. Then due to the dimensions, Table 1, based on average
,w in ,gas w inT T

een ambient and gas.
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Table 1
Physical parameters of studied expansion engine.

Operating
condition

Data Operating
condition

Data

Ps 55 and 70 bars Di 14.6–16–18.3–20.1 cm
Pd 17 bars Do=Di ¼ 1:125 16.4–18–20.6–22.6 cm
ds=Di ¼ 0:3125 4.6–5–5.7–6.3 cm Ts 300 K
dd=Di ¼ 0:3125 4.6–5–5.7–6.3 cm Ta 298 K
V0 7% Vdis f 0.2
Lr 0.5 cm 2R=Di ¼ 0:875 6.4–7–8–8.8 cm
N 750 rpm L=Di ¼ 1:25 18.3–20–22.9–25.1 cm
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Fig. 8. Effect of inlet port diameter on exergy efficiency.
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piston speed of 3.2, 4 and 4.4 m/s, crank radius is selected as 6.4, 8
and 8.8 cm, respectively. In general, a total of 8 various engine
dimensions have been studied. It should be pointed out that basic
case is selected after the optimized timing was obtained for various
cases. Consequently, the basic case may have the optimum
parameters.

7.1. Selecting the basic case of engine geometry based on optimum
exergy efficiency

To optimize the inlet/outlet ports opening and closing time, at
first, a basic case is selected for REE geometric, see Table 1, and
case 2, which piston diameter is 16 cm, port diameters are 5 cm,
crank radius is 7 cm and connecting rod is 20 cm. It will be proved
later, based on the results, that these selected dimensions are very
close to optimum values. At first, it should be noted that exergy
destruction due to mixing and heat transfer in all cases is so small
that they can be neglected; (see Figs. 6 and 7). It should be also
point out that with increasing the engine size exergy destruction
due to mixing and heat transfer will increase.

In Fig. 8, it can be realized that with inlet port diameter varia-
tion from 2 to 6 cm while the diameter of the outlet port kept con-
stant at 5 cm, exergy efficiency increases because of increasing
mass flow rate. Figs. 9 and 10 show that with increasing inlet port
diameter, exergy destruction due to inlet/outlet throttling will be
decrease. Since the effect of port diameter of 5 and 6 cm is very
close, due to geometric constraints of larger port area tends to
increase the clearance volume which may have a negative effect
on efficiency; consequently port diameter of 5 cm is selected as
an optimum basic case. Smaller port does not have selected
because it can be seen that the exergy efficiency will be smaller
in these values, and consequently output power of REE will be
smaller too. For example in port diameter of 2 cm, the amount of
power generation achieved almost 1914 kW/kg, although with
port diameter of 5 cm, REE will be produced 2277 kW/kg of power.
With variation of port diameter, exergy destruction due to friction
is varied from 4.7 to 5.7 kW.
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Fig. 9. Effect of inlet port diameter on outlet throttling.
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Fig. 10. Effect of inlet port diameter on inlet throttling.
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Fig. 12. Effect of piston stroke on outlet throttling.
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Fig. 11 shows that crank radius variations from 6 to 9 cm causes
a reduction in the exergy efficiency from about 91–87%. So it could
be concluded that increasing the piston stroke causes that the
exergy transfer to raise more sharply comparing with brake power.
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Fig. 11. Effect of stroke on exergy destruction.
Consequently, it is preferable to select a small crank radius or a
small piston stroke. Since that the minimum average piston speed
is assumed as 3.2 m/s, value of 6 cm for crank radius is not suitable
and then it is selected as 7 cm for the basic case of geometry.
Figs. 12 and 13 show that increasing piston stroke will be resulted
to increase in exergy destruction. This is due to inlet and outlet
throttling. These figures show that for a typical engine size, exergy
destruction due to outlet throttling is higher than inlet throttling.
As an example in a basic geometrical case, 60 kW/kg exergy will
be destroyed when gas pass through outlet port, whereas 20 kW/
kg will be destroyed through inlet port.

From Fig. 14, it could be realized that exergy efficiency is not
much affected by variation of connecting rod length from 15 to
35 cm; therefore, the value of 20 cm is selected as a basic case of
connecting rod, although values more than 20 cm could be also
selected. Figs. 15 and 16 show that selecting the basic value of con-
necting rod length is not very important, because of its low impact
on exergy destruction. Based on outlet throttling connecting rod
length with more or equal than 20 cm is preferable than lower val-
ues, but according to inlet throttling, value of 20 cm has minimum
exergy destruction. Friction power has not been affected much
with variation of connecting rod length.

Piston cannot go and touch the extreme end of the cylinder at
top dead center (TDC) position. A small volume between piston
and end of the cylinder in addition the volume of port is called
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Fig. 13. Effect of piston stroke on outlet throttling.
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Fig. 14. Effect of connecting rod length on exergy efficiency.

0.8 1 1.2 1.4 1.6 1.8 2 2.2
56

58

60

62

64

66

68

70

72

74

connecting rod length/piston diameter

O
ut

le
t T

hr
ot

tli
ng

 (k
W

at
t/k

g)

Fig. 15. Effect of connecting rod length on outlet throttling.
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Fig. 16. Effect of connecting rod length on inlet throttling.
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Fig. 17. Effect of clearance volume on exergy efficiency.
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Fig. 18. Effect of clearance volume on indicated power.

Table 2
Optimum opening & closing time of ports for several engines.

Ps Ts Di ds S L h0 hi he

Case 1 70 300 14.6 4.6 12.8 18.3 62 198 330
Case 2 70 300 16 5 14 20 63 194 331
Case 3 70 300 18.3 5.7 16 22.9 63 197 332
Case 4 70 300 20.1 6.3 17.6 25.1 64 194 333
Case 5 55 300 14.6 4.6 12.8 18.3 70 206 335
Case 6 55 300 16 5 14 20 72 193 336
Case 7 55 300 18.3 5.7 16 22.9 72 198 337
Case 8 55 300 20.1 6.3 17.6 25.1 72 202 337
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as the clearance volume. By varying the clearance volume from 5%
to 15%, the optimum power and efficiency are achieved in the
amount of 7%, (see Figs. 17 and 18). From Fig. 18 it can be seen that
2270 kW/kg power is generated in 7% of clearance volume which is
more than other values. Although the effect of clearance volume on
exergy efficiency is very little so that it changes from 89% to 90%
between 5% and 7%. Then for all REE cases this value is selected
for clearance volume.

7.2. Results of port optimum timing (opening and closing time)

Based on above discussions, Table 2 shows the results of opti-
mum opening and closing time of ports in every case of engines.
For optimization it was assumed that there is no back flow from
inside cylinder to suction line and from discharge line to inside
cylinder. With this constraint as it can be seen from Table 2, by
reducing the inlet pressure condition from 70 to 55 bars, IPCT is
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associated with a slight delay, from an average angle of 63� to an
angle of 72�, due to having same mass flow rate, suction process
with inlet pressure of 55 bars should take longer than inlet pres-
sure of 70 bars. EPOT in all cases is almost the same. Like IPCT,
EPCT at inlet pressure of 55 bars has a further delay toward inlet
pressure of 70 bars.

Table 2 shows that in the same inlet pressure and temperature
condition, larger engine size almost does not have an effect on IPCT
and EPCT. For example in case 1 to case 4 it can be seen that IPCT is
about 63 and EPCT is 330–333� of crank revolution. It is interesting
to note that the best time for beginning of discharge process, EPOT,
is at upward piston movement from BDC to TDC. Generally, it could
be said that changing engine size does not affect on optimization
timing of REE. It means that for having less exergy destruction, dis-
charge process should start after BDC. Also, it could be said that
with selecting a larger REE, opening/closing timing of ports does
not change significantly.
Fig. 21. Indicator power of all engine.
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7.3. The effect of engine size on power generation and exergy efficiency

Fig. 19 shows that with increasing the engine size, exergy effi-
ciency will increase very slightly so that it can be said that chang-
ing engine size does not affect on exergy efficiency of REE. The ratio
of indicated power to total inlet mass flow rate does not change
14 15 16 17 18 19 20 21

90

90.2

90.4

90.6

90.8

91

91.2

91.4

piston diameter (cm)

E
xe

rg
y 

E
ff

ic
ie

nc
y 

(%
)

Ps=70 bar
Ps=55 bar

Fig. 19. Exergy efficiency of all engine.
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Fig. 22. Friction power of all engine.
much and it has a short decline, (see Fig. 21). Figs. 21 and 22 also
show that increasing mass flow rate and pressure ratio has a signif-
icant effect on amount of power generation. This is because of hav-
ing a larger port diameter and therefore a more exergy destruction
due to inlet/outlet throttling. From Fig. 20, it could be found that
for various pressure ratios, optimization has been taken at constant
mass flow rate in each engine size.

Fig. 22 shows that increasing piston diameter from 14.6 to
20.1 cm has a small effect on friction power of REE. Although with
increasing inlet pressure, exergy destruction due to friction will
increase too. In all cases, the portion of friction power is 5–15%
of indicated power.

7.4. The effect of variation of inlet pressure

In CGS, the inlet pressure are varying during year but here the
REE is optimized for a constant inlet pressure and then effects of
inlet pressure variation are studied. Figs. 23 and 24 show that if
optimization is done based on working pressure of 70 bars, inlet
pressure should be kept above 30 bars, as for lower inlet pressure,
the engine has a very small efficiency and it cannot generate
power. This is basically due to high friction power comparing to
indicator power. It means that in designing of REE with inlet pres-
sure of 70 bars, if the inlet pressure drops to 30 bars, natural gas
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Fig. 23. Indicator power, pressure of 70 bars.
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Fig. 24. Exergy efficiency, pressure of 70 bars.
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Fig. 26. Exergy efficiency, pressure of 55 bars.
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should be passed through expansion valve instead of REE. In opti-
mization based on working inlet pressure of 55 bars, for all pres-
sure ratios, REE will produce electricity, (see Figs. 25 and 26).
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Fig. 25. Indicator power, pressure of 55 bars.
Comparing Figs. 23 and 25, it could be realized that for timing opti-
mization based on 55 bars, in low pressure ratios, designing with
working pressure of 55 bars produces more power than pressure
of 70 bars. By comparing Figs. 23 and 25, one could realize that
in low pressure ratios, exergy destruction for inlet pressure of
70 bars is more than 55 bars and this behavior in high pressure
ratios is reversed.
7.5. The effect of pressure ratio on exergy destruction resources

Results show that apart from friction which has the greatest
effect on thorough exergy loss, the most part of exergy destruction
occurs at discharge process, and exergy destruction due to mixing
and heat transfer is very small. From Figs. 27–30 it could be real-
ized that larger engine has more exergy destruction in both suction
and discharge process. Figs. 27 and 28 show that in optimization
with inlet pressure of 70 bars, there is more exergy destruction
due to inlet and outlet throttling when the inlet pressure lower
than the designed value (70 bars). But in optimization with inlet
pressure of 55 bars, in both lower and higher pressure the amount
of exergy destruction is more than inlet pressure of 55 bars,
Figs. 29 and 30.
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Fig. 27. Outlet exergy lost, pressure of 70 bars.
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Fig. 29. Outlet exergy lost, pressure of 55 bars.
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Fig. 30. Inlet exergy lost, pressure of 55 bars.
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Fig. 28. Inlet exergy lost, pressure of 70 bars.
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8. Conclusion

Optimization of exergy efficiency based on closing and opening
time of ports besides effects of geometrical parameters has been
carried out to study the REE performance and define the exergy
destruction resources. On study of the geometrical effects, outlet
port was kept constant at 5 cm. Then, the influences of the pressure
ratio of the REE on the exergy efficiency and output power were
investigated. Based on the results, the following conclusions could
be made:

1- According to optimum angles calculated, selecting a small
value of inlet port diameter and crank radius cause more
exergy destruction due to throttling. But other parameters
such as clearance volume and connecting rod length have
less effective on thorough exergy loss.

2- The inlet/outlet ports opening and closing timing is an effec-
tive parameter on the rate of exergy destruction.

3- Mixing and heat transfer have a little effect on the rate of
exergy destruction. For example in one case in 60 kW/kg
exergy destruction, only 2.5 W/kg and 0.12 W/kg of exergy
will be lost due to mixing and heat transfer respectively.

4- In all cases, the largest exergy destruction rates occurred due
to friction and outlet throttling, respectively. In all cases a
portion of 5–15% of exergy is destroyed due to friction.
Exergy destruction due to outlet throttling is almost two
times of exergy destruction due to inlet throttling.

Also, it could be concluded that the essential part of the exergy
destruction from the single stage expansion engine is due to inlet
and outlet throttling. As a result, proper timing of opening and
closing ports is very influential in reducing the amount of exergy
destruction.
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