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a b s t r a c t

In the supply pipelines, the natural gas pressure is about 1.7 MPa (approximately 250 Psi) and before
entering distribution pipelines, this pressure should be reduced to a lower level of 0.4 MPa (approxi-
mately 60Psi). This press ure reduction is performed in Town Border Stations (TBSs) in which the sizeable
amount of pressure energy is wasted by employing throttling valves. One way to recover pressure energy
during pressure reduction process is to employ an expansion machine such as the reciprocating
expansion engines. The purpose of this study is thermodynamic simulation of one-sided medium
pressure reciprocating expansion engine. The simulation is based on energy and mass conservation laws
and the AGA8 equation of state. The results show that, with using expansion engine in TBS stations the
efficiency of pressure energy recovery is about 91%. Also, with the suction of 18 g gas per cycle, the
engine generates 46.2 kW power. The results also show that the engine could generate highest power at
specific suction port to bore diameter.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Environment protection and energy conservation have led re-
searchers to keep looking for effectiveways of energymanagement.
Natural gas pipelines are one of the sections which waste a lot of
energy during gas conveyance. In various countries (including Iran),
the pressure of natural gas in supply pipelines is about 1.7 MPa
(approximately 250 Psi). At consumption points, the pressure of the
gas must be reduced. This pressure reduction takes place in Town
Border Stations (TBSs). At TBSs, the pressure is reduced from
1.7 MPa (approximately 250 Psi) to 0.4 MPa (approximately 60 Psi)
by employing throttling valves, which waste large amount of
pressure energy (availability). Several methods have been proposed
for recovering this huge wasted energy (Querol et al., 2011;
Farzaneh-Gord and Deymi-Dashtebayaz, 2009; Chaczykowski
et al., 2011; He and Ju, 2014; Farzaneh-Gord and Kargaran, 2010;
Farzaneh-Gord and Sadi, 2008; Rosen and Scott, 1998).
i-Dashtebayaz).
Many researchers have investigated the use of natural gas
pressure energy, focusing on the pressure drop stations. Bisio (Bisio,
1995) is one of the researchers that proposed systems to use this
wasted energy, including a mechanical system to compress air.
Another method for using natural gas pressure energy is expansion
turbines (turbo expanders) that generate electricity (Greeff et al.,
2004; Farzaneh-Gord and Deymi-Dashtebayaz, 2008; Farzaneh-
Gord and Maghrebi, 2009; Farzaneh-Gord et al., 2009; Kostowski
et al., 2014; Kostowski and Us�on, 2013). In one study, Greeff et al.
(Greeff et al., 2004) have investigatedmerging of expander turbines
into different high-pressure exothermic chemical-synthesis pro-
cesses. They illustrated prospering integration of an expander tur-
bine with remarkable energy savings. Farzaneh-Gord and Deymi-
Dashtebayaz (Farzaneh-Gord and Deymi-Dashtebayaz, 2008) un-
dertook an extensive feasibility study on producing required elec-
tricity for Khangiran gas refinery from its pressure reduction
station. The conclusion drawn from the results indicated that the
amount of available energy could meet all electrical demands of the
refinery. Also Kostowski and Us�on (Kostowski and Us�on, 2013)
presented a thermoeconomic assessment of an expansion system
applied in the natural gas transportation process. Their system
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consists of two turbo expander stages reducing the natural gas
pressure and providing mechanical energy to drive electric
generators.

In addition to turbo expander for alternative pressure reduction,
reciprocating expansion engine is the other method for simulta-
neous pressure reduction and work generation. There is a limited
study on this novel scenario for pressure reduction. Tuma and
Sekavcnik (Tuma and Sekavcnik, 1997) depicted enthalpyeentropy
diagrams for expansion of various natural gas compositions for
employ in electrical power generation via expansion engines. In
another study, Farzaneh Gord and Jannatabadi (Farzaneh Gord and
Jannatabadi, 2014) simulated the single acting natural gas recip-
rocating expansion engine based on ideal gas model for using in
City Gate Stations (CGSs). In their research various parameters
including the inlet port diameter, connecting rod length, crank
radius and engine speed have been investigated on performance
reciprocating engine.

Due to limited studies on reciprocating expansion engine, it is
instructive to review researches on reciprocating compressors as
similar machine. Reciprocating compressors are common equip-
ment in industry for producing high pressure compressed gas.
These compressors have been simulated with different methods.
These methods have usually been classified into two sections,
global models and differential models, as in all methods the vari-
able depends on crank angle (Stouffs et al., 2000). Using a global
model, Stouffs et al. (Stouffs et al., 2000) investigated reciprocating
compressors thermodynamically. In their model five main and four
secondary parameters were important and obtained the volumetric
effectiveness, the work per unit mass and the indicated efficiency.
Casting et al. (Castaing-Lasvignottes and Gibout, 2010) modeled
compressor operation using performance explanations like volu-
metric, isentropic and effective. They believed that these effi-
ciencies depend fundamentally on two factors, the dead volumetric
ratio which is of particular influence on volumetric efficiency, and a
friction factor mainly influencing both on isentropic and effective
efficiencies. Furthermore, Elhaj et al. (Elhaji et al., 2008) simulated a
two-stage reciprocating compressor numerically. The main goal of
their research was developing diagnostic features of predictive
condition monitoring. Win and yet al. (Winandy et al., 2002) also
proposed a simplified model of an open-type reciprocating
compressor. Their analysis revealed the main processes affected by
the refrigerant mass flow rate and the compressor power and the
discharge temperature. Ndiaye et al. (Ndiaye and Bernier, 2010)
presented a dynamicmodel of a hermetic reciprocating compressor
in on-off cycling operation. Also Farzaneh-Gord et al. (Farzaneh-
Gord et al., 2013) optimized design parameters of reciprocating
air compressor thermodynamically. They developed a mathemat-
ical model according to themass conservation and first law to study
the performance of reciprocating compressors.

For a detailed examination of natural gas processes during
pressure reduction, it is vital to calculate thermodynamic proper-
ties of natural gas mixture. One of the most accurate methods for
computing these properties is the AGA8 Equation of State
(AGA8eDC92 EoS, 1992; ISO-12213-2, 1997). Various studies have
been carried out to compute thermodynamics properties of natural
gas with using AGA8 EOS. Maric (Mari'c et al., 2005) calculated
some of the thermodynamic properties of natural gas mixtures
with using AGA8 EOS. Also, Farzaneh-Gord et al. (Farzaneh-Gord
and Rahbari, 2012; Farzaneh-Gord et al., June 2010) have
employed AGA8 EOS to compute variety of natural gas thermody-
namic properties for various gas compositions.

As discussed above, there is possibility of employing recipro-
cating expansion engine in TBSs for simultaneous power generation
and pressure reduction. To investigate feasibility of its employment,
it is instructive to simulate and then optimize its operation under
real conditions. Optimizations of reciprocating expansion engines
parameters leads tomore efficient employment of themachines. By
simulating these engines, it is possible to investigate the impacts of
various parameters on their performance and to identify the opti-
mum design parameters. The modeling and simulation could also
allow us to diagnose possible defects which reduce expansion
engines efficiency.

In this research, the main purpose is to simulate one-sided
reciprocating expansion engine thermodynamically for possible
employment in TBSs. The thermodynamic simulation is based on
first law of thermodynamics, conservation of mass and considering
natural gas mixture as a real gas mixture. The thermodynamic
properties of natural gas have been calculated based on AGA8 EOS.
The simulation could predict thermodynamic properties (e.g. in-
cylinder pressure and temperature) at various crank angles. Also,
the effects of the engine geometric characteristics, such as intake
and exhaust port area and ports timing on the work output have
been studied.

2. The Town Border Stations (TBS)

In cities and nearby main consumers, the natural gas pipeline
pressure is about 1.7 MPa (approximately 250 Psi). This pressure
must be reduced to a distribution level (0.4 MPa (approximately
60 Psi)) in TBS station. Right now, the pressure reduction is
accomplished by throttling valve, whereas significant amount of
pressure energy is wasted. The reciprocating expansion engine is an
effective instrument that can recover this waste energy. A sche-
matic diagram of an expansion engine installed in a TBS is shown in
Fig. 1.

3. Natural gas mixture

The chemical composition of natural gas changes with its
composition which depends on geographic situation, the type,
depth, and location of the underground deposit. Natural gas is
processed and transported before reaching its end users. Table 1
shows an experimental analysis of a typical natural gas composi-
tion which flows in Iran pipe lines according to the Khangiran re-
finery official website. In this research, the composition of natural
gas is assumed as Khangiran composition.

4. Methodology

A schematic of one-sided reciprocating expansion engine with
suction and discharge ports is shown in Fig. 2. At the beginning of
the cycle, suction port starts to open and let the gas to flow in the
cylinder. With increasing in-cylinder pressure to medium pressure,
the piston pushed down and therefore the cylinder volume
increased. In this stage the suction process pressure makes con-
stant. By closing the suction port, expanding process starts and
piston reaches to Bottom Dead Centre (BDC). Then, by decreasing
pressure to distributing level, discharge port opens and gas pushes
out by coming up of piston. Ports move with crank shaft force and
open/close in certain degrees. It should be noted that the control
volume is assumed as an open system and also no leakage occur in
the engine. The numerical modeling of the engine is discussed in
this section.

4.1. First law of thermodynamics

For developing a numerical simulation, the conservation of mass
and first law of thermodynamics has been employed. It should be
noted that the inside cylinder gas is considered as control volume.
The first law of thermodynamics is presented as follows:



Table 1
Experimental analysis of natural gas composition the Khangiran refinery (the
Khangiran refinery official website (Khangiran refinery official bsite)).

Component Chemical formula Experimental analysis (mole fraction %)

Carbon dioxide CO2 0.055
Nitrogen N2 0.428
Methane CH4 98.640
Ethane C2H6 0.593
Propane C3H8 0.065
Iso butane C4H10 0.015
n-Butane C4H10 0.034
Iso-Pentane C5H12 0.026
þC6 þC6 0.125

Total ¼ 100%

Fig. 2. A schematic diagram of a typica

Fig. 1. Schematic diagram of natural gas TBS pressure drop station.
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If kinetic and potential energies are neglected, then the first law
of thermodynamics could be changed as follow:

dQcv

dt
þ dms

dt
hs ¼ dmd

dt
hd þ

d
dt

ðmuÞcv þ
dWcv

dt
(2)

The work changes can be computed as below:

dWcv

dt
¼ Pcv

dVcv

dt
(3)
l Reciprocating Expansion Engine.
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By inserting equation (3) in equation (2), the next equation
could be obtained:

dQcv

dt
þ dms

dt
hs ¼ dms

dt
hs þ d

dt
ðmuÞcv þ Pcv

dVcv

dt
(4)

Also, differentiating with respect to time could be converted to
crank angle with by means of the following equation (Farzaneh-
Gord and Rahbari, 2012):

d
dt

¼ d
dq

� dq
dt

¼ u
d
dq

(5)

where u is the rotational speed of the crank shaft. Eventually, the
first law of thermodynamics equation appeared as below:

dQcv

dq
þ dmd

dq
hd ¼ dms

dq
hs þ d

dq
ðmuÞcv þ Pcv

dVcv

dq
(6)

This equation is the main differential equation that will be
solved as an initial condition ODE. In eq. (6) control volume is
calculated with eq. (8), mass flow rates are calculated with the
section 4.3 equations.

Thermodynamic properties will be also calculated with AGA8
model.
4.2. Piston motion equation

The detailed explanation for the immediate position of the
piston displacement from top dead center in terms of the crank
angle may be given by (Lee, 1983):

yðqÞ ¼ S
2

�
1� cos qþ L

a

�
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1� ða

L
sin qÞ2

s ��
(7)

where a, S and L are length of rod, stroke and crank respectively.
The instantaneously volume of cylinder is given by:

Vcv ¼ Acv � SðqÞ þ V0 (8)

where V0 is the dead volume.
4.3. Continuity equation

Considering the in-cylinder gas of expansion engine as a control
volume, the continuity equation can be appeared as follows:

dmcv

dq
¼ dms

dq
� dmd

dq
(9)

where dms=dq and dmd=dq are the mass flow rate through suction
and discharge ports, respectively. By computing the flow velocity
by Bernoulli equation without gravity terms, these mass flow rates
could be computed through the following equations (Lee, 1983):

_ms ¼

8>>>>><
>>>>>:

rsAs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðPs � PcvÞ

rs

s
for Ps > Pcv

rcvAs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðPcv � PsÞ

rcv

s
for Pcv > Ps

(10)
_md ¼

8>>>>><
>>>>>:

rcvAd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðPcv � PdÞ

rs

s
for Pcv > Pd

rdAd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðPd � PcvÞ

rd

s
for Pd > Pcv

(11)

where As and Ad are the flow areas through the suction and
discharge ports which take place from cylinder, respectively. They
are obtained by:

Asmax ¼ pr2s
Admax ¼ pr2d

(12)

where rs and rd are radius of suction and discharge ports,
respectively.
4.4. Ports movement equation

Suction and discharge ports are opened and close by auxiliary
rods' motion. This motion is simulated as sinusoidal motion.

A ¼ Amaxsin

 
q� qOpen

qClose � qOpen
p

!
(13)

which A is efficient area during the opening/closing process, qopen
and qclose are the crank shaft angles that the port opens or close and
Amax is computed in eq. (12).
4.5. Heat transfer equation

Heat transfer due to overall heat transfer coefficient can be
computed for each degree of crank angle from equation (14) as (Lee,
1983):

Q ¼ UAðqÞ
�
TðqÞ � Tam

�
(14)

where U,A(q),T(q) and Tam are the heat transfer coefficient, the heat
transfer surface in each crank angle and in-cylinder gas tempera-
ture in each crank angle and the ambient temperature, respectively.

The overall heat transfer coefficient could be obtained as follow:

U ¼ 1
ARef

P
Resj

(15)

In which
P

Resj is the total heat resistant of inside convection,
wall conduction and outside convection that could be written as
(Lee, 1983):

X
Resj ¼ 1

2priyðqÞai
þ

log Do
Di

2pbiyðqÞ
þ 1
2proyðqÞao

(16)

where the ambient heat coefficient could be computed as bellow
(Lee, 1983):

Nu ¼ aD
b

¼

0
B@ Gr � Pr2f

2:435þ 4:884
ffiffiffiffiffiffiffi
Prf

q
þ 4:953Prf

1
CA

0:25

(17)

where Nu, a, D and b are Nusselt number, convection heat coeffi-
cient, cylinder outside diameter and conduction heat coefficient,
respectively. Pr ¼ Cpm=K and f index is defined in film temperature:
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Tf ¼
Tw þ Tam

2
(18)

The Grashof number is written as:

Gr ¼

�
pD
2

�3

g
�
Tam�Tw

To

�
n2

(19)

In which To is cylinder wall temperature. Also the wall conduc-
tion heat coefficient can be assumed as conduction heat coefficient
of carbon steel in ambient temperature that is equal 50 W/(m K).

The Nusselt number of control volume is calculated by Hassan's
equation (Lee, 1983):

Nu ¼ ainD
b

¼ 0:023Re0:8 (20)

here Re ¼ CmD=n is Reynolds number and Cm ¼ 2Su=60 is mean
piston speed with rotational speed of u.

5. Computing thermodynamic properties of natural gas

It is evident that computing all in-cylinder properties needs two
independent thermodynamic properties. Then other properties
could be calculated according to these properties. The two prop-
erties are internal energy and density (or specific volume), which
are calculated from first law of thermodynamics and conservation
of mass, respectively. The methods of computing thermodynamic
properties are summarized in this part. Details of the calculation of
the thermodynamic properties can be seen in reference (Farzaneh-
Gord and Rahbari, 2012).

5.1. AGA8 equation of state

The main relation of AGA8 equation of state can be written as
follows (AGA8eDC92 EoS, 1992):

P ¼ ZrmRT (21)

where Z and rm are compressibility factor and molar density
respectively. As it is clear, pressure and temperature is in Pascal and
Kelvin units.

The Z factor could be computed by using the following equation
[23]:

Z ¼ 1þ Brm � rr

X18
n¼13

C*
nþ

X18
n¼13

C*
nD

*
n (22)

whereMolar density, rm, and reduced density, rr, are interrelated as
follows:

rr ¼ K3rm (23)

In equation (23), the K coefficient as the mixture size parameter
is calculated as follows (AGA8eDC92 EoS, 1992):

K5 ¼
 XN

i¼1

xiK
5
2
i

!2

þ 2
XN�1

i¼1

XN
j¼iþ1

xixj
�
K5
ij � 1

�	
KiKj


5
2 (24)

In above equation, xi and xj are mole fraction of component i and
j in mixture respectively. Also, Ki and Kj are size parameters of
component i and j respectively. Finally in equation (24), N is the
number of components in the natural gas composition.

The method of calculating each of the coefficients in the equa-
tion (22) includes: B, C*

n and D*
n are presented in the references
(AGA8eDC92 EoS, 1992; Farzaneh-Gord and Rahbari, 2012;
Farzaneh-Gord et al., 2014, 2012).

By replacing equation (22) in equation (21), and with knowing
the pressure (Pa), temperature (K) and natural gas composition, the
only unknown property is molar density. For calculating the molar
density is used of NewtoneRaphson iterative method [23, 30, 31].

Finally the density could be obtained from:

r ¼ Mwrm (25)

where Mw is molecular weight of natural gas mixture.

5.2. Computing enthalpy (h)

One of the thermal properties for natural gas is enthalpy.
Supposing that enthalpy is a function of molar specific volume and
temperature, the residual enthalpy equation can be expressed as
(Moran and Shapiro, 2007):

hm � hm;I ¼
Znm

nm;I/∞

"
T
�
vP
vT

�
nm

� P

#
dnm þ

Znm
nm;I/∞

RT
�

vZ
vnm

�
T
dnm

(26)

In equation (26), hm is molar enthalpy for real gas, hm,I molar
enthalpy for ideal gas and nm,I is molar specific volume for ideal gas.
By changing the variable of nm to rm and calculating the partial
differential values in equation (26), residual enthalpy function be-
comes as follows:

hm � hm;I ¼ �RT2
Zrm
0

�
vZ
vT

�
rm

drm
rm

þ RTðZ � 1Þ (27)

hm,l could be obtained by:

hm;I ¼
XN
j¼1

xjh
j
m;i (28)

where xj and hjm;i are mole fraction of component j in mixture and
molar enthalpy for ideal gas and for component j in mixture
respectively.

hjm;i ¼ hjm;i0 þ ajT þ bjcj coth
�
cj
T

�
� djej tanh

�
ej
T

�
(29)

The parameter hjmi;o, in equation (29) is the enthalpy for ideal gas
of component j in mixture at reference conditions. The method for
calculating this parameter is described in reference (DIPPR® 801,
2004).

The partial differential relations in equation (26) have been
calculated using AGA8 EOS. Finally by integrations from equation
(27) and computing ideal molar enthalpy using equation (28),
molar enthalpy is calculated for natural gas. The enthalpy per unit
mass could be then calculated as follows:

h ¼ hm
Mw

(30)

5.3. Computing internal energy (u)

The relationship between the internal energy, u, and molar in-
ternal energy, um, can be defined as follows:

u ¼ um
Mw

(31)
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Also, the internal energy residual function could be computed as
follow (Moran and Shapiro, 2007):

um � um;I ¼ �RT2
Zrm
0

�
vZ
vT

�
rm

drm
rm

(32)

In equation (32) um,I is molar internal energy for ideal gas. This
parameter can be computed by using the following formula:

um;I ¼ hm;I � Pnm ¼ hm;I � RT (33)

6. Numerical procedure

As discussed above, to obtain two independent thermodynamic
properties, first law and continuity equations which are presented
at Eq. (6) and Eq. (9) are initially discretized as followed:

unþ1 � un
Dq

¼ 1
mcv

��
DQ
Dq

�
n
þ hi

�
Dms

Dq

�
n
� Pcv

�
DV
Dq

�
n

� hd

�
Dmd
Dq

�
n
� u

�
Dmcv

Dq

�
un

�
(34)

Dmcv

Dq
¼ _ms � _md

u
(35)

Then, the specific internal energy and mcv are calculated from
equations (34) and (35) for each crank angle by employing Run-
geekotta method. Then density is calculated as below by knowing
inecylinder volume at each crank angle:

rðqÞ ¼
mcvðqÞ
VcvðqÞ

(36)

These two thermodynamic properties (density and specific in-
ternal energy) are enough to identify other thermodynamic pa-
rameters. For calculating pressure and temperature for each time
step, thermodynamic table which has been formed by try and error
method based on AGA8 EOS is used. The table is arranged according
to internal energy (u) and density (r(q)) (Table 2). Functions of
pressure and temperature are prepared by Curve fitting method.
These fittings are as 4th and 3rd degree for u and r respectively.
Fig. 3 and Fig. 4 show the flowcharts of simulation code. Fig. 3
illustrates algorithm of pressure and temperature calculator. Fig. 4
shows the engine thermodynamic simulation which is employed
in this study.

7. Results and discussion

The problem has been investigated for an expansion engine
considering the specifications as following:

Dc ¼ 15 cm; S ¼ 12 cm; rs ¼ 2:5 cm; rd ¼ 3 cm; Ts ¼ 280 K
Table 2
Pressure (MPa) arranged according to u and r.

r(kmol/m3) Um(kJ/kmol)

�1400 �990.8 �641.7 �300.1 500.2

0.1849 0.379 0.4 0.42 0.441 0.483
0.394 0.802 0.854 0.894 0.936 1.029
0.4639 0.943 1.003 1.052 1.101 1.21
0.6041 1.226 1.304 1.37 1.432 1.576
0.6978 1.413 1.503 1.581 1.654 1.82
The pressures of discharge plenum and pressure ratio are
assumed to be 0.4 MPa and 4.25, respectively. The effects of
different parameters of the problem on the results have been dis-
cussed separately.

The indicated work per in-cylinder mass is also calculated as
below:

Windicated ¼ 1
mcv

Z
PdV ¼ 1

mcv

XN
i¼1

PidVi (37)

in which N is number of time steps and mcv is the maximum in-
cylinder mass value.

In this study, only the piston to cylinder wall friction (which is
covered with a film of oil) has been considered.

Also the cylinder wall friction could be obtained as (Abu-Nada
et al., 2008):

dWwaste ¼ m

�
d _y
dε

�
skirt

lskirtpDDyþ m

�
d _y
dε

�
ring

lringpDDy (38)

where lskirt, lring, m, Dy, ε and _y are piston and piston ring lengths, oil
viscosity, piston displacement, oil film thickness and piston speed.

So brake work could be calculated as:

Wbrake ¼ Windicated �
Z

dWwaste (39)

Finally the efficiency of pressure energy recovery could be
written as:

h ¼ Wbrake
ho � hin

(40)

In the first step, because of the lack of experimental values, for
validation the numerical model in this study, the results of nu-
merical method have been compared with theoretical results. For
calculating the theoretical values, the thermodynamic conditions of
expansion process are considered isentropic. Also the suction and
discharge valves assumed to be closed. Based on this condition the
values of in-cylinder pressure could be calculated as follows:

Pjþ1
cv ¼ Pjcv

 
v
jþ1
cv

v
j
cv

!k

(41)

Fig. 5 compares the variation of in-control volume pressure
between numerical values and theoretical result against cylinder
volume. As shown this figure, there is a good agreement between
the theoretical and numerical values.

Fig. 6 shows the variation of in-cylinder pressures against cyl-
inder volume for various angular speeds. In the numerical study,
the suction and discharge pressures are assumed to be constant. In
this Figure, as expected, suction and discharge processes are
representative for constant-pressure evolution. Expansion happens
as a polytrophic evolution and compression of residual mass is a
constant-volume process.

Variation of in-cylinder temperatures against cylinder volume
for one cycle and various angular speeds has been presented in
Fig. 7. At the beginning suction process, temperature is increased by
suddenly entering high temperature mass into the system. Then a
decreasing trend starts till half of the cycle. Temperature dropping
in suction process is mainly due to the specific volume decrement.

In expansion process, pressure and temperature drop occur
simultaneously. In the discharge process, the pressure remains
constant; therefore dropping density causes the temperature
raising.



Fig. 3. Flowchart of extended AGA8 model.
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The suction and discharge mass flow rates for various angular
speeds are shown in Fig. 8. A suddenly mass entering occurs at the
beginning of the suction. The reason is mainly due to the large
difference between in-cylinder pressure and suction line pressure.

The variation of density is similar to pressure variation as shown
in Fig. 9. Decreasing density at the second half of the cycle causes
the temperature to rise.

Variation of in-cylinder mass as a function of crank shaft angle is
shown in Fig. 10. The amount of gas in cylinder is raised while the
suction port is open. Then this value remains constant during the
expansion process. By opening the discharge port, a sudden
discharge happens at the beginning but it continues with a more
balanced procedure afterwards.

7.1. Effect of port areas on engine performance

The variation of output indicated work per cycle against
different values of suction and discharge port is shown in Figure11.
The port radius is assumed to be 2, 2.5, 3, 3.5 and 4 cm for suction
and 2.5, 3, 3.5, 4 cm for discharge, respectively.
Fig. 11 illustrates that rS ¼ 3 cm for suction port is an optimized
point.

Suction and discharge port diameters are one of the most
important variables for motor optimizations. It could be declared,
for certain, that increasing in-cylinder mass can cause an increment
in the amount of output work. So investigations are done on vari-
ation of output work per mass of natural gas.

Variation of work per mass against radius of suction port is
shown in Fig. 11. The figure is plotted at various values of discharge
port radiuses. It shows that optimized diameter of suction port is
2rS=D ¼ 0:4. The diameter of suction port affects to indicate work
per cycle in two perspectives. With increasing suction port diam-
eter, the greater amount of mass enters to cylinder and therefore
more work is produced. In other hand, with increasing this diam-
eter the pressure of the end of expansion will be different with
discharge pressure and consequently the pressure exergy is wasted.
Therefore for expansion engines could be selected optimized suc-
tion port diameter for obtaining maximum output work.

Fig. 11 also shows that increasing exhaust port radius increases
the output work. So the best discharge port diameter is the



Fig. 4. Flowchart of simulation code.
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maximum possible diameter. With increasing the discharge port
diameter, the gas discharge at the back of piston is easier and
consequently the in-cylinder pressure can be reduced. Therefore
the discharge port diameter enhance the output indicate work per
cycle and is dependent only on the engine size design.

7.2. Effect of port timing on engine performance

For investigation of port timing, it is assumed that suction port
opens at the beginning of the cycle (q¼ 0) and discharge port closes
at the end of the cycle. Accordingly, time of closure of suction port
and opening of discharge port are studied.

According to port areas and motor geometry, the minimum
adoptable value for suction port closure is 70� crank angle. Based on
this, three values of 75, 85 and 95� for crank were tested for suction
port closure. Discharge port opening is also considered in the range
of 170e200 crank angles.

It could be concluded from Fig. 12 that the angle of 75� for
suction port closure indicates the highest work per mass. Fig. 13
shows the effect of discharge port timing on output work. It



Fig. 5. Comparison between numerical and theoretical values of cylinder pressure.

Fig. 6. Variation of in-cylinder pressures against volume for various angular speeds.

Fig. 7. Variation of in-cylinder temperatures vs. volume for various angular speeds.

Fig. 8. Mass flow rate profiles vs. crank shaft angle for various angular speeds.

Fig. 9. in-cylinder density profiles vs. volume.

Fig. 10. Variation of in-cylinder masses vs. crank angle.
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illustrates that the value of 182� for discharge port opening results
in the most output work per mass.

In addition to the amount of indicated work, the mean exit gas
temperature during discharge process has also been investigated.
Based on the results from Fig. 14, delay in closing suction port
and also delay in opening discharge port increase the outlet
temperature.



Fig. 11. Variation of indicated work per cycle vs. suction port radius in different
discharge port radius.

Fig. 12. Variation of output indicated work vs. suction duration.

Fig. 13. Variation of output work vs. discharge duration.

Fig. 14. Variation of discharge temperature vs. discharge duration.

Table 3
The cost analysis of the expansion engine system.

Total capital cost for expansion engine installation 30000US$
Annual O&M costs 5000US$
Cost of electricity per kWh 0.06US$
Annual power generation 368.064MWh
Annual benefit 22083.84US$
Payback period 1.58year
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7.3. Cost analysis

In this section the economic analysis for installing and setting
up of expansion engine in TBS station is presented. According to
calculations, the average power generation in TBS station with us-
ing expansion engine is about 46.2 kW. Therefore the net electricity
generation is around 368.064MWh in 360 days of the year. It worth
mentioning that 5 days per year is taken for maintenance periods.
The benefit of this electricity generation is calculated to be
22083.84US$ based on the current electricity price in Iran which is
6 Cents/kWh.

Finally the payback ratio may be computed as follows:

Payback Ratio ¼ ðCapitalþ O&M CostsÞ
Benefit

¼ ð30000þ 5000Þ
22083:84

¼ 1:58

Table 3 presents the detailed cost analysis for the expansion
engine system. Based on these results, the payback period has been
calculated to be around 1.58 years. This revealed the cost effec-
tiveness of the proposed system.

8. Conclusions

Reciprocating expansion engines could be used widely in gas
pressure reduction stations due to their ability to recover consid-
erable amount of energy. Understanding the behavior of the
reciprocating expansion engines and studying the effects of various
parameters on their performance can cause a needful optimization.
The mathematical modeling is proved to be an effective tool to
study performance of the expansion engines.

In this study, a mathematical model has been developed based
on the first law of thermodynamics, conservation of mass, AGA8
EOS and thermodynamics relationships to study the performance
of these engines. The model could predict in-cylinder pressure, in-
cylinder temperature and mass flow rates at various crank angles.
The indicated work per unit mass of gas is also calculated. The ef-
fects of various parameters on the performance of the expansion
engine have been investigated as well.

The results show that ports timing is optimized at 75 degrees of
crank angle for closing suction port and 182 degrees of crank angle
for opening discharge port.
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Variation of indicator work verses ratio of discharge to suction
ports shows that there is a specific value (about 0.85) in which the
indicated work per unit mass is maximized. This point could be
treated as optimum design value for discharge to suction port area.
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Nomenclature

A: area (m2)
a: crank (m)
cp,cv: constant pressure & volume specific heats (kJ/kg K)
Cm: mean piston speed (m/s)
D: cylinder diameter (m)
g: gravitational acceleration (m/s2)
Gr: Grashof number
h: specific enthalpy (kJ/kg)
_m: mass flow rate (kg/s)
m: mass quantity (kg)
M: molecular weight (kg/k mol)
N: number of time steps
Nu: Nusselt number
L: connecting rod length (m)
P: pressure (bar or Pa)
Pr: Prandtl number
r: radius of suction and discharge ports (m)
R: gas global constant (J/mol K)
Re: Reynolds number
Res: the coefficient of thermal resistance (m2K/kW)
_Q: heat transfer rate (kW)
S: stroke (m)
T: temperature (K or �C)
u: internal energy (kJ/kg)
U: overall heat transfer coefficient (kW/m2 K)
V: volume (m3/kg)
Ve: velocity (m/s)
W: actual work (kJ/kg)
_W: actual work rate (kW or MW)
x: mole fraction of component
y: position of the piston displacement (m)
_y: Piston speed (m/s)
Z: compressibility factor
H: height (m)

Subscript

am: ambient condition
d: discharge condition
in: inlet
i: inside
I: ideal
c: cylinder
cv: control volume condition
m: molar
max: maximum
r: reduced
Ref: reference
Ring: piston ring
o: outside
s: suction condition
skirt: piston skirt
w: wall
0: dead conditions

Greek letters

a: convection heat transfer coefficient (kW/m2 K)
b: conduction heat transfer coefficient (kW/m K)
r: density (kg/m3)
Q: crank shaft angle (rad)
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U: rotating speed of crankshaft (rad/s)
rm: molar density
rr: reduce density
g: gas gravity
m: oil viscosity (Pa s)
h: efficiency
ε: oil film thickness
nm: molar specific volume
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