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ABSTRACT KEYWORDS

In the Natural Gas (NG) distribution network, the town border =~ GERG-2008 EOS;
stations are used to reduce NG pressure. Currently, pressure ~ Mathematical modeling;
reduction is done by using throttling valves that cause a signifi- ~ "€ural network; natural gas
cant amount of physical exergy loss. Reciprocating Expansion E;’;ﬂi?g{:oz;];ﬁg’rocat'"g
Engine (REE) is a new tool to recover this pressure exergy. This TBS station '
study presents a thermodynamic evaluation to simulate the REE

rigorously. The GERG-2008 equation of state (EOS) as an accur-

ate model is used to calculate NG thermodynamic properties.

As the utilization of GERG-2008 EQOS requires specific inputs

(pressure, temperature and mole fraction), the Try & Error

method is utilized (while the inputs are density, specific internal

energy, and NG composition). An Artificial Neural Network

(ANN) method is also developed as an additional and alternative

tool to overcome a basic limitation of the Try & Error method

(knowing the NG composition). The validation results show that

the error of the ANN and Try & Error methods for temperature,

pressure calculation are reported 0.03%, 0.08%, and 0.04%,

0.9%, respectively. Also, the results show that the NG composi-

tions have a significant impact on REE performance so that the

indicated work for Khangiran and Bidboland NG mixtures are

reported 165 and 143 klJ/kg, respectively.

1. Introduction
1.1. Motivation

In the NG industry, NG is transferred at high-pressure levels to reduce the
pipeline size and also cut costs (Mokhatab and Poe 2012). The pressure of
NG on these high-pressure pipelines is between 6 and 8 MPa. To supply
the pressure required by consumers, the NG pressure is reduced to the
desired consumer pressure at the City Gate Stations (CGS) and Town
Border Stations (TBS). The NG pressure after pressure reduction at CGS
reaches 1.7 MPa (supply pipeline). In the TBS, the NG pressure should be
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reduced to 0.4 MPa (distribution pipeline) which is reasonable pressure for
the consumers. The pressure reduction is usually performed by throttling
valves at the TBSs (Mokhatab and Poe 2012). As a result of the throttling
process, a large amount of latent energy of high-pressure NG is wasted
during the pressure reduction process in the TBSs.

1.2. Literature review

As discussed above, researchers are always looking for ways to recover this
enormous wasted energy (Rosen and Scott 1988; Chaczykowski, Osiadacz,
and Uilhoorn 2011; He and Ju 2014). Expansion turbines (turbo expanders)
are a common solution for recovering NG pressure energy. By using expan-
sion turbines in parallel with TBS stations, in addition to reducing the gas
pressure to the distribution pressure, the desired energy can also be recov-
ered. The power obtained by expansion turbines can drive electrical genera-
tors, compressors, and other devices (Bisio 1995; Greeff et al. 2004; Pozivil
2004; Kostowski and Uson 2013; Kostowski et al. 2014). A new method in
this field is the use of the Reciprocating Expansion Engines (REE) for simul-
taneous pressure reduction and power generation. There are a few studies on
using REE in pressure reduction stations such as CGSs and TBSs. For the first
time, an REE was used to expand a mixture like NG to produce electrical
power in the study of Tuma and Sekavcnik (Tuma and Sekavenik 1997). The
simulation of an REE for applying in CGSs based on ideal gas models was
presented in the study of Farzaneh-Gord and Jannatabadi (2014). They sur-
veyed the impact of physical parameters and thermodynamic properties on
the REE performance. In another study were presented by this team of
authors, the timing optimization of an REE based on exergy analysis is pre-
sented (Farzaneh-Gord and Jannatabadi 2015). Also, the optimization of the
REE based on the AGAS8 equation of state (EOS) is investigated in Farzaneh-
Gord et al. (2015) and Farzaneh-Gord et al. (2015). In one recent study,
Jannatabadi et al. (2018) investigated the energy and exergy analysis of an
REE based on the value configurations. In their study, the impact of various
valve configurations is studied on the optimization process of the REE.

The use of EOSs is the best way to calculate the thermodynamic properties
of the NG mixture with high accuracy. There are two acceptable EOSs that are
used in the NG industry include AGA8 EOS (AGA8-DC92 EoS 1992) and
GERG-2008 EOS (Kunz and Wagner 2012). The accuracy of GERG-2008 EOS
is higher than AGAS8 EOS, therefore in this study, the thermodynamic proper-
ties of the NG mixture are calculated using GERG-2008 EOS (Mahmood
Farzaneh-Gord et al. 2018). Temperature, pressure and mole fraction of the
NG compositions are common input parameters of GERG-2008 EOS and then
the thermodynamic properties are calculated by knowing these parameters. To
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calculate the thermodynamic properties using different inputs parameters
which are mentioned above, the Try & Error method or the alternative meth-
ods should be applied. The Try and Error is the conventional method.
Although the Try and Error method is a reasonable method and this method is
applied by various researchers, this method does not have high accuracy.
Therefore, in this case, the alternative methods which have high accuracy
should be applied. Artificial intelligence (AI) methods such as artificial neural
networks (ANN) are the new solutions for the calculation of thermodynamic
properties with various input parameters and with high accuracy. Al methods
were used by researchers in recent studies to calculate thermodynamic proper-
ties and simulate different processes. For example, the compressibility factor of
NG was calculated using the ANN method (Al-Anazi et al. 2011). The NG
density is estimated using the Fuzzy C-means algorithm in Kiomarsiyan and
Sedaghat (2018). Sedaghat and Kiomarsiyan (2019) apply a method based on
the ANN model to calculate gas density. Ajorkaran and Cheshmeh Sefidi
(2019) presented a method based on the radial basis function of the ANN
model to estimate NG density in different operational conditions. Farzaneh-
Gord et al. (2020) simulated the throttling process of NG mixture to calculate
pressure drop by using intelligence methods. The calculation of NG compress-
ibility factor based on temperature, pressure, and speed of sound or Joule-
Thomson coefficient using ANN methods are studied in Farzaneh-Gord and
Rahbari (2020) and Farzaneh-Gord et al. (2021), respectively. The results of
mentioned studies concluded that Al methods are explicit methods with high
precision, therefore these methods could be applied for calculating thermo-
dynamic properties of NG mixtures in the various NG industry processes.

The ANN methods according to the high accuracy are used in various fields
such as forecasting, optimizations, nanofluid, energy systems, etc. Various
researchers investigated the ANN method in these fields of study in recent
years. For example, Akhgar et al. (2019) used the ANN method to predict the
thermal conductivity of a hybrid nanofluid. Toghraie et al. (2019) presented a
method based on Al methods to predict the viscosity of Silver/Ethylene glycol
nanofluid at various conditions. The viscosity of a type of hybrid nanofluid is
predicted using the ANN method in Toghraie et al. (2020). The results of their
study show that the viscosity could be predicted with a correlation of about
0.999837454 compared to experimental data. The prediction of thermal con-
ductivity of a hybrid nanofluid using the ANN method is presented in Rostami
et al. (2021). They concluded that the correlation coefficient of their proposed
method compared to experimental data is 0.993861. In two recent studies, the
thermal characteristics of engine oil-based nanofluids are predicted using the
ANN method in the study of Soltani et al. (2021). Also, the thermal conductiv-
ity of a hybrid nanofluid is predicted by the ANN method in the study of Tian
et al. (2021). The results of their study show that the ANN method could be
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predicted the thermal conductivity with an average of 1.67e — 6 for MSE and a
correlation coefficient of 0.999.

1.3. Novelty

The above discussions are demonstrated that REEs have great potential to use
in the TBSs for simultaneous pressure reduction and power generation. The
simulation of the REEs operation under real conditions is useful to study the
feasibility of its utilization. The main goal of the current study is the rigorous
simulation of an REE for possible utilizing in TBSs based on the ANN meth-
ods. For this purpose, a thermodynamic simulation based on energy analysis is
developed. The thermodynamic properties of NG are calculated using GERG-
2008 EOS. As GERG-2008 EOS demands special input for calculating thermo-
dynamic properties, the Try & Error method is also utilized for simulation.
Then for rigorous simulation, the ANN method is presented to simulate the
REE and study its performance. Eventually, the impact of NG compositions on
the REEs’ performance is investigated. An REE that could be used in the TBSs
is represented schematically in Figure 1. As it can be seen, the pressure ratio of
REE is 1.7 MPa (supply pipelines)/0.4 MPa (distribution pipelines).

2. Mathematical model for REE

Figure 2 represents the details of the REE geometry which is used in this
study. NG enters the REE at medium pressure through the suction port
and causes the cylinder to move downwards, then by reducing the pressure
level to the distribution pressure, the NG leaves from the discharge port.
The thermodynamic assumptions that are assumed to build the mathemat-
ical model are presented as follows:

The behavior of NG is assumed real gas.

The REE is an open control volume system.

The process of inlet and outlet ports is assumed isentropic.
The change in kinetic and potential energy is ignored.

The circular velocity is assumed constant.

There is no leakage in the engine.

According to the above assumptions, the mathematical modeling of the
REE is presented as follows.

2.1. Energy analysis

In this study, the cylinder is assumed as a control volume. The first law of
thermodynamics can be simplified by ignoring kinetic and potential energy
(Moran and Shapiro 1993):
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In which, the subscripts cv, s, d refer to the control volume, suction,
and discharge, respectively.
In which, the rate of control volume work can be defined as below
(Moran and Shapiro 1993):
dW, dv,
- = Pcv_cv (2)
dt dt
In which, P is pressure and V is volume.
The indicated work per in-cylinder mass is an important parameter of
an REE which is calculated as follows (Lee 2013):

S (padv) (3)

j=1

1

1
Windicated - P.dV =

cv mCV

In which, N is the number of time steps.
Piston displacement as a function of crankshaft angle and geometric
characteristics can be given as follows (Sukhyung 1983):

2
x(0) —2 1 — cost! +i 1— (1 - (Esinﬁ) ) (4)

In which, a is the length of the rod and L refers to the length of the
crank. Also, The instantaneous volume of the cylinder is defined as below
(Sukhyung 1983):

ch - Acv X 5(9) + V() (5)

Where Vj is the dead volume.
The continuity equation for natural gas in the expansion engine can be
presented as follows (Moran and Shapiro 1993):

dm., dm; dmy )
do  do do

In which, % and % refer to the suction and discharge mass flow rate.

Equations (7) and (8) are defined as the suction and discharge mass flow
rate, respectively (Sukhyung 1983):

2(P,—P.
PA;s M for P:>P,. and x>0

mg = ’ (7)

2(P.—P
PAs Mfor P, <P, and x,>0

s
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2(P;—P,
PAd L for Pg>P. and x;>0
Pd

my = (8)
2(P—Py)

for Py<P. and x;>0
Pq

psAd

In Egs. (7) and (8), A; and A, are the suction and discharge port areas
that take place from the cylinder, respectively.

Suction and discharge ports are rotated by crankshaft force. This motion
is simulated as sinusoidal motion as follows (Saad 1985):

8_90 en
A = A, ,sin (P n) (9)

Bclose - 80 pen

In which, Oypen and Ogoe are the angles at which the ports open and
close, respectively.

The heat transfer between the expansion engine and the surrounding can
be calculated as (Annand and Pinfold 1980):

Q= UAy(Ty — Tamp) (10)

In which, U is the overall heat transfer coefficient, A, is the heat transfer
surface, and Ty, Tymp refer to in-cylinder temperature and the ambient
temperature, respectively.

The overall heat transfer coefficient could be defined as follow (Annand
and Pinfold 1980):

1
B ARef Z R]
In which ) R; represents the total heat resistance that can be written as
following equation (Annand and Pinfold 1980):

U (11)

D Ri= ! +log(::)+ ! (12)

2nriXph;  2nKXy 2nr,Xph,

The ambient heat coefficient can be defined by the following equation
(Annand and Pinfold 1980):

) 0.25

oD Gr X Prf

Nu=—= (13)
K 2.435 + 4.884, /Pry + 4.953Pry

In which, Pr = % and the subscript f refers to the film temperature
which is defined as below (Bergman et al. 2011):
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TW Tam
Ty = Lw T Lamb (14)
2
The Grashov number is written as (Bergman et al. 2011):
I 3 Tum —Tw
(2) g (L)
Gr = (15)

2
In which, Ty represents the wall temperature of the cylinder. The coeffi-
cient of thermal conductivity of the cylinder wall is considered to be equal
to 50 W/(m K), assuming the steel material and at ambient temperature.
Hassan’s equation is applied to calculate the Nusselt number (Annand
and Pinfold 1980):

D
Nu = 52— 0.023Re*® (16)
K

Here Re = C—;D is Reynolds number and C,, =2Y is mean piston speed
with the rotational speed of N.

3. Thermodynamic properties calculation

To determine the thermodynamic properties of the NG inside the cylinder
(i.e., temperature and pressure), we need to know two independent thermo-
dynamic properties. Here, the density which is calculated from the continu-
ity equation, and the internal energy which is calculated from the energy
equation, are two independent thermodynamic properties.

The first law of thermodynamic (i.e., energy equation) and continuity
equations are discretized to calculate internal energy and density of NG
inside of cylinder:

Wh—u 1 AQ)j (Ams)j (Av)f (Amd)j (Amw).
A _mw((A() h\an) “P\ao) Ao ) e\ a0 )¢

(17)

Amcv ms_md

AO W

The two above differential equations are solved by applying the Runge-
Kutta method for each crank angle to calculate internal energy and in-

(18)

cylinder mass. Then, the density at each crank angle is calculated as follow:

My ()
=—" 19
Py Veutt) (19)

In which, m., and V,, are the in-cylinder mass and volume of the cylinder,
respectively.
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Figure 3. Flowchart of the simulation procedure.

The final purpose of REE simulation is to calculate in-cylinder tem-
perature and pressure by applying the mathematical model. The proced-
ure of these calculations is shown in Figure 3. As it can be seen, the
calculations are performed for a complete crankshaft rotation, and in
each step using two methods of Trial & Error and MLP-ANN the pres-
sure and temperature inside the cylinder are calculated using specific
input parameters.
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3.1. Try & error method

As discussed earlier, the temperature and pressure inside the cylinder at
each angle of the crankshaft should be calculated by specifying the density,
internal energy, and composition of natural gas. The Try & Error method
is a common method for this purpose. The density and internal energy of
NG are calculated by the GERG-2008 EOS by guessing the temperature
and pressure and knowing the NG compositions. These values are com-
pared with the value of density and internal energy obtained from the con-
tinuity and energy equations, respectively. Therefore, the Try & Error
method demands density, internal energy, and molar fraction of the NG
components. Measuring NG composition is a costly and complex process.
As a result, the use of Try & Error will have a basic limitation. To over-
come this limitation, the ANN method is also employed in this study.

3.2. Ann method

The ANN method as the alternative tool is proposed in this study to calcu-
late the in-cylinder temperature and pressure. The ANN method demands
density at standard condition, internal energy, and standard density of NG.
Measuring the standard density of NG, unlike NG compositions, is a sim-
ple process. As a result, the temperature and pressure of NG inside the
cylinder are calculated using an explicit method. The multilayer perceptron
(MLP) which is a class of feedforward artificial neural networks (FFANN)
(Hagan, Demuth, and Beale 2002) is used to calculate in-cylinder tempera-
ture and pressure.

The performance of the proposed ANN method is calculated for training,
validation, test, and all data sets which is used in the ANN method. The
percentage of data used for train, validation, and test data is 70, 15, and
15%, respectively. The coefficient of determination for the ANN is 0.99996,
0.99996, 099996, and 0.99996 for training, validation, test, and all data,
respectively. These values demonstrate that the proposed ANN has high
accuracy to calculate the temperature and pressure of NG mixture by using
internal energy, density, and density at standard conditions as three
input parameters.

Table 1 gives the design parameters of the proposed ANN method that
is applied in this study.

4, Calculation procedure

The final purpose of REE simulation is to calculate in-cylinder temperature
and pressure by applying the mathematical model. The calculations are per-
formed for a complete crankshaft rotation, and in each step using two
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Table 1. Design parameters of the applied ANN method.

Parameters Value/comment
Number of input parameters 3
Number of output parameters 1

Total data 50,000
Number of hidden layers 3
Number of neurons in each hidden layer 10
Transfer function of hidden layers tansig
Transfer function of the output layer purelin
Division of data for training 70%
Division of data for validation 15%
Division of data for test 15%
Performance function MSE
Training function algorithm Levenberg-Marquardt
Coefficient of determination for outputs 0.99996
Best validation performance at Epoch 463

Table 2. The basic design parameters of the expansion engine.

Parameter Symbol Value Unit
Diameter of cylinder Deyid 18 m
Stroke ) 12 cm
Radius of suction port R 3 m
Radius of discharge port Ry 4 cm
Rotational speed w 1000 pm
Suction temperature 1B 300 K

Suction pressure P 1.7 MPa
Discharge pressure Py 0.4 MPa
Pressure ratio % 4.16 -

methods of Trial & Error and ANN the pressure and temperature inside
the cylinder are calculated using specific input parameters. The basic design
of the expansion engine includes the geometric properties and thermo-
dynamic properties that are required for modeling an expansion engine are
listed in Table 2.

Figure 4 represents the procedure of thermodynamic properties which is
used in this study.

5. Results and discussion

The methods of temperature and pressure calculation are compared to the
study of Setzmann and Wagner (1991) for pure methane. Figure 5 shows
the in-cylinder pressure versus volume which is calculated with these two
proposed methods. As can be seen, the in-cylinder pressure profile which is
calculated using the MLP-ANN method has good agreement with
Setzmann and Wagner’s study (Setzmann and Wagner 1991). There is a
significant error compared to Setzmann and Wagner’s study (Setzmann
and Wagner 1991) when the Try & Error method is applied to compute
the in-cylinder pressure.

The average absolute percent deviation (AAPD) of in-cylinder pressure
calculation is 0.08 and 0.92% for the ANN method and Try & Error
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method, respectively. The AAPD of in-cylinder temperature calculation is
0.03% for the ANN method and 0.04% for the Try & Error method. Since
the ANN method is a simple and explicit method with high accuracy, this
method is used for the following results.

The impact of NG compositions on the expansion engine performance is
presented and discussed in the following results. For this purpose, the vari-
ous NG mixture is selected from different Iran’s region. Table 3 gives the
mole fraction of the NG component for the NG mixtures which is used in
this study.

The variation of in-cylinder pressure relative to cylinder volume for dif-
ferent NG mixtures is shown in Figure 6. It is assumed that the inlet and
outlet pressures to the expansion engine are constant. As can be seen, the
suction and discharge processes are constant pressure evolution. Also, the
expansion process and compression of the residual mass process are poly-
trophic constant volume processes, respectively. According to the figure,
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Figure 5. In-cylinder pressure vs. volume for several proposed methods.

Table 3. NG compositions of different Iran’s region (“National Iran Gas Company
Official Website.").

CH4 Khangiran Shorijeh Bidboland

Methane 100 98.548 90.04 85.01
Nitrogen 0 0.5 4.48 0.44
Carbon dioxide 0 0 0 0.41
Ethane 0 0.647 3.69 9.38
Propane 0 0.069 093 3.49
Isobutane 0 0.018 0.2 0.34
n-Butane 0 0.039 0.29 0.65
Isopentane 0 0.018 0.14 0.1
n-Pentane 0 0.021 0.08 0.09
n-Hexane 0 0.14 0.14 0.09
n-Heptane 0 0 0.01 0
n-Octane 0 0 0 0
n-Nonane 0 0 0 0
n-Decane 0 0 0 0
Hydrogen 0 0 0 0
Oxygen 0 0 0 0
Carbon monoxide 0 0 0 0
Water 0 0 0 0
Hydrogen sulfide 0 0 0 0
Helium 0 0 0 0
Argon 0 0 0 0
Molecular weight (kg/kmol) 16.042 16.356 17.793 19.091
Density at standard conditions (kg/mz) 0.6798 0.6932 0.7542 0.8097

the area enclosed in the pressure-volume diagram decreased if the NG
with high molecular weight is used. This area represents the indicated work
of the expansion engine in one crankshaft period. As a result, the amount
of indicated work for NG with higher molecular weight is lower than other
NG mixtures. Furthermore, at a specific angle of the crankshaft, the
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Figure 6. Pressure—volume profiles for different NG mixtures.

amount of in-cylinder pressure for the Bidboland NG mixture is less than
the amount of in-cylinder pressure for the Khangiran NG mixture. It can
be concluded that the amount of pressure inside the cylinder is lower for
NG mixtures with higher molecular weight.

Figure 7 demonstrates the temperature change inside the cylinder relative
to the cylinder volume and for different NG mixtures. As can be seen, the
temperature increases at the beginning of the process due to the mass
arrival at the high temperature. As long as the cycle reaches its half, the
downtrend continues. The decrease in specific volume is the main reason
for temperature reduction in the suction process. The pressure and tem-
perature drop in the expansion process at the same time. In the discharge
process, the pressure is constant but the temperature increases due to the
decrease in NG density. According to the figure, the impact of NG compo-
sitions on temperature profiles is significant.

The impact of NG composition on temperature profile is much greater
than the impact of NG composition on pressure profile. For a certain
amount of crankshaft angle, the temperature is higher for the NG mixtures
with high molecular weight. The amount of maximum temperature in the
discharging and residential mass compression process is higher for the
heavier NG Mixture (i.e., high molecular weight)

Figure 8 reveals the variation of suction (7a) and discharge (7b) mass
flow rates versus the crankshaft angle and for different NG mixtures during
the expansion process. According to the optimization results, the suction
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Figure 7. In-cylinder temperature profiles vs. volume for various NG compositions.

port is open from the beginning of the crankshaft movement and then
closes at an angle of 73° (Farzaneh-Gord et al. 2015). Also, the discharge
port opens at 170° and closes at 359° of the crankshaft (Farzaneh-Gord
et al. 2015). Based on the information are given by Figure 7a, the sudden
entry of mass at the suction process beginning is due to the large difference
between the pressure inside the cylinder and the suction pressure. On the
other hand, as molecular weight increases, the suction mass flow rates will
be slightly increased. According to Figure 7b, the discharge mass flow rate
will be significantly increased if the molecular weight of NG increased. The
reason for this is that the NG mixtures with higher molecular weight have
higher density.

Figure 9 shows the variation of in-cylinder mass relative to the crank-
shaft angles for different NG mixtures. The increase in the amount of NG
in the cylinder occurs due to the opening of the suction port. Then mass
flow rates stay constant for each NG mixture during the expansion process.
A sudden discharge happens at the beginning when the discharge port
opens, but it continues with a smoother rate afterward. Based on the
expected results, the in-cylinder mass for pure methane is lower than the
other NG mixture. Therefore, it can be concluded that the amount of in-
cylinder mass will be increased if the heavier NG Mixture (i.e., high
molecular weight) is used.

As is evident from the in-cylinder pressure profile, the production work
per cycle in the same condition for NG with lower molecular weight is
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Figure 8. Mass flow rates vs. crank angle for different NG mixtures: (a) suction and
(b) discharge.

significantly greater than the NG with higher molecular weight. Figure 10
gives the impact of NG compositions on the work produced in each cycle
and for different NG mixtures. For example, the indicated work per cycle
is 165kJ/kg and 143kJ/kg for Khangiran (ie, Mw = 16.356) and
Bidboland (i.e., Mw = 19.091) NG mixture, respectively. According to the
results obtained, due to the increase in-cylinder mass with increasing
molecular weight, also, since the pressure inside the cylinder does not
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Figure 10. The amount of indicated production work for different NG mixtures.

significantly change for various NG mixtures, the indicated production
work per unit mass increases when the NG molecular weight increased.

6. Conclusion

The pressure reduction at the natural gas (NG) pressure reduction stations
is always one of the main issues in natural gas industries. The use of
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Reciprocating expansion engines (REE) in the pressure reduction stations is
a new tool to produce a significant amount of power as well as pressure
reduction in these stations. The main objective of the current study is to
simulate the REE rigorously based on thermodynamic analysis to optimize
the REE performance. The NG is assumed as real gas and thermodynamic
properties of the NG mixture are calculated based on the GERG-2008
equation of state (EOS). Try & Error and artificial neural network (ANN)
methods are used in the simulation process of the REE. The ANN method
is proposed as an alternative tool in the REE simulation process due to is
not required NG composition. The measurement of NG composition is a
costly and complex process therefore the proposed ANN method is efficient
and rigorous. Eventually, the impact of natural gas composition on the per-
formance of the expansion engines is surveyed. The main findings which
are concluded from this study can be summarized as follows:

1. Comparison of ANN method and Try & Error method shows that the
accuracy of neural network for calculating the in-cylinder pressure and
temperature compared to experimental data is equal to 0.08 and 0.03%,
respectively, while this value for Try & Error method is equal to 0.92
and 0.04%.

2. It can be concluded that the use of the ANN causes the precise simula-
tion of the expansion engine even without knowing the mole fraction of
NG components.

3. The NG compositions have a significant impact on the in-cylinder tem-
perature, mass, and mass flow rate while having a slight impact on the
in-cylinder pressure.

4. The output work of each cycle, in the same condition, is 168 k]/kg for
pure methane, 165kJ/kg for Khangiran NG, and 143kJ/kg for
Bidboland NG mixtures.

5. The result concluded that the indicated work is higher for NG with
lower molecular weight.
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