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The energy efficiency and exergy efficiency of recommended
photovoltaic (PV) array are calculated for Kerman climate. Since energy
efficiency and exergy efficiency of PV array is dependent on weather
conditions, the recommended PV array energy and exergy have been
analyzed in various months of the year to be used in Kerman climate.
Also, the wind speed impact on exergy efficiency has been studied in
this research. The simulated results were compared to experimental
results to confirm the validity of employed relationships and a good
agreement was observed between them. Since the model’s results
match those of experiments, the model presented in this paper can be
used for various weather conditions. An important result of the
research was higher accuracy of exergy efficiency calculation of present
model relative to past models. Also, energy efficiency and exergy
efficiency were almost identical for various months of the year and the
PV array can be used to produce a part of required electric power in
Kerman climate throughout the year. The annual averages of exergy,
energy, and electrical efficiencies in Kerman climate are 12.03%,
16.27%, and 12.14%, respectively.
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1. Introduction

Renewable energies are a good substitute for fossil fuels. Among various
renewable energies, PV is a major technology that is developing rapidly with huge
potential for future applications. PV systems are semiconductor devices that can
convert solar energy into electrical energy at 5%-20% efficiency levels [1].

PV cells as the solar energy receptor units which convert it to electrical energy
are specially important to provide a power supply that tap renewable energy
sources.
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PV phenomena is based on absorbing light photons, creating an electron-hole
pair, electron isolation, and finally embedding generated holes by an electrical
converter into the semiconductor material. The current and voltage of solar cells
are low but by arranging them serially or in parallel, higher currents and voltages
are achievable.

The PV cell set is called a PV module. A set of modules makes a solar panel
and a set of these panels is called solar array. The solar array efficiency depends
on weather, working conditions, sunlight intensity, PV array temperature, heat loss
coefficient, open-circuit voltage, short-circuit current, voltage at point of maximum
power, current at point of maximum power, and PV array surface area [2].

PV energy efficiency is defined as the ratio of generated electrical energy
to the received solar energy. Exergy efficiency is under influence of the weather,
heat specifications, and chemical potential of components [3]. Ghoneim offered a
computer simulation for determining heat efficiency of PV system that supplied
water pump energy in Kuwait climate. He also obtained optimum amounts of angle
of surface slanting for PV array [4]. Badescu checked weather and latitude impact
on PV module shape based on energy analysis and also found the optimal humber
of cells in series and the number of strings for various weather conditions [5].

Abdolzadeh&Ameri [6] sprayed water over PV array to experimentally study
PV water pump optimization in Kerman climate and showed that the water spray
increased the PV array efficiency. They did not check PV array exergy.

Akyuz et al. offered an approximation to estimate PV array exergy efficiency.
They used experimental average data and found that the wind speed is a main
parameter in calculating PV array exergy efficiency [7].

Based on research, in most of the past studies, wind speed effect was not
included in exergy efficiency calculations but in the present article, the wind speed
is studied as a main parameter in calculating exergy efficiency calculations and
besides extracting a mathematical model to calculate the energy/exergy efficiency.

2. Statement of the problem
2.1. Energy analysis

The electrical circuit equivalent of PV array is shown in figure 1 [8].
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Figure 1. Equivalent electrical circuit in the five-parameter photovoltaic model
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Based on nodes law where in sum of all the currents entering and leaving a
node must be equal, it can be written[8]:

V +IR V+IR
=1 -l,|exp| ———= |-1|-———— 1
) O|: p( a j :| Rsh ()

Where, I and V are current and voltage in the presence of the load. Rq,, R, Io, 1L
and a are equivalent parallel resistance, serial resistance, diode reverse saturation
current, light factor, and ideal factor, respectively. In equation (1), the second
terms on the right define diode current Ip. Below conditions are proposed to
calculate the 5 reference parameters Rep ref, o ref/Rsrefs Iirer @Nd aref.

At short-circuit current:

=g 4.V =0 (2)
At open-circuit voltage:
=0,V =V, (3
At short-circuit current:
dl 1
2l
dV sc Rsh,ref
At the maximum power point:
[M} =0 5)
dv |,
I = Imp,ref ’V = Vmp,ref (6)

The reference conditions are the same as standard conditions. The solar cell
temperature at reference conditions is 25°C and the solar radiation at reference
conditions is 1000(W/m?). By substituting equations (2) to (6) in equation (1), we
have:

At short-circuit current:

I R [ R
Isc,ref = IL,ref - Io,ref {eXp(MJ _1:| — e sref (7)
ref Rsh,ref
At open-circuit voltage:
\ \Y
IL,ref - Io,ref {exp[ﬂj _1:| — oot _ ®)
ref Rsh,ref
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Where, Inp, Is, Vmp and Vo are maximum power point current, short-circuit
current, maximum power point voltage, and open-circuit voltage.

Equations (7) to (11) are a set of nonlinear equations that are solved by
numerical methods and the result would be five parameters required in reference
conditions. In this article, the PV array current and voltage parameters are
calculated by PvSyst software. The below equations are used to obtain model
parameters in new climate conditions [8, 9]:

G U
Tamb + (Q)(%)(Tceuwom - Tamb,NOCT)

Tcell = y n G U (12)
1- Ff[ar)d (Gref )¢ LUNLOCT )(Teainoct ~ Tamb.noct)
3
Io :( Tcell J eXp[ENC (1_ Tcell,ref jJ
Io,ref Tcell,ref aref Tcell
AT = Togy = oo res (13)
Al=al S |aT+| &1 I o
Gref Gref ’
AV =BAT -RAI
Inew = Iref + AI
Vi =V, TAV (14)

Where Grer, Tambinocts Tambs TeelnocTs Teellrer @Nd Tee @re solar radiation intensity
at reference conditions, solar radiation intensity, ambient temperature at operating
cell temperature condition, ambient temperature, solar cell temperature at nominal
operating cell temperature, solar cell temperature in reference conditions, and
solar cell temperature, respectively.

Uinocts Melrers (t0),€,Ne,0,B,vrer,UL are overall heat loss coefficient at nominal
operating cell temperature, electrical efficiency at the reference conditions, the
effective product of transmittance- absorptance, semiconductor band gap energy,
cells number in series, current temperature coefficient, voltage temperature
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coefficient, efficiency correction coefficient for temperature and overall heat loss

coefficient, respectively. The total heat loss coefficient includes convection loss and

radiation loss obtained form equation below [3]:

UL = hconv + hrad (15)
Such that the convection heat transfer coefficient (hen) and radiation heat

transfer coefficient (h.q) are calculated from equations below:

h,,, =2.8+3V, (16)

conv

hrad = 8go—(Tsky + TceII)(T2 + Tzell) (17)

sky c
Where V,,, 0 and g4 are wind speed, Stefan- Boltzmann' s constant, and PV
array emissivity respectively. The sky temperature has been approximated by the
experimental equation below:

Tay = Tams — 6 18)

The PV array manufacturer supplies total heat loss coefficient, nominal
working temperature of the cell conditions, and temperature coefficient. The PV
energy efficiency is defined as the ratio of system’s energy output to its energy
input which is captured by the PV array surface [10]:

Ne = —VO;'SC (19)

The solar heat flux is obtained by equation below:
S=GA_, =G(NN_ A ..) (20)

Where, N, N, and A, are the number of strings, number of modules in series
per strings, and PV array area. The PV module surface is obtained by equation
below:

A, =LL, (21)

Where, L; and L, are solar module’s length and width, respectively.

For PV array, the energy efficiency is defined as the ability of converting solar
energy into electrical energy. The output power is equal to multiplication of current
in voltage of PV set. This conversion efficiency is not constant even when the
sunlight is consistent. However, there is a point of maximum power where in
voltage is Vip Which is less than open-circuit voltage and the current in the point of
maximum power is I, which is less than short-circuit current.
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In fig.2, Egy is the highest electron energy level at highest sunlight intensity

VOC
which is equal to the surface area under[ I |(V)dVJ| -V plot and E, is the
V=0
lowest electron energy level shown with dotted line. The energy efficiency at the
point of maximum power-a.k.a. electrical efficiency is defined as the ratio of
electrical energy output to solar energy input:
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2.1. Exergy analysis

Exergy analysis is a technique that employs the laws of conservation of
mass/energy and the second law of thermodynamics, to analyse, design, and
develop energy systems. Exergy is defined as the maximum work performed by a
system or a mass stream or an energy stream to strike a heat balance with the
environment.

SEX,, —SEX,, = SEX 4 (23)

The general equation of exergy balance for a control volume is shown below:
Where, Exi, EXou, EXdest are input exergy, output exergy, and exergy loss,
respectively.

The input exergy is sunlight exergy obtained by Petela theory from equation

below (24), (25):
4
Ex,, =S| 1- Ay | E[Tambj (24)

3T, 3\ T

sun sun
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Tsun is sunlight temperature in Kelvin.
The output exergy for a PV system is obtained by equation below:

SEX,, = SEX, +SEX, -SEX (25)

loss

Where Expss, EXe, and EXy are output exergy loss by wind speed, electrical
exergy and thermal exergy, respectively.
Thermal exergy is obtained by equation below[2]:

Moy C T, T,
Exth = %(Tcell - Tamb - Tamb ln(-l-_e”j} - (ISCVOC - Impvmp)(-l- o J (26)

amb sun

Where, At and m,,, are PV time interval and PV array mass. PV array mass is 66
kg and G, is silicon’s specific heat capacity in J/g/K obtained by equation below[3]:
C, =0.844+1.18x107*T_, —1.55x10*T 4 (27)

Exioss iS output exergy loss caused by negative impact of wind speed on exergy
efficiency for its forced convection heat transfer from PV array surface; and
excluding this term leads to overestimation of exergy efficiency. Therefore, in this
article, wind speed heat loss was included and more accurate results were
obtained relative to models that exclude such term. Ex,s is calculated by equation
below[11]:

T

Lamp 28
TJ (28)

EXIO$ = UL'A‘a\rr (Tcell _Tamb)(l_
cell
In equation (26) the first term on the right shows physical exergy variations
and the second term shows exergy variations caused by chemical potential
changes in PV array.
Electrical exergy is obtained by equation below:

Ex,=V,| (29)

mp' mp

The exergy efficiency of PV array is defined as the ratio of output exergy to
input exergy.

SEX,,
r] =
* " SEX,

(30)

3. Numerical results and discussion
3.1. Comparison between theoretical and experimental methods
To verify relationships used in this article, the experimental results of Barker &

Norton [12] were compared to results of the present method. The comparison pa-
rameters included: PV array temperature, open-circuit voltage, maximum power
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point voltage, short-circuit current, and maximum power point current. Weather
conditions and PV array design parameters are shown in table 1.

Table 1. PV array weather conditions, and design and working parameters

3]
PV module parameters Values
PV module type SM55Siemens
monocrystal silicon
No. of modules in series based on strings 2
No. of strings 6
Sunlight intensity in reference conditions 1000W/m?
Ambient air temperature in NOCT conditions 293.15 °K
Solar cell temperature in reference conditions 298.15 oK
Solar cell temperature in NOCT conditions 318.15 °K
Temperature of the Sun 5760 °K
Wind speed compared to experimental work 1m/s
Short-circuit current in reference conditions 20.7A
(whole PV array)
Open-circuit voltage in reference conditions 43.4V
(whole PV array)
current at point of maximum power in 189 A
reference conditions (whole PV array)
voltage at point of maximum power in 34.8V
reference conditions (whole PV array)

Electrical efficiency in reference conditions 0.12
Current temperature coefficient 1.2 mA/s
Voltage temperature coefficient 0.077 - V/oC
semiconductor band gap energy 1.12 ev

Multiplication of absorption coefficient in 0.9

penetration
Emission coefficient of PV array 0.88
Solar module length 1.293 m
Solar module width 0.329 m

Since experimental work in [12] did not report wind speed, in this article, a
wind speed of 1m/s was used to compare it with other experimental works. To
compare simulation results with experimental results, the square root of the
arithmetic mean of squares of all possible values of a function (RMS) was used [8].

Xex i_Xsimi i
>|100x —=PL ST
X

exp,i

RMS=

(31)
n
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Where n = quantity of experimental data, and exp & sim subscripts show
experimental and simulated data. The sunlight variations are shown in fig.3.

In fig.4, ambient temperature and PV array temperature are shown. Fig.4
shows that there is a good agreement between simulated and experimental results
with standard difference percentage: RMS=5%.

The simulated values of open-circuit voltage, voltage at point of maximum
power, short-circuit current, current at point of maximum power, and experimental
values are shown in fig.5 which indicate that there is a good agreement between
simulation and experimental results with 4.41, 4.91, 6.89 and 1.59 percentage
differences for voltage at point of maximum power, short-circuit current, current at
point of maximum power, and open-circuit voltage.
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Figure 4.The ambient temperature, experimental PV array temperature and
simulated PV array temperature during the test day
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Figure 5. Comparison of current and voltage parameters in experimental and
simulated situations

The simulated and experimental values for energy efficiency, exergy
efficiency, and electrical efficiency are shown in fig.6. There is a good agreement
between simulated and experimental results with 5.05, 5.16, and 8.71 difference
percentages for energy efficiency, exergy efficiency, and electrical efficiency.
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Figure 6. The simulated and experimental values for energy efficiency, exergy
efficiency, and electrical efficiency during the test day.

Comparison between simulated and experimental results confirms selecting
1m/s as a logical choice for wind speed. Differences between simulated and
experimental results can be sought as below:

It was assumed that temperature coefficients for current and voltage are
identical, while in experimental work, changes in PV array temperature and
sunlight intensity modify these coefficients. Wind speed is not fixed in experimental
work, which in turn directly affects total heat loss coefficient and reduces
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calculation accuracy of total heat loss coefficient in computer simulation. Also, data
extraction from experimental reports might be flawed.

3.2. Comparison of present model with a model without including
equation (28) to calculate exergy efficiency of PV array

Figure 7 shows the results of PV array exergy efficiency calculation according
to recent model and a model that excludes exergy loss term caused by wind
speed:

F * Exp
14 E . Present work
4 Without{28)

Exergy efficiency(%)
[
T
»

’\3‘ - I’\4 15
Time of day(hr)

Figure 7. Comparison between exergy model of recent work with a model that
excludes equation (28) relative to experimental data

Figure 7 reveals that the exclusion of wind speed loss term (eq.28) in exergy
efficiency calculation leads to overestimation of it, and the model that excludes the
term has 15.3419 percentage difference relative to experimental result. While the
recent model that includes the wind speed loss term in calculation of exergy
efficiency calculation has a 6.6577 percentage difference. Thus, wind speed loss
term is effective in exergy efficiency calculation and excluding it results in its
overestimation.

3.3. Extracting results for Kerman climate

For Kerman climate, the monthly averages of ambient temperature, sunny
hours per day, and wind speed were obtained from the Kerman applied research
meteorology office. Since sunny hours are the only long-term data whose
information was measured, reliable, and accessible and can be used to estimate
accurate sunlight intensity on the ground; the average sunlight intensity for various
months were calculated for Kerman climate using average sunny hours per day
and Angstrom Model.
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3.3.1. Estimating total solar radiation on the ground

The Angstrom [13], Prescok [14] experimental formulation was the first model that
estimated radiation amount on a horizontal surface based on sunny hours parameter.

=a+b| - (32)
0 N

T |I\

In equation above, H is average total daily radiation for a month, and Ho is
the radiation measured outside of atmosphere calculated by this equation(Duffie &
Beckman):

- 24x3600G ( 0.033c0s360n
Ho = 1+

x| cos@cosdsinw, + —=sin@sind
T 365 180
(33)
G is extra atmospheric radiation constant which is included in this article as
1373(W/m?). @is the latitude of the location, & is sun’s angle relative to equator in
degrees (—23.45< § < 23.45) that can be calculated by Cooper’s approximation

equation as:

(34)

5= 23.455in(360 284+ ”j

365
W, is solar hour angle in degrees which can be calculated from the equation (35)

as.
w, = cos*(—tan @tan d) (35)

nis the monthly average of sunny hours per day, and N is the monthly average of

max. sunny hours per day which is calculated by:
N = Ems (36)
15
The latitude of Kerman Province is 30.29° and the experimental coefficients a
and b are 0.322 and 0.421 [15].

(a) Figure 8 shows the average monthly values of sunny hours in Kerman
climate.

(b) Figure 9 shows the average ambient temperature for various months of
the year.

(c) Figure 10 shows the monthly averages of short-circuit currents, current at
point of maximum power, open-circuit voltage, and voltage at point of
maximum power.

(d) Figure 11 shows average monthly wind speed.
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(e) Figure 12 shows the monthly averages of PV array exergy,energy and
electrical efficiencies for Kerman climate.

It is evident that exergy efficiency variations follow electrical efficiency
variations and the highest/lowest monthly energy and electrical exergy efficiencies
relate to December/June. Highest average monthly exergy efficiency is observed in
November. The reason why December has less exergy efficiency in spite of higher
energy/electrical efficiencies relative to November, is higher wind speed in this
month which lowers exergy efficiency relative to November. The reason for higher
energy/electrical efficiencies in December in spite of lower average sunlight relative
to warmer months is very high effect of solar cell temperature. We mentioned
earlier that higher solar cell temperature lowers the efficiency and in December,
when solar cell temperature is lower than warmer months, energy/electrical
efficiencies are higher. Therefore, it is observed that the PV array cell temperature
is very influential on energy/electrical efficiencies.

When calculating exergy efficiency, the wind speed is also important and
must be included besides solar cell temperature. However, there is little difference
between highest and lowest efficiencies and the PV array can be successfully
employed to supply part of required power in Kerman climate. Also, the annual
averages of exergy, energy, and electrical efficiencies should be 12.03%, 16.27%
and 12.14%. According to better results of exergy efficiency in presented model
compared to a model without wind loss term, the wind speed effect is notable on
system irreversibly and if ignored- since wind speed exists in experimental work
and there is loss caused by displacement heat transfer of PV array to the
environment-our calculations would be rendered flawed.

1 1 1
5 6 7 8 9 10 11 12
Month of year

Figure 8. Avergae monthly values of sunny hours in Kerman climate
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Figure 9. Average monthly ambient temperature for Kerman climate
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Figure 10. Monthly averages of PV array current and voltage parameters

recommended for Kerman climate
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Figure 11. Average monthly wind speed for Kerman climate

274



Efficiency(%)
>
T

5Mon‘ih of;\/ear EI’ 1Io 1I1 1I2
Figure 12. Monthly averages of PV array exergy/energy/electrical efficiencies for
Kerman climate

4. Conclusion

The electric and exergy models introduced in present research agree

reasonably with Barker & Norton[12] experimental study and thus, the presented
model can be used in various climates. By increasing ambient temperature, solar
sell temperature soars and energy,exergy and electrical efficiencies drop.
Removing PV array surface heat to increase its electrical efficiency has been
studied in several experimental works such as Abdolzadeh & Ameri [6] who
sprayed water over PV array and achieved higher electrical efficiency.
Since wind speed is crucial in exergy efficiency and its exclusion leads to flawed PV
array efficiency calculation, in this article, the wind speed effect on exergy
efficiency was studied and more accurate results were achieved relative to a model
without wind loss term. Following that, by using models presented in recent article,
the average exergy/energy/electrical efficiencies for various months in Kerman
climate were calculated and since the efficiency is almost fixed throughout the
year, PV array can be employed to supply part of power required for buildings in
the city of Kerman.

In spite of common perceptions about low efficiency of solar array in colder
months, the PV array efficiency is notable in these months due to lower
temperature of solar cells. So, utilization of PV array for electrical power generation
is feasible in Kerman climate regardless of being used in warm or cold seasons.

References

[1] Shahsavari A., Ameri M., Gholampour M., Energy and exergy analysis
of a photovoltaic-thermal collector with natural air flow, In the National
Conference on Energy and Environment, Kerman, Iran,2010 (In Persian).
[2] Sarhaddi F., Farahat S., Ajam H., Behzadmehr A., Exergetic
Performance Evaluation of a SolarPhotovoltaic (PV) Array, Australian
Journal of Basic and Applied Sciences, 4 (3): 502-519, 2010.

275



[3] Sarhadi F., Farahat S., Ajam H., Behzadmehr A., Exergetic
Optimization of a Solar Photovoltaic Array, Journal of Thermodynamics,
Volume Article ID 313561, 11 pages, 2009.

[4] Ghoneim A.A., Design optimization of photovoltaic powered water
pumping systems, Energy Conversion andManagement,vol. 47, no. 11-12,
pp. 1449-1463, 2006.

[5] Badescu V., Simple optimization procedure for sificon-based solar cell
interconnection in a series-parallel PV module, Energy Conversion and
Management, vol. 47, no. 9-10, pp.1146—-1158, 2006.

[6] Abdolzadeh M., Ameri M., Improving the effectiveness of a
photovoltaic water pumping system by spraying water over the front of
photovoltaic cells, Renewable Energy, vol. 34, no.1, pp. 91-96, 2009.

[7] Akyuz E., Coskun C., Oktay Z., Dincer 1., A novel approach for
estimation of photovoltaic exergy efficiency, Energy, vol.44, pp.1059-
1066, 2012.

[8] De Soto W., Improvement and validation of a model for photovoltaic
array performance, M.S. thesis, Solar Energy Laboratory, University of
Wisconsin-Madison, Madison,Wis, USA, 2004.

[9] Luque A., Hegedus S., Handbook of Photovoltaic Science and
Engineering, JohnWiley & Sons, Chichester, UK, 2003.

[10] Joshi A.S., Dincer 1., Reddy B.V., Thermodynamic assessment of
photovoltaic systems, Solar Energy, vol. 83, no.8, pp. 1139-1149, 2009.
[11] Ajam H., Farahat S., Sarhaddi F., Exergetic optimization of solar air
heaters and comparison with energy analysis, International Journal of
Thermodynamics, vol. 8, no. 4, pp.183-190, 2005.

[12] Barker G., Norton P., Building America system performance test
practices: part 1—photovoltaic systems, Tech.Rep. NREL/TP-550-30301,
National Renewable Energy Laboratory (NREL), Golden, Colo, USA, 2003.
[13] Angstrom A., Solar and terrestrial radia_on., Q.J.R. Meteorol. Soc.
50, 121, 1924.

[14] PrescoK. J.A., Evapora_on from a water surface in rela_on to solar
radia_on., "Trans. Roy. Soc. S. A. 64:PP. 114-118,1940.

[15] Javadi Sh., Kokabi M., Monshadi M.D., Estimation of solar radiation
using an optimization model, S.Moeini, Journal of Energy, Vol 13, No. 2,
2010. (In Persian).

Addresses:

Meisam Khaloei, Young Researchers and Elite Club, Sirjan Branch, Is-
lamic Azad University, Sirjan, Iran, meisamkhaloei@yahoo.com
Hossein Okhovati, Department of mechanical Eng., Sirjan Branch, Is-
lamic Azad University, Sirjan, Iran, sohasamaneh@yahoo.com

Navid Bozorgan, Mechanical Engineering Department, Abadan Branch,
Islamic Azad University, Abadan, Iran, n.bozorgan@gmail.com

276



