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ABSTRACT

In this article, exergetic methodology is applied for a low bypass turbofan engine at maximum power setting. The
engine is a low-bypass (0.96 to 1) turbofan engine and its variants fitted to the 737-100/200 all comprise six low-
pressure compressor (LPC) stages, seven high pressure compressor (HPC) stages, a single HP turbine (HPT), and
finally three LPT stages. At the end of the analysis, the most irreversible units in the system are found to be the
combustor and the fan/low pressure compressor, with exergy loss rates of 18.7 MW and 2.486 MW, respectively.
The exergy efficiencies of the fan/LPC, the HPC and combustor are 0.856, 0.845 and 0.744, respectively. For the
HPT and LPT, the exergy efficiencies are calculated to be 0.98 and 0.963, respectively.

INTRODUCTION

With over two billion people travelling safely around the world every year and some 23,000 aircraft in
commercial service. Worldwide passenger traffic will average 5.1 percent growth and cargo traffic will average 5.6
percent growth 2-5% of the world energy consumption belongs to aviation industries (Boeing, 2011; Enviro, 2011,
IATA, 2005; Lee et al., 2007; USHP, 2006). Total scheduled world revenue tonne kilometers (RTK) increased by
119 per cent, with scheduled passenger revenue passenger kilometers (RPK) and cargo (RTK) traffic rising by 108
and 140 per cent, respectively (Macintosh and Wallace, 2008). Effects of energy consumption in aviation sector
give rise to potential environmental hazards. Therefore energy consumption plays a crucial importance role to
achieve sustainable development; balancing economic and social development with environmental protection. The
importance of energy efficiency is also linked to environmental problems, such as global warming and atmospheric
pollution (Ahmadi et al., 2011; Ptasinski et al., 2006).

Energy intensity can be related to some important measures operational and technological efficiency in the
aircraft and its propulsion system. An aero-engine converts the flow of chemical energy contained in the kerosene
fuel and the air drawn into the engine into propulsion power. Nearly one-fourth or one-third of fuel energy is used
to propel the aircraft. The remaining energy is expelled as waste heat in the exhaust. Specific fuel consumption
(SFC) is more relevant to consider propulsion power in terms of payload carried per unit range. Energy intensity

(EI ) is a suitable parameter with comparing efficiency and environmental impact. It consists of two components-

energy use, EU and load factor, Lf as shown in Eq.1 (Joosung et al., 2004).

E, M MJ / RPK @

'"L, TRPK ASK  ASK

Where MJ is mega joules of kerosene fuel energy, RPK is revenue passenger-kilometers, ASK is available
seat- kilometers, and L, is load factor. To have a model of aircraft, it is necessary to show E, as a function of

the engine, aerodynamic, and structural efficiency of the aircraft system as well as load factor. These parameters
play important role in the energy intensity of an aircraft. Energy efficiency in commercial aircrafts is improved by
averaging 1.5% percent annually with the introduction of bypass turbofan engines. However, as the bypass ratio
increased, engine diameter has also increase, leading to an increase momentum drag. Other way to propulsion
system improvement is to increase turbine inlet temperature, which is limited by materials and cooling technology,
and improving engine component efficiencies. Between the introduction B707 and B777, commercial aircrafts
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have been constructed exclusively of aluminum and are currently about 90% metallic by weight. So improvements
of structural efficiency are less evident (Joosung et al., 2004).

The environmental impact of emissions can be reduced by increasing the efficiency of resource utilization
(Rosen, 2002). Using energy with better efficiency reduces pollutant emissions. Energy and exergy concepts have
been utilized in environmental sustainability, economics and engineering. Exergy is a quantity which follows from
the First and Second Laws of Thermodynamics and analyses directly impact process design and improvements
because exergy methods help in understanding and improving efficiency, environmental and economic
performance as well as sustainability. The potential usefulness of exergy analysis in addressing sustainability
issues and solving environmental problems is substantial (Ao et al., 2008; Dincer and Rosen, 1998; Midilli and
Dincer, 2009, 2010; Norberg et al., 2009). The exergy studies related to gas turbines have first been done on
stationary gas turbines. In the literature, the various exergy and exergo-economic analysis of aero engines have
been reported (Aydin et al., 2012a, 2012b; Balli et al., 2008; Bejan and Seems, 2001; Brilliant, 1995; Cesare et al.,
2010; Diango et al., 2011; Etele and Rosen, 2001; Figliola, 2003; Riggins, 1996; Roth and Mavris, 2000, 2001;
Schiffmann and Favrat, 2010; Turan, 2012a, 2012b).

Through a literature review, it is noticed that there is no work to be studied about exergy analysis for a low
bypass turbofan engines in the open literatures. The present assessment, therefore, aims to provide a practical
framework for the use of such exergy analysis in low bypass engines. Lack of exergy analysis for low bypass
turbofan engine makes the paper original and becomes main motivation.

In this paper, first the detailed exergy analysis of JT8D low bypass turbofan engine has been performed. In
this analysis, exergy efficiency, exergy losses/destructions have been calculated at maximum power setting, i.e.
takeoff condition. Exergy analysis of JT8D has first been studied in this paper. Moreover, there is no previous work
about exergy related to low bypass turbofan engine in the aircraft engine in the literature.

SYSTEM DESCRIPTION FOR LOW BYPASS TURBOFAN ENGINE

JT8D series engines are one of the most popular modern commercial engines ever made. More than 14,750
of them have been built, amassing more than 673 million hours of reliable service since 1964. The eight models
that make up the JT8D family cover a thrust range from 62 to 76 kN. The newer JT8D-200 engine offers 18,500 to
21,700 pounds of thrust, and is the exclusive power for the popular MD-80 aircraft (B-1-7.pdf)

An illustrated diagram, station numbering and main component of the high bypass turbofan engine is shown in
Fig. 1. It consist of fan (F), axial low pressure compressor (LPC), axial high pressure compressor (HPC), an
annular combustion chamber, high-pressure turbine (HPT) and low pressure turbine (LPT).

EN

Farg HPC HPT EN

nlet 2

FN L 1.3

HPC: High pressure compressor; CC: combustion chamber; HPT: High pressure turbine; LPT: Low pressure turbine; EN: Exhaust nozzle; FN: Fan
nozzle

This engine operates according to the Brayton cycle, which includes four processes under the ideal conditions
given below:

a. isentropic compression (fan and HPC)

b. combustion at constant pressure (CC)

c. isentropic expansion (HPT and LPT)

d. heat transfer at constant pressure (EN and FN).

There are two drive shafts in this engine. The first, N,, connects the HPT and HPC and constitutes the HP
system, while the second, Nj, connects the LPT to the fan and constitutes the LP system. While the high pressure
turbine runs the high pressure compressor, fuel pump, starter generator and reduction gearbox, LPT runs the fan.
In the schematic diagram of the high bypass turbofan engine given in Fig. 1, the bypass ratio is defined as

_ Bypass airflow _ My _ Mot 2
Primary airflow  m,,, M.,

Thus if the air mass through the core (HPC) ism

then the bypass air mass flow rate is (a m

core ! core) :



MATHEMATICAL FRAMEWORKS FOR THERMODYNAMIC ANALYSIS

The energy and exergy methods in practice: some useful tools and definitions

Thermodynamic first-law analysis is energy-based approach in thermal systems. It is based on the principle of
conservation of energy applied to the system. For a general steady state, steady-flow process, the four balance
equations (mass, energy, entropy and exergy) are applied to find the work and heat interactions, the rate of exergy
decrease, the rate of irreversibility, the energy and exergy efficiencies (Balkan et al., 2005; Dincer et al., 2004;
Wall, 2003).

The mass balance equation can be expressed in the rate form as

Z n.’]in :Z Iﬁout ’ (Sa)

where M is the mass flow rate, and the subscript in stands for inlet and out for outlet. The general energy
balance can be expressed below as the total energy inputs equal to total energy outputs.

Z E.in :Z E.out (Sb)
Energy conservation suggests that for a steady-state process the First Law may be represented by (Hammond and
Stapleton, 2001):

> (h+ke+pe) m, —> (h+ke+pe) rm, +> Q-W =0 (3c)

where min and M_. denote the mass flow rate across the system inlet and outlet, respectively, Q represents the

out

heat transfer rate across the system boundary, W is the work rate (including shaft work, electricity, and so on)
transferred out of the system, and h, ke, and pe denote the specific values of enthalpy, kinetic energy, and
potential energy, respectively.

This energy balance can be simplified, assuming negligibly small changes in kinetic and potential energy and no
heat or work transfers, to (Hammond and Stapleton 2001):

D Hin =D Ho (3d)

where H;;, represents the various energy (or enthalpy) streams flowing into the system, and H;,, the different
energy outputs.

First Law or ‘energy’ analysis takes no account of the energy source in terms of its thermodynamic quality. It
enables energy or heat losses to be estimated, but yields only limited information about the optimal conversion of
energy. In contrast, the Second Law of Thermodynamics indicates that, whereas work input into a system can be
fully converted to heat and internal energy, not all the heat input can be converted into useful work (Hammond,
2007). The exergy loss in a system or component is determined by multiplying the absolute temperature of the
surroundings by the entropy increase (Hepbasli, 2008; Hermann, 2006; Kilkis, 1999). Exergy methods also help in
understanding and improving efficiency, environmental and economic performance as well as sustainability
(Genoud and Lesourd, 2009).

Note that, whereas energy is a conserved quantity, exergy is not and is always destroyed when entropy is
produced. In the absence of electricity, magnetism, surface tension and nuclear reaction, the total exergy of a
system Excan be divided into four components, namely (i) physical exergy Ex™ (i) kinetic exergy Ex* (iii)

potential exergy Ex"T and (iv) chemical exergy Ex*" (Hepbasli, 2008).

Ex = Ex™ + EX™ + ExX®" + Ex™" (4a)
Although exergy is extensive property, it is often convenient to work with it on a unit of mass or molar basis.
The total specific exergy on a mass basis may be written as follows (Hepbasli, 2008):

ex=ex"™ +ex¥ +ex +ex™’ (4b)
The general exergy balance can be written as follows (Hepbasli, 2008):

Z EX in Z EX out — z Exdest +Z EXIoss (Sa)

EX, oot — EX o + EX Ex EX,. +EX (5b)

mass,out = dest loss
E‘Xheat = z [1 - %Fk ! (50)
k

mass,in



E.Xwork =W ’ (5d)
EXma\ss,in = Zminl//in ! (58)
Exmass,out = Z n.']out Wout . (5f)

where Q is the heat transfer rate through the boundary at temperature T, at location k and W is the work rate.

The flow (specific) exergy is calculated as follows:
ex=(h—h,)-T,(s—5s,) (6)
where h is enthalpy, s is entropy, and the subscript zero indicates properties at the restricted dead state of P,

and T,.
The rate form of the entropy balance can be expressed as (Hepbasli, 2008)

Sy~ Sue + S, =0 @)

where the rates of entropy transfer by heat transferred at a rate of Qk and mass flowing at a rate of m are

out

St =Q. /T, and §__ =nis, respectively (Hepbasli, 2008).

Taking the positive direction of heat transfer to be to the system, the rate form of the general entropy relation
given in Eq. (7) can be rearranged to give (Hepbasli, 2008)

S.gen = zmoutsout _Z rﬁinsin _z% (8)
k
Also, it is usually more convenient to find S'gen first and then to evaluate the exergy destroyed or the irreversibility
rate [ directly from the following equation, which is called Gouy—Stodola relation (Szargut et al., 1988):

I. = Exdest :TOSgen (9)
Assuming air to be a perfect gas, the specific physical exergy of air is calculated by the following relation (Kotas,
1995)

T P

Xy per =Cpa| T-To—ToIN— [+RT,In— (10)
' Y TO PO

Numerous ways of formulating exergy (or second-law) efficiency for various energy systems are given in detail

elsewhere (Cornelissen, 1997). It is very useful to define efficiencies based on exergy. There is no standard set of

definitions in the literature. Here, exergy efficiency is defined as the ratio of total exergy output to total exergy input,

ie.

= out (11)

Assumptions

In this study, the assumptions made are listed below

(a) The air and combustion gas flows in the engine are assumed to behave ideally.

(b) The combustion reaction is complete

(c) Compressors and turbines are assumed to be adiabatic

(d) Ambient temperature and pressure values are 288.15 K and 101.35 kPa, respectively.

(e) The exergy analyses are performed for the lower heating value (LHV) of kerosene (JET A1) which is accepted as
42,800kJ/kg.

(h) Engine accessories, pumps (fuel, oil and hydraulic) are not included in the analysis

(i) The kinetic and potential exergies are neglected

() Chemical exergy is neglected other than combustor.

Airflow

The total airflow mass is 142.7 kg/s that includes 74.74 kg/s fan air and 67.95 kg/s core air. Air is taken into LPC at
ambient temperature of 288.15 K and ambient pressure of 101.35 kPa. In gas turbine engines, a part of
compressed air is extracted to use for ancillary purposes, such as cooling, sealing and thrust balancing. In this
study the cooling airflow is neglected since it doesn’t have meaningful effect on exergy and sustainability
analyses.



Combustion balances and emissions

As fuel the kerosene (JET A) is burned. Its chemical formula is as C;,H,3. The value of LHV is 42,800
kJ/kg. Fuel flow is 1.05 kg/s that results in air/fuel ratio as 64. Combustion balance equation is calculated by
Eq.(12),

0.7748N, 12.11CO,
T 260 +0.20590, +18.51H,0 12)
+ = 1
127723 +0.0003CO, +58.220,

+0.019H,0 +285.9N,

The mass of combustion gases are obtained as 3.43 kg/s for CO,, 2.14 kg/s for H,O, 11.98 kg/s for O, and 51.46
kg/s for N, after combustor chamber.

Specific heat capacities of air and combustion gas

The cold air specific heat capacity is calculated by Eqg. (2) as follow

0.45378T2 5.49031T° 7.92081T* (13)
0 10° | 10%

The specific heat capacity of the combustion gases after combustion chamber for JT8D is calculated from the
composition of Eq (1) of each emissions’ mass percentage as follow.

Co.ar (T ) =1.04841—0.000383719T +

2.043T N 1.551T2 ~ 6.717T° (14)
10° 10’ 10"

Where the unit of temperature is K. For hot gases, R value is calculated as 0.2901 kJ/kg.

Cp.ges (T) =0.9886 +

EXERGY ANALYSIS

The exergy analysis of JT8D gas turbine engine’s Fan, HPC, combustor, HPT and LPT will be performed. The
exergy parameters of JT8D for two investigated operating conditions will be calculated by Egs. (13-19)

i. Fan;
Z EXin,fan - Z EXout, fan — Z EXdest, fan (15a)
z EXin,fan - z EXout, fan :Wfan + EXZ - (EX13 + EXZS) (15b)
_ mfan(ﬁls B F‘z) + mA(HZS B I‘_]2)
fan — M A (15¢)
 EXg + EXys — EX,
Nex, fan = Wfan (15d)
ii. High Pressure Compressor;
Z EXin,HPC - Z EXout,HPC = Z EXdest,HPC (16a)
Z EXin,HPC - z Exout,HPC :WHPC + EX25 - EX3 (16b)
y _ mHPC (ﬁa — I‘_‘25)
WHPC - M A (16C)
Ex, — Ex,.

77ex,HPC = WHPC (lGd)



Combustor (CC);
Z EXin,CC - Z EXout,CC = Z EXdest,CC

z EXin,CC - Z Exout,cc = EX3 + EX3, fuel — EX4
EX,
EXS + EXS,fueI

77ex,CC =

iv. High Pressure Turbine (HPT):
z EXin,HPT - z EXOut,HPT = Z EXdest,HPT
Z EXin,HPT - Z EXOut,HPT = EX4 - (WHPT + E)(45)
Wher
EX, — EX,g

Nex Hpr =

v. Low Pressure Turbine (LPT):

z EXin,LPT - z EXout,LPT = Z EXdest,LPT

Z EXin,LPT - Z EXout,LPT =EX,5— (VVLPT + Exs)
_\N#
EX,s — EX;

Nex,Lpr =

JT8D thermodynamic parameters are listed in Tables 1 and 2.

Table 1. JT8D Turbofan engine thermodynamic data for takeoff thrust running.

Station No Location Néizssflf)w Temp(eKr)ature Pl'(is};sal;re Exeélr\%\)//\/f)low
0 Air 677.2 288.15 101.35 0
2 FAN inlet 677.2 288.15 101.35 0
13 FAN bypass outlet 565.3 327.6 155.8 21.51
2.5 FAN core outlet 111.9 372 221.3 8,39
25 HPC inlet 111.9 372 221.3 8,39
3 HPC outlet 111.9 744.2 2178.7 50.55
3 Combustor inlet 111.9 744.2 2178.7 50.55
3 Fuel 2,110 288.15 2000 94.37
4 Combustor outlet 114,2 1350 2082.2 1103
4 HPT inlet 114.2 1350 2082.2 110.3
4.5 HPT outlet 114.2 985 535 59.43
4.5 LPT inlet 114.2 985 535 59.43
5 LPT outlet 114.2 727.6 144.1 2451

Source: (Farokhi, 2009)

(17a)

(17b)

(17¢)

(18a)
(18b)

(18c)

(19a)

(19b)

(19¢)



Table 2. Exergy values of the JT8D turbofan engine and its component for takeoff thrust running.

Inlet exer Outlet Exergy Exergy
Component (MW) ay exergy dest. Efficiency
MW MW %
(MW) (MW) (%)
FAN 32.43 29.90 2.53 0.922
HPC 56.66 50.55 6.11 0.873
Combustor 144.92 110.30 34.62 0.761
HPT 110.30 108.18 2.12 0.958
LPT 59.43 57.26 2.17 0.938
JT8D 94.37 27.92 0.296

RESULTS AND CONCLUSIONS

In this paper, first the exergy analysis of JT8D high bypass turbofan engine at takeoff thrust power has been
carried out. In this analysis main exergetic parameters are energy and exergy flows, exergy destruction and exergy
efficiency. Now, it is necessary to definite the phases of flight for an aircraft. The phase of flight definitions given in
Table 3 consist of broad operational phases. Most of them have sub-phases. Considering the flight phases as a
function of engine power, the flight phases can be split into seven parts in this study: a) landing b) climb c)
maximum cruise d) normal take-off €) maximum continuous f) automatic power reverse g) maximum take-off.
Concerning the classification of flight phases as an engine power, it is difficult to see many examples in the

literature.
Table 2. Standard definitions the phases of a flight.
Phase Symbo Definition Sub-phases
I
prior to pushback or taxi, or after arrival, engine(s) i) not operating ii) start-
Standing STD at the gate or parking area, while the aircraft is up
stationary i) operating iv) shut-down
Pushback/Towin PBT aircraft is moving in the gate, ramp, or parking area, engine(s) i) notlj)peratlng i) start-
g assisted by a tow vehicle _up
iii) operating iv) shut-down
. . ) . i) power back ii) taxi to runway iii)
Taxi TXI aircraft is moving on the ground under Its own taxi to take-off position iv) taxi from
power prior to take-off and after landing run way
from the application of take-off power through
Take-off TOF rotation and to an altitude of 35 feet above runway i) take-off ii) rejected take-off
elevation
from the end of the take-off to the first prescribed
Initial Climb ICL power reduction, or until reaching 1,000 feet above -
runway elevation
from completion of Initial Climb through cruise i) climb to cruise ii) cruise iii)
En Route ENR altitude and completion of controlled descent to the change of cruise level iv) descent
Initial Approach Fix v) holding
Maneuvering MNVR low altitude/aerobatic flight operations i) aerobatics ii) low flying
Approach APPR From the Initial Approac_h Fix to the beginning of the i) _|_r_1|t|a_l approach ii) final approach
landing flare. iii) missed approach/go-around
from the beginning of the landing flare until aircraft
Landin LDG exits the landing runway, comes to a stop on the i) flare ii) landing roll iii) aborted
9 runway landing after touchdown
Emergency EMG a controlled descent during any airborne phase in )
descent response to a perceived emergency situation
Uncontrolled UND a descent during any airborne phase in which the )
descent aircraft does not sustain controlled flight
Post-impact PIM any of that portion of the flight which occurs after )

impact with a person, object, obstacle

Source: (EADS, 2012)



120
100 98,20 96,40
85,70 84,60
;\? 80 74,50
>
Q
c
(2]
S 60
&
()
>
o0
g 40
i 29,80
20
0
FAN HPC CcC HPT LPT JT8D
Fig.2. Exergy efficiencies (%) of JT8D turbofan engine at takeoff thrust.
20.00
18.87
18.00
16.00

Exergy destruction (MW)
& o ® S P B
8 8 8 8 8 8

3.U3
200 — 036 0.66
000 _ eeewm 2 N
FAN HPC cC HPT LPT

Fig.3. Exergy destruction (MW) of JT8D turbofan engine at takeoff thrust.

Fig. 2 demonstrates the exergy efficiencies of the fan, HPC, combustor, HPT, LPT and JT8D turbofan engine at
takeoff condition.
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Fig.4. Exergy destruction rates (%) of JT8D turbofan engine at takeoff thrust.

Figs. 3 and 4 presents the exergy destructions and exergy destruction rates for the fan, HPC, combustor, HPT,
LPT.

The exergy efficiency, one of the most important indicators for the sustainability of the engine, is mainly based on
the exergy input and the required output. It is noticed that the exergy efficiency of the turboprop engine highly
affected by the input-output exergetic values of the each engine component at all phases of a flight as shown in
Table 2. The results in Fig.2 show that the exergy efficiency ranges from 0.745 to 0.982 in engine components. As
can be seen in Fig.2, HPT and LPT are good exergy efficiencies changes between 0.964-0.982 due to higher
isentropic efficiencies. For the fan and HPC exergy efficiencies are found to be 0.857 and 0.846, respectively. On
the other hand, minimum exergy efficiency is observed in combustor (to be 0.745) due to internal irreversibilites in
CC.

The unit with greatest exergy loss is found to be CC (to be 18.87 MW) as shown in Fig.3. The exergy destructions
for the other units are found to be HPC (to be 3.03 MW), fan (to be 2.49 MW), LPT (to be 0.66 MW) and HPT (to
be 0.36 MW).If so, greatest exergy destruction rate is calculated in the CC (to be 74.3%) as shown in Fig.4. It is
clear from Fig.4 that HPT has minimum exergy destruction rate with value of 1.4%.

The results should provide a realistic and meaningful in the exergetic takeoff performance evaluation of low
bypass turbofan engines, which may be useful in the analysis of similar propulsion systems. In a future study, we
will focus on exergo-environmental and exergo-sustainability analysis of the low bypass turbofan engine. It is
noted that, to obtain more comprehensive conclusions, exergo-economics must be considered. In particular, an
exergo-economic analysis would be useful. An exergo-environmental analysis can help improve the environmental
performance of the low bypass engine, and consequently should be considered in future assessments.

NOMENCLATURE

C, Specific heat (kJ. (kg K)™)
E Energy rate (MW)

ex Specific exergy (kJ.kg™)

Ex Exergy rate (MW)

fuel-air ratio; fuel exergy factor
Fuel heating value (kJ.kg™)
Enthalpy (kJ)

Irreversibility rate (kW)

Kinetic energy

Mass flow rate (kg.s™)

Area (m2)

Molecular weight

Potential energy

Pressure (bar or kPa); product exergy

Specific gas constant (kJ. (kg. K’l)), diameter (m)
Entropy (kJ.K™)

U);U'U'g}ZZDB_g_I;?’_"



T Temperature (K)

W Work rate (MW)
Subscripts

a Air

ch Chemical

dest Destruction

f Fuel

gen Generated

k kth component

LPC Low Pressure Compressor
HPC High Pressure Compressor

LPT Low Pressure Turbine
HPT High Pressure Turbine
in Inlet

ke Kinetic energy

LD Loss and destruction
kn Kinetic

out Outlet

per Perfect

ph Physical

pe Potential energy

tot Total

A area, m?

Cp specific heat, J/kg°C
h heat transfer coefficient, W/m?C
Greek Letters

n Efficiency

P Air density (kg.m™)
REFERENCES

Journal: Abdu-Khader, M. M. and J. G. Speight. 2004. The concepts of energy, environment, and cost for process
design. International Journal of Green Energy 1:137-151.

Book: Kreith, F. and J. Kreider. 1978. Principles of Solar Engineering. New York:Hemisphere-McGraw-Hill.
Contribution to a Book: Chianelli R. R., M. Daage, and M. J. Ledoux. 1994. Fundamental studies of transition-

metal sulfide catalytic materials. In Advances in Catalysis, Vol. 40, edited by D. D. Eley, H. Pines, and W. O.
Haag. Burlington, Mass.: Academic Press.

Website: http://ieeesb6.rize.edu.tr

Boeing (2011) See also http://www.boeing.com. [accessed 15/08/2011].
Enviro (2011) http://www.enviro.aero/Content/Upload/File/BeginnersGuide Biofuels_Web. [accessed

05/12/2011].
IATA (2011) http://www.boeing.com/commercial/cmo/forecast summary.html. [accessed 20/09/2011].
Lee, J., lan J., Waitz, A., Brian,Y., Kim, C., Gregg ,G., Fleming, L., Curtis, M., Holsclaw, A. 2007. System for
assessing aviation’s global emissions (SAGE), Part 2: Uncertainty assessment. Transportation Research D-Tr
E 12: 381-395.

USHP (2009) http://www.house.gov/transportation/aviation/02-15-06/02-15- 06memo.html. [accessed

25/08/2009].

Macintosh, A., Wallace, L. 2009. International aviation emissions to 2025: Can emissions be stabilised without

restricting demand?. Energy Policy 37:264-273.

Ahmadi, P., Dincer, |., Rosen, M.A. 2011. Exergy, exergoeconomic and environmental analyses and evolutionary
algorithm based multi-objective optimization of combined cycle power plants, Energy 36: 5886-5898.

Ptasinski, K.J., Koymans, M.N., Verspagen, H.H.G. 2006. Performance of the Dutch energy sector based on
energy, exergy and extended exergy accounting. Energy 31:3135-3144.



http://ieees6.rize.edu.tr/

Joosung, I. L., Stephen P. Lukachko, and lan, A. W., Aircraft and Energy Use. 2004.
http://web.mit.edu/aeroastro/people/waitz/publications/AircraftEnergyUse.pdf

Rosen, M.A.2002. ‘Assessing energy technologies and environmental impacts with the principles of
thermodynamics. Applied Energy.72: 427—-441.

Ao, Y., Gunnewiek, L., Rosen, M. A. 2008. Critical review of exergy- based indicators for the environmental
impact of emissions. International Journal of Green Energy 5:1-2; 87-104.

Dincer, 1., Rosen, M.A. 1998. Worldwide perspective on energy, environment and sustainable development,
International Journal of Energy Research 22: 1305-1321.

Midilli, A., Dincer, I. 2009. Development of some exergetic parameters for PEM fuel cells for measuring
environmental impact and sustainability, International Journal of Hydrogen Energy 34: 3858 — 3872.

Midilli, A., Dincer, I. 2010. Effects of some micro-level exergetic parameters of a PEMFC on the environment and
sustainability, International Journal of Global Warming, 2 (1): 65-80.

Norberg, S., Tamm, G., Highley, J., Rounds, M., Boettner, D., Arnas, O. 200).Teaching thermodynamics via
analysis of the west point power plant. International Journal of Green Energy, 6:3: 230-244.

Aydin, H., Turan, O., Midilli, A., Karakog, T.H. 2012). Exergetic and exergo-economic analysis of a turboprop
engine: a case study for CT7-9C International Journal of Exergy 11, 1: pp.69-88.

Aydin, H., Turan, O., Midilli, A., Karakog, T.H. 2012b. Component-based exergetic measures of an experimental
turboprop/turboshaft engine for propeller aircrafts and helicopters. International Journal of Exergy.11,
N3:.322 — 348.

Balli, O., Aras, H., Hepbasli, A. 2008. Exergetic and exergoeconomic analysis of an aircraft Jet Engine (AJE).
International Journal of Exergy 5(6): 567-581.

Bejan, A., Siems, D.L. 2001. The need for exergy analysis and thermodynamic optimization in aircraft
development. International Journal of Exergy 1(1):14-24.

Brilliant, H.M. 1995a.Second law analysis of present and future turbine engines, AIAA Paper, 95-3030, July.

Cesare, T., Paolo, A.R., Luiz, F. and Oliveira, S.D.J. 2010. Exergy and thermoeconomic analysis of a turbofan

engine during a typical commercial flight., Energy 35: 952-959.
Diango, A, Perilhon, C., Descombes, G., Danho, E. 2011. Application of exergy balances for the optimization of
non-adiabatic small turbomachines operation. Energy 36: 2924-2936.

Etele, J., Rosen, M.A. 2001. Sensitivity of exergy efficiencies of aerospace engines to reference environmental
selection. International Journal of Exergy 1(2):91-99.

Figliola, R.S., Tipton, R., Li, H. 2003. Exergy approach to decision-based design of integrated aircraft thermal
systems. Journal of Aircraft 40(1):49-55.

Riggins, D.W. 1996. High-speed engine/component performance assessment using exergy and thrust-based
methods, NASA-CR-198271, January.

Roth, B.A., Mauvris, D.N. 2000. A comparison of thermodynamic loss models applied to the J79 Turbojet Engine;
Joint Propulsion Conference and Exhibit, 36th, Huntsville, July, AL, pp.16—-19.

Roth, B., Mavris, D. 2001. A work availability perspective of turbofan engine performance. American Institute of
Aeronautics and Astronautics; AIAA publication, No. 0391.

Schiffmann, J., Favrat, D. 2010. Design, experimental investigation and multi-objective optimization of a small-

scale radial compressor for heat pump applications. Energy 35:436-450.
Turan, O. 2012a. Effect of reference altitudes for a turbofan engine with the aid of specific-exergy based method,
International Journal of Exergy 11.2: pp. 252-270.
Turan, O. 2012b. Exergetic effects of some design parameters on the small turbojet engine for unmanned air
vehicle applications. Energy, The International Journal 46:51-61.
Balkan, F, Colak, N,, Hepbasli, A. 2005. Performance evaluation of a triple effect evaporator with forward feed
using exergy analysis. International Journal of Energy Research 29: 455—-470.

Dincer, |, Hussain, M,M,, Al-Zaharnah, I. 2004. Energy and exergy use in public and private sector of Saudi Arabia’,
Energy Policy 32(141):1615-1624.

Wall, G. 2003. Exergy tools. Proceedings Institution of Mechanical Engineering :125-136.

Hammond, G.P, Stapleton, A,J. 2001. Exergy analysis of the United Kingdom energy system. Proceedings of the
Institution of Mechanical Engineers Part A: Journal of Power and Energy 215, 2:141-162.

Hammond, G,P. 2007. Industrial energy analysis, thermodynamics and sustainability. Applied Energy 84: 675—
700.

Hepbasli, A. 2008. A key review on exergetic analysis and assessment of renewable energy resources for a
sustainable future. Renewable and Sustainable Energy Reviews 12: 593-661.

Hermann, W.A. 2006. Quantifying global exergy resources Energy31(12):1685-1702.

Kilkis, 1.B. 1999. Utilization of wind energy in space heating and cooling with hybrid. Energy and Buildings 30:147—
153.

Genoud, S., Lesourd, J.B. 2009. Characterization of sustainable development indicators for various power
generation technologies.International Journal of Green Energy.6, N0.3:257-267.

Cornelissen, R.L. 1997. Thermodynamics and sustainable development: the use of exergy analysis and the

reduction of irreversibility. PhD thesis, University of Twente, The Netherlands.

Szargut, J,M., Morris, D,R., Steward, F.R. 1988. Exergy analysis of thermal, chemical and metallurgical processes.

Hemisphere, New York.
Kotas, T.J. 1995. The exergy method of thermal plant analysis, Reprint ed., Krieger, Malabar, Florida.


http://web.mit.edu/aeroastro/people/waitz/publications/AircraftEnergyUse.pdf

Farokhi, Saeed, Aircraft propulsion, J. Wiley, c2009.
EADS 2012. Preliminary Aircraft Evaluation for SASEB, BLM National Aviation Office, Technical review.


https://www.researchgate.net/publication/263662226

