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Exergy Approach to Evaluate
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Turboprop Engine
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Abstract In this chapter, performance assessment of a mini class turboprop engine
is presented. Exergy analysis is used for this purpose on the basis of applicability on
thermal systems. As a result of the component-based exergy analysis, relative
irreversibility of the combustion chamber is higher relatively. Exergy destruction
rates within the air compressor, combustion chamber and gas turbine components
are 24.08 kW, 100.76 kW and 15.80 kW respectively. Additionally, exergy effi-
ciencies of the components are 74.11, 69.68 and 98.99 % in order of air com-
pressor, combustion chamber and gas turbine.
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Nomenclature

E  Energy rate (kW)

Ex Exergy rate (kW)

[P Improvement potential (kW)
(O Heat rate (kW)

W  Work rate (kW)

m  Mass flow rate (kg s h

h  Specific enthalpy (kJ kg™")
M Molar weight (kg kmol™")
N  Mole number (kmol)
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Pressure (kPa)
Gas constant (kJ kmol ! Kil)

Temperature (K)
Specific heat capacity (kJ kg~' K™
Differential
ex Specific exergy (MJ kg™")
ke Specific kinetic energy (kJ kg™ ")
pe Specific potential energy (kJ kg™")
s Specific entropy (kJ kg™' K™")

P
R
R Universal gas constant (kJ kmol ' K™
T
c
d

Greek Letters

0 Fuel depletion rate

¢ Exergy efficiency

¢ Productivity rate

y Relative irreversibility

Subscripts

0

Ambient conditions

heat Heat transfer related
air Air

dest  Destruction

fuel  Fuel

gas  Combustion gaseous
in Inlet

J Jjth constituent of the combustion gas
loss Loss

mass Mass transfer related
out  Outlet

)4 Constant pressure
work Work related
Superscripts

CH Chemical

KE Kinetic

PE Potential

PH Physical

TH Thermal

Acronyms

AC  Air compressor

CC Combustion chamber

GT

Gas turbine
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1 Introduction

Performance assessment of thermal systems enables us to see the current situation
and improvement aspects of the system. However, many methods are presented in
the literature, but thermodynamic-based method is well accepted by many
researchers and industries as a result of explanation of their working principle by
thermodynamics. On the other hand, lack of energy sources proportional to pop-
ulation growth and energy demand on the earth, thermodynamically performance
assessment gains importance. As a fact, most of the commonly used devices, which
facilitate our daily life, are invented on the basis of thermodynamics such as
refrigerators, air conditioners, engines of automobiles, electricity generating power
plants and aircraft engines [1-3].

Evaluating any type of thermal system thermodynamically is required in the
present century to utilize energy sources more efficiently as mentioned above.
Thermodynamic evaluation bases upon two fundamental laws. First of them dis-
cusses energy conversation within the system. According to the first law of ther-
modynamics, energy changes form but neither comes from nothing nor vanishes
from nothing. First law analysis enables us to understand quantity of energy uti-
lization within the system while revealing the form changes of the energy. Second
law explains the working principles of heat machines and presents the limitations
by Kelvin—Planck and Clausius statements. Kelvin—Planck statement asserts the
impossibility of operating a heat generation system which absorbs energy in the
form of heat from a single thermal sink and delivers an equivalent amount of work.
In other words, any energy system operating with 100 % efficiency is not able to be
built. Clausius statement explains the direction of the heat transfer. On the basis of
Clausius statement, it is impossible for any system to operate in such a way that the
sole result would be an energy transfer by heat from a cooler to a hotter sink [2-5].

Advances in thermal engineering emerged exergy term. Therewith, performance
assessment of thermal systems could make sense. Exergy or availability as the first
name can help us to compare the current situation of the system with achievable
maximum performance under operating conditions. In exergy analysis despite of
energy analysis, second law of thermodynamics is used in addition to first law.
Thus, energy utilization quality within the examined system is possible. In the end,
improvement possibilities, environmental impact and economic aspect of the sys-
tem can be cleared by exergy analysis [1, 6-8].

In this chapter, a mini class turboprop engine is evaluated by thermodynamic
performance assessment method. The examined engine can be used to meet power
demand of an unmanned aerial vehicle, micro cogeneration system or a small-scale
energy utilization system. It is aimed to present the performance assessment
methodology of the engine by thermodynamic laws. The main goal and originality
of this study can be written as follows:



468 K. Coban et al.

e Evaluating a gas turbine system which can be integrated to a micro cogeneration
system,

e Revealing improvement potential of the engine and pinpointing primary com-
ponents for improvement,

¢ Finding second law efficiencies of the system components.

2 Thermodynamic Fundamentals

In this section of the chapter, basic terms are defined and discussed to understand
the exergy analysis of a mini class turboprop engine better. For this purpose, first
and second laws of thermodynamics are explicated in detail respectively.

2.1 First Law Approach

Mass and energy balance equations are used to evaluate energy conservation within
a system or through a process. For a steady-state, steady-flow system mass balance
can be formulated as follows, whereas 71 denotes mass flow rate of the system inlet
and outlet [9, 10]:

Zmin :Zmout (1)

Energy balance equation for a steady-state, steady-flow system is [9, 10]:

Z Ein = Z Eout (2)

Also it can be expanded as following [9, 10]:
> tiin(h+ke +pe)yy— Y rou(h+ke+pe)y, + Y Q-W=0  (3)

Here &, ke, pe, Q and W notate enthalpy, kinetic energy, potential energy, heat
transfer rate across the boundary layer of the system and work rate gained from the
system, respectively. Besides, in many analysis, change in kinetic and potential
energies is disregarded in addition to adiabatic system assumption. Thus, total
energy rate of the flow is considered to be equivalent of enthalpy of the flow.
Enthalpy of an ideal gas can be found by [9, 10]:

dh = ¢,dT (4)

In Eq. 4, dh denotes enthalpy change of the ideal gas while dT is the temperature
change within the gas and ¢, is specific heat capacity under constant pressure.
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2.2 Second Law Approach

In many texts, exergy is stated to be composed of kinetic, potential, physical and
chemical exergies [11]:

Ex = Bx 4+ Ex " +EBx | +Ex (5)
If kinetic and potential exergies are disregarded, thermal exergy is found by
summing up the physical and chemical exergies [11]:

Ex T = Bx + ExM (6)

Exergy balance equation for a system or process can be written as following
[9, 11]:

Z Exin - Z EXout = Z Exdest + Z EXloss (7)

Also, exergy loss is generally neglected. So that [9, 11]

Z EXin - ZEXout = Z Exdest (8)

Here mass flow, heat transfer and work related exergies can be found as follows
[9, 11]:

Exheat — EXyork + EXmass.in — EXmass.out = EXqest 9)
Expea = Y (1 = (To/T))Q (10)

Bxyork = W (11)

EXpass = Zr’n.ex (12)

In Eq. 12, ex is specific flow exergy whereas s represents entropy [9-11]:
eX = (h—]’lo) —TQ(S—SQ) (13)

Various formulations for finding exergy efficiency are presented in the literature
until today. Exergy efficiency of a thermal system can be calculated by [1, 9]

&= Exout/EXin (14)
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2.3 Some Useful Exergy Parameters

Some useful parameters are defined in former studies to evaluate performance of a
thermal system with exergetic approach [12, 13]:

Improvement potential,
Relative irreversibility,
Fuel depletion rate,
Productivity rate.

Maximum improvement within a system or process exergetically can be achieved
by minimizing exergy loss or irreversibility. Thus, improvement potential may be
expressed as [12]

IP = Exgeq (1 — &) (15)

Relative irreversibility, fuel depletion rate, and productivity rate can be found by
following formulations respectively [13]:

E CS!

§ = & (16)

Exdesl,total

E CS!

5 = ndest (17)
EXin
E CS!

&= & (18)
EXout

3 General Description of the Engine

The examined mini class turboprop engine, which is a single shaft turboprop
engine, consists of an axial diffuser and single stage centrifugal air compressor,
through flow annular combustion chamber, single stage axial high pressure turbine
and exhaust nozzle. The engine was designed primarily for technology demon-
stration purposes; having performed bench tests the project has been converted to
aim to be used for unmanned aerial vehicles, micro cogeneration systems or a small
scale energy utilization systems. The engine was integrated with closed loop
lubrication system one of a kind in its class such that the engine is able to run at
maximum power levels for at least couple of hours. The engine generates 177 N
thrust with 125 ¢ N™' h™! specific fuel consumption at sea level conditions. The
engine can be operated by kerosene. Principle scheme of the engine is demonstrated
in Fig. 1.
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Fig. 1 The principle scheme of the mini class turboprop engine

Following assumptions were made to evaluate engine with the aid of exergy:

e The engine was considered to be operated under steady-state, steady test
conditions.

e The air compressor, the gas turbine and the combustion chamber components
were assumed adiabatic.

e The fuel injected into combustion chamber was kerosene.

e The changes in the kinetic energy and exergy, the potential energy and exergy
for each component and overall engine were disregarded.

e The temperature and the pressure of the ambient were 303.15 K and 90.64 kPa,
respectively, at test cell.

e The air was assumed to be composed of 75.76 % nitrogen, 20.35 % oxygen,
0.0345 carbon dioxide, 3.03 % water vapour and 0.8255 % other gases [14].

e The air and combustion gases were assumed ideal gas.

4 Exergy Analysis of the Mini Class Turboprop Engine

Exergy analysis of the mini class turboprop engine is performed as mentioned in
Sect. 2 with regard to assumptions given in Sect. 3 previously. Component-based
exergy analysis of the each component is explained in detail as following.

The air compressor work rate can be found with regard to first law of thermo-
dynamics [9, 15]:
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> rihy =Y oy — Wac =0 (19)

During the exergy analysis of the air compressor (AC), specific flow exergy of
the air may be expressed as [16]

ex; " = cpair(Ti — To) — To[cpair In(Ti/To) — RIn(Pi/Py)] (20)

whereas i, 0 and R represents station conditions, ambient conditions and gas con-
stant of the air respectively. However, heat capacity of the air under constant
pressure can be found as following [16]:

Cpair = 1.04841 — (383.719T10°°) + (9.453787%107)

21
— (5.490317°107'%) + (7.929817*10~') @

As mentioned before, the engine is fed with kerosene fuel. The chemical for-
mula, lower heating value (LHV) of the fuel are considered to be C;;H,; and
43370.596 kJ/kg respectively. In this framework, chemical exergy of the fuel may
be formulated as following [1, 10, 16]:

&xSH = LHV[1.0401 + (0.1728(H/C)0)] (22)

Besides, following equations are used to calculate exergy amount of the com-
bustion gaseous while N, M, j and R notate mole number, molar weight, jth con-
stituent of the combustion gaseous and universal gas constant respectively [16, 17]:

&Xgas = Cpogas(Ti — To) — To [Cpgas IN(T3/To) — RIn(P;/Py)] (24)
Craas = D _ o NiMy/ D N;M; (25)
exCt = [ S0 ((/ YoM )e) R0 S (N SN (N DN )| /M

(26)

Equations (24)—(26) are used to find out exergy measure of the combustion
gaseous at inlet and outlet sections of the gas turbine (GT). In addition to that,
generated work rate by gas turbine (GT) can be calculated as following [9, 15]:

> dighy =Y hshs — War =0 (27)

Exergy measures of the mini class turboprop engine found as a result of the
exergy analysis are summarized in Table 1. Exergy destruction rates within the air
compressor, combustion chamber and gas turbine components are 24.08 kW,
100.76 kW and 15.80 kW respectively. It can be stated that, the highest exergy
destruction rate within the combustion chamber is indicative of irreversibilities
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Table 1 Exergy measures of the mini class turboprop engine

Component ExXdeqt (KW) & (%) P (kW) 1 (%) 0 (%) ¢ (%)
AC 24.08 74.11 6.24 17.12 9.14 34.93
cc 100.76 69.68 30.55 71.63 38.24 43.49
GT 15.80 98.99 0.16 11.23 6.00 11.66

and inefficiencies over the course of combustion process. The lowest exergy effi-
ciency of the combustion chamber is 69.68 % properly. Also minimum exergy
destruction occurs within the gas turbine component in consequence of 98.99 %
exergy efficiency of the component. Distribution of the exergy destruction within
the overall engine is illustrated in Fig. 2 depending on the engine components.

On the other hand, highest improvement potential is appertained to the com-
bustion chamber as a result of the maximum exergy destruction and minimum
exergy efficiency. In Fig. 3, that case situation is clearly indicated. Additionally,
98.99 % exergy efficiency value of the gas turbine component causes minimum
improvement potential value of 0.16 kW for the gas turbine component.

According to Table 1, fuel depletion rate of air compressor, combustion chamber
and turbine are 9.14 %, 38.24 % and 6.00 % respectively. Depending on exergy
destructions in the engine, the highest fuel depletion occurs within the combustion
chamber properly with exergy destruction rate. Also, productivity rates of air
compressor, combustion chamber and turbine are in order of 34.93, 43.49 and
11.66 %. As same as fuel depletion rate, the highest productivity rate is appertained
to the combustion chamber as a result of the maximum exergy destruction within
the component.

= AC
= (C
= GT

Fig. 2 Exergy destruction distribution within the mini class turboprop engine
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H Exergy Destruction Rate (kW) B Improvement Potential Rate (kW)
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Fig. 3 Exergy destruction and improvement potential rates of the mini class turboprop engine
components

5 Conclusion

In this chapter of the book, performance of a mini class turboprop engine is
evaluated with the aid of exergy. The results of the analysis presents that, the
combustion chamber among all components of the mini class turboprop engine has
the maximum exergy consumption within the engine, due to the irreversibilities and
inefficiencies associated with the combustion process. The main conclusions drawn
from the results of the present study are as follows:

e Exergy analysis notates that, the most irreversible component of the mini class
turboprop engine is combustion chamber. Especially irreversibilities of the
chemical process causes that result.

e Most efficient component of the mini class turboprop engine is found to be gas
turbine in accordance of minimum exergy destruction rate.

e To improve system thermodynamically, it is essential to focus on combustion
chamber component.
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