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Abstract

Energy demand is a critical contemporary concern, with significant implications for the future. While exploring
renewable or sustainable energy sources offers potential solutions, optimizing energy consumption in existing power
generation systems is also key. Aviation accounts for a substantial portion of energy demand, underscoring the
importance of energy efficiency in this sector. Conventional energy analyses may be misleading; hence, employing
exergy-based analyses provides a clearer understanding of energy consumption. Also, most of these analyses do not
include the effect of the turbine blade’s cooling in calculations. In the present study, exergy analyses have been
conducted on a helicopter turboshaft engine with turbine-blades cooling, focusing on design parameters such as
ambient temperature, compressor pressure ratio, and turbine inlet temperature. Thermodynamic optimizations are
conducted using a genetic algorithm. Results show that increasing pressure ratio and turbine inlet temperature boost
performance, yet technical restrictions on compressor and turbine size, and metallurgical constraints on turbine blades’
material limit these gains. Sea level scenario prioritizes ambient temperature-drop for enhancing net-work and
efficiency, while altitude-gain boosts turboshaft performance. Combustion chambers incur the highest exergy
destruction of 74-80%, followed by 16-20% and 4-6% exergy destructions in the turbine and compressor, respectively.
Lower air temperatures and higher flight altitudes demand larger fuel consumption for equivalent turbine inlet
temperature, albeit enhancing cooling capacity and reducing required cooling air fraction for turbine blades.

Keywords: Turboshaft engine; energy-exergy analyses; thermodynamic optimization; energy efficiency; exergy

efficiency; exergy destruction.

1. Introduction

A turboshaft engine is an engine type that is designed to
generate shaft power rather than jet thrust. This type of
engine is widely used for applications that require large
power with a lightweight and small size. Turboshaft engines
are widely used in helicopters, hovercrafts, tanks, boats, and
ships [1, 2]. Because of the huge usage of turboshaft engines
in helicopters, it worth paying special attention to the
performance analysis of this engine type via energy
efficiency and optimization [3-5]. Energy can be explained
in two parts, exergy is the maximum accessible work or
potential work and anergy is a part that cannot be benefited
from. In other words, exergy is the quality of energy and can
be expressed as how good we are or can be using an energy
source. Exergy analysis is a practical and powerful tool for
performance analysis [6]. Many engineers and scientists
suggest that exergy analysis is a highly effective method for
evaluating and enhancing thermodynamic performance, and
is superior to energy analysis [7]. Many researchers have
investigated aircraft engines and propulsion systems using
exergy analysis [8-17]. Others examine the importance of
defining a reference environment that varies with altitude
and applying that work to a turbojet engine [18, 19]. Many
have applied parametric studies based on different ambient
and operating parameters along with exergy methods to
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analyze the performance of an aircraft engine [20-22].
Besides, the parametric studies can give a good
understanding of the performance change of aircraft engines
in different ambient and design situations. The other research
explains that the ambient air pressure and temperature,
compressor pressure ratio, turbine inlet temperature, and the
efficiency of components are the most important parameters
that influence the performance of the gas turbine cycle [23].
Recent studies have applied the exergy analysis to optimize
the performance of aircraft propulsion systems [24]. While
some studies address the optimization of the cruise velocity
of an aircraft [3], others investigate the engine configuration
optimization methods [25]. One of the most beneficial
impacts of exergy analysis is that it can be utilized for
economic assessments [26]. They develop several
parameters such as thrust cost rate, cost of exergy
destruction, relative cost difference, and exergoeconomic
cost to calculate the thrust cost rate. Moreover, exergy
analyses can be a useful tool for studying environmental
effects [27]. The authors of the present study have noticed
that there is a gap in the literature studying turboshaft engines
from the 2" law of thermodynamics point of view which
includes turbine cooling. The main focus of the present
research work is on the parametric study, exergy analysis,
and thermodynamic optimization of a turboshaft helicopter
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engine equipped with a practical model for turbine blades’
cooling.

2. Governing Equations

All explanations for energy and exergy analyses are
explained in detail in Appendix A and Appendix B. Noticing
that 1, 2, 3, and 4 states respectively introduce the
compressor inlet, combustion chamber inlet (compressor
outlet), turbine inlet (combustion chamber outlet), and
exhaust (turbine outlet) in Figure 1, the simplified equations
for thermodynamic analyses of different components of the
turboshaft engine are revealed in the following sections.
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® ol | v+

Compressor

Rotor

Figure 1. Schematic of turboshaft-engine configuration.

2.1 Polytropic Compressor
Considering the definition of the compressor’s polytropic
efficiency, it can be written as [28-32]:
RIS
poly, comp CpairdT

n 1)

which the molar specific heat coefficient of air at constant
pressure based on its elements is [33-38]:

ra Z(H c l)alr
P, air™ 2(n; F;aw (2)

By integrating equation (1) the compressor outlet
temperature (COT=T2) can be calculated as:

I Cour = It = 3)
Mass conservation for compressor, [33-38] is:

th, =rh, +(caf)rh, 4
Energy conservation for compressor, [33-38] is:

Wcomp+rhl €= e, 5)

The exergy balance for the compressor can be written as,
[33-38]:

Wcomp+rhl X1 :rhl Xy +EXD,comp (6)
The exergy efficiency of the compressor is [33-38]:

_ (wcolnP’EXD,comp) 100 (7)

nll,comp Weomp
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2.2 Combustion Chamber

After the compressor, air enters the combustion chamber
as an oxidizer with a molar ratio of 21% oxygen and 79%
nitrogen. The combustion process is carried out assuming
that nitrogen does not participate in the reaction. The reaction
equation considering the factor of excess air (A) can be
calculated as, [28-32]:

C,H, ) (n+ ?) [0,+3.76N,+(4.76%,)H,0]=
(CO+(A-1) (n+2) O+
3761 (1 2) N+ [1 (n+2) (4768, )+ 2] H,0
(8)

with the assumption of an adiabatic combustion process, the
energy conservation for the combustion process is as follows
[28-32]:

Z(nl 1)Reactanls Z(niﬁi)ProductS ®)

which the enthalpy of ith element (h;) is:

hi=hi+ [y CpdT (10)

The energy equation of combustion can be rewritten as:

fz];fs 15 _P Catin AT +A (n+ ) f29s 15 Cp0,dT+
A (n+5)3.76 [ | ConydT+
A (n+2)4.768, [} | ConodT=
n fz?les _p COsz +(-1) ( ) fzzlels _p Osz +
3761 () [0 s CondT +
[ (n+2) (4.768)+2] g5 CpansodT
(11)

alternatively, by knowing the turbine inlet temperature (TIT)
and solving energy conservation for combustion chamber the
excess air (M) is calculated. Consequently, by knowing the &
and the efficiency of the combustion chamber (n;..), the
fuel-air ratio (far) is calculated as:

far= X(n+§)4471\(/>[(cln:;)MairnLcc (1-caf) (12)
Mass conservation for combustion chamber [33-38]:
1h,+i=1i, (13)

which fuel mass () equals:
th=(far)rh, (14)

The exergy balance for the combustion chamber is given
as [33-38]:
1, eX,+ex~1; eX3+E.XD,CC (15)
and the exergy efficiency for combustion can be written as
[33-38]:
(16)

EXD,CC ]
(far)m ex.

nll,ccz [1-
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2.3 Cooling Air Fraction (caf) of Turbine Blades

To simulate the turboshaft engine more realistically, it is
assumed that turbine has one stationary and one rotary stage
and a cooling method that gives a simple relationship
between turbine inlet temperature (TIT) and the rotor inlet
temperature (T;) is applied for turbine blades as [39-41]:

T,=0.8451(TIT)+136.2 a7
which the temperatures are in degrees Celsius.

Mass conservation for stationery blades stage is as:
i+ (25) =i, (18)

replacing equation 13 in equation 18, m, can be rewritten as:

= (1-5 +ar ) h, (19)
Energy conservation for stationary blades is:
mhzes+ (%f) h e;=1m, €, (20)

by replacing equations 13 and 19 in equation 20 the energy
equation will be as:
(1-caf+far)m, e+ (%r) me,= (1— %f+far) me, (21)
after simplification, the cooling air fraction (caf) can be
calculated as:

. 2(1+far)(e3-¢;)

caf=———— (22)

(2e3-e2-¢r)

2.4 Polytropic Turbine
Considering the definition of the turbine’s polytropic
efficiency, it can be written as [28-32]:

Cp,gdT
npoly,turbz ;—fd?l’ (23)
which the molar specific heat coefficient of products at
constant pressure based on its elements is [33-38]:

-~ E(Ui Cp’i)producl

p-g Z(ni)pmduct

(24)

By integrating equation (23) the turbine outlet
temperature (TOT = T.) can be calculated as:

fTT,OT Coe d?T: pp: poly,turbKdFP (25)
Mass conservation for turbine is [33-38]:

tiy+(caf) i, =m, (26)
The Energy conservation for turbine is [33-38]:

ey +(caf) iy ey =rhyes t Wi, (27)

The exergy balance equation for the turbine can be
written as [33-38]:
miyex; +(caf)my ex,=rhyexst Wy EXp (28)
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The exergy efficiency of the turbine is as [33-38]:

n — Wturb
I1,turb (Wturb+EXD,turb)

100 (29)
2.5 Energy-Exergy Analysis of the Entire Cycle

Considering the special mechanical efficiency (1mech), the
cycle net work is [33-38]:

Wnet: (Wturb'w (30)

Comp)nmech
By using the low heat value (LHV) of the fuel, the
thermal efficiency of the cycle (energy efficiency) can be
expressed as follows [33-38]:
WUCK

=T __ 1 (31)

Meyele™ (fanysmy LHY

According to the equations mentioned in the previous
sections and chapter, the exergy balance for the entire gas
turbine cycle can be written as follows, [33-38]:
i ex; Hiex =iy exy W tEXp cyele (32)

The irreversibility of the entire system can be considered
as the summation of the exergy destructions of individual
components of the cycle [33-38]:
iD,cycle:E.XD,cycle:EXD,comp-i_li“.)(D,cc—"_E.XD,turb (33)

Finally, the exergy efficiency of entire cycle can be
obtained as [33-38]:

=W 100 (34)

nU,C)’Cle_ (far)thy exg

All required equations for the energy-exergy analyses and
thermodynamic optimization of the turboshaft engine have
been summarized in Appendix C.

3. Mathematical Method

The genetic method is a robust optimization algorithm
that is designed to reliably locate a global optimum even in
the presence of local optima. The genetic method
implemented in the engineering equation solver (EES)
program is derived from the public domain Pikaia
optimization program (version 1.2) written by Paul
Charbonneau and Barry Knapp at the National Center for
Atmospheric Research (NCAR). A detailed explanation of
genetic optimization algorithms in general and specific
details of the Pikaia program are provided in [42].

The genetic method intends to mimic the processes
occurring in biological evolution. A population of
individuals (sample points) is initially chosen at random
from the range specified by the bounds of the independent
variables. The individuals in this population are surveyed to
determine their fitness (the values of the objective function
as quantified by the value of the variable that is to be
minimized or maximized). Then a new generation of
individuals is generated in a stochastic manner by *breeding’
selected members of the current population. The
characteristics of an individual that are passed on to the next
generation are represented by encoded values of its
independent variables. The probability that an individual in
the current population will be selected for breeding the next
generation is an increasing function of its fitness. The
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"breeding’ combines the characteristics of two parents in a
stochastic manner. Additional random variations are
introduced by the possibility of *mutations’ for which the
offspring may have characteristics that differ markedly from
those of the parents. In the current implementation, the
number of individuals in the population remains constant for
each generation.

The three parameters in the genetic method that are most
responsible for identifying an optimum and for the associated
computing effort are the number of individuals in a
population, the number of generations to explore, and the
maximum mutation rate.

Unlike the Conjugate Directions and Variable Metric
methods, the genetic method is not affected by the guess
values of the independent parameters. However, the lower
and upper bounds on the independent parameters are
extremely important since the initial population and
subsequent stochastic selections are chosen from within
these bounds.

4. Results

In the present study, the performance analyses of a
turboshaft engine cycle equipped with turbine blades’
cooling are carried out via the engineering equation solver
(EES) program.

The energy-exergy analyses have been done with the
parametric studies of turboshaft engine’s specific net-work
(wnet), energy efficiency (1), and exergy efficiency (i) with
respect to different ambient conditions and different
operating conditions. The metallurgical and technological
considerations limit the maximum turbine inlet temperature
and pressure ratio of the TIT=1200°C and rp,=35 for the
turboshaft engines.

A typical maximum flight altitude of 9 km has been
specified for the helicopter engine.

The thermodynamic optimizations have been performed
through maximization of wne, 1 and ny by using the genetic
algorithm technique.

The fuel used in turboshaft engine is “Kerosene or
Dodecane” with the chemical formula of Ci:H2s which is
considered to be the most common fuel used in today’s jet
engines.

It is assumed that turboshaft engine works at steady state
steady flow (SSSF) condition.

4.1 Validation

A program has been written for an open simple gas
turbine cycle and results have been compared with reference
data [23] in Table 1.

Table 1. The Validation Table of EES Program Results
vs. Results of Reference, [23].

Variables Reference Present Study Deviation
Tamb 15°C 15°C 0.0 %
Pamb 101 kPa 100 kPa 0.1%
RHamo 60 % 60 % 0.0 %
TMpoly.comp 92 % 92 % 0.0%
Npoly,turb 86 % 89 % 3.5%
Nmech 99.5 % 100 % 0.5%
Ip.comp 20 20 0.0 %
coT 449.6 °C 438.6 °C 24%
TIT 1331.3°C 1330 °C 0.1%
TOT 620 °C 617.1°C 0.5 %
40.16 % 40.08 % 0.2 %

MNi,cycle=Mthermal cycle
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It could be clearly figured out that the maximum
deviation of the calculated results is 3.5%, which is
reasonable for a parametric study.

4. 2 Turboshaft Engine

It is assumed that ambient relative humidity
(RHamb=15%) and operating turbine inlet temperature
(TIT=1200 °C) are constant for all cycles. The
thermodynamics optimization and energy-exergy analyses
have been done for a turboshaft engine in different air
temperatures and altitudes.

At sea level, results show that decreasing the temperature
of air leads to an increase in the density. Since a compressor
works with the same volumetric flow rate, by increasing the
air density, the inlet air mass flow rate increases. Moreover,
the fuel-air ratio increases to reach the same turbine inlet
temperature, consequently, the entire cycle mass flow rate
increases. Therefore, for the same turbine inlet temperature
decrease at the compressor inlet temperature will increase the
specific net-work of the turboshaft engine (Table 2).

Table 2. Optimization of the Performance of the
Turboshaft Engine Cycle for the Maximum Specific Work
(Wner) at Sea Level, RHamp,=15%, TIT=1200 °C and
Different Ambient Temperatures.

Tamp [°C] TIT [°C] Design Parameters Values
10 1200 Ip.comp 18.13
far [kg/kg] 0.01936
caf [ka/kg] 0.1285
A (excess air fraction) 3.052
Whetmax [KI/KQ] 341.8
25 1200 Ip.comp 16.46
far [ka/ka] 0.01903
caf [kg/kg] 0.1303
A (excess air fraction) 3.093
Whetmax [KI/KQ] 321.6
40 1200 Fp.comp 16.46
far [kg/kg] 0.01829
caf [ka/kg] 0.1347
A (excess air fraction) 3.187
Wretmax [KI/KG] 303

Table 3. Optimization of the Performance of the Turboshaft
Engine Cycle for the Maximum Thermal Efficiency
(mcyclemax) at Sea Level, RHamp=15%, TIT=1200 °C and
Different Ambient Temperatures.

Tamp [°C] TIT [°C] Design Parameters Values
10 1200 Ip.comp 34.99
far [ka/kg] 0.01596
caf [kg/kg] 0.149
A (excess air fraction) 3.614
1’]l,cycle,max 46.68
25 1200 Fp.comp 34.99
far [kg/kg] 0.01499
caf [kg/kg] 0.1563
A (excess air fraction) 3.806
nl cycle,max 4542
40 1200 I'p.comp 34.99
far [kg/kg] 0.01408
caf [kg/kg] 0.1643
A (excess air fraction) 3.999
43.98

rIl,cycle,max
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Table 4. Optimization of the Performance of the Turboshaft
Engine Cycle for the Maximum Exergy Efficiency (#i1.cycle.max)
at Sea Level, RHam=15%, TIT=1200 °C and Different
Ambient Temperatures.

Tamv [°C]  TIT [°C] Design Parameters Values
10 1200 Ip.comp 34.99
far [kg/kg] 0.01596
caf [kg/kg] 0.149
A (excess air fraction) 3.614
n]l,cycle,max 42.52
25 1200 Focomp 34.99
far [kg/kg] 0.01499
caf [karkg] 0.1563
A (excess air fraction) 3.806
nll,cycle,max 41.37
40 1200 Fo.comp 34.99
far [ka/kg] 0.01408
caf [kg/kg] 0.1643
A (excess air fraction) 3.999
40.06

rIll,cycle,max

Tables 3 and 4 show that both energy and exergy
efficiencies will significantly increase with a decrease in air
temperature because of the performance improvement of the
compressor and entire cycle at lower inlet temperatures.

360 T T
Altitude=0 |m] {sea level)
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260

Wiet [Kj/(kg/s inlet air of engine)]

240 —0— Tamp=10[°C] & TIT=1200 [°C]
“— Tamp=25 [°C] & TIT=1200 [°C]

— Tamp=40 [°C] & TIT=1200 [”C]/

L A

220 1
5 15 25 35
p,compressor

Figure 2. Change curve of Wpet VS. rpcomp at sea level,
RHamb=15%, TIT =1200 °C and different ambient
temperatures for turboshaft engine.
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5 15 25 35

rp,:ompressor
Figure 3. Change curve of thermal efficiency (7icycie) VS.
Focomp at sea level, RHamp=15%, TIT=1200 °C and different
ambient temperatures for turboshaft engine.

In Figures 2, 3, and 4 the curves of different performance
parameters of the turboshaft engine have been plotted versus
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changes of pressure ratio (rp.comp). Results show that specific
net-work (wnet), energy efficiency (nicyce) and exergy
efficiency (micycie) bear an indirect relationship with ambient
temperature. Moreover, there is an optimum pressure ratio
for the maximum net work because at the lower r, the
compressor work is small in comparison with the turbine
work but as the rp increases the slop of required compressor
work exceeds the slop of work production by the turbine. The
maximum Whpet 0Ccurs around ry comp=17-18 (Figure 2), while
Nicyele @Nd Mueyele CONtinuously increase for larger pressure
ratios (Figures 3,4).

45 .
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o 35r
=
g
=
30
251 i
— 08— Tamp=10 [°C] & TIT=1200 [°C]
—— Tamp=25 [°C] & TIT=1200 [°C]
"‘ —#— Tamp=40 [°C] & TIT=1200 [°C]
f s . 4
20
5 15 25 25

T'p,compressor

Figure 4. Change curve of exergy efficiency (1icycie) VS.
Ip.comp at sea level, RHamy=15%, TIT=1200 °C and different
ambient temperatures for turboshaft engine.
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Figure 5. Change curves of caf and far vs. rpcomp at sea level,
RHamb=15%, TIT=1200 °C and different ambient
temperatures for turboshaft engine.
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Figure 6. Bar plot of exergy destructions (Exp) of
components at sea level, Tamb=25 °C, RHamb=15%,
TIT=1200 °C and #1,ma=41.37 for turboshaft engine.
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Results also show that at sea level to obtain the same
turbine inlet temperature (TIT), the fuel consumption (far) is
increases by decreasing of the air temperatures. On the
contrary, the decrease of air temperature enlarges the cooling
capacity, consequently, the amount of required cooling air
fraction (caf) for turbine blades decreases (Figure 5).

Figure 6 shows that in optimum exergy efficiency of the
cycle the highest amount of exergy destruction (Exp) belongs
to the combustion chamber (73%), followed by the turbine
(21%) and compressor (6%).

Predictably, the highest amount of n; belongs to the
compressor (97%), followed by the turbine (94%) and
combustion chamber (71%) as shown in Figure 7.

100 F I, compresser =97.16%

80 [

T turkine=93.78%

T, CombustionChamber=7 1.07%

Tk
60 F

S0

TNi,components

40

30F

20

10

v

0

Figure 7. Bar plot of exergy efficiency (»u) of components at
sea level, RHamp,=15%, Tamy =25 °C, TIT=1200 °C and
nuimax=41.37 for turboshaft engine.

In the following part, the performance analyses of
turboshaft have been studied at different altitudes.

At different altitudes, both ambient air temperature and
density play important roles in determining the performance
of turboshaft engines. Knowing that specific altitude is
accompanied by specific temperature and density, the
performance has been calculated for different altitudes. By
increasing the flight altitude from 6 km to 9 km, both the air
temperature and density decreased (Table 5).

Table 5. Ambient air properties at different altitudes.

Altitude [m] Tams [°C] Pam [KPa] Pamy [kg/M?]
6000 -24.0 47.18 0.6597
9000 -43.5 30.74 0.4664

Table 6. Optimization of the Performance of the
Turboshaft Engine Cycle for the Maximum Specific Work
(Wye) @t TIT=1200 °C and Different Altitudes.

Altitude [m]  TIT [°C] Design Parameters Values

6000 1200 Ip.comp 2251
far [ka/kg] 0.02032
caf [kg/kg] 0.1238
A (excess air fraction) 2.926
Whet max [KI/KQ] 392.7

9000 1200 Fp.comp 26.25
far [kg/kg] 0.02085
caf [ka/kg] 0.1214
A (excess air fraction) 2.86
Wet max [KI/KQ] 425.9

The air temperature drop increases the required fuel mass
to achieve the same turbine inlet temperature. On the other
hand, decreasing the density of air decreases the inlet mass
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flow rate. The temperature drop with altitude-gain plays a
dominant role rather than the density drop in the change of
total mass flow rate. Consequently, the entire mass flow rate
will increase with higher altitudes and lead to an increase in
the specific net-work of the turboshaft (Table 6).

The results show that both energy and exergy efficiencies
are slightly increasing with altitude gain (Tables 7 and 8).

Table 7. Optimization of the Performance of the Turboshaft
Engine Cycle for the Maximum Thermal Efficiency
(ﬂ|ycyc|e’ma>g) at T]T:]200 OC al’ld Dlﬁ%l"el’lt A|t|tUdES

Altitude [m] TIT [°C] Design Parameters Values

6000 1200 Fp.comp 34.99
far [ka/kg] 0.01823
caf [kag/kag] 0.1346
L (excess air fraction)  3.22
rll,cycle,max 49.6

9000 1200 Fp.comp 34.99
far [kg/kg] 0.01956
caf [kg/kg] 0.1276
A (excess air fraction)  3.027

50.2

1‘ll,cycle,max

Table 8. Optimization of the Performance of the Turboshaft
Engine Cycle for the Maximum Exergy Efficiency (71 cycle,max)
at TIT=1200 °C and Different Altitudes.

Altitude [m] ~ TIT °C Design Parameters Values

6000 1200 Ip.comp 34.99
far [ka/kg] 0.01823
caf [ka/kg] 0.1346
A (excess air fraction) 3.22
nll,cycle,max 44.69

9000 1200 Ip.comp 34.99
far [ka/kg] 0.01956
caf [ka/kg] 0.1276
A (excess air fraction) 3.027

45.73

Tlll,cycle,max

Figures 8, 9, and 10 show that the performance values of

turboshaft engine of Whet, Micycle @Nd Miicycle iNCrease with
altitude gain from 6 km to 9 km.
The maximum whne for 6 km and 9 km altitudes occurs at
Io.comp=22.5 and 26.2, respectively (Figures 8, 9), while 1y cycle
and mucyele CONtinuously increase for larger pressure ratios
(Figure 10).

500

450 [
400 L
350 [
300
250 /
200

150

Whet [Kif(kg/s inlet air of engine)]

—4—Altitude=9000 [m] & TIT=1200 [°C]
—a—Altitude=6000 [m] & TIT=1200 [°C]

A

5 15 25 35

rp,compressur
Figure 8. Change curve of Wpet VS. Iy comp at TIT=1200 °C and
different altitudes for turboshaft engine.
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Figure 9. Change curve of thermal efficiency (#icycie) at
TIT=1200 °C and different altitudes for turboshaft engine.
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Figure 10. Change curve of exergy efficiency (#icyce) at
TIT=1200 °C and different altitudes for turboshaft engine.

Knowing that ambient temperature and density bear
different influences on the fuel consumption and cooling air
fraction, at the beginning the far and caf does not
significantly change with increasing r,. After a specific point,
the larger r, will result in the decrease of far and increase of
caf. Moreover, far and caf bear a direct and indirect
relationship with altitude gain (Figure 11).
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Figure 11. Change curves of caf and far vs. rpcomp at
TIT=1200 °C and different altitudes for turboshaft engine.

Figure 12 shows that at 9 km altitude and for optimum
exergy efficiency about 4%, 80%, and 16% of entire cycle
exergy-destructions occur in the compressor, combustion
chamber, and turbine, respectively. The highest amount of
Exp belongs to the combustion chamber, followed by the
turbine and compressor.
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Figure 12. Bar plot of exergy destructions (Exp) of
components at altitude 9000 m, TIT=1200 °C and
numax=45.73 for turboshaft engine.

The highest amount of n; belongs to the compressor
(97%), followed by the turbine (94%) and combustion
chamber (74%) at 9 km altitude as shown in Figure 13.
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Figure 13. Bar plot of exergy efficiency (1) of components
at altitude 9000 m, TIT=1200 °C and #umax=45.73 for
turboshaft engine.

5. Conclusion

The thermodynamics optimization and energy-exergy
analyses have been done for a turboshaft engine equipped
with turbine blades’ cooling in different ambient air
conditions at different flight altitudes. Results show that:

At the sea level:

e The temperature of ambient air plays an important role in
the performance of the turboshaft engine.

e The temperature drop will lead to significant increase in
the specific net-work, energy and exergy efficiencies of
the cycle.

¢ In optimum exergy efficiency of entire cycle about 6%,
73%, and 21% of entire cycle exergy-destructions occurs
in the compressor, combustion chamber and turbine,
respectively. The highest exergy destruction belongs to the
combustion chamber, followed by the turbine and
compressor.

¢ The highest exergy efficiency belongs to the compressor
(97%), followed by the turbine (94%) and combustion
chamber (71%).

At high altitudes:

e The inlet air temperature and density respectively bear
indirect and direct relationships with the specific net-work
of the turboshaft engine.
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o The temperature drop of ambient air plays dominant role
and lead to a major increase in the specific net-work of the
turboshaft engine with altitude gain from 6 km to 9 km.

o Both energy and exergy efficiencies are slightly increasing
with altitude gain.

e At 9 km altitude and for optimum exergy efficiency of
entire cycle about 4%, 80%, and 16% of entire cycle
exergy-destructions occur in the compressor, combustion
chamber, and turbine, respectively. Again, the highest
exergy destruction belongs to the combustion chamber,
followed by the turbine and compressor.

o The highest exergy efficiency belongs to the compressor
(97%), followed by the turbine (94%) and combustion
chamber (74%) at 9 km altitude.

For all flight scenarios:

e The fuel consumption is larger for lower air temperatures
to achieve the same turbine inlet temperature.

e On the contrary, the decrease in air temperature enlarges
the cooling capacity, consequently, the cooling air fraction
required for turbine blades decreases.

Nomenclature

Cp specific heat capacity at constant KJ/ Kg.K
pressure

e specific energy KJ/ Kg

ex specific exergy KJ/ Kg

g gravitational acceleration constant ~ m/s?

i irreversibilities kd/s

M Molar Mass gram/mole

m mass flow rate kals

Po ambient pressure Pa

P pressure Pa

0 Heat flux kd/s

rp Dimensionless pressure ratio unitless

S specific entropy kJ/kg

t time S

T temperature K

To ambient temperature K

Vv velocity m/s

174 Work flux kd/s
Greek Symbols

n Dimensionless efficiency unitless

A Dimensionless excess air unitless

p density Kg
Subscripts

| 1%t Law or energetic

I 2" |aw or exergetic

air ambient air

cc combustion chamber

ch chemical

comp compressor

D destruction

e exit

i input

in inlet

k Kinetic

p potential

ph physical

poly polytropic

Q thermal

r rotator

turb turbine
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Abbreviations
caf cooling air fraction
CIT compressor inlet temperature
COoT compressor outlet temperature
far fuel air ratio

TIT turbine inlet temperature
TOT turbine outlet temperature
Appendices

Appendix A. Energy Analysis
Appendix A.1 Mass Conservation (Continuity)

Z= Yt - Xt (A1)

which m; and m, are the inlet and outlet mass flow rates,
respectively.

Appendix A. 2 Energy Conservation (1t Law of

Thermodynamics)
T=Q-W+ L e- N, e (A.2)

which E =m(e) and Q, W, and e are heat, work, and
specific energy, respectively.
e:h+v72+gz (A.3)

2
h, V7 and gz are specific enthalpy, kinetic and potential
energy terms, respectively.

Appendix A. 3 Entropy Balance (2@ Law of
Thermodynamics)
§=Z{i1 %+Zm1 si'zrhc Sc+63gcn (A 4)

which S = r(s), and s is specific entropy.
By restating of this entropy equation, the entropy generation
is:

s _ds . . Qi
Ssgen_a'l_z me Se'z m; Si'ZiNlei (A 5)
Based on the Gouy-Stodola theorem, for a control
volume with the ambient temperature of TO, the
irreversibilities value is calculated as:
=T} 8Sgen (A.6)
Appendix A. 4 State Equation
The additional equations like state equation of ideal gas,
isentropic and polytropic formulas for compressor and
turbine efficiencies may be applied to solve the
thermodynamic problems.
For the steady state steady flow (SSSF) thermodynamic

processes, all the temporal terms equal zero (% = 0.0).

Appendix A. 5 Energy or thermal efficiency (1% law
efficiency)

— Ebenefited

T]I:nthermal Ecost

(A.7)

When the energy analysis is done, all unknowns
(thermodynamic properties) of the cycle are calculated.
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Then, simply the exergy analysis is implemented by using
the new exergetic definitions of the components and entire
cycle.

Appendix B. Exergy Analysis
Appendix B. 1 The Concept of Exergy
Energy=Exergy+Anergy (B.1)

which exergy and anergy are maximum accessible work and
non-accessible work, respectively.

Appendix B. 2 Definition of the Environment from the
Exergy Analysis Point of View

From the point of view of exergy analysis, the
environment of a system is completely in a thermodynamic
equilibrium. There are no gradients in the environment,
including pressure, temperature, and chemical potential
gradients. In addition, it is not possible to obtain work from
the interaction of different components of the environment
with each other. Therefore, in exergy analysis, the
environment is a reference used to evaluate the performance
potential of different systems.

The restricted dead state is a state of the substance in
which it is in thermal and mechanical equilibrium with the
environment. However, they are not in chemical equilibrium
with each other. In the restricted dead state, the substance’s
temperature and pressure are equal to the ambient
temperature and pressure, and the velocity and potential
energy of the substance are zero. The dead state is a state of
the substance in which it is not only in thermal and
mechanical equilibrium but also in chemical equilibrium
with the surrounding environment.

Appendix B. 3 Restricted Dead State and Dead State

The restricted dead state is a state of the substance in
which it is in thermal and mechanical equilibrium with the
environment. However, they are not in chemical equilibrium
with each other. In the restricted dead state, the substance’s
temperature and pressure are equal to the ambient
temperature and pressure, and the velocity and potential
energy of the substance are zero.

The dead state is a state of the substance in which it is not
only in thermal and mechanical equilibrium but also in
chemical equilibrium with the surrounding environment.

Appendix B. 4 Exergy Balance
For each component:

dEx

_ Ty
dt

Q (1- _) -W"FZ mi €X;- 2 me eXeJFEXD

. (B.2)

which Ex = m(ex), and Ex;, is the exergy destruction of a
component defined as:

Exp=1=T; 8Sgen=T (1 35e) (B.3)
which I is the irreversibilities value and 5S'gen is the entropy
generation of a thermodynamic process because of
irreversibilities.

For the entire cycle:
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dEx - T i . :
T=Q(1-22) W X iy exp- Xt ex+

E.XD,cycIe—i_]_jXD,Ioss (B 4)

which Exp ¢y is the total exergy destruction of a cycle, and
Exp,,ss is the exergy loss due to the exhaust which is defined
as:

E.XD,loss:rhexhaust e'xexhaust (B 5)

Again, for the steady state steady flow (SSSF)
thermodynamic processes, all the temporal terms equal zero

G =0.0).

Appendix B. 5 Exergy Types

In the absence of the effects of nuclear, magnetic,
electric, and surface tension fields, the exergy can be written
as a summation of physical, chemical, kinetic, potential, and
heat transfer exergy parts as:
Ex:Exph+Exch+Exk+Exp+ExQ (B. 6)

The physical exergy (Ex,) is the maximum accessible
work that a substance can do in a reversible process which a
substance goes from its initial state to the restricted dead state
as:
EXph:(h‘ho)‘To(S‘So) (B.7)

The chemical exergy (Ex,,) is the amount of accessible
work a substance can do in the chemical equilibrium process
surrounded by an environment in which a substance goes
from the restricted dead state to the dead state. One of the
important applications of the concept of chemical exergy is

the calculation of fuel exergy. For hydrocarbon fuels with the
form C,Hn, the amount of chemical exergy is obtained from:

Exh=-Ag(Ty,Py)+TR In (B. 8)

4
(yo,oz)n 4

n m
(YO,C()z ) (}’O,HZ o)

which R, y, g are the universal gas constant, molar fraction,
and Gibbs function, respectively, and:

-Ag(Ty,Py)=g(To,Py)c, u,, -1 g(To,Po)coz'§ 2(To,Po)u,0 (B.9)

The chemical exergy of a mixture of ideal gases can be
obtained from the following equation:

Exy=Ty R Yy, In (yy—) (8. 10)

i

The kinetic exergy of equation (Ex;,) can be calculated
as:
VZ

Exy=m —

: (B.11)

The potential exergy of equation (E'xp) can be obtained
as:

Ex,=m g z (B.12)
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The exergy of heat transfer (ExQ) is the maximum work
that can be obtained from the thermal energy transfer as:

T
Exq=Q (1-70) (B. 13)
Appendix B. 6 Exergy Efficiency (2" Law Efficiency)

P E"‘bsneﬁted _
) Exin

TExp
% Exin

™ (B. 14)

Appendix C. Equations

Table C. 1. Equations for Energy-Exergy Analyses.

Components  Related Equations
Compressor m,=(1-caf)i,
Wcomp:ml(eZ'el)
RTd—P
n Ll P -—L
.I,comp poly,comp C a“.dT
EXD ,comp Wcomp+mlexl mZGXZ
(Wu)mp EXD mmp)
11]] comp W 100
comp
Cooling Air ~ T,=0.8451TIT+136.2, T, and TIT are in °C.
Fraction . 2(1+far)(es-¢,)
(2e3-e5-¢,)
Combustion  my=rh,+m, which m¢ = (far)m,

Chamb Tt &
amber f29;15CPCnH dT+x(n+ )f29815cp07dTJr
A (n+5)3.76 fon 15 Conyd T+

A (n+2) 4768, [} | CoaodT=

TIT = TIT =
298.15 P“’?dT +(-1) (n+ ) fzgx 15 I’Oz
TIT

3761 (n+5) g 15 ConpdT+
[r (n+2) (4.763,)+2] frog 1 CpaodT
CpHpy,
(1-caf)
1 (n+ ) 4760148 My,

Exp ¢ =Tyex,tmgex-m;exs;

n dT+

far=

=|1- D,cc
Mite (far)m, ex¢
Turbine hy=(1+far)m;
Winp=(caf)m, e, t1hze;-thyey
_ _ C,odT
TlI,turb Tlpoly,turb —_dpP
RT+
. P .
EXp,ury=thzexs +(caf) i, exp-thyexs-Wyy
n _ Wlurb
Iturb vk ;
ur (Wlurb+EXD,lurb)

100

CyCI e Wncl: (Wlurb'wcomp)n mech
_ Wnel

Meyele™ (far)m, LHV

E".XD‘cycle:E.XD‘c:(»mp+E'XD,cc+E.XD,1urb
_ Wnct

nll,cyclc_ m

100
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