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The turbofan engines are one of the constitutes significant components of the aero engines. In
this study, the thermodynamic modeling of the TF30-P414 turbofan engine is developed and
validated with reference values. The aims of this research are to determine the effect of the
changes in the thrust, fuel mass flow rate, and thermal efficiency with changes of the flight-
altitude (H) and the flight-Mach number (Ma). Then, the changing of the exergy efficiency and
exergy destruction rate were investigated. The results show that between the different
components of the engine in different flight circumstances, the highest exergy destruction
occurred in the combustion chamber and the lowest exergy destruction occurred in the nozzle.
Also, optimization with the objective function of finding optimum flight conditions to find the
highest exergetic efficiency in the flight-Mach number of 1.2 to 2.2 and the flight altitude of
10,000 to 15,000 meters. The results of this optimization reported that the maximum exer getic
efficiency happened to the conditions of H=11236 meters and Ma=1.944 with an amount of
32.64%.
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NOMENCLATURE

T, The inlettemperature of the combustion chamber, K Nexe The exergy efficiency ofthe compressor

e, The specificchemical exergy of the fuel flow, kJ.kg™ D The flight air density, kg.m™*

E; The inletexergy rate, kKW Epc The exergy destruction rate of thecompressor, kW
w, The power of compressor, kW EDcc The exergy destruction of the combustor, kW
Nexce The combustor exergy efficiency EDn The nozzle exergy destruction rate, KW

7 The overall compression ratio EDT The exergy destruction rate of the turbine, kW
b, Bypass ratio Eo The outlet exergy rate, KW

Nistur Turbine inlet temperature Ex The chemical exergy of the fuel flow, kW
Niscomb Compressor isentropicefficiency Ma Flight Mach number

Nisfan Fan isentropic efficiency Pextemal Pressure in the nozzledischarge, kPa

Can Specific heat capacity, JJkgK P, Ambient pressure, kPa

Ay Nozzle area, m? Qn Heat transfer rate of combustion chamber, kW
A, The area of theinput air channel to theengine, m? R Global constant gas, J/kgK

Vo Flight speed, m/s T4 The outlet temperature of the combustion chamber, K
Je Gravity acceleration, m.s? TSF Specific thrust, g/kNs

m, Mass flowrate of the airflow, kg/s Vexternal Flow velocity in the nozzle discharge, m/s

mg Fuel mass flowrate, kg/s WT The turbinepower, kW

np The propulsiveefficiency nexn The exergy efficiency ofthe nozzle

Nru Thermal efficiency FHV Fuel heat value, MJ/kg

Nex The overall exergy efficiency NOx Nitrogen oxides

Nexr The exergy efficiency ofthe turbine
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INTRODUCTION

The gas turbine (GT) engines are a type of thermal
machine based on the Brayton cycle.
Thermodynamically, they supplied heat from the fuel
ignition with the air and the mechanical power or the
propulsion force production. The turbojet engine is the
simplest form of air gas turbine engine. At first, the air is
initially concentrated in the compressor in these engines.
After leaves the compressor, the air moves into the
combustion chamber to react with fuel, and the supplied
heat from the air and fuel combustion causes arise in the
outlet temperature of the combustor. Accordingly, the
flow enthalpy is increased at the turbine entrance. For
these two reasons, the turbine can be run. Hence, it
discharges at the nozzle, the thrust force is generated due
to the velocity and pressure at the nozzle output and
output surface area [1-3].

The turbofan engines are one of the constitutes
significant components of the aero engines. The turbofan
engines are classified into two categories as a mixed-flow
turbofan engine or an unmixed-flow turbofan engine. The
unmixed flow turbofan is composed of a turbojet core, an
axial fan, and a bypass flow. In this configuration, the
incoming airflow passes through the axial fan before
entering a core compressor, the velocity and pressure of
the flow are increased. Then part of the flow of air enters
the core compressor, and a portion of the flow is entering
the bypass flow. The bypass flow is discharged through
the cold path nozzle and the output flow from the turbine
through the hot path in the environment. In the turbofan
engines, the cold mixed flow, and the core flow enter into
the mixer before entering the nozzle, and then, it
discharged from the nozzle to the ambient [4, 5].

The thermodynamic analysis evaluated the thermal
systemefficiency and performance including the energy
and exergy analysis. The energy analysis is related to the
quantity of energy, but the economic analysis examines
the energy quality. The energy is related to energy loss
during a process, the production of entropy, and power
loss opportunities cause by the Exergy analysis, which
can determine the types, the status of location, and the
proper size of the exergy losses [6-8].

Recently, Many researchers studied energy and
exergy performance via parametric study and the effects
of each parameter on energy and exergy efficiency [9,
10]. For instance, Alibeigi et al. [11, 12] parametrically
worked on a triple cycle combination counting the gas
turbine cycle (GT), reheat cycle, and an organic Rankine
cycle, by coupling geothermal with a biomass energy
source and solar energy source, Also, in their other study,
they thermodynamically investigated the effect of organic
fluids and pinch temperatures on the Rankine cycle
performance by using microturbine.

Sabzehali et al. [13] studied on a new micro-GT
engine. They considered the effect of inlet air cooling on
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the performance of the micro gas turbine engine by
changing the parameters such as the temperature
difference between the inlet air temperature (IAT) based
on International Society of Automation (ISA) standard
and turbine inlet temperature (TIT). Subsequently, they
optimized the proposed cycle based on the genetic

algorithm with two separate objectives, SNOx
minimization, and thermal efficiency maximization,
separately.

In another study, Vadlamudi et al. [14] simulated a
simple open cycle gas turbine is modeled to carry out
thermodynamic analysis with different open-loop steam
cooling techniques to increase the lifespan of the turbine
blade’s active cooling.

Turgut et al. [15] explored the exergy analysis of the
turbofan engines on the 11,000 meters from the sea level
height. They also determined the exergy losses and
exergy efficiency of the engine components. Coban et al.
[16] inspected the application of thermodynamic rules on
a military helicopter engine. The results illustrated that
the highest exergy destruction values in the combustion
chamber have the highest rather than the other
components. Turan et al. [17, 18] considered the impact
of reference heights on the exergy efficiency of a turbofan
engine with a special economic aid investigation. In their
works, the exergy efficiency of a turbofan is composed
that at 4000 meters at the 5000 meters, it calculated as
50.3 % and 485 %, respectively. They have also
conducted a similar study for the engine of a turboshaft
engine. Similarly, Etele and Rosen [19] performed the
Exergy analysis on a jet engine for flight heights of
15,000 meters of sealevel. Bali et al. [20] parametrically,
assessed energy and exergy performance of a GT.
Rahman et al. [21] studied the parametrically the
thermodynamic gas turbine (GT) performance. The
efficacy of parameters such as compression ratio of the
compressor, the temperature of ambient, fuel
consumption ratio with air, and turbine inlet temperature
on gas turbine plant performance were investigated. They
found that the compressor ratio and fuel consumption
ratio with air had a significant impact on the GT thermal
efficiency. In another study, the effects of the inlet air
temperature on the GT cycle with just adding the cooling
systemto increase the thermal efficiency have been done
[13]. Bali et al. [22] investigated the exergo- economic
analyses on an aircraft jetengine. The exergetic efficiency
of the engine is calculated for 24215 kW output
combustion production which was 34.8 %. Bali and
Hepbasli [23] examined the energy and exergy analyses
of the T56 engine as a turboprop engine in different
performance modes of such as power, load, and rotational
power of 75 % and 133 %. Also, the energy and exergy
performance evaluation of the shaft and shaft power and
combustion products are carried out. The results
evidenced that the increase in height causes areduction in
exergy efficiency and increased energy efficiency. Balli
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[24] showed for the turboprop that the potential system
has a small enhancement because the exergy destruction
rate is unavoidably 94 %.

Hashmi etal. [25] was performed the inlet air-cooling
effects on the gas turbine cycles performance (GT) by the
gas turbl2 software. More while, the effect of the
moisture and inlet temperature on the fuel consumption
and heat efficiency and the heat efficiency of the turbine
in this study show that by reducing the temperature of
inlet air to the cycle, thermal efficiency cycle and the
output power increased and the fuel consumption cycle
decreased. Also, Santos and Andrade [26] have studied
the effect of air temperature on the performance ofa gas
turbine cycle studied by increasing the temperature of the
thermal efficiency and the output power ofthe gas turbine
cycle.

Nowadays, extensive research conducted on the
designers of different fields such as structure design,
aerodynamic designer, etc. With regards to the
importance ofthe aircraft engine as alandslide, the design
subject of engine design is one of the most important
points of design, and the engine designers always seek to
improve the propulsion system. The off-design
performance and dynamic back of a single heavy-duty
shaft in a gas turbine plant based on a nonlinear
mathematical model [27, 28].

Adolfo et al. [29] infer in thermodynamic analysis that
an aircraft engine is used to assessthe performance of the
turbofan engine in GE90 - 94 B. They found that the
emissivity ofnitrogen oxides (NOx) was 30831 gand fuel
consumption of 1124 kg. Seyam et al. [30] presented the
energy and exergy analysis of two industrialized high
bypass three-shaft turbofan engines combined molten
carbonate fuel cell (MCFC-turbofan) and solid oxide fuel
cell (SOFC-Turbofan). Their consequences showed that
the base turbofan had the 153 kN maximum thrust force,
simultaneously, the SOFC-turbofan and MCFC-turbofan
had 116 and 107 kN, respectively. The energy and exergy
performance of SOFC and MCFC were meaningfully
augmented compared to the ground state.

In recent years, Biodiesels are intended as an
alternative to fossil fuels because of increasing the
pollution of the fossil fuels derivated from crude oil. For
example, Gupta et al. [31] studied agas turbine for power
generation problems and their environmental concerns.
They analyzed the soyabio-diesel production process i.e.
trans-esterification, also, investigated the different
physical and chemical properties of soya bio-diesel and
compared to establish the suitability of the bio-diesel in
the gas turbine.

In recent years extensive research has been conducted
for aero-engine with different fuels to choose the
beneficial performance and environment selection for
example choosing the liquefied hydrogen fuel has high
performance energy for using in a turbofan. Also, by
considering the 1stand 2"d laws of thermodynamics, the
waste exergy ratio by the index ofthe low bypass turbofan
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engine was calculated [32-34].

Khan et al. [35] applied HAM algorithm for optimal
obtained solution in couple stress fluid of a Poiseuille
flow for choosing the best expression parameters.

Currently, engineers in different fields such as
structure design, aerodynamic design, etc., have done so
much in pastdecade, given the importance of the aircraft
engine as a propulsion system, the engine design is one of
the most important steps of design, making the engine
designers always seek to improve the propulsion
efficiency, thermal efficiency, thrust force, and specific
fuel consumption. In this study, the dimensionless
analysis of the TF30 - P414 engine mixed flow turbofan
by using GASTURB software [36] based on off-design
were investigated including the changes of energy and
exergy efficiency of different components of the TF30-
P414 engine with the Mach number and flight altitude
were investigated. Also, the cause of the cycle's
irreversibility, the destructive exergy calculated in a
different component. Correspondingly, the Mach number
affects the mass fuel flow rate, and thrust force were
investigated. Eventually, the overall efficiency is
maximized regarding the optimization by the genetic
algorithm.

THERMODYNAMIC MODELING OF THE TURBOFAN
CYCLE

The TF30-P414 engine cycle is assumed as a mixed-flow
turbofan engine cycle. It is a twin-spool mixed-flow
turbofan engine with a high-pressure spool involving the
high-pressure turbine (HPT) connected with the high-
pressure compressor (HPC), which has mixed with alow-
pressure spool involving the low-pressure turbine (LPT)
before nozzle with the fan and the low-pressure
compressor (LPC) [37]. The turbofan prototypical
schematic is presented in Figure 1.

The temperature and pressure of the inlet air play an
important role in the temperature and pressure of other
parts of the cycle. Also, the real inlet mass flow rate is the
function of the velocity and density of the input air. Since

Mixed Flow Turbofan Engine
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Figure 1. The mixed-flow turbofan Engine modeling
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the pressure and temperature are the functions ofthe flight
height, the inlet flow velocity is the function of the flight -
Mach number. The relative equation has delivered in the
following equations. The real air inlet mass flow rate is

obtained from Equation (1).
m, = DV,A, 1)

The additive heat transfer rate to the combustion chamber
is evaluated in the following equation;

QH = macav (TA_ T3) (2)

The fuel mass flow rate is equal to the heat ratio of the
thermal value per kilogram of fuel and is obtained from
Equation (3).

_ Q4
™= Fhv ®)

The thrust force in a mixed flow turbofan engine is
calculated as follows:

Thrust=m, (v,,.- V,)+ A, (Px- R) “)

The thrust specific fuel consumption (TSFC) is obtained
from Equation (5).

TSFC= ©)
Thrust
The thermal efficiency is estimated by Equation (6).
Nry = ma'(Vezxternal_VOZ) (6)

2Qy

The Propulsive efficiency is the thrust product over the
flight speed to the difference of the kinetic energy during
the engine and is extracted from Equation (7).

_ 2’ Thrust Y
) ”
The chemical Exergy of the fuel flow is calculated.
mee, EX=me, (8)

The overall efficiency is considered as the multiplied of
the propulsive efficiency to thermal efficiency.

nOveralI = nP ’ nTh (9)
It should be noticed that the ex for JP10, which is equal
to 44927 kJ/kg [8]. The overall thermal efficiency of the
turbofan engine is the flight velocity fraction crossed to
the thrust force to the chemical exergy of the inlet fuel
consumption flow of the engine. The relationships related
to the exergy analysis of the cycle components are
tabulated in Table 1. Table 2 presents the input data of the
TF30 - P414 engine cycle.

The performance results of the TF30 - P414 engine is
displayed compared to the reported values [38] in Table
3. The consequences indicate that it has agood agreement
for continuing the calculation.
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Table 1. Exergy analysis of cycle components

Exergy :
Component efficiency Destruction rate of exergy
— Eo' Ei
Compressor Mow =~y Eoc =W,- (§- E)
i W,
Turbine Nexr = E _TE EDT = En - Eo' WT
1 0
Combustion Moo = _& E. =E-E+E
chamber (CC) exce E- E, Dec i o f
—_ EO
Nozzle Non = £ Em=E- E
—_ FVO
Overall Exergy o= £0 Ex= Ep, + Epe + Epr + Erc

Table 2. The input parameters of the TF30 - P414 engine

Parameters Amounts Units
r, 19.80

b, 0.878

TIT 1449 K
m, 101.787 Kgls
Mistur 0.91 -
FHV 42.076 MJ/Kg
Miscomb 0.86 -
Mitan 0.88 .

Table 3. The performance results of the TF30 - P414 engine
compared to reference values

Thrust (kN) TSFC (g/kNs)
Reference value 56.937 [38] 25 [27]
Present study 58.80 23.924
Deviation (%) -3.16 -4.30

RESULTS AND DISCUSSION

Parametric thermal study

The real airflow of the engine on flight Mach is given in
Figure 2a. At any constant altitude, the Mach number
increasing and the rapidly speed increases with the
velocity increases, the real flow rate of the incoming air
to the engine increases. Also, increasing the altitude in a
constant Mach due to the decrease in the ambient air
density according to the Equation (1), the real input
airflow decreases. The power of the thrust force is
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represented in terms of flight-Mach number and flight
altitude in Figure 2b. Increasing the flight-Mach number
in the constant flight height increases the real input air
mass flow to the engine, and according to Equation (4),
the engine thrust force also increases, on each Mach
number, the flight height, the real flow of the input air
should be reduced, as well the engine thrust force reduces.
The variation of the fuel flow is shown in Figure 2c. At
any constant height with the augmenting flight Mach
number, the real air mass flow rate flow of the incoming
airflow to the engine increases, so the required heat
transfer rate Qp is increased where the inlet and outlet
combustion chamber temperatures are required.
Accordingly, the heat value perfuel is increased when the
Qg is constant. The real air mass flow rate to the engine
lessens with the constant flight Mach number and
decreasing of the flight altitude, so it requires less heat to
deliver the incoming air into the combustion chamber to
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the temperature of the turbine. So, the heating rate is
decreased and the consumption of fuel is reduced in
exchange of the constant heat value forthe fuel mass flow
rate. Variations of specific fuel consumption in terms of
altitude and Mach number are presented in Figure 2d. By
increasing the Mach number at any constant height, the
intensity increased the fuel consumption which is higher
than the intensity of increasing the thrust force, so the
motor fuel consumption has increased.

The variation of thermal efficiency and change of
propulsive efficiency in terms of the height and Ma are
shown in Figure 3.

Parametric exergy analysis

In this study, the effect of flight-Mach number, flight
altitude on the overall exergy efficiency and fuel flow
consumption of the TF30P414 engine were investigated.
Also, theefficacy of Ma at the constant flight height of
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Figure 2. The flight-Mach number efficacy on (a) thereal-air flow of theengine, (b) thethrust force, (c) the fuel mass flow rate and

(d) the TSFC
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Figure 3. Variation of (a) thermal efficiency, and (b) the change of propulsive efficiency in terms of the height and Ma

311



S. D.Farahani et al. / Iranian (Iranica) Journal of Energy and Environment 12(4): 307-317, 2021

10,000 m on the exergetic efficiency and exergy losses of
the parts of the proposed cycle is examined. The
thermodynamic properties of the flow at different
components of the engine per flight Mach number
variation at a constant altitude of 10,000 m are
represented in Tables 3-6, respectively.

The performance changes of the TF30 engine
components with flight - Mach are represented at an
altitude of 10, 000 m in Figure 4. Furthermore, the flight
Mach number rises the exergy efficiency of the peak
pressure compressor and the combustion chamber and it
has an exergy efficiency near 100%. Also, the exergy
efficiency of HPT, LPC, and HPC is in the range of 80
and 98.69 % on the different flight Mach numbers. The
exergy efficiency of the combustion chamber at different
flight Mach numbers has a value ranging between 75 and
80 %. The variation of the exergy destruction rate (E.D.)
of the TF30 engine components with flight Mach number
at a constant height of 10,000 meters is shown in Figure
5. The results showed that the E.D. rate in the combustion
chamber was much higher than the other components.
The ED. rate at the nozzle is also very low and close to
zero. In addition, with different flight Mach numbers, the

Table 3. The flow characteristics of the different parts of the
engine are at a height of 10, 000 m and Ma = 0.8

Flow M T P e
stations  (kgls)  (K)  (kpa) OO 5
HPCinlet 24.63 239.76 33.638 -46528 28074.2
ﬁ‘l’ggb“mr 2463  499.36 359.151 208143 28070066
HPTinlet 25.325 1430.1 337.969 1330000 1330000
LPTinlet 25325 1218.82 159.834 1072000 852382
Mixerinlet 25.325 1192.93 143516 556843 410942
m‘l’eztz'e 46.95 816.36 92.76 556843 410942
Nozzle

ot 46.95 699.733 51.033 556843 410942

Table 4. The flow characteristics of the different parts of the
engine are at a height of 10,000 m and Mach 1.2

Flow stations M T P h €
(kgls) (K)  (kPa) (Jkg)  (J/kg)
HPCinlet  36.357 237.84 53.068 -10631.1 63422.4
ﬁ‘l’ggb““‘” 36.357 567.73 566.67 279760 340062
HPTinlet  37.315 1430.2 533.13 1319000 1133000
LPTinlet  37.315 1119.69 266.015 1034000 843108
Mixerinlet  37.315 111521 196.65 967948 775964
Nozzleinlet 69.237 812.59 142.99 551982 435153
Nozzleoutlet 69.237 696.144 78.65 551982 435153
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Table 5. The flow characteristics of the different parts of the
engine are at a height of 10kmand Ma = 1.6

Flow M T P h e

stations (kg/s) (K) (kPa)  (J/kg) (J/kg)
HPCinlet  57.101 321.45 90.309 396263 111772
ﬁﬁgt‘busmr 57101 6615 964.28 379398 437792
HPTinlet  58.456 142950 906982 1315000 1163000
LPTinlet  58.456 114864 328.85 980182 823725
Mixerinlet ~ 58.456 110484 272939 902557 744698
Nozzleinlet 108591 807.58 233.90 545512 462033
Nozzleoutlt 108501 691384 128605 545512 462032

Table 6. The flow characteristics of the different parts of the
engine are at a height of 10km and Ma = 1.8

Fowstations il (¢ (kpa) (ko) (ko)

HPCinlet 72.579 350.28 119.844 70138.4 141084
Combustor 72.579 717.27 1279.59 439501 496694
inlet

HPT inlet 74.186 1428.87 385.42 1312000 1180000
LPT inlet 74.186 1123.79 396.046 947795 809687
Mixer inlet 74.186 1073.3 318.825 863155 723475
Nozzleinlet 137.911 804.724 300.394 541800 475414
Nozzleoutlet 137.911 688.656 165.128 541800 475413

E.D. of the HPC is greater than the E.D. rate at HPT and
the LPT E.D. rate is lower than the HPT E.D. rate. The
exergy changes of the TF30 engine fuel flow with the
flight-Mach number were represented at a constant flight
height of 10,000 meters in the form of the JP10 fuel in
Figure 6. Since the flow rate of fuel increases with
increasing the Mach number at a constant height of
10,000 meters, according to Equation (8), the chemical
exergy of fuel flow increases with increasing the flight
Mach number. Exergy fuel flow changes of the TF30
engine with a flight height at Mach number 2 constant per
JP10 fuel are shown in Figure 6.

The exergy rate of the incoming fuel flow reduced
because of the reduction in the mass flow rate of the fuel
by increasing the flight altitude at constant flight Mach
number.

The performance changes of the TF30 engine
components with flight - Mach at an altitude of 10,000 m
are represented in Figure 4. Furthermore, the exergy
efficiency reaches nearly to 100% when the flight Mach
number rises the exergy efficiency of the compressor
peak pressure and the combustion chamber increases.
Also, the exergy efficiency of HPT, LPC, and HPC is in
the range of 80 and 98.69 % atdifferent flight Mach
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Figure 4. The changes in the n.,0f the TF30 engine parts
with Ma at a constant height of 10,000 meters

Nozzle

numbers. The exergy efficiency of the combustion
chamber at different flight Mach numbers has a value
ranging between 75 and 80 %. The variation ofthe exergy
destruction rate (E.D.) of the TF30 engine components
with flight Mach number at a constant height of 10,000
meters is shown in Figures 5. The results showed that the
E.D. rate in the combustion chamber was much higher
than the other components. The E.D. rate at the nozzle is
also very low and close to zero. In addition, at different
flight Mach numbers, the ED. of the HPC is greater than
the ED. rate at HPT andthe LPT E.D. rate is lower than

HPC

HPT
component

LPT Nozzle
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Figure 5. Thedeviations in the E.D rate of the TF30 engine
parts with flight - Mach number at a constant height of

10,000 meters
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the HPT E.D. rate. The exergy changes of the TF30
engine fuel flow with the flight-Mach number at a
constant flight height of 10,000 meters in the form of the
JP10 fuel are represented in Figure 6. Since the flow rate
of fuel increases with an increase in the Mach number at
a constant height of10,000 meters, according to Equation
(8), the chemical exergy of fuel flow increases with an
increase in the flight Mach number. BExergy fuel flow
changes of the TF30 engine with a flight height at Mach
number 2 constant per JP10 fuel are shown in Figure 6.
Since an increase in the flight altitude with each constant
flight Mach number reduces the fuel mass flow rate, the
efficacy of the flight Mach number reduces the Exergy
rate of the incoming fuel flow.

The exergy efficiency changes with the Mach number
at a constant flight height of 10,000 meters in the form of
JP10 fuel are represented in Figure 6. By increasing the
Mach number, the thrust force and flight speed are
increased at a constant height of 10,000 meters and the
intensity of increasing the cross of the flight speed and
thrust force is higher than the intensity of the increase in
the energy rate of the fuel flow; thus, increasing the Mach
number at a flight height of 10,000 meters, the exergy
efficiency of the TF30 engine increases.

The n. of the TF30 engine with flight Mach number
of constant two for the JP10 fuel is illustrated in Figure 6.
The findings show the highest and lowest exergy
efficiency of the TF30 engine is at Ma=2and H =
10 km, and Ma = 2 and H = 20 km, respectively.

Optimization

Teaching—learning-based optimization  (TLBO) is
derived from the teaching and learning process. It is based
on theinfluence of the teacher on the students'efficiency
in a class. TLBO was performed during two-approach
steps. The input parameters of the algorithm are the lower
and upper bounds of the variables, the amount of
production, and the fitness function. TLBO is considered

Ma
0 05 1 15 2
40 . . 100000
35 ]
— 80000
wof A~ A A ——A® ¢
- * =
R % - 4 soooo%
z =
= 20} [ | b 4
. - i
7 —&H-nex 40000
15 o 2
' - ®-Ma-p,
10 v 1 B-H-Ex
v ~¥-Ma-px |20000
5 [ ] ]
.................... o
5000 10000 15000 20000 25000
Hy (m)

Figure 6. The changes of the exergy flow and exergy
efficiency with the variation of flight altitude at Mach 2
constant and flight Mach number at a constant altitude of
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to be the basis of the optimization approach. First, the
members of the class are generated for the Variables
boundary. The best response is chosen according to the
fitness function of the instructor [39].

Instructor phase

The first stage is called the training phase, the instructor
tries to influence the level of knowledge of the members.
The class raised its mean to increase the ability of the
class. This random process depends on many aspects. The
parameters at any interaction (i), M;, and T; are the mean
level of class and Teacher atany iteration. Ti will be near
to the M; after teaching development and it is named
Mnew. S0, The difference and the mean of these two
parameters subtract from each other.This subtraction is
defined as follows:

difference- mean = r(M_, - T.M.) (18)

where, ri is a randomnumber in therange of Oto 1 and Tr
is the educational factor which can be determined the
education quality and Master's ability to transfer
knowledge.

Learner phase

At this stage, the population (who are a classmate)
develops their knowledge by working together. One of
the most important features of this algorithm is the lack
of dependence on the parameters. Because the algorithm
has the lowest possible number of parameters and hence,
it can have a particular advantage. The acquaintance of
learners improves with input teacher feedback and also
among of their interaction. Arbitrarily, the learners
cooperate with other learners in a group to learn or discuss
the project, the presentation, etc. so it can help
interactively and they exchange the information together
[39, 40]. Learner modification is articulated as:

For i=1:Pn

Avrbitrarily, choose two learners X and Xj, where ij

If FOXi)<f(X;)
Xnew i=Xold,i+1i(Xj—Xi)
Else
Xnew i=Xold,i+1i(Xj—Xi)
End If
End For

Accept Xnew if it gives a better function value.
If the fitness function improved, this effect would be
accepted. The above process is repeated until the
optimal response or estimation of stopped conditions.
The flowchart of the TLBO approach is shown in
Figure 7.

In this section, the TF30-P414 turbofan engine is
optimized. The optimization approach is produced by the
TLBO algorithm with the objective function suchas TIT,
bypass ratio, and the flight altitude with the JP10 as a fuel.
The range of bypass ratio is 0.4-0.9, TIT is 1400-1600
(K), flight-Mach number is 1.2-2, and flight altitude is in
the range of 10000-15000 meters.
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Figure 7. TLBO flowchart [41]

The optimization design variables are shown in
Table 7. TSFC and thrust are the design constraints of
optimization. The low and high values of TSFC are 10
and 40 g/kNs respectively, also the low and high values
of thrustare 25 and 30 kN respectively. The values of the
design constraints are shown in Table 8.

Subsequently, the amounts of optimized design
variables are indicated in Table 9. Also, the amounts of
design constraints are thrust=29.4 kN and TSFC=39.9
(9/kNs). Finally, the amount of optimized performance of
the TF30-P414 engineis m, =1.176 (kg/s), N, =54.08%,
Np=84.4%, Moperan=45.66%, and n,,=32.64%.

TABLE 7. The optimization design variables

Parameters Low values High values
Bypassratio 0.4 0.9
TIT (K) 1400 1600
Flight-Mach number 1.2 2
Flight altitude (m) 10000 15000

TABLE 8. The design constraints

Parameters Low values High values
T SFC (g/kNs) 10 40
Thrust (kN) 25 30
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TABLE 9. The parameters of the optimized cycle

Parameters Values
Bypassratio 0.899
TIT (K) 1400
Flight-Mach number 1.944
Flight altitude (m) 11.236

CONCLUSION

In this paper, the TF30-P414 turbofan engine is
thermodynamically investigated. At first, it has been
validated with the datasheet of the TF30-P414 turbofan
engine. Then, the effect of the changes in the thrust fuel
consumption, mass flow rate, and thermal efficiency with
the flight altitude and the flight Mach number changes
were investigated. Furthermore, the exergy efficiency and
destruction rate of exergy were inspected with flight -
Mach number and flight altitude in each component.
Finally, for finding the best condition of flight altitude
and flight-Mach number, optimization has been operated.
The results are reported as follows:

1. Asa result of the thrust force and consumed-fuel flow
rate, as well as the fuel consumption and the engine thrus
t, thereal air inlet flow rate, grows if the Flight-Mach nu
mber increases at the constant flight altitude.

2. Increasing the flight altitude by the constant Flight — M
ach number, the real flow of air to the engine is reduced
dueto the reduction in the air density, so the engine thrus
t force is reduced. Also, the consumed flow rate of fuel is
reduced.

3. At any constant flight altitude, the chemical exergy rat
e increases due to the increase in the thrust-specific fuel ¢
onsumption (TSFC). However, the increasing intensity o
f the thrust force and flight velocity is more than the inte
nsity of the chemical exergy rate of fuel flow in return fo
r increasing the Mach number, consequently, the engine
exergy efficiency is increased by increasing the Mach nu
mber at constant flight altitude.

4. An Optimization has been done to find the optimized
Mach number and flight altitude for the exergy efficienc
y maximization in therange of 1.2 to 2 and 10,000 m to 1
5,000 m respectively by using a single-purpose optimizat
ion algorithm named as teaching—learning-based optimiz
ation method (TLFO). The findings indicate that the upp
ermost exergy efficiency happened in the flight altitude o
f 11236 m and the Mach number of 1.994. The maximum
exergy efficiency was calculated at 32.64%.

REFERENCES

1. Choi, J. W. and Sung, H.-G., 2014. “Performance analysis of an
aircraft gas turbine engine using particle swarm optimization”,
International Journal of Aeronautical and Space Sciences, 15(4),
pp: 434-443, Doi: 10.5139/1JASS.2014.15.4.434.

315

10.

11.

12.

13.

14.

15.

16.

17.

18.

Meetham, G., 1981. The Development of Gas T urbines. Springer.

Han, J.-C., 2018. “ Advanced cooling in gas turbines 2016 Max
Jakobmemorial award paper”, Journal of Heat Transfer, 140(11),
Doi: 10.1115/1.4039644.

Liu, F. and Sirignano, W. A.,2001. “Turbojet and turbofan engine
performance increases through turbine burners”, Journal of
propulsionand power, 17(3), pp: 695-705, Doi: 10.2514/2.5797.

Chen, H., Cai, C., Jiang, S. and Zhang, H., 2021. “Numerical
modeling on installed performance of turbofan engine with inlet
ejector”, Aerospace Scienceand Technology, 112, p: 106590, Doi:
10.1016/j.ast.2021.106590.

Lee, J. J., 2010. “Can we accelerate the improvement of energy
efficiency in aircraft systems?”, Energy conversion and
management, 51(1), pp: 189-196, Doi:
10.1016/j.enconman.2009.09.011.

Rosen, M. A., 2002. “Assessing energy technologies and
environmental impacts with the principles of thermodynamics”,
Applied Energy, 72(1), pp: 427-441, Doi: 10.1016/S0306-
2619(02)00004-1.

Rosen, M. A. and Dincer, 1., 2003. “Exergoeconomic analysis of
power plants operating on various fuels”, Applied Themal
Engineering, 23(6), pp: 643-658, Doi: 10.1016/S1359-
4311(02)00244-2.

Rai, S., Chand, P. and Sharma, S. P., 2016. “Investigation of an
Offset Finned Solar Air Heater Based on Energy and Exergy
Performance”, Iranian (lranica) Journal of Energy and
Environment, 7(3), pp: 212-220, Doi:
10.5829/idosi.ijee.2016.07.03.01.

Emyat, B. G, 2020. “Energy and Exergy Assessment and Heat
Recovery on Rotary Kiln of Cement Plant for Cooling Effect
Production by Using Vapor Absorption Refrigeration System”,
Iranian (Iranica) Journal of Energy and Environment, 11(2), pp:
109-115, Doi: 10.5829/ijee.2020.11.02.03.

Alibeigi, M., Farahani, S. D. and Hezaveh, S. A., 2021. “Effects
of coupled heat sources in a triple power cycle: thermodynamic,
economics and environment analysis and optimization”,
International Journal of Energyand Environmental Engineering,
Doi: 10.1007/s40095-021-00442-9.

hezaveh, s. a., farahani, s. d. and Alibeigi, M., 2020. “Technical-
economic Analysis of the Organic Rankine Cycle with Different
Energy Sources”, Journal of Solar Energy Research, 5(1), pp:
362-373, Doi: 10.22059/jser.2020.300111.1148.

Sabzehali, M., Alibeigi, M. and Davoodabadi Farahani, S., 2021.
“Comparison of New concept Engine Based On Micro Gas
Turbine with XU7/L3 Intemal Combustion Engine”, ASE, 11(2),
pp: 3591-3601, http://mmwv.iust.ac.ir/ijae/article-1-584-en.html

Vadlamudi, T. C., Kommineni, R., Katuru, B. P. and Injeti,N. K
N., 2018. “Influence of Different Steam Cooling Techniques for
High Pressure Turbine Blades on the Performance of Gas
Turbine”, Iranian (Iranica) Journal of Energy and Environment,
9(3), pp: 168-175, Doi: 10.5829/ijee.2018.09.03.03.

Turgut, E. T ., Karakoc, T. H. and Hepbasli, A., 2007. “Exergetic
analysis of an aircraft turbofan engine”, International Joumal of
Energy Research, 31(14), pp: 1383-1397, Doi: 10.1002/er.1310.

Coban, K., Colpan, C. O. and Karakoc, T.H., 2017. “Application
of thermodynamic laws on a military helicopter engine”, Energy,
140, pp: 1427-1436, Doi: 10.1016/j.energy.2017.07.179.

Turan, O., 2012. “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, Doi:
10.1504/1JEX.2012.049738.

Turan, O. and Aydin, H., 2016. “Numerical calculation of energy
andexergy flows of a turboshaft engine for power generation and
helicopter applications”, Energy, 115, pp: 914-923, Doi:
10.1016/j.energy.2016.09.070.



19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

S. D.Farahani et al. / Iranian (Iranica) Journal of Energy and Environment 12(4): 307-317, 2021

Etele, J. and Rosen, M. A., 2001. “Sensitivity of exergy
efficiencies of aerospace engines to reference environment
selection”, Exergy, An International Journal, 1(2), pp: 91-99, Doi:
10.1016/S1164-0235(01)00014-0.

Balli, O., Ekici, S. and Karakoc, T. H., 2021. “Tf33 T urbofan
Engine In Every Respect: Performance, Environmental And
Sustainability ~Assessment”, Environmental Progress &
Sustainable Energy, Doi: 10.1002/ep.13578.

Rahman, M., lbrahim, T. K. and Abdalla, A. N., 2011.
“Thermodynamic performance analysis of gas-turbine power-
plant”, International journal of physical sciences, 6(14), pp: 3539-
3550, Doi: 10.5897/1JPS11.272.

Balli, O., Aras, H., Aras, N. and Hepbasli, A., 2008. “Exergetic
and exergoeconomic analysis of an Aircraft Jet Engine (AJE)”,
International Journal of Exergy, 5(5-6), pp: 567-581, Doi:
10.1504/1JEX.2008.020826.

Balli, O. and Hepbasli, A., 2013. “Energetic and exergetic
analyses of T56 turboprop engine”, Energy conversion and
management, 73, pp: 106-120, Doi:
10.1016/j.enconman.2013.04.014.

Balli, O., 2017. “Advanced exergy analyses of an aircraft
turboprop engine (TPE)”, Energy, 124, pp: 599-612, Doi:
10.1016/j.energy.2017.02.121.

Hashmi, M. B., Abd Majid, M. A. and Lemma, T. A., 2020.
“Combined effect of inlet air cooling and fouling on performance
of variable geometry industrial gas turbines”, Alexandria
Engineering Journal, Doi: 10.1016/j.aej.2020.04.050.

Santos, A. P. and Andrade, C. R., 2012. “ Analysis of gas turbine
performance with inlet air cooling techniques applied to Brazilian
sites”, Journal of Aerospace Technology and Management, 4, pp:
341-353, Doi: 10.5028/jatm.2012.04032012.

Tsoutsanis, E. and Meskin, N., 2019. “Dynamic performance
simulation and control of gas turbines used for hybrid gas/wind
energy applications”, Applied Thermal Engineering, 147, pp: 122-
142, Doi: 10.1016/j.applthermaleng.2018.09.031.

Abd. Rahman, R. and Sepehri, N., 2017. “Design and
experimental evaluation of a dynamical adaptive backstepping-
sliding mode control scheme for positioning of an antagonistically
paired pneumatic artificial muscles driven actuating system”,
International Journal of Control, 90(2), pp: 249-274, Doi:
10.1080/00207179.2016.1176255.

Adolfo, D., Bertini, D., Gamannossi, A. and Carcasci, C., 2017.
“Thermodynamic Analysis of an Aircraft Engine to estimate
performance and emissions at LTO cycle”, Energy Procedia, 126,
pp: 915-922, Doi: 10.1016/j.egypro.2017.08.162.

Seyam, S, Dincer, |. and Agelin-Chaab, M., 202 1. “Investigation
of Two Hybrid Aircraft Propulsion and Powering Systems Using

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Alternative  Fuels”, Energy, p: Doi:

10.1016/j.energy.2021.121037.

Gupta, K., Rehman, A. and Sarviya, R., 2010. “Evaluation of soya
bio-diesel as a gas turbine fuel”, Iranica Journal of Energy &
Environment, 1(3), pp: 205-210,
http://mww.ijee.net/article_64299.html

Osigwe, E. O., Gad-Briggs, A., Nikolaidis, T ., Jafari, S., Sethi, B.
and Pilidis, P., 2021. “Thermodynamic Performance and Creep
Life Assessment Comparing Hydrogen-and Jet-Fueled T urbofan
Aero Engine”, Applied Sciences, 11(9), pp: 3873, Doi:
10.3390/app11093873.

Turan, O. and Aydin, H., 2016. “Exergy-based Sustainability
Analysis of a Low-bypass Turbofan Engine: A Case Study for
JT8D”, Energy Procedia, 95, pp: 499-506, Do
10.1016/j.egypro.2016.09.075.

Balli, O.,2019. “Advanced Exergy Analysis ofa Turbofan Engne
(TFE): Splitting Exergy Destruction into Unavoidable/Avoidable
and Endogenous/Exogenous”, International Journal of Turbo and
Jet Engines, 36, p: 305, Doi: 10.1515/tjj-2016-0074.

Khan, A., Faroog, M., Nawaz, R., Ayaz, M. and Islam, S, 2021.
“Comparative Study of Plane Poiseuille Flow of Non-isothermal
Couple Stress Fluid of Reynold Viscosity Model using Optimal
Homotopy Asymptotic Method and New Iterative Method”,
Journal of Applied and Computational Mechanics, 7(2), pp: 404-
414, Doi: 10.22055/jacm.2020.34964.2522.

Kurzke, J., GasTurb 12: A program to calculate design and off-
design performance of gas turbines. User’s manual. 2012,
GasT urb, Aachen, Germany.

Tai, V., See, P. and Mares, C., 2014. “Optimisation of Energy and
Exergy of Turbofan Engines Using Genetic Algorithms’,
International Journal of Sustainable Aviation, 1, Do
10.1504/1JSA.2014.062866.

“F-14 TF30-P-414 TOF110-GE—400 engine upgrade technical
comparison”, http://www.ausairpower.net/P DF-A/engines.pdf

Rao, R. V., Savsani, V. J. and Vakharia, D. P.,2011. “Teaching-
learning-based optimization: A novel method for constrained
mechanical design optimization problems”, Computer-Aided
Design, 43(3),pp: 303-315, Doi: 10.1016/j.cad.2010.12.015.

Deb, K., 2000. “An efficient constraint handling method for
genetic algorithms”, Computer methods in applied mechanics and
engineering, 186(2-4), pp: 311-338, Doi: 10.1016/S0045-
7825(99)00389-8.

Ramoji, S. K. and Kumar, B. J.,2014. “Optimal Economical sizing
of a PV-Wind Hybrid Energy System using Genetic Algorithm
and Teaching Learning Based Optimization”, International
Journal of Advanced Research in Electrical, Electronics and
Instrumentation Engineering, 3(2), pp: 7352-7367.

121037,

COPYRIGHTS

©2021 The author(s). This is an open access article distributed under the terms of the Creative Commons
Attribution (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as
long as the original authors and source are cited. No permission is required from the authors or the publishers.

o o

316



S. D.Farahani et al. / Iranian (Iranica) Journal of Energy and Environment 12(4): 307-317, 2021

Persian Abstract

0d K>

Olpeds S50 e A B a0 polie b QT solas i Lol s TF30 $VF 80),55 5550 Selinogey (gildae a4 pladl loxl addllas oyl o
4 Ol 5l o 285 8 (e 2090 Silon Elo s €W Sldi b S8, 5 Sl slaplenly 5 S (pgate Bras (Bras S (00 el
el o o gle sae G L ad osalie adlllas cpl jo b aSlsy (slen Wl s Ele Dlpeis b 63,551 <P 5 9 65,551 Qe SlieesS (o) 2
2 H$ee it izl o il o cwl Gl 5l (Sl @l Geizmes b e Gl Se S pledlly 5 (Gl Gl (Brae CS g (90 il ol
P EP it g epeS g Wlee GBI 5L )3 63,551 ce B S g el i (0 (65,51 B (i Gl ilgn slatendy
B L ae silan Ll (8l Bos b gileange w8l GWIVIY 5 A ilon Elo 0 i @ e Vet Gilan W) 50 peise 65,55
Silodig (nl @S b pbl (gm0 VO e B Ve (lon gl g VIV BT (535l90 Ele odgumme )0 jsige (IS (55,551 pleadly (0ged ainiy Soa
e 50y TYISE ] ke o wbla VAFE (g5lg o g e VIYYS (el 5 5 y5ime S (63351 clodly oo yiies 45 el ] 5l S

317



