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Abstract

Today the aircraft engine designing and development work is increasing drastically. Especially aircraft engines play a vital role in order to
decide the aircrafts speed and its performance. Broadly turbojet, turboprop, turbo shaft and turbofan engines comes under the category of
air breathing engines. Every engine has its own purpose and application. But modern aircrafts require much more advancements. Designing
a new aircraft engine has been a really challenging task to the researchers. But giving a complete holistic view of aircraft engines and
research gap would definitely help a lot to the new designers. Once identified the drawbacks of engine performance can be corrected in the
future. For any new design of aircraft engine researchers are suggested to take Theoretical, Experimental and Numerical approaches.
Therefore present paper makes an effort to review complete recent Theoretical, Experimental and Numerical approaches which are fol-
lowed till date. Under all the three approaches all the air breathing engines have been clearly explained and solicited. The effort is to
identify the gaps between different approaches which are hampering the process of engine development. The paper also gives the research
gaps that need to be incorporated for effective performance enhancement of the aircraft engines for aeromechanical features.
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1. Introduction

The human race is developing, evolving, learning and modernizing
every moment. The flight by Wright Brothers lasted for only 12
seconds in the year 1903 but the curiosity of humans and urge to fly
was such that within 70 years of that 12 second flight the humans
were able to touch down on the moon. The underside portion of the
first engine which was used by Wright brothers in 1903 can be seen
in Fig.1. The oil pumps, cam shaft and rocker arms are clearly vis-
ible in the Fig.1. When one studies the timeline of the aviation in-
dustry it is clearly evident that aviation industry has seen tremen-
dous and exponential growth compared to any other sector. Obvi-
ously the credit for such humongous growth goes to the technolog-
ical development that has helped in the development of this indus-
try.

The aviation sector has literally turned the world into a global vil-
lage by reducing the distances between places far off from each
other to just a matter of hours. Currently the aviation sector is seeing
a boom in its demand and the increase in the number of passenger
is due to a number of factors the major being cost reduction and the
reliability the aviation sector provides compared to any other mode
of transportation. With development in the technology the aircraft
industry is able to cut down its operating cost. The development has
resulted in the fact that today the difference between the cost of a
rail ticket and an air ticket has come down. As this gap lessens the
travel industry is going to see more number of people shifting to the
air travel.

- S -

Fig. 1: 1903 Wright Engine Showing Underéi'i'je Porfi_(;n as Well as Oil
Pump and Camshaft [46].

The negative of such tremendous growth is that all of this develop-
ment comes at a cost of harming the environment. If this industry
has seen the maximum amount of growth then this industry is also
causing the maximum amount of damage to the environment. The
increase in the use of aircrafts means that the engines of aircraft are
going to require more and more amount of fuel considering the fact
that even today fossil fuel is the most preferred fuel. The operation
of engines also contribute to noise pollution and that to at an alarm-
ing rate.
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Progress in the design and development of the engines have been
very crucial in taking the aviation industry to the heights it has
achieved. The journey of the gas turbine engines have been much
of a roller coaster ride with each new engine being developed hav-
ing some pros and cons in their applications.

One of the first engines to enter the world of aviation is the turbojet
engine. A turbojet engine is basically a gas turbine engine that has
inlet, compressor, combustor, turbine and exhaust in order. It starts
by compressing the sucked in air and then sending this high pres-
sure air to the combustor where combustion takes place and then
the gas energy is used to run the turbines. Components of a turbojet
engine can be seen in Fig.2. The engine basically converts the en-
ergy in the fuel to kinetic energy and thus producing the required
level of thrust. The concept of the turbojet engine came into exist-
ence in the late 1930s. But as more developed engines came into
existence the importance and the working radius of the turbojets
started reducing. But because of some advantages which are still
possessed only by the turbojet engines like small frontal area, high
speed exhaust and the simplicity which they have compared to other
engines make them the appropriate choice for medium range cruise
missiles. Turbojets give very poor efficiency when operated at low
speeds. It limits the use of turbojets in types of vehicles other than
aircrafts and missiles.
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Fig. 2: Turbojet Engine [47].

The turboprop engine has intake, compressor, combustor, turbine
and a propelling nozzle. These engines in their basic form drive an
aircraft propeller and hence were given the name turboprop. The
basic design of turboprop is shown in Fig.3. Unlike the turbojet en-
gines these are not able to generate thrust at a very high rate because
of the reason that most of the power is used to drive the propellers.
Because of these reasons turboprops work most efficiently when the
flight speed is below 725km/hr (390 knots) and need shorter run-
ways making them good for operating in remote areas and harsh
conditions. The turboprops have several advantages over the other
engines major of them being that the turboprops are fuel efficient
and cause less harm to environment in terms of greenhouse emis-
sions produced. But at the same time they are uncomfortable to pas-
sengers during flight and have slower travel speeds. Hence even
though the turboprops have some disadvantages they have been
able to replace the turbojets in most areas of operation. For example
in slower aircrafts the turbojets have been effectively replaced by
turboprops because they have higher range specific fuel consump-
tion.
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Fig. 3: Turboprop Engine [48].

A turboshaft engine can be safely said as the derivative of turbojet
and turboprop engines but it resembles the turboprop more closely.
The basic layout of the turboshaft greatly resembles that of a turbo-
prop. The basic layout of turboshaft is shown in Fig.4. Many times
a single engine can be sold as both the turboprop and the turboshaft.
A turboshaft is actually a modified version of the jet engine where
it produces the shaft power for driving the machinery instead of
producing jet thrust. Hence the turboshafts generate very little or
nearly negligible thrust. They are used in places and fields of oper-
ation which require small sized engine but the engine should be
powerful, give high output power and be reliable and durable. The
major applications include turboshafts being used in Helicopters
(sometimes 2 or 3 turboshafts are fitted for heavy choppers), boats
and auxiliary units of power. The only reason that the helicopters
are able to have a vertical take-off, which is a very big advantage
as they can be operated nearly at any place be it desert, sea or remote
land areas where having a runway is impossible, is because of the
design of the turboshafts which uses the shaftpower to drive a trans-
mission which is in turn structurally attached to a vehicle (Here hel-
icopter’s body) thereby lifting the vehicle in air.
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Fig. 4: Turboshaft Engine [49].

In the turbofan engine, the only major difference between the tur-
bojet and turbofan engine is the presence of an additional fan in
front of turbofan engine. At a first glance, this does not seem as a
very big difference but this has far ranging consequences and gives
the turbofan more advantages over the turbojet engine. In the tur-
bofan engines, there is presence of a duct which bypasses the core
and the fan present at the front of the engine accelerate the air
through this duct thereby giving the turbofan huge amount of air
mass flow rate compared to a turbojet engine. The components and
design of turbofan engine is shown in Fig.5. Now this has several
consequences and the major being that as the engine gives much
higher mass per second as the output the thrust generated is tremen-
dous and that to without extra fuel being used as the additional air
is not to be ignited. Therefore, the combined effect of the fan and
the core produces thrust, which has better fuel efficiency and the
output, is larger than that the core could have produced alone. This
also makes the turbofan engines quieter thus making them the most
dominant engine being used for the medium and long-range airlin-
ers which have to take into account passenger comfort level. But
the large frontal areas of the turbofan generate more drag which
gives the turbofan a disadvantage while being used for supersonic
military aircrafts. So in aircrafts of military, where factors like fuel
efficiency, comfort and noise are less important while the need to
reduce weight and drag is more, turbofans with less frontal areas
are used or engine of completely different construction are pre-
ferred. Two types of turbofan engine exist namely low-bypass and
high-bypass.
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Fig. 5: Turbofan Engine: Low-Bypass [50].

With the recent advancements and developments in the field of en-
gines, engineers have been able to the significantly increase a lot of
factors involved like fuel efficiency, structural stability, durability
and reliability. This review paper is aimed at conducting a review
on the developments that are happening in the aircraft engines, the
problems faced and the solutions required for having higher level
of advancements in the field. This paper reviews the different types
of methods which are being used for conducting the research in the
field of air breathing engines. These methods include Theoretical
approach, Experimental approach and Numerical approach. This
paper will aid the researches in future in the field of air breathing
engines development.

2. Recent developments of turbojet engine

2.1. Theoretical approach

Philippe Caisso et al aims at giving a general view or survey of how
liquid propellant has changed the world of aviation by giving ex-
ceptional speed and range which could never be achieved by solid
propellants. With the growing interests of the human race in space
explorations it becomes immensely important that one knows all
about the liquid propellants as much as one can starting right from
its history, manufacturing, storage to the uses it serves. The paper
has followed a theoretical based approach as it deals with the gen-
eral overview on the usage of liquid propellants. The liquid propel-
lant is much harder to produce than any other solid propellant owing
to the fact that a lot of chambers like fuel and combustion would be
needed. The paper starts from the scratch i.e. it starts by giving the
history of rocket propellants, storage method for propellants, the
engine cycles involved and the current status of liquid propellants.
The paper also deals with the future the liquid propellants hold and
the roadmap that could be developed for the effective use of the
liquid propellant propelled engines [1].

Joosung J. Lee developed the aircraft systems so that the systems
can be made more energy efficient for the world. The paper deals
with the obstacles that are being faced in the development of energy
efficient engines. The paper follows simple theoretical based ap-
proach dealing with the facts and issues related to development of
energy efficient systems. The situation faced by the aviation sector
currently is that demand exceeds supply. This means that the use of
aircrafts is exceeding the rate of development of energy efficient
systems. Even today one cannot exactly say how much effect does
the use of aircraft for various purpose have on the environment but
many scientists agree that the upper atmosphere of earth is being
severely affected by the emissions from jet engines. The paper dis-
cusses about the methods that the aircraft industry has in place for
measuring the efficiency of its systems. It deals with the fuels being
used and how new environmental innovations can be induced in the
aircrafts. Paper ends by giving recommendations for accelerating
the growth of energy efficient systems [2].

G.D. Roy et al discussed the recent trends followed in the area of
aircraft propulsion. The article focused more on present technology
which is being followed in the advanced propulsion system. In the
research, Pulse Detonation Propulsion (PDP) system current expec-
tations, challenges and future prospectus which are being utilized
in the field of aircraft industry were discussed in detailed [3].

Onder Turan discussed the design parameters of a small turbojet
engine, used for unmanned vehicles, and it has been analyzed for
energetic and exergetic performance. Exergy is an important tool
for knowing the limits of maximum work for efficiency of any cy-
cle. Theoretical based approach has been used in this article. In the
case of complex power systems exergy based analysis was most
widely used all over the world. In this work basically exergy effi-
ciency of jet engines have been studied in terms of the turbine inlet
temperature and compressor pressure ratio. It is already know by
now that exergy analysis provides more knowledge on the system
performances than the energy analysis. The use of exergy analysis
provides researchers with the major locations of the inefficiencies.
Exergy analysis needs a reference environment and hence one al-
ways has to provide it with the ambient environment as the system
always operates in actual environment [4], [59].

Ernesto Benini et al studied in detail how to setup a 200N static
thrust engine that can be used both for didactic and research activi-
ties. A large number of small sized turbojet engines are being de-
veloped from large turbojet engines by the scaling down proce-
dures. Theoretical based approach has been used in this work. All
this was done because of the capability of these engines to be used
both for unmanned aerial vehicles and remote control planes. This
is because of the high thrust-to-weight ratio these engines provide.
The paper deals with all the phases that are involved in developing
an engine which include manufacturing, designing and operation.
The jet engine discussed here has a single-stage centrifugal com-
pressor, a direct-flow annular combustion chamber and single stage
axial turbine [5].

Runkai Zhu et al is aiming to solve the problem faced in selecting
the correct engine for the design of the aircraft. Selecting an aero-
engine which is in sync with the aircrafts design needs is the first
and most crucial step in designing an aircraft. But often it is seen
that this judgment is not very clear or is fuzzy. As the selection of
engine is very crucial for the performance so it becomes very im-
portant that the selection is accurate and not fuzzy. The problem of
selecting the correct aero-engine occurs because the current meth-
odology is taking only one particular aspect at a time and hence is
unable to reflect the overall performance. This leads to the issue that
one becomes unable to select the engine accurately. So the paper
takes into account materials and design parameters like bypass ra-
tio, thrust-weight ratio etc. [6].

Leye M. Amoo aims to discuss and review the recent advances in
the design and structural analysis for the fan blades of jet engine.
The reason for this article being written is the crucial role the fan
blades play in the performance of the turbine jet engines. Theoreti-
cal based approach has been followed as this is an advanced level
study of the fan blade and the structural design these blades possess.
With the recent developments and research that is going on in the
field of fan blades there has been considerable advancements in the
fan blade structural stability and durability. The performance of air-
planes and flight vehicles was greatly affected by the aerodynamics
and structural mechanics of the components. Among the many com-
ponents that a jet engine possess the fan blades are especially the
most important ones. Over the years development has been occur-
ring in the use of modern materials and new manufacturing tech-
nologies. For the development of the fan blades it is important that
many factors come together for getting the best output. This starts
from selecting the material which is best suitable and also econom-
ical. Then comes the production processes that was used for manu-
facturing the blades. The process should be accurate and also main-
tain consistency so that the end product was as per the design re-
quirements. If variation exceeds a certain limit then the fan blade
produced will not perform as expected and also will certainly not
have the structural durability as required [7].

Yousef S.H. Najjar et al aimed at analyzing the effect of parameter
like compressor pressure ratio and turbine inlet temperature on the
specific thrust and specific fuel consumption. The usage of gas tur-
bine in aircrafts is increasing because of the advantage these have
like being light and having high power-to-weight ratio. The main
operating variables which include compressor pressure ratio and
turbine inlet temperature affect the main performance parameters
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like specific thrust and specific fuel consumption. Theoretical based
approach is the procedure followed in this paper. For the purpose
of analysis a computer software called general algebraic modeling
system (GAMS) was used. For turbojet engines the performance
depends on the effective use of the cycle efficiency, specific fuel
consumption etc. Now in the case of turbojet engines the working
fluid was air and the thrust thus produced depends on the variation
of the kinetic energy of burnt gases [8].

Meyer J. Benzakein focuses on what changes and developments
need to be done in the coming future in the aircraft sector. The avi-
ation sector has probably seen the maximum exponential growth
since its inception. This can be clearly observed by looking at the
history when in 1903 the first flight took off by the wright brothers
and a meagre century from that time, thousands of flights take off
and land daily covering more than thousands of miles and transport-
ing people and goods from one place to other with extreme safety,
accuracy and also economically. This article actually analyses the
market of civil aviation by observing and trying to understand what
are the expectations of the customer, what developments need to be
done in the propulsion system and the flight structure and aerody-
namics so that maximum efficiency can be obtained from it and at
the same time it becomes economical. This paper discusses on how
the improvement in the fuel burn can be brought. Analysis of spe-
cific fuel consumption have been going on continuously for the pur-
pose of improving the fuel burn and increasing efficiency [9].

2.2. Experimental approach

M. Badami et al paper discusses the results obtained from numerical
and experimental activity on the influence of different types of fuels
on the performance of aircraft in terms of the emissions being pro-
duced. The aviation sector is growing today at an exponential rate.
So one can easily estimate the amount of aviation fuel that must be
being used to serve the thirst of engines of aircraft. But it is also not
a hidden truth that the aviation sector is also having a severe impact
on the environment. So the need to decrease the environmental im-
pact of aviation sector is forcing the aviation companies to look for
alternate aviation fuels which will have less impact on environment.
The numerical and experimental analysis was conducted on a small
turbojet engine having a thrust of 80N at 80,000 rpm. For the pur-
pose of experimental activity the SR-30 turbojet was taken as the
workbench (Fig. 6). For the position of sensors on SR-30 refer
Fig.7. The experiments and analysis being required in any research
activity couldn’t be conducted on the real aircraft turbines as it
would increase the complexity and cost. Hence, a small scale tur-
bojet engine was used for this purpose. Three different kinds of
fuels were tested (i) Traditional jet-A kerosene, (ii) Synthetic gas to
liquid fuel and (iii) Blend of 30% jatropha methyl ester(JME) and
70% jet-A [10, 60].

Fig. 6: Turbojet SR-30 Engine [10].

Fig. 7: Layout of the Installed Sensors Showing Bench and the Parameters
Measured [10].

Tetsuya Saton et al discussed and analyzed a precooled turbojet en-
gine produced by Japan Aerospace eXploration Agency (JAXA).
The precooled engine which was named S-engine is used for the
hypersonic aircraft and space vehicles. The thrust and weight of the
S-engine are 1.2kN and 100kg. Configuration of S-engine can be
seen in Fig.8. The need for such analysis occurs because of the need
of reliable, economic and reusable jet engines which can be used
for space explorations. This paper follows experimental based ap-
proach. As humans explore deep into space it becomes crucial for
one to explore the propulsion system being used. New innovations
need to be done for high reliability, low cost and the system needs
to be such that humans have easy access to space. For such needs
the precooled turbojet engine has been introduced to be used as the
reusable hypersonic propulsion systems [11].

Compressor Combustr
Fig. 8: Arrangement of S-Engine [11].

Tetsuya Sato et al is aimed at discussing the developmental studies
happening for a precooled cycle turbojet engine in the first stage of
two-stage-to-orbit (TSTO) space vehicle. In today’s world where
the importance of propulsion system is increasing day by day be-
cause of the need to venture into space, a turbine based combined
cycle system comes out as a good option for propulsion system. It
is so because of the low cost and reliability it may provide. Hence
analysis of such an engine becomes crucial. As soon as the design
and development of all the components was finished their aerody-
namic performance was analyzed and studied with the help of wind-
tunnel tests and CFD analysis. These components included the inlet,
nozzle and pre cooler. Then a prototype model was developed for
the diagonal-flow compressor for further analysis. The method fol-
lowed here is experimental based approach. The article starts from
the description of an S-engine and analyzes a full-scale engine with
the S-engine. The manufacturing of small size S-engine no doubt
possess great difficulties due to the complicated structures. The S-
engine is analyzed over a wide range of flight starting from sea-
level-static to Mach 6. Each and every part of the S-engine starting
from inlet pre cooler to afterburner and connecting ducts have been
analyzed separately in this paper [12].

Airo Watanabe et al is focusing on alternative, more developed and
advanced methods for improving the overall engine control. The
paper describes the method of designing experimenting a fuzzy
logic controller. When an engine enters into service it faces real life
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critical condition which test its durability and sustainability. The
working environment shows no leniency on the engine and gives
problems like vibrations. All these problems faced by the engine
urges the researchers to go on and seek alternative solutions to con-
trol of engines, mitigation and anomaly detection. The use of ex-
perimental based approach has been done. The fuzzy logic control-
ler will be used for regulating and controlling the thrust output of
the turbojet engine while one continuously keeps on changing the
fuel throttle valve. Here a three term fuzzy controller and a linear
PID controller are designed and tested. The PID controller functions
both as the initial test case and also acts as he starting point for the
fuzzy controller design. Block diagram of both engine and control-
ler is shown in Fig.9. Now both of these fuzzy and PID controllers
were integrated with the S-engine and tested, and analyzed the re-
sults obtained [13].

Flow
Angle Rate
Desired h Actual
Thrust Thrust
X Stepper Throttle N o
Controller |- Motor — Valve ] Engine »
+
Strain M
Guages

Fig. 9: Engine and Controller Block Diagram [13].
2.3. Numerical approach

Jorge Sousa et al aims at providing a numerical tool that will help
in accurately evaluating the thermodynamic and non-isentropic pro-
cesses that happen across the whole pressure gain combustion en-
gine. Pressure gain combustion is the latest technology that is being
researched upon. These have the capacity to give a performance in-
crease of more than 20% compared to any currently being used state
of the art technology. Numerical based approach has been used here
in this article. But assessment of the overall engine performance is
very difficult and new ad-hoc tools need to be developed for the
performance analysis of these new combustors. The rotating deto-
nation chamber is in fact a type of pressure gain combustion. Here
one or more detonations are moving continuously around an annu-
lar channel. The problem being faced for using such a pressure gain
combustor is that it operates under very critical and extremely harsh
conditions. Also the combination of combustor with the turbo ma-
chinery gives unexpected and unknown aero-thermal-structural
challenges [14].

3. Recent developments of turboprop engine

3.1. Theoretical approach

Megan S. Ryerson et al is trying to establish the fact that if the re-
gional jets are replaced by turboprops then it will not only be eco-
nomical but also environment friendly for China. In most of the
parts in China regional jets are being used because of their good
quality service and the fast speeds at which they travel. But on the
other hand turboprops give higher fuel efficiency compared with
regional jets which will reduce the cost for carriers and also have
lesser impact on air quality and climate in a region where air quality
and greenhouse gas emissions are a serious concern. A theoretical
based approach has been used here. To analyze the current scenario
China airport data has been collected for scheduled flights and then
an analysis has been performed on them. With the increase in de-
mand for flights the need is arising for the airports to be opened in
remote locations and difficult terrains. There are certain advantages
that the turboprops provide in such places. Firstly, turboprops need

shorter runways (1400 m compared with 2000 m for jets), offering
the possibility of serving more challenging terrains hence turbo-
props offer enhanced expansion opportunities. Secondly, turbo-
props are more fuel efficient compared with regional jets. But all
this comes at a cost of passenger level of service. Turboprops have
slower speeds and are also uncomfortable as compared to jets.
Hence, turboprops present challenges compared to regional jets
[15].

Hakan Aydin et al studies better understanding of sustainability per-
formances of a turboprop aircraft. This paper aims to create a rela-
tion not well established till now, between the exergy and the sus-
tainability of turboprop. If one want to address environmental issues
along with sustainability and thermodynamics then there are 2
methods available (i). Energy analysis using the first law of ther-
modynamics and (ii). Exergy analysis using the first law of thermo-
dynamics. As a general consensus among the scientists it is believed
that the exergy analysis is the best way for evaluation of thermody-
namic performance. There isn’t any doubt that the passenger and
cargo traffic in the aviation sector is increasing every day and this
leads to the growing concern for the environmental impacts the use
of aircrafts has on the environment. The environmental concern are
making us shift towards the use of turboprops in increased numbers.
Turboprops use less fuel and are very economic for short distance
flights. This paper is basically a literature review kind of article. It
can be safely said that this paper has a theoretical based approach
as it is doing the exergy analysis of the engine with the help of sec-
ond law of thermodynamics. As already said before, the paper is
presenting the exergo-sustainability indicators of the turboprop en-
gine with the help of data present in literatures. The paper aims to
find the exergo-sustainability indicators for the turboprop as a func-
tion of the shaft torque. For all this the different phases of flight
have to be taken into consideration. There are figures and graphs
present that show the variation of exergy efficiency with the differ-
ent phases of flight. At the end the paper concludes by writing the
different indicators of exergo-sustainability of the engine some of
which are waste exergy ratio, exergy efficiency etc. [16].

Pierluigi Della Vecchia et al discovered new guidelines, for future
regional turboprop aircraft with capacity of 90 passengers, in the
aerodynamic design and optimization. In the coming years there
will be a huge demand for the turboprop engines keeping in mind
the increase in environmental hazards due to the aviation sector.
Hence new guidelines need to be presented for the aerodynamic de-
sign relating to the regional turboprop carrying 90 persons. The
software like Matlab and Non-Uniform Rational B-Splines
(NURBS) have been used for analyzing critical aircraft components
in terms of aerodynamic drag contribution. The use of software
have helped in analyzing the design of a typical regional turboprop
aircraft. Because of this analysis the new design improvement
guidelines came into existence. The studies conducted in past, in
the field of aircraft design aimed only at reducing the drag and the
parts that these studies usually focused on are wings and the designs
of lift surface with special attention to the airfoil design. But at high
speed a very important factor for reducing the total drag and im-
proving flight performance is the design of fuselage. In an aircraft
the fuselage plays a pivotal role in reducing the drag and hence in-
creasing the aircraft performance. Now the most important part in
the aerodynamic design of a fuselage is the junction between the
wing and the body. This junction between the wing and body be-
comes very important because of the fact that it is the place where
interaction between components takes place such as the boundary
layers [17].

Ozgur Balli aimed at conducting an advanced analysis of the turbo-
prop engine used in the aircrafts. To develop an eco-friendly and
cost effective aviation system it is necessary that the formation cost
and the impact engines have on the environment be reduced and at
the same time the efficiency of the system needs to be held at its
maximum. For analyzing the performance of aircraft engines ther-
modynamic methods of energy and exergy have been widely used.
But the energetic analysis methods have a short coming that though
they can detect the thermodynamic inefficiencies they do not pro-
vide exact details of the losses occurring and the location at while
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they occur. Exergy analysis method was then used. Exergy analysis
method is one of the best methods to identify location, source and
type of thermodynamic inefficiencies in the engine system. In this
article a new method called exergo-economic analysis has been
used, this method is a combination of exergy analysis and econom-
ics. In order to attain the objectives it is important that the engine
be operated at is optimum mode of operation which includes the
selection of best quality fuel, low fuel consumption rates etc. The
aim of the exergoeconomic analysis was to make the inclusion of
both exergetic values and the cost figures involved in the designing
[18].

Megan Smirti Ryerson et al aims to conduct the evaluation of three
representative aircraft on the basis of operating and passenger pref-
erence costs while taking a total logistics cost approach. The need
for such a study was felt because in order to help the aviation in-
dustry in aviation systems planning it was required that for similar
fleet of all aircraft category are compared over a range of fuel prices
for finding the operating and passenger cost which is incurred. After
doing this the fleet which was operating at minimum cost would be
determined. The cost of the aviation fuel increased by more than
thrice the amount between 2004 and 2008 and then suddenly it
again dropped down to the price levels of 2004. Because of these
actions modest efficiency growth was seen during these years. It
has been observed that whenever the prices of aviation fuel in-
creases the turboprop engine operates at the lowest cost per seat on
wider distances flight. As a conclusion of this article it was ob-
served that the aircraft which operates at the minimum expenses is
the most affected when a change in prices of fuel is seen [19].
Benoit G. Marinus et al conducted a comparative and analytical re-
view of the aircrafts that are presently being used for military pur-
pose. Problem is that the designs of aircrafts that are proposed for
civilian aircraft cannot be directly used for military aircraft unless
and until they have undergone some changes. Now the data that is
available for the military aircraft is actually obsolete and hence can-
not meet the latest requirements of military. Data pertaining to tail
and wing surface, mass, aerodynamic figures etc. of nearly 43 mil-
itary aircrafts are being analyzed in this article. The data collected
from the database of nearly 43 aircrafts that are being used over
airforces all over the world ranging from small attack jets to large
carriers are being analyzed. Use of statistical methods like mean
and median have been done to compare the values [20].

Ozgur Balli et al discussed and analyzed about T56 turboprop en-
gine at various operating conditions. With the world becoming a
global village it is highly important that people and countries be-
come interconnected and such a connection is only possible with
highly effective means of transportation. For the analysis of engines
the most preferred method was the thermodynamic analysis which
includes energy and exergy analysis. Theoretical based approach
has been used as the entire engine has been analyzed using thermo-
dynamic laws. This will help people and goods travel and traverse
with increased safety. In achieving such development a major role
is played by the propulsion systems of aircrafts. As it is already
known that exergoeconomic or thermoeconomic is that branch
which simultaneously considers thermodynamic analysis, that are
based on exergy analysis, and the principle of economics so that
such a design can be found which is not only operational but also
economical. The methodological approach of the exergoeconomic
analysis has been used to develop exergoenvironmental analysis
method. This method analyses the environmental impact which
happen along with the energy conversions [21].

3.2. Experimental approach

Hyunbum Park’s aim of the article is to put focus on the propeller
blades of a turboprop aircraft. In this article the propeller blades
have been analyzed on the basis of both structural and aerodynamic
design. The aircraft industry produces about 3 to 5% of the total
carbon dioxide emission in the world making it one of the most CO»
producing industries among all. So a need has arrived to develop an
eco-friendly engine which along with giving high fuel efficiency

and good aerodynamic performance also reduces the carbon diox-
ide emission. The blade element theory and the vortex theory both
have been used for the aerodynamic analysis and design of the pro-
peller blades. Fluid-Structure interaction analysis have been done
for the selection of structural design load. The propellers are sub-
jected to a number of crucial forces, like centrifugal force, vibra-
tion, aerodynamic bending, vibration etc. while operating. The aer-
odynamic design result for the propeller is shown in Fig.10. In the
final stage to finalize the proposed propeller design a prototype was
made and compared with the results of structural analysis [22].

Fig. 10: Result of 3D Aerodynamic Design of Propeller Blade [22].
3.3. Numerical approach

Guanggiang Chen et al has focused and analyzed the equation of
control of Multiple Reference Frame (MRF) as the propeller calcu-
lation model. The article shows that the MRF was able to precisely
predict the aerodynamic interference encountered by an aircraft. In
this method the stream traces that are there on the V-tail surface was
deflected. Also the pressure distribution on the tail surface was
changed. It was found that the slip stream had minimum effect on
the aircrafts wing. When the UAV is about to take off the propeller
slipstream has maximum influence on the aerodynamic perfor-
mance of the UAV. In Fig.11 the stream trace of UAV wing is
shown for both with and without propeller case. This effect de-
creases as the UAV climbs and this is reduced to its minimum when
the UAV is cruising. Also as the propeller thrust is increased the
effect of propeller slipstream is enhanced [23].

Fig. 11: Comparing the Stream Trace of Both with and Without Propeller
UAV Wing [23].
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L. P. Ruiz-Calavera et al conducted a study to investigate the feasi-
bility in predicting the vibration and loading environment if Com-
putational Fluid Dynamics (CFD) was coupled with CSM (Compu-
tational Structural Mechanics). A step by step approach was taken
in order to identify the different effects involved in accessing the
capabilities of the CFD coupled with CSM methodology. For the
purpose of study Airbus military A400M was taken into considera-
tion. In military transport aircrafts like A400M the high speed pro-
pellers are already used. The use of high speed propellers for civil
purpose is being thought over. The high speed propellers when at
an incidence to the incoming flow are capable of generating in-
plane static loads on propeller shafts (called 1P forces). Also gen-
erated along with 1P forces are oscillatory loads on individual
blades. The loads like 1P and oscillatory depend basically on the
aerodynamic design of propeller and the structural features of the
blade. In Fig.12 installed propeller aerodynamic mesh can be seen.
A precise and early prediction of these loads is necessary because
of the strong impact the loads can have on the propellers. Till now
the method being used was weak coupling of isolated propeller aer-
odynamic methods, Finite Element Model (FEM) and CFD calcu-
lated flow-fields for the interference of aircrafts. This article aims
at predicting this type of loads with the use of CFD coupled CSM
technique without assuming simplifying assumptions [24].

Fig. 12: Aerodynamic Mesh of Installed Propeller [24].

Hairuniza Ahmed Kutty et al discusses the numerical prediction
method for determining small scale propeller performance. This
study was conducted using computational fluid dynamics (CFD)
solver, FLUENT. To determine the discrepancy of the thrust coef-
ficient, power coefficient and efficiencies the numerical results
were compared with the experimental data for an advanced preci-
sion composites (APC) slow flyer propeller blade. The design of a
basic propeller has minimum two blades which are attached to the
central hub. By conversion of rotating power from engine shaft re-
quired thrust was generated for pushing the aircraft forward. Be-
cause of Bernoulli’s principle, as the airflow was accelerated it
leads to reduction of static pressure in front of blade. At the same
time the propeller in its back experiences high static pressure. A
thrust force was created because of difference in pressure between
the front and back of the propeller. For analyzing the performance
of a propeller different methods are available. Three-dimensional
CFD simulation was adopted in numerical analysis method using
the Reynolds-average Navier-Stokes (RANS) equation. Very less
literature was available for work done on small-scale propellers and
low Reynolds number. The propellers which are in general used for
the Unmanned Aerial VVehicles (UAVs) possess small diameter and
low Reynolds number [25].

4. Recent developments of turboshaft engine

4.1. Theoretical approach

Antonio Filippone et al aims to develop technologies for air particle
separation that can be used not only for helicopter turboshaft en-

gines but for other machinery also which operates in dirty environ-
ments. It was known that helicopters use turboshaft engines. The
major advantage of helicopters over any other aircraft is their ability
to land anywhere and everywhere, even in the roughest of terrains.
Because of this ability of turboshaft a major problem comes and it
is that the engines are always operating in unclean environments
and these leads to the vulnerability of turboshaft engine to the in-
gestion of foreign material especially dust and sand. Ingestion of
such foreign particles and that to at such high concentrations can
cause serious problems for the engine, including compressor blade
erosion and combustor wall glazing. Well sand ingestion doesn’t
seem to be the end of our problems, and while operating in marine
conditions an engine may be vulnerable to corrosion and flame-out
as a consequence of saltwater consumption. There are certain oper-
ating fields like places having vegetation, dusty deserts where the
presence of foliage clogs the passage of air intake resulting in flow
distortion and losses of high pressure. Also very frequently the pres-
ence of rocks, birds, ice chunks (If operational area is glaciers) ham-
per the compressor blades resulting in a series of problems for the
engine. While studying this paper it was clear that this was a theo-
retical based approach and all through the paper the three types of
particle separators are discussed in detail. Because of the above
cited problems the use of air-borne particle separation becomes es-
sential. The use of these particle separators has its own side effects
which include the increase in weight and drag, power requirements
to operate the new system and what not else. The three main tech-
nologies discussed here are VVortex tube separators, Inertial particle
separators and Inlet barrier filters. While analyzing a turboshaft en-
gine whose inlet is fitted with a particle separator it was found that
the key performance parameters are the rate of separation, the inlet
pressure loss and the loss of inlet mass flow rate. The residual par-
ticles can still cause damage to parts of the engine, but indirect dam-
age may also occur as a consequence of contaminated lubricant,
fouling of controls, clogging of small passages and other factors.
One of the fundamental problems is to decide which particles to
filter. Sufficiently small particles, once lifted from the ground, stay
aloft for a considerable time, larger particles would tend to fall un-
der the effect of their own weight. Thus, although the ingestion of
larger particles can be more damaging, their occurrence is less
likely [26].

4.2. Experimental approach

Kahraman Coban et al tells that as the global demand for energy
increases it is leading to an increase in the environmental impact
which is being caused due to the use of energy systems. So engi-
neers today are striving to improve the efficiency of energy systems
which will give one better output and also lead to a decrease in the
environmental impact being caused. This article presents the ener-
getic and exergetic analyses of a turboshaft engine which is used
for military helicopter at various load values. The main objective of
this study is to assess the performance of the engine and to calculate
the amount of exergy destructions in the components of the engine.
The calculations were performed at four different load values (284
N-m for test No.1, 436 N-m for test No.2, 547 N-m for test No.3
and 579 N-m for test No.4). The exergetic performance parameters,
such as the relative exergy destruction, the fuel depletion ratio, the
productivity lack and the improvement potential were also investi-
gated. Experimental engine ground test data along with theoretical
thermodynamic performance evaluation has been done. The analy-
sis of the performance of an ‘energy conversion system’ can be
done thermodynamically using the concepts of energy and exergy.
The energy analysis takes into account the quantity of energy, the
exergy analysis deals with the quality of energy. As exergy unveils
the degradation of energy, which causes the inefficiency of the sys-
tem, exergy analysis was very helpful in defining the type, location
and magnitude of the destructions. This allows us to focus on the
components where the greatest exergy is destroyed and accordingly
modify the design of the energy system. Therefore, many engineers
and scientists suggest that the evaluation of thermodynamic perfor-
mance is best done by exergy analysis as it provides more insights
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and is more useful in efficiency improvement efforts than energy
analysis [27].

4.3. Numerical approach

Narjes Ahmadian is focused on the study of twin spool turbo shaft
engine driving a variable pitch propeller. The aim is to develop a
multiple model adaptive control method for gas turbine engine. The
diagram of turboshaft is in Fig.13. The model of a twin spool turbo
shaft engine driving a variable pitch propeller include various oper-
ating points and a variation in fuel flow and propeller pitch inputs
will produce different operating conditions because of which the
controller has to adopt itself rapidly. Here a multi-input multi-out-
put (MIMO) version of second level adaptation using multiple mod-
els was developed. At last the proposed method was compared with
two conventional first level adaptation. Stability analysis using
Lyapunov method is presented. In section 2 of the paper i.e. phys-
ics-based model of the turbo-shaft engine the problem statement a
physics based model of a twin spool turbo shaft engine was de-
scribed. The spool dynamics was presented using Newton’s second
law and the gas turbine engine’s nonlinear differential equations are
described. The subsequent sections do numerical based research on
various objectives of this paper like model reference adaptive con-
trol (MRAC) control strategy is described for MIMO systems [28].

: - ]
g 4 3
b (55 nv y
g b L n e N
& (mbstr g ? 0 Reduction
ga |l Ay Gearbox
o Al 0 i f 2
f b

Fig. 13: Turboshaft Engine Diagram [28].

Onder Turan et al studied to have a deeper knowledge of the energy
and exergy use throughout turbo shaft engine and its components,
so that a more efficient engine can be developed which also reduces
the environmental impact caused by the use of gas turbines. One is
well aware of the facts that the with the tremendous increase in
world's energy and air transportation need, the number of aero gas
turbines and turbo shaft engines increases every year. Because of
the increase in the energy demand engineers are facing the ultimate
challenge of minimizing the environmental impact which is caused
because of the use of gas turbine engines. The challenges faced in
the task include the reduction in noise pollution use less energy. The
fuel efficiency of the aircrafts also a major concern because the
availability of fuel is limited and with the increased use the fuel
sources are diminishing rapidly. So it becomes extremely important
to have a better knowledge of energy and exergy use throughout
turbo shaft engine and its components. In this study energy and ex-
ergy-based computational approach has been applied to a turbo
shaft engine and its components. In this paper numerical based ap-
proach has been taken to get to the desired results. The starting of
the approach was from the consideration of first and second laws of
thermodynamics. For gas turbine engines traditional design proce-
dure is thermodynamic first law analysis and it is energy-based ap-
proach. But the exergy is based on entropy generation minimiza-
tion. The main target of exergy destruction is finding the actual
magnitudes of exergy destruction and their precise location and
help improve the system performance [29].

5. Recent developments of turbofan engine

5.1. Theoretical Approach

Yasin Sohret et al has aimed to conduct an exergy analysis using
thermodynamic laws of a turbofan engine which is the power unit
for an unmanned aerial vehicle. As the world is advancing towards
modernization the demand for energy is increasing tremendously.
Even today fossil fuel serve as a better and more sought after fuel
instead of the renewable sources of energy. Hence this puts pressure
on the scientific community to develop more efficient energy sys-
tems. For this a pivotal role is played by energy engineering. The
exergy analysis has two parts. Namely, the first and second law of
thermodynamics. The work of the first law is to deal with conver-
sion of energy while the second law has the work of telling the lim-
itations which a system will possess when it is under actual operat-
ing conditions. There are very few research papers available which
deal with the exergy analysis of the turbine engines used in UAVSs.
So the progress will come only when one focuses their attention
towards it and it will start by investigating from exergy point of
view. In this article each component has been analyzed based on
exergy parameters [30].

Ozgur Balli conducted an exergy analysis in order to evaluate the
level of sustainability of a high by-pass turbofan engine. The objec-
tive for such an analysis again boils down to the fact that with the
increase in the number of flight everyday the aviation sector is do-
ing the job of making the world a global village by connecting the
people across the world. It is also at the same time affecting the
environment adversely and also bringing down the quality of at-
mosphere with the emissions and noise generated by the engines.
Trends have shown that as development in the technologies used in
the engines increases the emissions are coming down by good num-
bers. Hence developments and research need to be increased so that
one can create aviation sector that is eco-friendly. The production
of high bypass turbofan engine have been going on since 1984 and
was started by Pratt and Whitney. The engine being taken for anal-
ysis in this paper is PW4056. This engine produces a thrust of
249.1kN and is set up on the commercial aircraft of Boeing specif-
ically 747-400. The turbofan engine used here was made up of sin-
gle stage fan, four stages axial-low pressure compressor etc. Full
technical specification has been provided in the paper [31].

Onder Turan aimed to come up with a new methodology which will
show the way to apply exergetic metric in order to map the exergy
flow happening via a high bypass turbofan engine when it is at its
maximum thrust, to conduct sustainability assessment of the en-
gine. With time and development air transportation is quickly be-
coming the backbone of the economy. Hence it becomes important
that this method of transportation is made as eco-friendly as possi-
ble so that humans can have sustainable development. Now for an-
alyzing the sustainability and durability of the airplanes and engines
exergetic sustainability method has proved to be an effective way.
The engines of aircraft are able to convert the chemical energy
stored in the aviation fuel and use this energy for propelling the air-
craft. Out of the total energy generated from the fuel only 1/3t" is
used in propelling the aircraft while the rest is expelled as waste
heat from the exhaust. For creating green aircrafts the researchers
and engineers are trying to optimize the energy saving thus creating
eco-friendly engines. It is a general conscience among the research
community that the thermodynamic performance is best evaluated
using the exergy analysis. In the exergy method of system analysis
the second law plays a very crucial role as it includes the reversibil-
ity or irreversibility of processes [32].

Tolga Baklacioglu et al article aims to successfully conduct a com-
prehensive dynamic modelling of the turboprop engine with the use
of hybrid GA-ANN strategy (Genetic Algorithm-Artificial Neural
Network). For the purpose of improving the output of energy sys-
tems and the power cycles, minimizing the entropy generation
comes as a powerful tool. But for this a number of factors need to
be accessed at the same time like thermodynamics, environment,
energy and obviously the economy. The components of a turboprop
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engine includes compressor, combustor gas and power turbine. In
the GA-ANN method 5 independent engine variables are taken into
account and then these dynamic variables are used as inputs in the
ANN while exergy efficiencies of the system become the output
parameters. The task of optimizing the design of energy system is
not an easy task. It involves making changes in the system structure
and the parameters of component design. These changes will be
done keeping in mind one or more specific design objectives. In a
design process many objectives are involved like thermodynamics,
economics, environmental effects etc. [33].

Sangjo Kim et al aim of the paper is to show that the combined use
of variable guide vanes and bleed air is effective for the thermody-
namic performance of aircraft engine. For the past century a number
of literature have been published to analyze the effectiveness of var-
iable guide vanes and bleed air. Bleeds possess the ability for
achieving a greater mass flow through front stages of compressor
[51-52], [55-56]. The paper is a theoretical based approach. This
leads to a decrease in the relative flow angle at rotor leading edge
because of the increase in axial velocity. The task of VGVs on the
other hand is to redirect the air towards the rotor so that the inci-
dence angles of the rotors have a good range away from the stalling
incidence. This paper basically conducts a comparative study of the
performance of the aircraft engine with variable guide vanes and
bleed air, both separately and simultaneously. The use of genetic
algorithm has been done to reach and know the optimized schedule
of VGVs and bleed air. Well the results obtained in this article are
able to show that the additional use of bleed air increases the com-
pressor’s efficiency hence achieving the target of optimizing engine
performance [34].

Sangjo Kim et al aimed at improving the performance of turbofan
engine with a set surge margin by conducting a full engine cycle
analysis in order to know the schedule of variable guide vanes in a
multi-stage axial compressor. We need a full engine cycle analysis
because most of the time while in the process of scheduling of
VGVs the engineers and scientists assume the operating line of the
compressor. But now it is known that the performance of compres-
sor is affected by the angle of VGVs. So the variation in perfor-
mance of compressor affects the engine. Hence a full cycle analysis
is needed to take into account the effects of VGVs on a turbofan
engine. Theoretical based approach has been used. In order to do
the performance prediction of a multi-stage axial flow compressor
with VGVs one uses 1D meanline analysis. For considering the per-
formance variation of engine with the application of VGVs the en-
gine simulation program is coupled with compressor performance
prediction tool. The scheduling algorithm of inlet guide vane and
stator vane that has been proposed is adjusting the vanes angle to
have minimum loss incidence angle at all rotor blades [35].
Andr’es Marcos et al this paper is aimed at discussing the applica-
tions of robust identification approach to turbofan engine. In the
aerospace industry in order to increase their reliability and optimize
the maintenance schedules the usage of aircraft engine anomaly and
Fault Detection and Isolation (FDI) is very important in terms of
cost minimization also. All of the approaches done for FDI give us
the analytical redundancy with the help of a model obtained from
first principles. An important alternative to such an approach was
the robust identification. The identification approach used here
takes into account together the parametric identification for the
nominal and fault models and uncertainty characterization. This
particular combination of nominal and model error model identifi-
cation is called Robust Model Identification Approach [36].
Charlie Svoboda in the year 1996 did the compilation work of a
large number of turbofan engine was done. The minimum bypass
ratio of all the engines in the database was 2. In this article the graph
of key parameters like dry weight, cruise thrust etc. were plotted
mostly as a function of take-off thrust. In preliminary airplane de-
sign the engine can be quickly defined with the help of resulting
plots. These plots are a very good source of information in such
cases. Theoretical based approach is the approach taken in this pa-
per. Simple result plotting has been done with the help of database
collected in the year 1996 [37].

Yasin Sohret paper was aimed at giving detailed explanations of
methods which involve exergy based analysis. Among the two
types of analysis which thermodynamics provides us, namely en-
ergy and exergy it is known that exergy analysis is a better method
for analyzing systems and so is more preferred. Exergy Analysis is
not only a method which helps one to study energy consumption
but also a useful method for optimization of the thermal systems.
Two laws of thermodynamic helps analyze the system and make it
more efficient. The first law of thermodynamics talks of conserva-
tion of energy and tells us that energy can change from one form to
other bit the total energy always remains constant. Whenever a sys-
tem is analyzed with the help of first law it tells us how the energy
is consumed in the system or let’s say how the energy changes its
form. Now in an aircraft engine exergy is destroyed and entropy is
generated. Hence the assessment of the engine based on exergy be-
come crucial. Exergy analysis also tell us precisely the locations
where energy is lost. This paper tells necessity to perform state of
the art exergy analysis [38].

A general aircraft is needed to operate under various non-design
environment conditions like sudden pitch up, sudden pull down,
sudden rolling, and sudden yawing motions. During these condi-
tions aircraft engines may undergo huge turbulence which finally
leads to low performance. Murat Yasar et al developed a theory for
functioning of the aircraft twin engines under different operating
conditions. So that without any side force problems aircraft reaches
the mission objectives. To accomplish more thrust in the twin tur-
bofan engines, author developed a language measure based Discrete
Event Supervisory (DES) control system. With the help of proposed
DES control system one can improve the quality of aircraft engine
performance by operating in different operating conditions [39].
Cesare Tona et al evaluates the global performance of a turbofan
engine and its components with the help of Exergy Analysis. The
aviation industry has always aimed at reducing the cost and increas-
ing the performance and efficiency of aircraft and engines. It has
also been successful in doing so because this sector has with time
developed extremely complex aircrafts and engine systems. But
more advanced tools and methods are needed for further analysis
and design of energy conversion systems. An aircraft is a very com-
plex system in itself because it is made up of huge number of even
complex systems and components which are themselves subjected
to harsh operating conditions while in flight. While developing new
systems in aircraft design it is important that there is a common ba-
sis for comparing different alternative design. Hence the use of ex-
ergy analysis shows us a new way in which the comparative study
could rely. A complete exergy analysis of an aircraft allows us to
analyze the exergy efficiency, destroyed exergy rates and the distri-
bution of irreversibilities among the systems [40].

5.2. Experimental approach

Didier Henrion studied linearized models of aircrafts that have been
derived from the standard engine simulators with the help of exper-
iments. With the advent of the era of high bypass turbofan engines
in both the civil and military aviation the pressure on control laws
increased along with the expectations on performance. When oper-
ating in normal conditions the turbofan of an aircraft experiences
extreme changes in ambient temperature and pressure, Mach num-
ber etc. and as a result of this the dynamics of engine changes in
nonlinear manner when designing the control laws it should be
noted that mechanical, aerodynamic limitations of the turbo ma-
chinery are taken into account [41].

Aircraft engine undergoes huge turbulence while operating under
non-design environment conditions. Due to this non design envi-
ronment conditions the engine may undergo huge vibrations and
this also further leads to unexpected noise. In today’s aircraft indus-
try one of the challenging research area is acoustic and vibrational
problems. S.M. Li et al developed an experimental setup in order to
estimate the modern turbofan supersonic engine inlet during take-
off and landing conditions. The experiment was suitable for these
two conditions, therefore one can go for further research in other
phases of flight envelop [42], [57], [58].



814

International Journal of Engineering & Technology

5.3. Numerical approach

Dilip Prasad et al studied the effects of inlet duct liner on the acous-
tics of a high bypass ratio turbofan rotor in this paper with the help
of Numerical investigation technique. With the increase in the avi-
ation traffic day by day the noise being produced is creating prob-
lems at an environmental level. Numerical based approach has been
applied in this paper. Now in an aircraft the major source of noise
is the propulsion system. Hence a good amount of attention is being
given to the design of propulsion system. In past the studies con-
ducted on inlet tone noise have focused only on linear waves and
hence these studies are insufficient for studying the noise generated
because of shock. The evolution of the shock system was studied
here using method based on computational fluid dynamics [43],
[53], [54].

Luc Reberga et al studied a military turbofan engine simulator and
was aimed at describing the application of quasi-LPV modelling
techniques to it. Even today the improvement of control policies for
the turbofan engine is a challenge. The target is to reduce the man-
ufacturing cost and increase the performance when in flight. The
difficulties faced by researchers include lack of good and reliable
analytic models for the turbofan engines. Recently a new modelling
framework has been developed called Linear Parameter Varying
(LPV) models. This method provides one with theoretical frame-
work in order to ensure stability, performance and robustness of the
control system. All this was done by this method with the help of
convex optimization over Linear Matrix Inequalities (LMI) [44].
C. Priyant Mark et al main aim of this paper is the design of the
annular combustion chamber in gas turbine engines. The position
of the combustion chamber is between compressor and turbine. The
designing of the combustion chamber needs to be based on enthalpy
addition process and constant pressure. The method that was used
for obtaining results in this article is numerical based approach.
With time and development in the field of aviation the gas turbine
engine emerged as the most efficient propulsion system and a criti-
cal part also. Currently it is being used in all the civil aviation air-
crafts but with slight variations. With more technological develop-
ment the military aircrafts even at supersonic speeds started using
low by pass turbofan engine because of the advanced capabilities it
has and the efficiency and reliability it provides. Having fuel effi-
ciency is very important for both civil and military aircrafts. For
improving the efficiency the designing of an efficient combustion
chamber is very crucial because the answer for better efficiency lies
in the combustion chamber. The most often used and preferred
combustion chamber is the fully annular combustion chamber as it
has separate combustion zones and a continuous casing called the
annulus [45], [55].

6. Conclusions

The increasing demand for the aircraft services puts an increased
pressure on the scientific and research community to develop en-
gines that can be made more and more environmental friendly. The
development is not going to be a cake walk because of the difficul-
ties that testing and research work provides. First being the high
economic costs that such research incurs because the operating con-
ditions of the engine while in flight completely differ from that
when it is being tested in a lab. So for simulating conditions of an
actual flight state of the art technology and devices are required
which are expensive. This is the reason that maximum number of
literature and research paper that are available on the development
of engine are based on Theoretical and Numerical approaches in-
stead of Experimental approach and this can be clearly seen in this
paper. In many cases even though the eco-friendly engines have
been developed they cannot be put to use because of the fact that
either their usage is not economically feasible for the industry or it
will sacrifice the comfort of the passengers on board. Even though
turboprops are a better choice over most of the jet engines (because
it give higher fuel efficiency over regional jets, have lesser impact
on air quality, need shorter runways to operate) these cannot be used

everywhere effectively because of slower speed and are uncomfort-
able to passengers also as compared to regional jets. Through the
literature it was found that the Theoretical, Experimental and Nu-
merical approach taken for the research in the field of air breathing
engines are facing many drawbacks among themselves. As the The-
oretical approach does not take into account the operating condi-
tions in which an engine works. The problem of taking into account
the operating conditions is taken care when an experimental ap-
proach has been taken into consideration. Nowadays most of the
approaches which are being taken by researchers do not take into
account the speed levels like transonic (Mach speed 0.8 to 1.2) and
supersonic (Mach Speed > 1) at which the engine operates in the
aircrafts.

The aviation industry and the researches in this field are facing ob-
stacles because of the requirement of optimizing a number of fac-
tors like customer satisfaction, reliability, safety of the flights, eco-
nomic feasibility etc. The aim of the studies and researches is to
develop an eco-friendly and cost effective aviation system with the
condition that the formation costs and the impact these engines have
on environment is reduced and at the same time the efficiency of
these systems be held at maximum. One needs to keep looking for
alternative, more developed and advanced methods for improving
the engine in terms of efficiency, less emissions, reliability, dura-
bility etc.

7. Future scope in aircraft industry

If one starts studying the economics and the world economy for the
coming future it shows that the world is going to see a significant
growth in Gross Domestic Product (GDP) and this would obviously
result in an increased demand for commercial aircraft all over the
globe. Not only for commercial and civil use but if one takes a peek
into other sectors like defense and space explorations then also there
is an eminent need to develop the aviation sector because now hu-
mans need to go beyond the moon and this would happen with ad-
vanced aircrafts and space vehicles. The new demand of aircrafts
will bring with itself an additional focus on more fuel efficient and
more environment friendly aircrafts. Looking beyond the horizon
one will find new aircraft designs, developed propulsion systems,
greater efficiencies of engines etc. Studying the present ongoing re-
search and development works one can predict that the new system
will give nearly 40% more fuel efficiency. But there is also some
precautions and care which need to be taken for the future. The ever
increasing demand for aircraft travel has actually outpaced the rate
at which the research work for energy improvements of aircrafts
systems is going on. The exponential increase in the total energy
consumption and the emissions by the aviation industry is increas-
ing the need for a more operational and technical innovations. As it
is said to create a better solution it is very important that you first
understand the problem in a better way. Knowing the problem is
winning 50% of the war! So there is a need to better evaluate, un-
derstand the effect of aviation on the environment. Hence it is very
important that the world comes together for the sustainable devel-
opment of this sector so that one can accumulate knowledge and
then disperse this knowledge among firms and other stakeholders
creating an environmental friendly and conscious market.
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