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ABSTRACT

Aircraft gas turbine cycles differ from shaft power cyclesin that the useful power output isin
the form of thrust. The whole of the thrust of the turbojet and turbofan is generated in
propelling nozzles whereas with the turboprop, most of the thrust is produced by a propeller
with only asmall contribution from the exhaust nozzle. A second distinguishing feature is the
need to consider the effect of forward speed of flight and atitude on the performance. It was
the beneficial aspect of these parameters, together with a vastly superior power/weight ratio
that enabled the gas turbine to so rapidly supplant the reciprocating engine for aircraft
propulsion except for aircraft propulsion and low powered lighter aircraft.The designer of
aircraft engines recognized the various requirements for take-off, climb, cruise and
manoeuvring, the relative importance of these being different for civil and military
applications and for long and short haul aircraft. In the early days, it was common practice to
focus on the take-off thrust, but this is no longer acceptable. Engines for long range civil
aircraft, for example, require low SFC at cruise speed and atitude, while the thrust level may
be determined either by take-off thrust on the hottest day likely to be encountered or by the
thrust required at top of climb. Evidently the selection of design condition is much more
complex than for aland- based unit. As examples, ‘design point’ calculations will be shown
for take-off (static) and cruise condition.

In turboprop engines a conventional aircraft propeller is usually mounted in front of the jet
engine and in one type of engine is driven by a second or free turbine. Thisis located behind
the turbine that is driving the compressor. In other designs the power is obtained by
additional stages on the main turbine.Since turbine speeds are much higher than propeller
speed, areduction gear is required between the turbine and the propeller. About 90 percent of
the energy in the hot gases is absorbed in the turbine, and only about 10 percent remains to
increase the speed of the exhaust jet. Accordingly, only a very small portion of the overall
thrust is produced by the jet; most of it comes from the propeller. Turboprops are usually
rated on the basis of equivalent power at take-off conditions and the specific fuel
consumption and specific power are often expressed in terms of that equivalent power. It is
nevertheless desirable to quote both the shaft power and jet thrust available.

Turboprops are advantageous for small and medium-sized planes and at air speeds from 480
to 640 kilometers/hour. They cannot compete with turbojets for very large planes or at higher
speeds. The limitations and advantages of the turboprop are those of the propeller. In recent

viii



development of gas turbine cycles, new software for calculating thermal efficiency and power
output of the turboprop engine is optimized. The present analysis includes several of the air-
breathing engine performance parameters that are useful in aircraft propulsion (i.e., turbine
inlet temperature, compressor pressure ratio, thrust specific fuel consumption) for a real
turboprop engine. The study is based on design point performance and has been carried out
by selecting models for different components of engines. Software in ‘MATLAB 14" has
been developed, which is capable of predicting engine dependent parameters for two-spool
turboprop engine. Two design variables — the compressor pressure ratio and the low- pressure
(free or power) turbine temperature ratio is considered to devel op the cycle equationsin terms
of the pressure and temperature ratios across both the high- pressure turbine (drives the
compressor) and the low- pressure turbine. The results show the variation in performance of a
turboprop engine with compressor pressure ratio and turbine temperature ratio. The figures
for the engine cycle with losses can be compared with the performance of the ideal turboprop
engines to see the effects of component performance on the overall cycle. The engine with
losses that gives the minimum fuel consumption has a compressor pressure ratio of 30 and
corresponding turbine temperatures of 0.40 are drawn with dashed curves. The specific thrust
developed by the core increases with compressor pressure ratio for a constant turbine
temperature ratio. On the other hand, the thrust per unit core mass flow developed by the
propeller has a shape similar to the total specific thrust curve.
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CHAPTER 1

1. INTRODUCTION
This chapter provides an overview of gas turbine performance, applications, recent
researches and objectives of the present work. Within this chapter, the issues addressed

by the present research work are contextualized in a broader form.

1.1 OVERVIEW

Upcoming world economy is speculated to be truly omnibus where national periphery
becomes prevalent by interdependent commerce. This future view can only be
considered if there is drastic change in transportation systems, entitling greater mobility
of people and products with renovate safety, timeless and vantage. Propulsion and
power capabilities are the foundation on which future subsonic transport aircrafts will
shape the aviation landscape and establish this global conduit of commerce. The early
inclusion of technological and operational scenarios into aircraft design as well as the
ability to cover the analysis of competitor aircraft asks for a flexible software system.
However, traditional research activities have laid the more emphasis on the
development of sophisticated analysis methods for all disciplines involved in the design
process rather than on the introduction of modern software technologies in an aircraft
design system. A modern design tool has to cope with complex data management and

varying input schemes.

Driving force modernity has been the fundamental driver for the progress in air
transportation. Plenteous progresses in driving force execution and efficiency have
made it possible for aircraft to travel at higher speeds over longer distance while
carrying larger payloads. This has enhanced efficiency by orders of magnitude since the

arrival of air travel.

Air transportation in the new millennium will require revolutionary key to meet public
demand for reforming safety, credibility, environmental consistency and affordability.
In the recent years of powered flight, the aviation community is well balanced to meet
defiance of new millennium. Safety, capacity, economy and environmental concern
remain the themes and challenges for NASA and its industry partners in 21% century.
The public needs to get to destinations faster and cheaper with improved quality of
travel while allowing aviation to expand to meet the increased demand for service.

Future aero-propulsion system will require operating over a wide range of fight
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regimes, while providing unprecedented high level of safety and reliability. They will
need to be much more energy efficient throughout their flight envelopes.

Ordinarily, airplanes are powered by turboprop engines. These engines are quite
reliable, providing years of trouble free services. However, because of the rarity of
turboprop engine malfunctions and the limitations of simulating those malfunctions,
many flight crew have felt unprepared to diagnose engine malfunctions that have
occurred. These turboprop engines are used on many small commercial subsonic
aircraft. This engine has typically two spools namely; the core engine spool and the
power spool. The pressure ratios across the high pressure turbines and power turbines
are normally high enough to have choked flow in the turbine inlet nozzle for most
operating conditions of interest. The convergent exhaust nozzle of these turboprop
engines has a fixed throat area which will be choked when the exhaust total ambient
static pressure ratio is equal. When exhaust nozzle is unchoked, the nozzle exit pressure
equals the ambient pressure and the exit Mach number is subsonic, with constant
temperature ratio and pressure ratio for the turbine driving the compressor. The analysis
of the turboprop’s core mass flow rate and compressor pressure ratio follows directly
from the single-spool turbojet engine with choked exhaust nozzle. Gas turbine engine
designers have attempted to increase thrust to weight ratio and widen the thrust range of
engine operation, especially for military engines. The present scenario for combustion
is through conventional combustion chamber either for main combustor or afterburner.
A new concept has been proposed to achieve combustion in the turbine passages, which

in general has been considered to be undesirable.

1.2 EVOLUTION OF TURBOPROP ENGINES

Man-made propulsion devices have existed for many centuries and natural devices have
developed through evolution. Most modern engine and gas turbines have one common
denominator: compressors and turbines or turbo-machines. Both the turboprop and
piston engines are the two commonly known types of engines used to power propelled-
driven aircraft. For several decades, the piston engines coupled with propellers have
provided the necessary power for early aircrafts. The aviation was once dominated by
the piston propeller aircraft through the 1950's until rapid advancement in aircraft
engine technology introduced the turbojet (Banach & Reynold’'s, 1984). The emergence
of turbojet and turboprop engines in the 1940's were encouraged by the difficulties

encountered in developing advance technology for piston engines (Constant, 1980). As

2



aircraft safety is greatly improved and these engines allow much faster speed when
compared to piston-powered, the air transportation business has also dramatically

changed.

As the gas turbine technology continues to develop, it let to the introduction of the
turbofan engine to replace turbojet engine. However, a serious energy crisis in the
1970's gave a huge impact to the airlines industry as more than half of the airlines
operating costs went to their fuel expenditures (Bowles & Dawson 1998). Realizing
that the existing turbine engine consumes more fuel and a significant imporvement in
engune fuel consumtion is essential , a new type of engine has been proposed by the
United States National Aeronautics and Space Administration (NASA). The proposed
engine by NASA which is referred to as ‘propfan’,has the performance of turboprop
engine with an addition of advanced propellers. The advanced propeller feature thin,
swept and twisted propeller blades, with complex structural properties (Nethercote et
al.,1992). Propfan concept is a trademark of Hamilton-Standard which works on this
project together with NASA. It has a bypass ratio of more than 30 and it incoporates
some of the characteristics and advantages of a turboprop engine while allowing higher
flight speeds (Crane, 2005). In terms of productivity and passenger comfort, it is almost
as similar to aten compared to advanced turbofan (Banach & Reynolds,1984).

1.3 AERO-PROPUL SION SYSTEM

The existence of the gas turbine engine's first application for aircraft propulsion is
almost 60 years old and a revolution has been vatical to improve their execution. The
target has been to mitigate the fuel burn, enhance safety and credibility and slacken the
environmental influence of disruptive dispersion and noise. It is believed that further
progress in aircraft gas turbine engine technology will continue for another 20-30 years
at which point the gas turbine revolution will end with the development of what NASA
calls “Intelligent Engines’. These engines will be without human interruption and
capable to operate at optimum conditions to accomplish pre-specified customer
requirements during the entire ground and flight envelope. For example, during take-off
and approach, the engine will optimize geometry and air flow to achieve minimum

noise and emissions during cruise operation; it will optimize itself to mitigate fuel burn.

At the beginning of this century, steam and internal combustion engines were in
existence but were far too heavy for flight application. The Wright brothers recognized



the great future potential of the internal combustion engine and developed both a
relatively light weight engine suitable for flight applications. Through the subsequent
four decades of evolution, the overall efficiency and power to weight ratio improved
substantially, latter by more than one order of magnitude to about 1.3156kW/kg. This
great improvement was achieved by engine design structures and materials, advanced
fuel injection, aerodynamic shapes of the propeller blades, variable pitch propellers and
engine superchargers. The overall efficiency reached about 28% and the power output

of the largest engine amounted to 5000hp.

1.4 GASTURBINE

Gas turbines are an important source of mechanical power not only for air and sea
transportation, but also for the cogeneration of electricity. To monitor and control the
operation of these complex machines it is necessary to develop high fidelity
mathematical models that describe the operating conditions both in steady state and
transient operations, predicting simulations that could affect the safety and engine
performance. Simulations are also used extensively in the development, testing and
turning of the control system, reducing the time and the cost of gas turbine equipment.
The primary purpose of gas turbinesis to extract mechanical energy from the hot gases
delivered to it by the combustion chamber and to supply shaft power to drive the
compressor. The turbine also supplies power to the auxiliary equipment, such as fuel
pumps, oil pumps, and electrical generators. In turboprop and turboshaft engines, the
turbine supplies power to drive the propeller or helicopter rotor. Typically, three-
fourths of all the energy available for the products of combustion is necessary to drive
the compressor. If the engine is a turboprop or turboshaft, the turbine is designed to
extract al the energy possible from the gases passing through the engine. So efficient is
the turbine, in this case, that in a turboprop aircraft the propeller provides
approximately 90% of the propulsive force, leaving but 10% to be supplied by jet
thrust. The axial flow turbine is comprised of two main elementsi.e., turbine wheel or
rotor and a set of stationary vanes. The stationary section consists of a plane of
contoured vanes, concentric with the axis of the turbine, and set at an angle to form a
series of small nozzles which discharge the turbine gases onto the blades of the turbine
wheel. For this reason, the stationary vane assembly is usualy referred to as the turbine
nozzle, and the vanes themselves are called nozzle guide vanes. Aerodynamic design of

turbine blades is less critical than compressor blades because they operate in a regime



of favourable pressure gradient rather than an adverse pressure gradient. Turbine-nozzle
area is a critical part of turbine design because it establishes the engine (compressor
operating line). The jets of escaping gases which are formed by the nozzle discharge are
directed against the rotating turbine blades in a direction which enables the kinetic
energy of the gases to be transformed into mechanical energy which is generated by the
rotating turbine wheel. Turbines may be either single or multiple-stage. When the
turbine has more than one stage, stationary vanes are inserted between each rotor wheel
and the rotor wheel downstream, as well as at the entrance and exit of the turbine unit.
Each set of stationary vanes forms a nozzle vane assembly for the turbine wheel that
follows. The exit set of vanes serves to straighten the gas flow before passage through

the jet nozzle.
141 PROGRESSION OF THE GASTURBINE

> It is proficient of producing large amount of expendable power for a
comparatively small magnitude and ponderosity.

» Since motion of its entire prime genre involve pure rotation (i.e, no
reciprocating motion as in a piston engine), its mechanical life is long and the
compatible maintenance cost isrelatively low.

» Notwithstanding the gas turbine must be started by some adventitious means (a
small external motor or other source ,such as another gas turbine), it can be
brought up to full load (peak output) conditions or circumstances in minutes as
in proportional to a steam turbine plant whose outset time is measured in hours.

> A wide variety of fuels can be employed. Generaly, natural gasis used in land
based gas turbine while light ditillate (kerosene-like) oils power aircraft gas
turbines. Diesel oil or peculiarly treated residua oils can also be used as well as
inflammabl e gases derived from blast furnaces, refineries and the gasification of
solid fuel such aswood chips, coal and bagasse.

» Commonly working fluid is atmospheric air. As an ultimate power supply, the

gas turbine lacks no coolant (e.g. - water).

Primarily, one of the major deficit of the gas turbine was its lower competency (hence
higher fuel usage) when collated to other 1C engine and to steam turbine power plants.
Notwithstanding, during the last fifty years, sustained engineering progress work has
uplifted the thermal efficiency (18% for the 1939 Neuchatel gas turbine) to extant



levels of about 40% for simple cycle operation and about 55% for combined cycle
operation. Furthermore, fuel potential gas turbines are in the mapping stages with
simple cycle efficiencies predicted as high as 47% and combined cycle machines in the
range of 60%. These overhanging values are significantly surpassing the other prime

movers, such as steam power plants.

1.4.2 Open Gas-Turbine Cycle

1.4.2.1 Working Principal

Fresh air enters the compressor at ambient temperature where its pressure and
temperature are increased. The high pressure air enters the combustion chamber where
the fuel is burned at constant pressure. The high temperature (and pressure) gas enters

the turbine where it expands to ambient pressure and produces work.

Fuel
W |—
Combustion Turbine
Chamber
Shaft n I
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Compressor Exhaust
Air (Gases

Fig.1.1 Schematic for an open gas-turbine cycle
Features:

» Gas-turbineisused in aircraft propulsion and electric power generation.

High thermal efficiencies up to 44%.

Suitable for combined cycles (with steam power plant)

High power to weight ratio, high reliability, long life

Fast start up time, about 2 min, compared to 4 hr for steam-propulsion systems

YV V. V V V

High back work ratio (ratio of compressor work to the turbine work), up to

50%, compared to few percent in steam power plants.



1.4.3 Closed gasturbine cycle
A closed cycle gasturbine is aturbine in which the air is circulated continuously within
the turbine. The components of this turbine are compressor, heating chamber, gas

turbine which drives the generator and compressor, and a cooling chamber.
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Fig.1.2 Schematic for close gas-turbine cycle

The function of various components of a simplest form of a closed cycle gas turbine is
discussed below:

a) Compressor (C): Itisused to compresstheair.

b) Heating chamber (HC): The heating of the compressed air is takes place in the
heating chamber.

c) Gasturbine(T): Itisused to produce the useful work which is used by the
generator to generate electricity.

d) Generator (G): It generatesthe electricity with the help of the gas turbine.

€) Cooling chamber (CC): Cooling of the gas after passing from the turbine takes

place in the cooling chamber.



1.4.3.1 Working Principle

The closed cycle gas turbine works on the principle of Joule’'s or Brayton's cycle. In
this turbine, the gas is compressed isentropically and then passed into the heating
chamber. The compressor generally used is of rotary type. The compressed air is heated
with the help of some external source and then made to flow over the turbine blades.
The turbine used here is of reaction type. The gas while flowing over the blades of the
turbine gets expanded. From the turbine the gas is passed to the cooling chamber. Here
the gas is cooled at constant pressure with the help of circulating water to its original
temperature. Now the gas is again made to flow through the compressor to repeat the
process. Here the same gas is circulated again and again in the working of a closed

cycle gasturbine.

1.4.4 Brayton Cycle
Brayton cycle is the idea cycle for gas-turbine engines in which the working fluid
undergoes a closed loop. That is the combustion and exhaust processes are modelled by

constant-pressure heat addition and rejection, respectively.

P= Const.

[sentronic

P = Const. ‘ 4
1 Q

Fig.1.3 T-sand P-v diagramsfor ideal Brayton cycle

The Brayton ideal cycleis made up of four internally reversible processes:
1-2 Isentropic compression (in compressor)

2-3 Constant pressure heat-additions (in combustion chamber)

3-4 Isentropic expansion (in turbine)

4-1 Constant pressure heat rejection (exhaust)



15 CLASSIFICATION OF JET PROPUL SION

The jet propulsion engines are extensively categorised on the basis of their way of
using oxygen for the deflagration of the fuel. Accordingly, they are classified as air
breathing and non-air breathing engines. Rockets are mainly categorised as non-
breathing engines while air-breathing engines include turbojet, turbofan, turboprop,
turboshaft and ramjet engines.

The propulsion provided by air-breathing and rocket enginesisjust similar in that thrust
is attend by producing reward momentum is one or more streams of gas. In case of a
rocket, the propulsive gas originates on-board the vehicle and is hence independent of
atmospheric air whereas in an air-breathing engine most of the propelling gas incepts
from the free air surrounding the vehicle. Thus the execution relies upon the weight and
the temperature if the climatic air and subsequently to go an awesome range and the
height and forward speed of the engine. Rockets are classified relying on the fuel state
as liquid and solid propellant rockets. While ramjet, on the basis of type of deflagration
are classified as pulse jet with discontinuous combustion and scramjet with supersonic
firm state combustion. Aircraft gas turbine cycles differ from shaft power cycles in that
useful power output of the former in the form of thrust is cultivated wholly are in part
as a result of enhancement in a propelling nozzle: downright in turbojet and turbofan
engines and partly in turboprop engines. In the current work our main target is to

vaticinate the performance of the turboprop engines.

The gas turbine engine is an intricate accumulation of variety of substantive that is
designed on the basis of thermodynamic laws. The design and operation theories of
these particular substantive are intricated. The intrication of aero-dynamic analysis
make it inaccessible to mathematically solve the optimization equations involved in
various gas cycles. When gas turbine engines were designed during the last century, the
need to estimate the engine performance at both design point and off design conditions
becomes articulate. Manufactures and designers of gas turbine engines became
conscious that some tools were needed to predict the performance of the gas turbine
engines especialy at off design conditions where its performance was significantly
affected by the load and the operating conditions. Also, it was assumed that these tools
would help in vaticinating the performance of particular substantive such as

compressor, turbine and combustion chamber etc.



1.6  PRINCIPLE OF JET PROPULSION

Jet propulsion is a practical application of Sir Isaac Newton's third law of motion which
states that, for every force acting on a body there is an opposite and equal reaction’. For
aircraft propulsion, the body is atmospheric air that is caused to accelerate as it passes
through the engine. The force required to give this acceleration has an equal effect in
the opposite direction acting on the apparatus producing the acceleration. A jet engine
produces thrust in a similar way to the engine/propeller combination. Both propel the
aircraft by thrusting a large weight of air backwards, one in the form of a large air dip
stream at comparatively low speed and the other in the form of ajet of gas at very high
speed. This same principle of reaction occurs in all forms of movement and has been
usefully applied in many ways.

Fig. 1.4 Hero'sengine — probably the earliest form of jet reaction

The earliest known example of jet reaction is that of Hero's engine (Fig. 1.4) produced
as a toy in120 B.C. This toy showed how the momentum of steam issuing from a
number of jets could impart an equal and opposite reaction to the jets themselves, thus

causing the engine to revolve.
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Fig. 1.5 A garden sprinkler rotated by the reaction of the water jets

The familiar whirling garden sprinkler (Fig. 1.5) is a more practical example of this
principle, for the mechanism rotates by virtue of the reaction to the water jets. The high
pressure jets of modern fire-fighting equipment are also an example of ‘jet reaction’,
for often, due to the reaction of the water jet, the hose cannot be held or controlled by
one fireman. Perhaps the simplest illustration of this principle is afforded by the
carnival balloon which, when the air or gas is released, rushes rapidly away in the
direction opposite to the jet. Jet reaction is definitely an internal phenomenon and does
not, as is frequently assumed, result from the pressure of the jet on the atmosphere. In
fact the jet propulsion engine, whether rocket, athodyd or turbojet is a piece of
apparatus designed to accelerate a stream of air or gas and to expel it at high velocity.
There are, of course, a number of ways of doing this but in all instances the resultant
reaction or thrust exerted on the engine is proportional to the mass or weight of air
expelled by the engine and to the velocity change imparted to it. In other words, the
same thrust can be provided either by giving alarge mass of air alittle extra velocity or
a small mass of air a large extra velocity. In practice it is preferred since by lowering
the jet velocity relative to the atmosphere a higher propulsive efficiency is obtained.

1.7 TYPESOF JET PROPULSION SYSTEM

There are two genera types of jet propulsion engines, namely air-breathing and non-air

breathing engines. Air-breathing engines use oxygen from the atmosphere in the
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combustion of the fuel. They include turbojet, turboprop, ramjet and pulsegjet. The term
jet is usually used only in reference to air-breathing engines. Non- breathing engines
carry an oxygen supply. They can be used both in the atmosphere and in outer space.
They are commonly called rockets and are of two typesi.e., liquid propellant and solid
propellant.

Non-Air Breathing Air Breathing

l v
Rocket

v |Turboiet| |Turb0Fan| | Turbo | |Turb08haft| |RamJeft|

v \4 A\ 4 \4 \4

v y
| Solid Pronellant| | Liauid Propellant | v

\ 4 v

Pulse Scram Jet

Fig. 1.6 Layout of Jet Propulsion System

1.7.1 Turbojet

The turbojet engine, developed for aircraft in the years prior to World War |1, was a
departure in thinking from the standard piston engine. Instead of burning fuel in a
confined space that is dependent upon precise timing of ignition, the turbojet engine is
essentially an open tube that burns fuel continuously. According to Newton's third law,
as hot gases expand out from the rear of the engine, the engine is accelerated in the
opposite direction. The engine consists of three main parts, the compressor, the burner,
and the turbine, along with the inlet, shaft, and nozzle, as shown above. A large mass of
air enters the engine through the inlet and is drawn into a rotating compressor. There are
two types of compressors, centrifugal and axial. The compressor raises the pressure of
the air entering the engine by passing it through a series of rotating and stationary
blades. As the gasis forced into smaller and smaller volumes, the pressure of the gasis
increased. The gas also heats up as its volume is decreased by the compressor. Today’s

compressors can have a compression ratio of over 40:1, much higher than a piston
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engine. Also, in order to maximize the engine’'s performance, turbojets will have two
different compressors operating on different shafts: a low-pressure compressor followed

by a high-pressure compressor.
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Fig. 1.7 Cutaway view of turbojet engine

At the burner stage fuel is injected and ignited, raising the energy of the gas by raising
its temperature. A typical engine will add about 0.9072 kg/s for every 45.36 kg/s. The
energy of the gas increases dramatically and is accelerated toward the turbine due to the
high pressure created by the compressor. Since these engines can produce temperatures
well over the melting points of the materials used to make the turbine, only 12 to 25
percent of the air from the compressor is combusted while the rest cools the combusted
gases down to temperatures just below that which would damage the turbine. The larger
the difference between the temperature of gas at the turbine face and that of the outside
air, the more thrust is created and the more efficient the engine. The next stage is the
turbine. Here the heated gas passes over the turbine blades causing them to rotate and, in
turn, to rotate a shaft that is connected to the compressor. The turbine removes some
energy from the flow to drive the compressor, but there remains sufficient energy in the
gas to do work as it exits the nozzle. The purpose of the nozzle is to convert energy into
velocity thus producing thrust. The nozzle allows the flow of hot gases to exit the rear of
the engine until they reach free-stream pressure, which creates the thrust of the engine.

Most nozzles restrict the flow somewhat before allowing it to expand. This creates
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additional pressure and thus, additional thrust. It also controls the mass flow through the
engine, which along with the velocity, determines the amount of energy the engine
produces. Overall, turbine engines have a much higher power-to-weight ratio than piston
engines. They can operate at much higher temperatures and can produce much more
thrust than propeller engines. However, they are less efficient at low speeds and low
altitudes.

1.7.2 Turbofan

A turbofan is amodified version of aturbojet engine. Both shares the same basic core of
an inlet, compressor, burner, turbine and nozzle but the turbofan has an additional
turbine to turn alarge, many-bladed fan located at the front of the engine. Thisis called
a “two-spool” engine. One spool is used to power the compressor and another spool to
turn the large fan. Some of the air from this large fan enters the engine core where fuel is
burned to provide some thrust, but up to 90 percent of it goes around or “by passes’ the
core of the engine. As much as 75 percent of the total thrust of the engine comes from
the bypass air. Although there is less energy added to this bypass air compared with that
going through the core, by moving a very large amount of air the turbofan gets a large
boost in thrust for very little additional fuel.

Secondary
Air Stream Duct Fan

Hot
Gasses

Inlet

Combustion

Compressor Chamber Nozzle

Primary Air
Stream

Fig.1.8 Cutaway view of turbofan engine

It isthus a very fuel-efficient engine and good for cruising. Also, since the fan has many
blades and the air is ducted, turbofans can operate faster and more efficiently than
simple propeller aircraft. The pressure ratio of a 50-blade ducted fan may be 1.4 to 1.6
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(i.e., the pressure is increased by a factor of 1.4 to 1.6) whereas a propeller may have a
pressure ratio of only 1.02. This is why large passenger planes using turbofans are able
to cruise at high subsonic speeds and still use fuel efficiently. Even jet fighters will often
use low-bypass. Turbofan engines, where a smaller amount of air bypasses the core, so

they can conserve fuel whilein cruising mode.

1.7.3 Turboprop

This engine is a hybrid of aturbojet and a propeller engine. It has at its heart a turbojet
core to produce power, but with two turbines. The first turbine powers the compressor
while the second powers the propeller through a separate shaft and gear reduction. The

gears are necessary to keep the propeller from going super-sonic and losing efficiency.
Prop
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Fig. 1.9 Cutaway view of turboprop engine

Unlike a basic turbojet, the second turbine removes most of the remaining energy from
the flow to power the propeller and less than 10 percent of actual thrust is produced by
the core. Turboprops operate well in the low subsonic range, with much more power
than a piston-driven propeller aircraft. This is why turbojets are used by long-range
military cargo planes. Another version of the turboprop is the turbo-shaft engine. Instead
of driving a propeller, the shaft is used to power such things as helicopters, tanks, train

engines, and etc.

1.7.4 Ramjets
Rockets are a proven way to accelerate crafts to very high speeds, but rockets must carry

their own supply of oxidizer aswell asfuel. About 82 percent of the mass of the external
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tank of the space shuttle is liquid oxygen (oxidizer). Ramjets are designed to scoop up
their oxygen from the atmosphere and eliminate this extra weight. Thrust is produced by
passing hot, combusted gases through a nozzle where the nozzle accelerates the flow. To
maintain flow, combustion must occur at a pressure higher than the nozzle pressure. In a

standard turbojet engine this pressure is created by the action of the compressor.

Diffuser

|

Hot Gasses

Burner

Fig. 1.10 Cutaway view of Ramjet

In a ramjet, however, there is no compressor. Instead, the forward speed of the vehicle
is employed to ‘ram’ air into the combustor. At supersonic speeds air enters the intake
where a diffuser nozzle causes the air to slow down to around Mach 0.2 through a series
of shock waves. This sudden slowing creates the pressure needed to operate the engine.
Fuel isinjected and burned with the aid of a flame holder. Since there is no compressor
to power, there is no need for a turbine and the hot gases expand directly out the nozzle.
It is important to note that, other than an external turbo-pump to inject fuel; the ramjet
has no moving parts and is lighter in weight than a turbojet. It also can operate at higher
temperatures than a turbojet because there is no turbine that might melt thus it is more
efficient.

1.7.5 Pulsget Engines

A pulse-jet is similar to a ramjet except that a series of spring-loaded, shutter-type
valves is located ahead of the combustion section. In a pulse-jet the combustion is
intermittent or pulsing rather than continuous as in aramjet. Air is admitted through the
valves, and combustion begins. This increases the pressure and closes the valves,
preventing backflow through the inlet. As the gases expand through the rear nozzle to

produce thrust, the pressure in the combustion section drops to the point where the
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valves open again to admit fresh air. This cycle is then repeated. The most widely
known pulse-jet was the German V-1 missile or ‘buzz bomb’, which was used near the
end of World War Il and which fired at a frequency of about 40 cycles per second.
Pulse-jets are inefficient, noisy, and subject to severe vibration. Their use is now limited

to low-cost pilotless vehicles.

1.7.6 Scramjets

When the speed of a ramjet increases above Mach 5, the temperature in the combustion
chambers would exceed 2000C . At this temperature the air is so hot that not much
additional energy can be gained by burning fuel. There would also be some serious
material damage to the inside of the engine. Scramjets are a way to overcome this speed
limitation. In a scramjet (supersonic combustion ramjets), the incoming air is not slowed
down to subsonic speeds, but is burned at supersonic speed. This creates other problems.
The biggest of these is getting the fuel to mix efficiently with the air and burn in
milliseconds or less before it exits the nozzle. It has been shown that hydrogen gas can

be made to mix efficiently and burn under these conditions.
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Fig. 1.11 Description of Scram Jet Engine

1.7.7 Jet Propulsion Engine Components
A greater understanding of the gas turbine and its operation can be gained by
considering its five major components:

> Inlet/Intake
» Compressor
» Combustor
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> Turbine
> Nozzle

The features and characteristics will be stated in concise.

1.7.7.1 Inlets

An inlet detracts the entering air velocity to alevel appropriate for the compressor. The
air velocity is mitigated by a compression headway which enhances the air pressure.
The manipulation and design of the inlet are depicted in terms of the efficiency of the
compression process, the outward drag of the inlet and the mass flow into the inlet. The
design and the manipulation of the inlet depend on whether the air entering the conduit
is subsonic or supersonic. As the aircraft outlooks the speed of sound, the air reclines to
be more compressed and at Mach 1, shock wave occurs. Shock waves are compression
waves and at higher Mach numbers these compression waves are energetic.

Compression by shock wave isincapable.

1.7.7.1.1 Subsonic inlet

The subsonic inlet can be a divergent duct as shown in figure 1.12. This duct is
tolerable until the Mach number becomes greater than 1, at which time a shock wave
occurs at the mouth and the compression process becomes incapable. The subsonic
divergent duct disengage best at one velocity (design point), and at other velocities, the
compression process is less accomplished and the external drag is greater. The airflow
patterns for the subsonic inlet are shown in figure 1.12.

Exit
Inlet

e

Fig. 1.12 Rough draft of Subsonic Inlet
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1.7.7.1.2 Super sonic inlet

Since shock waves occur in supersonic flow, the geometry of such inletsis designed to
enlist the most efficient compression with a minimum of weight. If the velocity is
reduced from a supersonic speed to subsonic speed with one normal shock wave, the
compression process comparatively inefficient. If several oblique shock waves are
deputed to detract the velocity, the compression process is more efficient.

v/ i Normal Shock S

Fig.1.13 Schematic of Supersonic Inlet

Generaly there are two types of supersonic inlets i.e., the ramp (two-dimensional
wedge) and the centre body (three dimensional spikes). At off-design Mach numbers,
the location of the shock waves change thus possessing the external drag and the

efficiency of the compression.

1.7.7.2 Compressors

Compressors are an example of a negative shaft work machines. They increase both the
temperatures and pressures of the working fluid. Increasing the pressure of the fluid
requires a negative shaft work transfer. The compressor components are connected to
the turbine by a shaft in order to allow to the turbine to the compressor. A signal shaft
gas turbine has only one shaft connecting the compressor and turbine components. A
twin spool gas turbine has two concentric shafts, a longer one connecting a low
pressure compressor to a low pressure turbine (the low spool) which rotates inside a
shorter, larger diameter shaft. The shorter, larger diameter shaft connects the high
pressure turbine with the higher pressure compressor (the high spool) which rotates at
higher speeds than the low spool. A triple spool engine would have athird intermediate

pressure compressor turbine spool.
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1.7.7.2.1 Axial compressors
The purpose of a compressor is to increase the total pressure of the gas stream to that
required by the cycle while absorbing the minimum shaft power possible. Gas turbine

compressors are either centrifugal or axial, can be a combination of both.

Centrifugal compressors (with compressed air output around the outer of the machine)
are robust, generally cost less and limited to pressure ratios of 6 or 7 to 1. They are

found in early gas turbines or in modern, smaller gas turbines.

The more efficient, higher capacity axial flow compressors (with compressed air output
directed along the centre line of the machine) are used in most gas turbines. An axial
compressor is made up of arelatively large number of stages, each stage, consisting of
arow rotating blades (airfoils) and a row of stationary blades (stators), arranged so that
the air is compressed as it passes through each stage.

Figure 1.14, illustrates the typical blading configuration for an axial flow compressor.
One stage comprises arow of rotor blades followed by arow of stator vanes. A number
of stages, with the rotors on a common shaft, form a compressor. Often an additional
row of outlet guide vanes (OGVs) are required downstream of the last stator row to
carry structural load, or remove any residual swirl prior to the flow entering the
downstream duct. These are a row of stators vanes whose angle may be changed by
control system action to improve off design operation. Some of the stator rows may
also be of variable angle and these are referred to as variable stator vanes (VSVs). Asa
first order rule 1 stage of VIGVs or VSVs s required per each additional compressor
stage beyond 5 to provide a satisfactory part speed surge line. Thisratio will be reduced
if handling bleed valves are available.

JStator Guide vane (OGV)

—— Rotors —

Fig. 1.14 Schematic of Axial Compr essor
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1.7.7.3 Combustion chamber (Combustor)

The combustion chamber is the component of the gas turbine in which fuel is combined
with air from the compressor and burned. The combustion chamber functions like a
heat exchanger and can be modelled as a constant pressure device. In the combustion
chamber, large amount of fuel is burnt with a huge amount of compressed air supplied
by the compressor, which results in release of heat. Generally, the air fuel ratio in an
open cycle gas turbine varies from 50:1 to 200:1 to get efficient combustion and to keep
the turbine inlet temperature down to a permission level. In actual situation, combustion
is never complete and is accompanied by chemical dissociation of gages and throttling
losses etc. Also, thereis as pressure drop in gas steam.
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Fig.1.15 Schematic diagram of combustor

A successful combustor design must satisfy many requirements and has a challenge
from the earliest gas turbines of Whittle and Von Ohains. The relative importance of
each requirement varies with the application of the gas turbine, and of course, some
requirements are conflicting, requiring design compromises to be made. Most design
requirements reflect concerns over engine costs, efficiency and the environment. The

basic requirement can be classified as follows:

> High combustion efficiency at all operating conditions.
> Low levels of unburned hydrocarbons and carbon monoxide, low oxides of

nitrogen at high power and no visible smoke (Minimized pollutants and

emissions).
> Low pressure drop (3-4% is common).
> Combustion must be stable under all operation conditions.
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> Consistently reliable ignition must be attained at very low temperatures,
and at high altitudes (for aircraft).

Smooth combustion, with no pulsation or rough burning.

A low temperature variation for good turbine life requirements.

Useful life (thousands of hours), particularly for industrial use.

YV V V V

Characteristically natural gas diesel fuels are used for industrial application

and kerosene for aircraft.

> Length and diameter compatible with engine envelope (outside
dimensions).

> Designed for minimum cost, repair and maintenance.

> Minimum weight (for aircraft application).

A combustor consists of at least three basic parts. a casing, a flame tube and a fuel
injection system. The casing must withstand the cycle pressures and may be a part of
the structure of the gas turbine. It encloses a relatively thin-walled flame tube within
which combustion takes place, and a fuel injection system. Figure represents the

combustion zone of a combustor.

1.7.7.4 Turbines

Turbines are an example of positive shaft work machines. They decrease both the
temperature and pressure of the working fluid. This decrease creates positive work
transfer. They are commonly convenient to design and operate than compressors since
the hot air flow enlarging rather than being compressed.

Turbine design and manufacture is enigmatic by the need to enlarge turbine component
life in the hot air flow. The problem of securing tenability is especially critical in the
first turbine stage where temperatures are highest. Specific materials and described
cooling schemes must be used to permit turbine airfoils that melt at 1255-1310 K to

subsist in air flows with temperatures as high as 1922 K.

1.7.7.4.1 Axial flow turbine

A turbine extracts power from the gas stream to drive either engine compressor or, in
the case of a power turbine, a load such as a propeller or electrical generator. Fewer
stages are expected in axia flow turbines in comparison to an axial compressor. The
axial flow turbine consists of a turbine wheel rotor and a set of stationary vanes stator.

The set of stationary vanes of the turbine is plane of vanes (concentric with the axis of
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the turbine) that are set at an angle to form a series of small nozzles which discharge the
gases onto the blades of the turbine wheel. The discharge of the gases onto the rotor
allows the kinetic energy of the gases to be transformed to mechanical shaft energy.

1.7.7.4.2 Impulse turbine

In the impulsive type, the relative discharge velocity of the rotor is the same as the
relative inlet velocity since there is no net change in pressure between the rotor inlet
and rotor exit. The stator nozzles of the impulse turbines are shaped to form passages
which increase the velocity and reduce the pressure of the escaping gases asillustrated
infigure 1.16.

1.7.7.4.3 Reaction turbine

In the reaction turbine, the relative discharge velocity of the rotor increases and the
pressure decreases in the passages between the rotor blades. The stator nozzle passages
of the reaction turbine ssimply alter the direction of the flow which is shown in figure
1.16. Most turbines in the jet engines are a combination of impulse and reaction

turbines.
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Fig.1.16 Cross sectional view of Impulse and Reaction Turbine
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1.7.7.5 Nozzle

The motive of the nozzle is to enhance the velocity of the exhaust gas prior to discharge
from the nozzle and to hoard and disarm gas flow from the turbine. In operating the gas
turbine engine convert the internal energy of the fuel to kinetic energy in the exhaust
gas stream. The net thrust of the engine is the outcome of this operation and is

calculated by the Newton’'s second law of motion.
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Fig.1.17 Simplified model of nozzle

For volumetric values of specific thrust, the kinetic energy of the exhaust gas must be
sublimate, which notifies a high exhaust velocity. The nozzle supplies a high exit
velocity by expanding the exhaust gas in an expansion process which lacks a decrease
in pressure. The pressure ratio across the nozzle controls the expansion process and the
maximum thrust for a given engine is procured when the exit pressure equals the
ambient pressure. Further they are classified on the basis of their operation as

convergent and convergent-divergent nozzles.

1.7.7.5.1 Convergent nozzle

The convergent nozzle is an ingenious convergent duct, as shown in figure 15. When
the nozzle pressure ratio (turbine exit pressure to nozzle exit pressure) islessi.e., less
than about 2, the convergent nozzle is employed. These nozzles have generaly being

used in low thrust engines are subsonic aircrafts.
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1.7.7.5.2 Conver gent-diver gent nozzle

The convergent-divergent nozzle can be a convergent duct pursued by divergent duct
where the cross-sectional area of the duct is least, the nozzle is said to have a gullet at
that position. Most convergent-divergent nozzles used in supersonic aircrafts are not
simple ducts, but synoptic variable geometry and other aerodynamic characteristics as

shown in figure 1.19.

Only the throat area and the exit area of the nozzle are set mechanically, the nozzle
walls being apprized aerodynamically by the gas flow. These nozzles are used if the
pressure ratio is high (or high specific thrust). If the engine comprehends an
afterburner, the nozzle throat and exit area must be diverged to match the multiple flow

conditions and to output utmost extant.
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Fig.1.19 Schematic of convergent-diver gent nozzle
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1.8 Outlineof thethesis

This thesis is organised in five chapters. Chapter 1 gives the detailed inspection of
jet propulsion system, thereby enabling to know how it came into existence and
their various aspects. It aso defines the context and rationale of the work presented
in this thesis. In chapter 2, a literature review is carried out. This chapter provides
an overview of the gas turbine operating system, at the same time that gives a
specia focus to the past efforts with respect to gas turbine design and performance.
Apart from that, it also introduces the approaches used to predict the fuel efficiency.
Chapter 3 includes the description of the modelling procedures adopted for
turboprop engine. It includes the description of the software used, as well as the
limitations associated to the approach adopted. In chapter 4, the analysis results are
exposed and discussed. The results analysis is done on the basis of the software
introduced i.e,, Matlab 14. In chapter 5, the conclusions on the conventional
turboprops are discussed, as well as some proposals and recommendation of future

work is aso provided.

1.9 Objectives

1) To develop and adopt mathematical models for various components of
turboprop engine under real conditions.

2) To construct computer software for parametric analysis based on modelling and
governing equation in Matlab 10.

3) To perform parametric thermodynamic analysis.
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CHAPTER 2
2. REVIEW OF LITERATURE
This chapter deals with the review of literature on major areas of the present study.
Magjor areas include the design models, brief history of jet propulsion development.
Historical development in the performance characteristics interlinking in Indian context
with respect to the present scenario is also discussed in the terms of the reviews. A

genera gap in the research was found which is envisaged in the present perusal.

2.1 HISTORY

It has been more than 60 years since the gas turbine was developed and successfully
applied. Theinitial applications included both aircraft propulsion and land-based power
generation. The greatest impact of the gas turbine engine has been on aviation with the
development of the jet engine. Aircraft gas turbines were developed by the former
piston aero engine manufacturers, while steam turbine manufacturers started devel oping
gas turbines for land based applications. Later, aircraft gas turbine derived engines were
used for industrial use as well. From the very start, modeling the processes inside the
gas turbine has been critical for successful development towards a working concept.
Models were required to predict performance of the Joule-Brayton cycle that takes
place in the gas turbine, to predict performance of the components and to predict
structural and thermal loads. Obviously, the first models consisted of only manual cycle
and component performance and structural stress calculations. These models had
limited potential and consequently in those early days a lot of experimental work was
needed for development of optimized gas turbine designs. At the same time, the rapidly
growing scientific gas turbine community was working hard to minimize this trial-and-
error approach, developing new modeling techniques and, after the introduction of

computers, exploiting the utmost from available computer power.

2.2INCEPTION OF JET PROPULSION

Jet propulsion is based on Newton’s second and third law of motion. Momentum is
imparted to a mass of fluid in such a manner that the reaction of imparted momentum
gives propulsive force. Thisis done by expanding the gas which is at high temperature
and pressure through a nozzle so that the gas with markedly increased velocity in the
form of jet comes out in the atmosphere and its reaction in the opposite direction gives
the propulsive force. The open cycle gas turbine is more suited for the jet propulsion.
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The idea of air-breathing jet propulsion originated at the beginning of 20™ century.
Several patents regarding air-breathing jet engines had been applied for by various

inventors of different nationalities who worked independently of each other.

Air-breathing jet propulsion can be defined as a specia type of internal combustion
engine which produces its net output power as the rate change in the kinetic energy of
the working fluid. The working fluid enters as environmental air which is ducted
through an inlet diffuser into the engine. Few examples of early air-breathing jet

propulsion patents are mentioned below:

1. In 1908, Lorin patented ajet engine which was based upon piston machinery.

2. In 1913, Lorin patented a jet engine based on ram compressors in supersonic
flights.

3. In 1923, M. Guillaume patented a jet engine based on turbo-machinery; the
intake air was compressed by an axia-flow compressor followed by a
combustor and an axial flow turbine driving the compressor.

2.3 PAST CONTRIBUTIONS
Many studies have been conducted by various authors on this particular topic including

the experimental studies of various jet engines.

G. Kraft and W. Strack (1975) calculated the fuel savings potentia of advanced
turboprops and compared with that of an advanced turbofan for use in an advanced
subsonic transport. All the engines were designed for cruise at 10.67 km with a turbine-
rotor inlet temperature of 1590 K. The regular turboprops had overall pressure ratios of
25 and 50. However, the regenerative turboprop had an optimum pressure ratio of only
10, and a ceramic rotary heat exchanger which had a design effectiveness of 85 percent
and a pressure loss and leakage on 4%. The propeller efficiency was assumed to be 85
percent which implies an advanced low camber or variable camber propeller
technology for the high cruise speeds studied (Mach 0.65 to 0.90). The mission called
for a payload of 18144 kg at a range of 10200 and 5500 km. The results of this study
indicated that, relative to the reference turbofan, the turboprops saved 31 to 33 percent
of the fuel on the long range mission and about 27 to 28 percent on the medium range
mission. With the high propeller efficiencies assumed, the direct operating cost
comparison at Mach 0.80 is also favourable toward the turboprop by 14 to 18 percent.

The minimum direct operating cost occurs at about Mach 0.76 for both engine types.
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These important benefits for the turboprop engine are not substantially reduced by
rather pessimistic perturbations in the propeller, gearbox, and heat exchanger
assumptions. The regenerative turboprop cycle yields about the same fuel and takeoff

gross weight results as the best regular turboprop.

Bencze, D. P. and Williams, I. J. (1977) focused on the future plans for continued
development of the technology for advanced turboprop transport aircraft and focused
on the fuel savings of advanced turboprop aircraft which appeared to be 10 to 20
percent relative to equivalent technology turbofan aircraft. These fuel savings are
certainly large enough to warrant further research to establish the viability of turboprop
transport aircraft. They identified the technology requirements in propeller design for
high efficiency and low noise, fuselage noise attenuation, propeller and gear box
maintenance, and engine-airframe integration. In order for new short-medium range
transports to offer significantly lower operating costs than potential derivatives of
current designs using advanced technology, the efficiency improvements of high speed

turboprop propulsion system may be required.

Gearhart, W. S. (1983) focused on the efficiency of aircraft propulsion as the cost of
fuel has risen. Studies conducted by NASA to obtain fuel efficient aircraft have
considered relatively highly loaded turboprop systems. The higher disc loadings result
in greater dipstream swirl and higher energy losses. Of primary importance is the radial
distribution of the energy losses across the dipstream due to the tangential and axial
velocities. This study presents the results of analysis defining the various sources of
energy loss resulting from a swirling dipstream downstream of a propeller.
Experimental data is presented demonstrating the presence of such losses and a
propeller configuration discussed which offers improved propulsive performance when

relatively highly loaded propellers arc employed.

Stoten, M. D. and Harvey, R. A. (1983) developed a new technology for the design of
each engine component and assessed the influences of some of the factors on
profitability. The regional airline operator has a unique set of requirements which
maximize his operating profit. For a new turboprop engine these can be trandated into a
set of design goals, which address operating cost in the context of a relatively small
airline operating a short-haul route network at high utilization rates. The PW-100 was
used as an example to show how design choices can be made on a new engine and how

future developments may allow enginesin this class to evolve.

29



Hirschkron and James (1984) evaluated (for NASA Lewis by General Electric Co.)
the merits of specia design features to provide a 2.5 minute contingency power rating,
permitting an engine size reduction. Twin helicopter engines are often sized by power
requirement of safe mission completion after the failure of one of the two engines. The
merits of water injection, cooling flow Modulation, throttle push and an auxiliary
power plant were evaluated using military life and commercial helicopter direct

operating cost merit factorsin a"rubber engine/rubber aircraft" scenario.

Mclntire, W. L. (1985) had improved power and fuel consumption of the T56 Series
IV turboprop engine. Development program was incorporated for the improvements
while retaining the long term durability and cost effective design of the T56 family. The
initial full-scale demonstration in this program confirmed a 10.5% reduction in specific
fuel consumption (sfc) and a power growth of 21% in the basic T56 frame. Continued
early demonstrations and development by IR& D, Navy funds, and Allison discretionary
funds showed a further (sfc) reduction to 13% and power increase of 28%.

Hirschkron, R. and Russo, C. J. (1986) conducted a study on turboshaft / turboprop
engines in a nominal 850 shp size to determine advanced technology payoff in typical
aircraft missions. Payoff was evaluated using a reference engine based on current
technology. The results indicated worthwhile areas of development in compressor and
turbine aerodynamic viscous codes, ceramic composite materials, and advanced
ceramic recuperators. An advanced simple cycle engine could demonstrated a 20% fuel
saving and a 24% Life Cycle Cost (LCC) reduction vs. current engines. An advanced
recuperative engine increases the fuel reduction potential to 37% but with a smaller
LCC improvement. An engine incorporating far term, post year 2000 technologies

could reach fuel saving reductions of 50%.

Becker, M. G. (1991) tested a modern turboprop system ‘Allison’ was selected to
provide the Propulsion System Package for the Saab 2000 aircraft and has used the
tools and facilities available to improve the overall aircraft quality. By using an early
nacelle in a large turboprop test facility, an early assessment of the engine/installation
compatibility can be made. A production configuration nacelle was installed and tested
both for system compatibility and endurance capabilities. This provided an early
assessment of the system and an opportunity for early "fixes' prior to problems
developing in the field that could lead to poor customer satisfaction and eventually

lower unit sales.
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Nitzsche, F. (1991) conducted a parametric study using a 15 degree of freedom model.
He emphasizes that it is not an easy task to develop a safe engine suspension for a
modern turboprop or propfan configuration The new aircraft configurations that have
two pusher propellers or propfans located at the rear fuselage are susceptible to a whirl-
flutter related instability characterized by a complex dynamic coupling involving not
only the propeller-nacelle whirl modes but also the natural modes of the supporting
backup structure. It was shown that the single-engine classical whirl-flutter formulation
does not correctly predict these particular situations of instability, which were called
whirl induced flutter. The main stiffness properties of both the supporting backup
structure and the engine mounting system are systematically changed and the
mechanism of the aforementioned phenomenon is explained on simple physica

grounds.

Nitzsche, F. (1994) investigated the feasibility of using the active control technique to
suppress the whirl-flutter instability of advanced turboprops. Aerodynamic vanes are
incorporated at the engine nacelle to generate control air-loads. The actuator system is
driven by a control law that is based on the Kalman filter estimation of the critical aero-
elastic modes of the structure. The results demonstrated that the compensator provides
enough controllability to prevent the whirl-flutter onset well beyond the design speed.
His study suggested that a very efficient vibration isolation in advanced turboprops may
be achieved both by optimizing the engine-propeller suspension in the actual flying

envelope and by employing the active control technique to deal with the safe margins.

Yuan-Hu et al. (1995) developed a new method for predicting the off-design
performance and the surge line of axial-flow compressors. In this method, the stall
points of stages were determined by generalized curves, which are derived from the
criterion of rotating stall based on the neutral condition of stability, and the off-design
characteristic of stages is calculated by a reasonable iterative method. The stage-
stacking method was adopted to obtain the off-design performance of a multistage
compressor. The surge line of the compressor was predicted with the "actuator-delay-
volume" model and the method of numerical integration. The results were found
satisfactory.

Klein (1995) has dealt in a general fashion with flow phenomena in diffusers, explain
problems the designer is confronted with and then discusses the results of tests

conducted on various combustor diffusers. In addition to the evidence available in the
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open literature, unpublished material of extensive research work carried out at MTU
(Motoren and Turbinen-Union Miinchen) was presented and future developments are
outlined. A short summary of CFD methods is included. Combustor diffusersin aircraft
engines are required to maintain stable and efficient combustion, to provide the turbine
nozzles with an acceptable temperature profile as well as with sufficient cooling air and
to minimize total pressure losses. Their importance was growing as compressor
discharge velocities increase and combustion requirements become more challenging.
In spite of the progress of computational fluid dynamics (CFD) in recent years, the

development of combustor diffusersis still mainly based on experimental work.

Campos et al. (1995) reviewed the longitudinal motion of an airplane, starting adive at
an arbitrary speed, and flown on a constant glide slope; this non-linear longitudinal
speed stability problem is solved analytically to provide groundspeed as a function of

time.

» Threerestrictions were made.
> Neglect of the short period mode.
» Low Mach number flight, i.e. omission of drag due to compressibility small

altitude change, so that the air density could be taken as constant.

The predicted stability curves were compared with flight test data obtained using a
CASA 212 Aviocar twin-turboprop transport. The flight data records showed that
lateral motion was negligible. The effects of wind were compensated and the possible
errors were estimated. An extension was made of the stability theory from still air to
account for the presence of winds; the latter were assumed not to exceed 30% of the
groundspeed. The comparison of the theoretical stability curves with flight test data can
be automated, as can the identification of the relevant data record. The disturbance
intensity can be used as a parameter which indicates the start and end of flight
manoeuvre. This parameter is defined as the relative lift change and for longitudinal
flight it can be obtained from the wind velocity, vorticity components and changes of
airspeed, angle-of-attack and vertical acceleration. It similarly has applications to

perturbations of a horizontal turn.

Tryon et al. (1996) have presented a case study in which structural reliability based
methodologies are used to assess cyclic fatigue life. The study involves the high
pressure turbine of a turboprop engine. The response surface approach is used to
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construct a fatigue performance function. This performance function is used with the
first order reliability method (FORM) to determine the probability of failure and
the sengitivity of the fatigue life to the engine parameters for the first stage disk rim
of atwo stage turbine. A hybrid combination of perturbation analysis and Monte Carlo
simulation is used to incorporate time dependent random variables. System reliability is
used to determine the system probability of failure, and the sensitivity of the system
fatigue life to the engine parameters of the high pressure turbine. The variation in the
primary hot gas and secondary cooling air, the uncertainty of the complex mission
loading and the scatter in the material data are considered. The analysis incorporates
standard modeling techniques used in the deterministic analysis of the fatigue life.

Hoheisel (1997) has contributed different aspects of engine airframe integration and
summarizes areas of concern for engine installation such as, engine development
trends, turbofan integration with respect to advanced engine concepts, programs and
investigations on propeller integration, application of theoretical methodsin particular
with respect to viscous effects, engine location, nacelle design and flow aspects as well

asjet flows.

Schiitze et al. (1998) have developed a lightweight engine mounting for turboprop
aircraft which allowed for active suppression of disturbing vibrations. It consists of an
advanced carbon fiber reinforced polymer (CFRP) truss structure based upon high-load
CFRP struts which enable an optimal integration of piezo-electric stack actuators. The
dynamic behaviour of the truss structure was analyzed by a 3D-simulation and the
optimal position of active struts was evaluated. The experimental results of static and
dynamic tests showed very good agreement with the analytical predictions. First
investigations of the active vibration suppression by means of a simple feedback
controller exhibited an excellent functionality of the adaptive structure and a promising

potential to future improvements.

Pantand Fielding (1999) have discussed the application of simulated annealing in the
conceptual design and optimization of twin-turboprop Commuter & Regional aircraft to
obtain the optimum configuration and flight profile of such aircraft for operation over a
given stage length. Generalized cost of travel incurred by a passenger for air travel
between two cities is considered as the objective function to be minimized. Generalized
cost is assumed to consist of four cost termsi.e., access codt, flight cost, time cost and

airport cost. A computational methodology was developed for the estimation of these
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cost terms for short-haul air travel, as a function of seventeen design variables and nine
constraints. A simulated annealing optimization method was coupled to this
methodology and a case study for short-haul business travel in Indiawas carried out. A
modified optimization strategy was adopted to reduce the overall computation time
required. The results obtained in this case study were discussed in the paper.

Xieand Haberland (1999) have developed the design system Visua CAPDA on the
basis of the former CAPDA system by evolutionarily introducing modern software
standards under the premise of maximum reusability of existing FORTRAN coded
methods. The new system plays the role of a workbench, which has to provide the
analysis methods and necessary data. Through a graphical user interface the application
of the system comes along as comfortable for the user as possible. In order to cover
turboprop aircraft, new modules with respect to cabin layout, propeller aerodynamic
and acoustic analysis, propeller dip stream, engine modeling, geometry modeling are
integrated into the design tool. The flexibility of the new system is demonstrated by
applying it to the configurational development of propeller aircraft, investigating actual
problems such as Twin or Quad, Turboprop or Turbofan and finaly, dealing with
typical optimization problems. Besides the conceptual configuration development of an
aircraft, a modern design tool should cover the evaluation of competitor aircraft, alow
the assessment of technological and operational scenarios and thus should have the

potential to right first time design.

Filippone (2000) has provided a synthetic and comparative view of selected aircraft
and rotorcraft (nearly 300) from past and present. It has been reported geometric
characteristics of wings (wing span, areas, aspect-ratios, sweep angles,
dihedral/anhedral angles, thickness ratios at root and tips, taper ratios) and rotor blades
(type of rotor, diameter, number of blades, solidity, rpm, tip Mach numbers);
aerodynamic data (drag coefficients at zero lift, cruise and maximum absolute glide
ratio); performances (wing and disk loadings, maximum absolute Mach number, cruise
Mach number, service ceiling, rate of climb, centrifugal acceleration limits, maximum
take-off weight, maximum payload, thrust-to-weight ratios). There are additional data
on wing types, high-lift devices, noise levels at take-off and landing. The data are
presented on tables for each aircraft class. A graphic analysis offers a comparative ook

at al types of data. Accuracy levels are provided wherever available.
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Coiro and Nicolos (2001) have developed experimental tools in his department and
devoted to aircraft design for low subsonic flow. These tools comprise numerical codes
for analysis, design and simulation, and experimental tests performed in our tunnel and
particularly devoted to light aircraft design. The importance of developing such toolsin
house was highlighted. Examples of light aircraft designed using such tools was
presented and some attention was paid to the design of a three-surface R/C model
aircraft and on the adaptation of numerical codes to the prediction of its behaviour in

the non-linear range of angles of attack.

Bousguet and Gardarein (2003) have presented the application of the CANARI (Code
for the Analysis Necessary for Arpege for Its Regjects and Its Initiaization) flow solver
to the computation of unsteady effects in the aerodynamic interaction of a high speed
propeller with the aircraft. The method is first validated on the APIAN (Advanced
Propulsion Integration Aerodynamics and Noise) isolated propeller test case by
comparison with experiment at M=0.7. The method is then applied to the time accurate
3D Euler computation of a generic transport aircraft at M=0.68. Analysis of the results
shows significant unsteady effects both on the propeller forces and on the wing

aerodynamic flows, by comparison with steady computations.

Kong et al. (2003) developed a steady state performance simulation program for a
turboprop engine and performance analysis was performed at uninstalled and installed
conditions. The analysis results were compared with performance data provided by
engine manufacturer and with analysis results by GASTURB program. It was confirm
that the developed program was reliable because the results by the developed program
were well agreed with those by GASTURB within 5%. Linear and nonlinear GPA (Gas
Path Analysis) programs for performance diagnosis were proposed, and selection of
optimal measurement variables was studied by using the programs. Multiple faults of
compressor, compressor turbine and power turbine, which may occur damages of the

engine, were al'so considered.

Levy et al. (2004) has developed thermodynamic relationship with the gas turbine
flameless oxidation. A detailed analysis of the different operational scheme options was
described. It is shown that the thermodynamic process and operational parameters
within the present low-NOy gas turbine combustor are principally different to those of
industrial furnace operating in the flameless oxidation mode of combustion. The project
was aimed to develop technology for clean and efficient gas turbines, operating at high
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temperatures. It is based on the technologically innovative combustion solution-
flameless oxidation. The investigation was directed towards the validation of
engineering feasibility of the flameless oxidation technology for the production of
operating pilot combustors that will demonstrate, advantages including among others,
improved performance relating to low NOy levels, maintaining uniform combustor wall
temperatures, uniform fuel stream injection and more, resulting in an increased mean
time between failure and reliability of the gas turbine. Combustion chambers for gas
turbines and jet engines differ from conventional industrial furnace design by being
‘adiabatic’ (without heat extraction inside the combustor) and by operating at elevated
pressures.

Pathak et al. (2005) analyzed the performance of a gas turbine cycle at various off-
design conditions by using a matching technique. They developed a computer code
from the available algorithm and made flexible by using a multidimensional regression
package. The equilibrium running line was generated to compare its trend with the
available results. The prediction of some important parameters of the cycle like specific
fuel consumption (SFC), compressor work, power output, compressor efficiency, gas
generator (GG) turbine inlet temperature are made at various equilibrium running
condition at various off-design condition.

L épez-Diez et al. (2005) The improvement of the front end area of the TP400D6 motor
for the A400M military transport aircraft has been a standout amongst the most difficult
points of the plan of this motor. Further, they portray the discoveries and conclusions of
the work performed amid the diverse periods of the procedure: the pre-advancement
stage, the applied stage and the detail configuration phase.

Gaertner (2005) has dealt with two tasks within the development and production of
MTU Aero-Engines (German Aircraft Engine Manufacturer). The development of
application-software for the engine-control unit together with the complete
development of the engine monitoring unit has been done. The aerodynamic and
structural design aspects for a five stage intermediate pressure compressor have also

been devel oped. Both tasks comprise the design-work for the individual components.

Raghunathan et al. (2006) have reviewed the current state of art in system engineering
approach to aircraft design and identify some of the major challenges, the current state

of the art and visions for the future. The review moves from an initial basis in
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traditional engineering design processes to consideration of costs and manufacturing in
this integrated environment. Issues related to the implementation of integration in
design at the detailed physics level are discussed in the case studies. The challenge in
Aerospace Engineering, in the next two decades as set by Vision 2020, is to meet the
targets of reduction of nitric oxide emission by 80%, carbon monoxide and carbon
dioxide both by 50%, reduce noise by 50% and of course with reduced cost and
improved safety. All this must be achieved with expected increase in capacity and
demand. Such a challenge has to be in a background where the understanding of
physics of flight has changed very little over the years and where industrial growth is
driven primarily by cost rather than new technology. The way forward to meet the
challenges is to introduce innovative technologies and develop an integrated, effective
and efficient process for the life cycle design of aircraft, known as systems engineering
(SE). The key contribution of the paper will be to review this formalization and to
present the very latest knowledge and technology that facilitates SE theory. Typically,
research into SE provides a deeper understanding of the core principles and interactions
and helps one to appreciate the required technical architecture for fully exploiting it asa
process, rather than a series of events. There are maor issues as regards to systems
approach to aircraft design and these include lack of basic scientific practical models
and tools for interfacing and integrating the components of SE and within a given

component, for example, life cycle cost, basic models for linking the key drivers

Meherwan P. Boyce (2006) has discussed the performance of gas turbines and the
mechanica standards used for them. The American Society of Mechanical Engineers
(ASME) performance test codes are written to ensure that tests are conducted in a
manner that guarantees that all turbines are tested under the same set of rules and
conditions to ensure that the test results can be compared in a judicious manner. The
mechanica standards and codes have been written by both the ASME and American
Petroleum Institute (API). The ASME PTC 46 1996 code is written to establish the
overall plant performance. Power plants that produce secondary energy output, such as
cogeneration facilities, are included within the scope of this code. The PTC 46 has been
designed to determine the performance of the entire heat cycle as an integrated system.
The PTC 19.1 1988 code specifies procedures for the evaluation of uncertainties in
individual test measurements, arising from both random errors and systematic errors,

and for the propagation of random and systematic uncertainties into the uncertainty of a
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test result. The object of the ASME PTC 22 1997 code is to detail the test to determine
the power output and thermal efficiency of the gas turbine while operating at the test
conditions, and correcting these test results to standard or specified operating and
control conditions. The tests of gas turbines with water or steam injection for emission
control and/or power augmentation are also included. The tests can be applied to gas

turbines in combined cycle power plants or with other heat recovery systems.

F.W Geels (2006) dealt with system innovation in Freeman and Perez's innovation
typology (incremental, radical, system, and techno-economic paradigm) and
conceptualizes these changes as transitions from one socio-technical system to another.
These transitions are co-evolution processes that are not only about technological
discontinuities, but also about markets, user practices, regulation, culture, infrastructure
and science. To understand transitions, these insights are combined in a multi-level
perspective, consisting of niche, regime and landscape levels. Transitions come about
when co-evolutionary dynamics at these three levels link up and reinforce each other.
The perspective is illustrated with a historical case study: the transition from aviation
systems based on propeller-aircraft to aviation systems based on turbojet aircraft
(1930-1970). The case study provides not just an evolutionary economic anaysis of
technological change, but aso deals with the long-run evolution of technology and the
SOCi0-economic system.

Lemoult et al. (2007) dealt with the noise that is emitted from the exhaust of these
engines. The two noise sources suspected that are direct and indirect combustion noise.
Direct noise is the noise due to the flame and its possible interaction with the
combustion chamber, whereas indirect noise is generated when turbulence and
temperature eddies are convected through the turbine blade rows. The study focuses on
the propagation of direct combustion noise trough turbine stages and generation of
indirect combustion noise. Since the acoustic wavelength is much higher than the blade
dimensions in Turbomeca turbines due to low studied frequencies and high
temperatures (i.e. high speed of sound), analytical models based on actuator disc
assumptions are developed. After a presentation of these models, the paper presents the
investigations made in the case of the transmission and reflection of an acoustic wave
through a representative turbine distributor. In particular, analytical models are
compared to ACTRAN numeric calculations. This study demonstrates the ability to

predict noise in Turbomeca with the very simple actuator disc model. The influence of

38



the blades themselves is weak and the blade row response is mainly due to the velocity
mismatch on both sides.

Adel Ghenaiet and Tayeb Boulekraa (2009) describes an approach that gives the
freedom to select or optimize the design of new turboprops to match the power
requirements of a propeller-drivenL100-30 aircraft powered by four turboprops, for
which flight performance and a diagram of constraints were established. In such
therma systems, the Pareto solutions provide more insights into the competing
objectives: the minimum power spefic fuel consumption can be directly translated

into increased range and payload, whereas, the high spdit power leads  to reducing
engine size, weight, and installation losses. Three configurations of turboprops included
a single-spool fixed turbine, a single-spool free turbine, and a twin-spool fixed turbine
that were modeled within the developed engine performance analyzer. The obtained
results based on the model of aircraft have indicated that we could preserve the
diversity of non-dominated individuals and the quality of the Pareto front, and the

decision variables related to the propulsion cycle could be determined easily.

Tie-lin and Dong-li (2009) have established a relationship between multidisciplinary
design optimization (MDO) for aircrafts and the large-scae system theory was
expatiated. Using the large-scale system theory, the system was decomposed gradually
based on the different classification standards and the system characteristics. At the
same time, the MDO methods for aircrafts were classified according to the
decomposition-coordination method of the large-scae system theory. The theory
background and applicable range of each algorithm were elucidated. Aircraft design
system isatypical engineering large-scale system, and the basic of MDO for aircraftsis
the large-scale system theory. Therefore, the large-scale system theory and MDO for
aircrafts should be studied simultaneously to improve the MDO.

Viet Van Pham et al. (2010) presented an aviation emission inventory using real time
air traffic trgjectory data. An up to date and accurate aviation emission inventory is a
prerequisite for any detailed analysis of aviation emission impact on greenhouse gases
and local air quality around airports The reported inventory is in the form of a 4D
database which provides resolution of (1x1x1000) feet for temporal and spatial
emission analysis. The inventory is for an ongoing period of six months starting from
October 2008 for Australian Airspace. In this study we show 6 months of data, with
492,936 flights (inbound, outbound and over flying). These flights used about 2515.83
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kt of fuel and emitted 114.59 kt of HC, 200.95 kt of CO, 45.92 kt of NOx, 7929.89 kt
of CO2, and 2.11 kt of SOx. From the spatial analysis of emissions data, we found that
the CO2 concentration in some parts of Australia is much higher than other parts,
especialy in some major cities. The emission results also show that NOx emission of
aviation may have a significant impact on the ozone layer in the upper troposphere, but
not in the stratosphere. It is expected that with the availability of this real time aviation
emission database, environmental analysts and aviation experts will have an
indispensable source of information for making timely decisions regarding expansion
of runways, building new airports, applying route charges based on environmentally
congested airways, and restructuring air traffic flow to achieve sustainable air traffic
growth.

Schertz et al. (2010) have studied CFD (Computation fluid dynamics) to perform on
two-dimensional wing sections in transonic, viscous flow to investigate the effect of jet-
wing on propulsion efficiency and the flow field, determine design changes for
achieving efficient distributed propulsion, and investigate the effect of jet-flaps with
small jet deflection angles on aerodynamic parameters. The jet-wing distributed
propulsion can give propulsive efficiencies on the order of turbofan engine aircraft and
if the trailing edge of a conventional Outboard airfoil is expanded, efficiency can be
increased by 7.5%. An increase in propulsion efficiency was achieved without
expanding the trailing edge for a thicker Inboard airfoil. Distributed propulsion is the
idea of redistributing the thrust across the drag producing elements of a vehicle. Our
configuration has a modest number of engines with part of the exhaust flow vented
from thick trailing edges of the wings to cancel the local profile drag and the rest of the
exhaust flow providing thrust to cancel the induced drag and drag of the fuselage and

tails.

Yunos (2011) has evaluated the actual performance of turboprop engine. The
performance evaluation is also important for the development, of preliminary
requirements for the engine test cell. Faculty of Mechanical and Manufacturing
Engineering, Universiti Tun Hussein Onn Malaysia (UTHM) has acquired a Pratt and
Whitney PT6A-20 turboprop engine to be used in its aeronautical engineering
technology programme. However, to fully utilize the engine, a solid familiarity with its
current performance and a proper testing arrangement are important. The main concern

on the engine is the age of the engine and lack of information on its previous
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performance. A better performance investigation and testing can be conducted in an
engine test cell. Altogether, a total of three engine tests were performed by varying
engine speed from 55 percent rpm to 75 percent rpm. Performance data obtained
include the engine's torque, propeller speed, fuel flow rate, and inter-turbine
temperature. They were captured by using data acquisition software from Aero Train
Corp. An averaging was done to the data in order to study engine shaft horsepower,
specific fuel consumption, and thermal efficiency. From the result of manual
calculation, the engine can produce power up to 34.8 kW while running at 75 percent
rpm. The specific fuel consumption is 7.07 kg/kW-hr while the thermal efficiency is at
1.19 percent. On the other hand, the data acquisition system shows that the engine
managed to deliver 89.5 kW of power, 3.15 kg/kW-hr of specific fuel consumption and
thermal efficiency of 19.5 percent. It was found that the results of manual calculation
were significantly lower than the percent different in specific fuel consumption.
Although the current engine performance is acceptable and satisfactory to be used for
aircraft propulsion education, a safer and more reliable testing arrangement is till
needed. Considering that a proper test facility will be essential to obtain a highly
accurate result on the engine performance, an engine test cell was proposed to be built.
The test cell was proposed to be an indoor test cell and it was planned to accommodate
engine testing on small turboprop engine with power range between 200 to 450kW.

Andriani et al. (2011) developed a thermodynamic code that simulates the behaviour
of a gas turbine engine at different engine and operating conditions. They presented the
main results obtained with the code, simulating the behaviour at take-off and cruise of a
turboprop engine in which both intercooling and regeneration are introduced. The
reduction of fuel consumption and pollutant emissions has become one of the main
requirements of modern gas turbine aero engines. To pursue this aim engineers are
developing new techniques to improve the efficiency of the thermodynamic cycle of
new engines. In particular the attention was focused on the possibility to introduce
practices as heat regeneration and staged-intercooled compression process on these
engines. These techniques, that change considerably the engine working cycle features,
are well known and widely used in ground based power plants, but until now they have
not been transferred on aero engines, mainly for extra weight and size problems.

However these problems now seem to be overcome by new technology, and the

41



possibility to have intercooled-regenerated gas turbine engines on an aircraft has
becomereal.

Gohardani et al. (2011) highlighted the role of distributed propulsion technology for
future commercia aircraft. After an initial historical perspective on the conceptual
aspects of distributed propulsion technology and a glimpse at numerous aircraft that
have taken distributed propulsion technology to flight, the focal point of the review is
shifted towards a potential role this technology may entail for future commercial
aircraft. Technological limitations and challenges of this specific technology are also
considered in combination with an all electric aircraft concept, as means of predicting
the challenges associated with the design process of a next generation commercial
aircraft.

Rahman et al. (2011) presented the parametric study of thermodynamic performance
on gas turbine power plant. The variation of operating conditions (compression ratio,
turbine inlet and exhaust temperature, air to fuel ratio, isentropic compressor and
turbine efficiency, and ambient temperature) on the performance of gas turbine (thermal
efficiency, compressor work, power, specific fuel consumption, heat rate) were
investigated. The analytical formula for the specific work and efficiency were derived
and analyzed. The programming of performance model for gas turbine was devel oped
utilizing the MATLAB software. The results show that the compression ratio, ambient
temperature, air to fuel ratio as well as the isentropic efficiencies are strongly influence
on the thermal efficiency. In addition, the thermal efficiency and power output
decreases linearly with increase of the ambient temperature and air to fuel ratio.
However, the specific fuel consumption and heat rate increases linearly with increase of
both ambient temperature and air to fuel ratio.

Povazan, J. et al. (2012) presented the basic description of turboprop engines as a
specia class of turbine engines — advanced approaches in its modeling and control. A
brief description of analytical and experimental approaches in modeling of individual
parts of the engine with description of their thermo-dynamics and states were
introduced by them. Such engines are systems with two degrees of freedom and
demand advanced control algorithm in case of control with single control lever. It also
extant the design of such control algorithm with perspective use of advanced control
methods. Such approaches will increase efficiency, fuel consumption, safety and

control comfort for the pilot.
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Filho et al. (2012) has described a turboshaft nonlinear dynamic model and its control
system used for electric power generation. The dynamic modeling of the gas turbine
was developed in a modular form considering each engine component, in such a way
that the dynamic equations describe the real conditions of operation during start up,
load change, shutdown and steady state regimes. The control strategy seeks to operate
in the regions of best performance, keeping the prescribed reference speed, while
protecting the engine operation from surge, flameout, over speed and overheat.
Simulation results are presented for normal operating conditions and under the effect of

disturbances, observing the control action of the turboshaft.

Leeet al. (2013) have investigated the S-shaped diffuser which connects the exit of the
compressor to the inlet of the combustion chamber of the Allison 250 gas turbine using
the Shear-Stress Transport turbulence model (SST) and the commercial code ANSY S
CFX. The diffuser geometry includes an initia conical diffuser which smoothly
transitions into a constant cross-section S-duct. The numerical model and setup were
validated using both in-house processed experimental data and experimental data from
the literature on a similar geometry. The stream-wise velocity profile was observed to
flatten in the initial divergent section, and then the region of the flow with the highest
velocity is pushed toward the outer surface of the first bend, with a secondary-flow in
the plane of the cross-section. This distortion of the stream-wise velocity intensified
when the inlet turbulence intensity was decreased or when the Reynolds number was
increased. An increase of the Reynolds number also trandated into higher static
pressure recovery potential and lower wall friction coefficients. Six variations of the
diffuser geometry were considered, all having the same total cross-sectional area ratio
and centreline offset. The qualitative results were the same as those of the Allison 250
diffuser, but unlike the base geometry, all the considered variants showed separated-
flow regions (and reversed-flow regions in some cases) of different sizes and at
different locations. The performance indicators for the Allison 250 S-shaped diffuser
were the highest overall. Most interestingly, the current duct geometry outperformed its
variant with a cross-sectional area expansion extending over its entire length, which is

the most common inlet duct configuration.

Hassan et al. (2013) presented an experimental investigation of the Heat Transfer
Coefficient (HTC) performance of a Micro-Tangentia-Jet (MTJ) Film cooling scheme

on a gas turbine vane using transient Thermo chromic Liquid Crystal (TLC) technique.
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The MTJ scheme is a micro-shaped scheme designed so that the secondary jet is
supplied paralld to the vane surface. In order to supply the jet in a direction parallel to
the vane surface, extra material was added on both pressure and suction sides. The film
cooling performance of one row of holes on both pressure and suction sides were
investigated at a blowing ratio ranging from 0.5 to 1.5 on the pressure side and 0.25 to
0.625 on the suction side, calculated based on the MTJ scheme exit area. The average
density ratio during the investigations was 0.93, and the Reynolds number was 1.4E+5,
based on the free stream velocity and the main duct hydraulic diameter. The pitch to
diameter ratio of the cooling holesis 5 on the pressure side and 6.5 on the suction side.
The turbulence intensity during all investigations was 8.5% and was measure two
chords upstream the vane leading edge using the PIV technique. The investigations
showed that the increase in the HTC ratio due to the presence of the MTJ scheme is
very close to that resulting from the presence of normal traditional shaped schemes on
the pressure side. Meanwhile, a reduction in the HTC ratio is recorded on the suction
side. Such performance is attributed to the small overall height of the scheme which
helped keep the resulting turbulence to a minimum. Moreover, the HTC distribution
downstream the MTJ scheme is uniform in the lateral directions which helps minimize
the thermal stresses. The Net Heat Flux Reduction (NHFR) parameter is used to judge
the overall performance of the MTJ scheme. The NHFR represents a combination of the
effects of both the cooling effectiveness and the HTC. Great enhancement in the NHFR
performance of the MTJ was observed compared to traditional shaped schemes. With
the current MTJ scheme design and dimensions and under the previously mentioned
Reynolds number and turbulence intensity it was observed that a blowing ratio close to
unity, calculated based on the scheme exit area, provides an optimal film cooling

performance on both pressure and suction sides.

Villace and Paniagua (2013) deduced the engine thermal and airframe transfer
effectivenesses based on thermodynamic availability, related to the overall losses of the
thermally integrated vehicle for a given mission. The engine overall effectiveness,
derived from the propulsive efficiency and the engine thermal effectiveness, was found
to be a generalization of the Breguet equation. The developed methodology was
demonstrated in a combined cycle engine operating at flight speeds from Mach 2.5to 5.
In particular, the propulsive efficiency, thermal effectiveness, tota loss and

subcomponent losses were evaluated using the common framework of thermodynamic
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availability. Air-breathing engines are utilized in the hypersonic regime through
thermal integration of the fuel into the propulsive cycle, which improves the efficiency
by recovering thermal energy from the free stream and the aero-shell. The classica
efficiency figures based on first principle analyses are inaccurate performance

indicators of the resulting combined cycle.

Aydmn et al. (2013) presented the exergetic sustainability indicators of the turboprop
engine for eight flight phases. The results show that exergetic efficiency approaches a
maximum value (29.2%), waste exergy ratio (70.8%), exergetic destruction ratio (0.41)
and environmenta effect factor (2.43) become minimum values, whereas exergetic
sustainability index approaches a maximum value (0.41). The phases of taxi and
landing for the turboprop aircraft have minimum exergy efficiency (20.6%) and
minimum exergetic sustainability index (0.26). Accordingly, the exergetic efficiency,
waste exergy ratio and exergetic sustainability index of the aircraft are reasonably well
in the climb, maximum cruise/continuous, normal/maximum take-off and APR
(automatic power reverse) phases. Finally, it is supposed that studying exergetic
indicators for an aircraft enables how much improvement is possible for aircraft engines
to achieve better sustainable aviation. One of the key challenges for sustainable aviation
is to reduce global and local environmental impacts. The scope of this study is analyzed
and discussed in detail for better understanding of sustainability performances of a

turboprop aircraft.

Balli and Hepbadli (2013) assessed the performance of T56 turboprop engine using the
exergo-economic, sustainability and environmental damage cost analysis methods at
different power loadings. The unit exergy cost of the shaft power decreases from 76.34
$/GJ at 75%-mode to 58.32 $/GJ at Takeoff-mode due to increasing the shaft power.
The unit exergy cost of the kinetic exergy increases 599.43 $/GJ at 75%-mode to
666.76 $/GJ at Takeoff-mode because of the unit exergy cost of the exhaust gaseous
with the increase in the fuel flow. The sustainability analysis indicates that the gas
turbine has the highest sustainability index. Increasing the fuel flow rate raises the
environmental pollutants and the environmental damage cost rate. The environmental
damage cost rates of the engine are calculated to be 423.94 $/h at 75%-mode, 576.97
$/h at 100%-mode, 634.93 $/h at military-mode and 665.85 $/h at Takeoff-mode. The
total cost rate consists of the sum of the fuel cost, the capital investment cost, the

operating and maintenance costs, and the environmental damage cost. The total cost
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rates of the engine are determined to be 1702.59 $/h at 75%-mode, 2100.26 $/h at
100%-mode, 2220.42 $/h at military-mode and 2284.50 $/h at Takeoff-mode.

Ujam, A. J. (2013) developed a red-time turbojet engine integrating aero-
thermodynamics together with principles of jet propulson and inters component
volume dynamics represented in 1-D non-linear equations. As jet engines are required
to operate at a higher rpm for the same thrust values in cases such as aircraft landing
and military loitering. High rpm reflects higher efficiency with increased pressure ratio.
This work was focused on performance characteristics of turbojet with reduced inlet
pressure to the compressor engine. Specific fuel consumption, specific thrust,
component pressure ratios, therma and propulsive efficiencies are the performance
parameters of the engine that were analyzed on the model with reduced inlet pressure
for the real-time test cases of desired thrust range. A flow control mechanism that
produces a pressure drop across inlet was assumed and the analyses were carried out
with reduced compressor inlet pressure for matching thrust. The result of the findings
showed that with increase in shaft rpm, pressure and temperature ratio values across the
compressor turbine assembly increases. Performance parameters of the engine are

analyzed with the increase in compressor pressure ratio and shaft rpm.

Ahmed, A. M and Tariqg, M. (2013) presented work on the parametric study of a gas
turbine cycle model power plant with intercooler compression process and regeneration
turbine. The thermal efficiency, specific fuel consumption and net power output are
simulated with respect to the temperature limits and compressor pressure ratio for a
typical set of operating conditions. Simple gas turbine cycle calculations with realistic
parameters are made and confirmed that increasing the turbine inlet temperature no
longer means an increase in cycle efficiency, but increases the work done. Regenerative
gas turbine engine cycle was presented that yields higher cycle efficiencies than simple
cycle operating under the same conditions. The analytical formulae about the relation to
determine the thermal efficiency were derived taking into account the effected
operation conditions (ambient temperature, compression ratio, intercooled
effectiveness, regenerator effectiveness, compressor efficiency, turbine efficiency, air to
fuel ratio and turbine inlet temperature). The analytical study was done to investigate the
performance improvement by intercooling and regeneration. The analytical formula for
specific work and thermal efficiency are derived and analyzed. The simulation results
showed that increasing turbine inlet temperature and pressure ratio can still improve the
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performance of the intercooled gas turbine cycle. The power output and thermal
efficiency are found to be increasing with the regenerative effectiveness, and the
compressor and turbine efficiencies. The efficiency increased with increasing the
compression ratio to 5, then efficiency decreased with increased compression ratio, but
in simple cycle the thermal efficiency always increases with increased in compression
ratio. The increased in ambient temperature caused decreased thermal efficiency, but

the increased in turbine inlet temperature increase thermal efficiency.

Mohammed Jasim Mohammed and Tarig, M. (2014) developed software for
calculating thermal efficiency and power output of a reheat and regenerative cycles
which was used to calculate the various parameters of a combined gas turbine cycle.
The temperature after reheating assumes to be reaching at the same temperature of HPT
inlet. The combination of the reheat and regenerative cycle was taken and the
thermodynamic analysis was performed using MATLAB 10 software. The parameters
were selected in the well defined range for overal pressure ratio, turbine inlet
temperatures and ambient temperature. The cycle performed the analysis for various
regenerative effectiveness and it was found that the thermal efficiency increases on
increasing the regenerative effectiveness and the heat required in the burner decreases
for higher regenerative effectiveness.

Rana Adil Abdul-Nabe and Tariq, M. (2014) developed software in “C++” which
was capable of predicting engine dependent parameters for turbojet engine at varying
independent parameters. The work was based on detailed parametric thermodynamic
analysis of the single spool turbojet engine with transpiration air cooling techniques for
turbine. The analysis was carried out by selecting models for different components of
engines which included the application of a gas turbine engine for a single spool
turbojet engine. As the design and operation theories of the components used in the jet
engines are complicated, the complexity of thermodynamic analysis makes it
impossible to mathematically solve the optimization equations involve in turbojet
engine cycle. It was expected that these tools would help in predicting the performance
of individual components such as compressors, combustion chamber, turbine, nozzle
etc. In conventional configurations, the high temperature and high pressure gas expand
through the turbines which provide just enough power to drive the compressor and
other engine auxiliaries. Further expansion of the gases takes place in the nozzle to

produce the high speed jet. Transpiration cooling technique was taken for the turbine
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blade in their analysis. Also the amount of the air bled from the high pressure
compressor as a fraction of the mainstream flow was calculated. The cooling of turbine
blades (first stator only) was also examined at various altitudes and Mach numbers for

the various configurations of turbojet and turbofan engines.

Armendariz et al. (2014) focused on the response of the structure after the break of a
propeller blade until the end of the phenomenon. The detached propeller blade is also
studied in terms of the size that is lost and its influence on the system behaviour.
Moreover the effects of stiffness and strength changes on the engine mounting system
are analyzed. The research covers different parameters which can influence the
phenomenon, including flight condition, propeller rotational frequency, and angular
position where the blade is lost. The engine and the engine mounting system have been
modeled in a finite element method (FEM). The simulations are run in an explicit
solver and the ssmulation methodology includes failure of elements and non-linear
behaviour .One of the most severe failuresin an aircraft provided with turbopropsis an
airscrew blade loss. Design precautions must be taken to minimize the hazards to the
airplane in the event of a propeller blade failure. One of the hazards which must be
considered includes structural damage, and the airplane must be designed for the
imbalance loads resulting from the failure. The structure must absorb the dynamic loads
while the rest of the aircraft continues flying. If the energy of the phenomenon
increases until it behaves uncontrollably, the engine could be detached from the
structure. There must be devices which react to decrease the risks of critical failure for
the rest of the structure.

Tariq, M. (2014) presented a regenerative gas turbine engine cycle that yields higher
cycle efficiencies than smple cycle operating under the same conditions. The power
output, efficiency and specific fuel consumption are simulated with respect to operating
conditions. They determined the thermal efficiency taking into account the effected
operating conditions (ambient temperature, compression ratio, regenerator
effectiveness, compressor efficiency and turbine inlet temperature). Model calculations
for a wide range of parameters are presented, as are comparisons with simple gas
turbine cycle. They found that the power output and thermal efficiency increases with
the regenerative effectiveness, and the compressor efficiency. The efficiency increases
with increasing the compression ratio to 15, then efficiency decreased with increased

compression ratio, but in simple cycle the thermal efficiency aways increases with
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increased in compression ratio. The increased in ambient temperature caused decreased
thermal efficiency, but the increased in turbine inlet temperature increase thermal

efficiency.

Yi Guang Li (2015) developed a novel gas turbine performance estimation method
using engine gas path measurements to predict and track engine performance
parameters at different ambient, flight, degraded, and part-load operating conditions.
The method was based on the influence coefficient matrix of thermodynamic
performance parameters of gas turbine engines and the Newton—Raphson mathematical
algorithm. Contrary to the conventional gas turbine off-design performance predictions
where component characteristic maps are essential, it has the advantage that no
component characteristic maps are required for the predictions and, therefore, it is
relatively simple thermodynamically, fast in calculation, and desirable in engineering
applications. It is able to make important in visible performance parameters visible to
gas turbine users, which is a useful complement to current engine condition monitoring

techniques.

Sheng et al. (2016) designed an integrated controller on the basis of Matlab/Simulink,
which can realize the entire process control of the engine from start-up to maximum
power till stop. At the end, on the basis of RT-LAB platform, the real-time digital
simulation of the designed control system was studied, different regulating plans were
tried and more ideal control effects have been obtained. They studied the real-time
digital simulation of turboprop engine control system. The architecture, work principles
and external interfaces of RT-LAB real-time simulation platform are introduced firstly.
Then based on a turboprop engine model, the control laws of propeller control loop and
fuel control loop were studied reduce development cost, shorten development cycle and

avert testing risks.
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2.4 Research Gap

Gone through various literatures, it is found that the analysis of turboprop engine has
not been done using advanced software. The data availability, required output accuracy,
plays important roles in the selection of the appropriate model. Therefore, the results
published by the literatures are limited and analysis has been performed for particular
parameters. It is also found that the cooling of the turbine blade is a major parameter to
consider for improving the efficiency and life of the turbine blade. In the present work,
genera software in Matlab 14 has to be developed which will optimize the input
parameters of turboprop engine for better efficiency.
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CHAPTER 3
3.MATERIALSAND METHOD

Traditionally, in gas turbine performance simulation, an engine thermodynamic
performance model may be set up first at a chosen “design point”, where the
performance information such as compressor pressure ratios, compressor isentropic
efficiencies, turbine inlet temperature, turbine isentropic efficiencies, airflow rate, etc of
the engine at this specific operating points are given and the engine design point
performance is calculated. The performance of the engine at off-design conditions (i.e.,
at different ambient, flight conditions or at different power levels) can be predicted by
using thermodynamics, empirical component maps and mathematical algorithms to
achieve a new engine thermodynamic equilibrium condition, where the continuity of
mass, momentum and energy is satisfied. With the development of advanced gas
turbine thermodynamic performance modeling techniques such as off-design
performance simulation has been very successful as long as the engine component
characteristic maps are accurate and kept unchanged during engine operation. However,
prediction errors for individual engines may appear even for the same fleet engines due
to manufacturing and assembly tolerance and even for the same engines when their
performance degrades during their operation. This is because of the difference between
the component characteristic maps used in the performance models and those of real

engines.

3.1 MODELING OF TURBOPROP ENGINE CONFIGURATIONS
In the present work the configuration used for turboprop engine is listed below. The
schematic and T-s diagram of respective configurations are al'so given in the following

articles.

3.1.1 Mathematical Modeling

In case of air breathing engines when engine has to fly at different altitudes the
ambient air property namely pressure and temperature as a function of altitudes
should be modeled. These models are discussed below.

3.1.1.1 Atmospheric M odel
Cycle performance at an altitude for jet engine, it is needed to know the variation of
ambient pressure and temperature with height above sea level. The variation depends,

to some extent, upon the season and latitude, but it is usual to work with an average or
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standard atmosphere [66]. The International Standard Atmosphere (I1SA) corresponds
the average of values at middling latitudes and yields that the temperature decreases
atitude up to 11000 m after which it is constant until 25000 m. Above this height the
temperature starts to increase again slowly. Once the temperature is known, the
variation of pressure follows the laws of hydrostatics. However, actual ambient
conditions can vary widely from |.S.A. It may be noted that for a given speed the Mach
number will rise with altitude up to 11000 m because the temperature is falling as

shown in the figure 3.1.

The level of ambient pressure at a point defines the pressure altitude. As per the
ISA, pressure altitude is not set by the elevation of the point above sealevel.

Pressure falls exponentially from sea level value of 1.01325 bar to 0.035339 bar
at 30000 m as shown in figure 3.2.
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Fig. 3.1 Variation of ambient temperature with altitude for 1 SA [55]
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3.1.1.2 GasModel

The thermodynamic properties of air and gases are the function of temperature. The
specific heat is the function of temperature and hence it varies with temperature.
Following equations are used to calculate the gas constant as a function of specific

heats of air and gas.

R =7C—_1Cpc 3.1.1
Ve

rR=V"1c, 3.1.2
7

Speed of sound will be given by,

8 =+7:.R.0: Ty 3.1.3

Absolute velocity of jet/air is given by,

V, =a,M, 314
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3.1.2 Modeling of individual components

In order to carry out the thermodynamic analysis for predicting the performance of a
turboprop engine, it is necessary to model its various components at a given operating
conditions. Now modeling of various components of turboprop engine has been

generated.
Following are the various components of turboprop engine.

Turboprop Engine Components

1. Inlet/Diffuser
Propeller and Compressors
Combustion Chamber / Combustor

Gas turbines

o~ w0 DN

Nozzle

Modeling of the above mentioned five components are taken up in the following

sections.

3.1.2.1 Intake/Diffuser

The intake in the turboprop engine is an important part and has a significant effect on
engine efficiency and aircraft safety. The focus is to minimize the pressure loss up to
the propeller inlet and ensure that the flow enters the compressor with a uniform
pressure and velocity, at given altitude. Non-uniform or distorted flow may cause
compressor surge which can result in either engine flame-out or severe mechanical
damage due to blade vibration induced by unsteady aerodynamic effects. Even with a
well-designed intake, it is difficult to avoid some flow distortion during rapid

manoeuvring.

Current designs of compressors require the flow to enter the first stage at an axial Mach
number in the region of 0.4 to 0.5. Subsonic aircraft will typically cruise at a Mach
number in the range 0.8 to 0.85, while supersonic aircraft may operate at speeds from
Mach number 2 to 2.5. At take-off, with zero forward speed, the engine will operate at

maximum power and air flow.

The intake is the duct through which free stream air enters in the engine. The intake
can be a convergent duct for subsonic engine. The duct for the turboprop engine is
rounded at the entrance in order to avoid flow separation and aerodynamic |osses.

The intake would thus follow an isentropic process. Thus it may be thought of as a
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compressor with no moving parts. The stagnation temperature is constant although
there will be aloss of stagnation pressure due to friction and due to shock waves at

supersonic flight speeds.

At very low forward speeds, the intake acts as a nozzle in which the air accelerates
from zero velocity or low velocity Vi to V.at the intake exit and hence at compressor
inlet. At normal forward speeds, however, the intake performs as a diffuser with the air

decelerating from V; to V, and the static pressure rising from P;to P,.Since it is the

stagnation pressure at the compressor inlet which is required for cycle calculations, it is

the pressure rise (py, — p4) Which is of interest and which is referred to as the ‘ram
pressurerise’. At supersonic speedsit will comprise the pressure rise across a system of
shock waves at the inlet followed by that due to subsonic diffusion in the remainder of
the duct.

Ram action takes place in diffuser. The concept of intake efficiency (n;) isincorporated
in the model to account for the inefficiency of diffuser caused by aerodynamic |osses.
The intake efficiency can be expressed in a variety of ways, but the two most
commonly used ways are the ‘isentropic efficiency n; (defined in terms of temperature
rises)’ and the ‘ram efficiency 7, (defined in terms of pressure rises)’. The ram

efficiency is defined by the ratio of the ram pressure rise to the inlet dynamic head and

can be expressed as

Mo = 222 3.15
While isentropic efficiency of diffuser is expressed as

N, =i 316

Tpe—Ty

where, T';, is the temperature that would have been reached after an isentropic ram

compression to p,;
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Isentropic efficiency (n;..) can be regarded as the fraction of the dynamic temperature

which should be required for isentropic compression in the intake. Ram

efficiency (1,.,) Can be shown to be almost identical in magnitude to n;.. and these
are interchangeable.
Though 1,.,, IS easier to measure experimentaly, it has no advantage over n;_.,, and

the latter is used here for the calculation. They both suffer equally from the drawback of

implying zero stagnation pressure loss when V; is zero, because then ppﬂ =1 and

P, = Pgy- Thisis not serious because under these conditions the average velocity in the

intake is low, and the flow is accelerating, so that the effect of friction isvery small.
Theinlet and exit conditions of diffuser are expressed by,

Atinlet,

Tos _ [1 + (Yc_—ij_mz] 3.17
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The intake efficiency will depend upon the location of the engine in the aircraft (in
wing, pod or fuselage), but here it is assumed a constant value for subsonic intake. In

practice, neither n,. nor n, is used for supersonic intakes and it is more usual to quote

the values of stagnation pressure ratio == as a function of Mach number where, =% is

Poy Pops

also known as pressure recovery factor of the intake.

Ye

Fp— - (TT—]‘ for M < 1 318

At exit,

Ty = Toy 3.19
Te

Poz — [1 +na. (). ME]""E“- 3.1.10

For the definition of the total enthalpy and total pressure, it can be expressed as

r

7, =1+ 7" Im2
2 3.1.11

e/ (7e-D)
r 3.1.12

Because of shocks, only a portion of the ram total pressure can be recovered. Now,

T, =T

Tlgmax 1S that portion of Ty which is due to wall friction and defines 1, as that portion of

T4 due to ram recovery. Thus,

n, =1 3.1.13

7Td :”dmaxxnr 3.1.14

3.1.2.2 Propeller and Compr essor

The purpose of a compressor is to increase the total pressure of the gas stream that
required by the cycle by absorbing the minimum possible shaft power. Propeller is the
term given to the first compressor in a turbofan engine and is usualy a single stage

compressor. The term reflects the fact that it has a high flow and low pressure ratio
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compared with core compressors. For a multistage fan the term low pressure
compressor is more frequently used.

Propeller tip

<— Splitter

Core compressor first rotor

|

Propeller root

Shaft centreline

L b _

Fig. 3.4 Schematic of Propeller tip and root arrangement

Propellers Fans are always axial flow unit. The diameter and downstream ducting
required for a centrifugal stage make its use prohibitive. The typical arrangement of a

single stage fan is shown in figure 3.4.
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Fig. 3.5 Smplified model of compressor
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Propeller/Compressor are subjected to various aerodynamic losses which are accounted
here by introducing the concept of polytropic efficiency. For a given polytropic
efficiency, pressure ratio, temperature and other variables for each stream are
calculated.

The mass and energy balances yield the compressor work, as given below

Mass balance:

My = M, 3.1.15
Energy balance:

Weomp = Mgz -hyp =gy hyy 3.1.16

Further, the temperature ration of compressor can be calculated by:

7. =1+ T/ To

(z)r
. (7, -1 3.1.17
(Tt I To) g "

r
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Pressure Ratio is given by:
7o =[1+7,(z, - D)/ 3.1.18

Enthalpy Ratio is given by:

_ CptTt4

= 3.1.19
CchO

7,

where, 77, is the pressure ratio of compressor and 1. is isentropic efficiency of the

compressor.

3.1.2.3 Combustor

The purpose of the combustion system of a turboprop engine is to increase the thermal
energy of a flowing gas stream by combustion which is an exothermic chemical
reaction between the hydrocarbon fuel and oxygen in the air-stream. Principal features
of a combustor are shown schematically in figure 3.7. Inflowing air is diffused at the
entrance of the burner. The burner is divided in to three zones namely, primary-,
secondary-, and dilution-zone. In the primary zone the fuel, atomized and partially or
completely vaporized by the fuel nozzle, is mixed with the primary air coming through
the air swirler. In the secondary zone the primary zone effluent gases continue to burn
and incoming secondary air leans out the main gas stream. The combustion process
completes at the downstream end of the intermediate zone. In the dilution zone any
remaining annulus airflow is dumped through the dilution holes in to the liner hot gas
Stream.

During modeling, incomplete combustion is taken care by the combustion efficiency

(ny,) and pressure loss which is calculated from the combustion loading.
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Fig. 3.7 Schematic diagram of Combustor
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Fig. 3.8 Simplified representation of combustor model

The highly distilled form of diesel issued which makes little difference in performance

compared to kerosene. Therefore, it has been used in the present analysis.

The mass and energy balances for combustor with suffixes 1and 2 denoting its inlet and
exit sections, are given by

M ass balance:

fm, = Tn,, + g, 3.1.20
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Energy balance:

T‘lh-r..n.'h-cv = I'..I".I.EIE. hg‘lz - I'..I’].E_Jl. hE.._.l 3.1.21
The pressure at combustion chamber exit is given by
Poz = Puy —A4py 3.1.22

Where, AP, is the pressure loss in the combustion chamber taken as 2% of

P4, fOr calculation

The fuel to air ratio (FAR) is calculated as,

Wb _ CpgToz CpaTos

Hlg MpCV—tpeTp o 3.1.23

or,

f= v i 3.1.24
CVip, [(CyTo) — 7,

Mass flow rateis given by:

m = moRr Pt g7, A Tur 3195

(R7 77 )r T

In this equation Ty, is the turbine inlet temperature, Ty, IS stagnation or total exit
temperature of compressor, n, is the combustion efficiency of the combustor, normally

taken between (0.98 to 0.99) and CV is the lower calorific value of the fuel taken as
42800 kJkg.K assuming fuel as diesel. Values of specific heat of air and gases are

assumed for the present analysis.

3.1.2.4 Gas Turbine

There are two turbines used to drive separately compressor and propeller. Turbine
produced power to drive engine compressor due to expansion of gas stream. A genera
model that represents the gas turbine has been devel oped. The model is intended for use
in cycle analysis applications. Aerodynamic losses and hence the inefficiency of gas

turbine is taken care by considering polytropic efficiency of turbine.
ﬂpg-r.}'g—‘—}

2= (2m2) 3.1.26

Toz Ppz
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Pressure ratio, the temperature and other variables for each stream are calculated for a

given polytropic efficiency.
Work compatibility of turbine and compressor is given as follows:

whp,c + wa_x = ﬂmwhp; 3.1.27

W, auxiliary power, required for powering accessories is tapped out from the high

pressure turbine. It is assumed to be 10% of the compressor work. Therefore,

W, = BBy 110 3.1.28
B -

Here, Wy, is the work developed by high pressure turbine, Wy, . is the work required

by the high pressure compressor and n,,is the mechanical efficiency which is used to

account for the losses due to windage, bearing friction, and seal drag and is defined as

mechanical power output

M = mechanical power input

my q h_g,"1 \

Combustion gases

mg o hgz

Exhaust gases

Fig. 3.9 Simplified turbine model
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Fig. 3.10 T-srepresentation of expansion in turbine

It is to be noticed that the auxiliary work taken should be balanced only once with high

pressure turbine work.

Mass and energy balances yield the turbine work, as given below.

Mass balance:

g =1, 3.1.29
where,

m,; =m,; +mg, 3.1.30
Energy balance:

f,.hy, =m . h + Wy 3.131

Kerosene is the standard aviation fuel but the highly distilled forms of diesel used make
little difference to performance compared to kerosene and hence diesel is used here for

the analysis.

M. Cpg-Tos + M pgy- LCV, = (10, + sy ). €0 -To 3.1.32
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Initial value of low pressureturbine (my )

Ty =Ty R

Turbine temperature and exhaust nozzle has been specified:

7y =1-n, Q-7 ™>'") 3.1.33
Tan :”ILRW/ 7 MPP(Mor) 3.1.34
t.r MFP(M,)

Check for 7, — 7, <0.0001. If so, then continue....If not, let 7, =, and returnto

Eq.3.1.34

3.1.2.5 Exhaust Nozzle

The purpose of the exhaust nozzle is to increase the velocity of the exhaust gas before
discharge from the nozzle. For large values of thrust, the kinetic energy of the exhaust
gas must be high, which implies a high exhaust velocity. The pressure ratio across the
nozzle controls the expansion process and the maximum thrust for a given engine is

obtained when the exit pressure equals the ambient pressure, i.e. pressure thrust is zero.
The function of the nozzle may be summarized in the following list:

> Accelerate the flow to a high velocity with minimum total pressure loss thus
converting thermal energy of the gas into kinetic energy.

> Match exit and atmospheric pressure as closely as desired. This serves as back
pressure control for the engine.

> Permit afterburner operation without affecting main engine operation—requires

variable throat area nozzle.

Allow for cooling of wallsif necessary.

Mix core and bypass streams of turbofan if necessary.

Allow for thrust reversal if desired.

Suppress jet noise, radar reflection, and infrared radiation (IR) if desired.

Two-dimensional and axial-symmetric nozzles, thrust vector control if desired.

YV V. V V V V¥V

Do al the above with minimal cost, weight, and drag while meeting life and
reliability goals.
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The nozzle may be thought of as a device that converts enthalpy into kinetic energy
with no moving parts. The two basic types of nozzles used in jet engines are the

convergent and convergent-divergent (C-D) nozzle.

3.1.3 Propelling Nozzle

Here, the term “propelling nozzle’ refers to the component in which the working fluid
is expanded to give a high velocity jet. In a simple turbojet engine there is a single
nozzle downstream of the turbine. In the transition from the turbine annulus to circular
jet pipe someincrease in areais provided to reduce the velocity, and hence friction loss,
in the jet pipe.

Afterburner fuel

| Diffuser g Jet Pipe Nozzle

._._x._._._._ S E Y S

.
'y

Fig. 3.11 Schematic representation of Propelling Nozzle System

The question immediately arises as to whether a simple convergent nozzle is adequate
or whether a convergent-divergent nozzle should be employed. As it will be seen from
the subsequent thermodynamic cycle calculations, even with moderate cycle pressure

ratios the pressure ratio :i will be greater than the critical pressure ratio over at least

atm
part of the operational range of forward speed and altitude. Although a convergent
divergent nozzle might therefore appear to be necessary, it is to be noted that the thrust
which is required and not maximum possible jet velocity. Certainly it can be shown that
for an isentropic expansion the thrust produced is maximum when complete expansion

to P_.,, occur in the nozzle. Furthermore the use of a convergent-divergent nozzle
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would result in significant increase in engine weight, length and diameter which would
in turn result in major installation difficulties and a penalty in aircraft weight.

At operating pressure ratios less than the design value, a convergent-divergent nozzle of
fixed proportions would certainly be less efficient because of the loss incurred by the
formation of the shock wave in the divergent portion. For these reasons aircraft gas
turbine normally employs a convergent propelling nozzle.

It should not be thought that convergent-divergent nozzles are never used. At high

supersonic speeds, the large ram pressure rise in the intake results in a very high nozzle

pressure ratio. The value of 22 js then many times larger than the critical pressure ratio

Pg

and may be as high as 10-20 for flight Mach number in the range 2-3.

3.1.3.1 Convergent Nozzle

Thisisasimple convergent duct as shown in figure 1.18 when the pressure ratio is low
(less than about 4), the convergent nozzle is used. It has generally been used in engines
for subsonic aircrafts.

3.1.3.2 Conver gent-divergent (C-D) Nozzle

A Convergent-divergent nozzle is used if the nozzle pressure ratio is high (greater than
about 4). If the engine incorporates an afterburner, the nozzle throat is usually
scheduled to leave the operating conditions of the engine upstream of the afterburner
unchanged. In other words, the exit nozzle areais varied so that the engine does not feel
that the afterburner is operating. Also, the exit area must be varied to match the internal
and external static pressures at exit for different flow conditions in order to produce the
maximum available uninstalled thrust.

A convergent nozzle is used in the present analysis. One advantage of the variable area
exhaust nozzle is that it improves the starting of the engine. Operating the engine at the
maximum throat area reduces the back pressure, which helps in starting the compressor

at alow engine speed. This reduces the required size of the engine starter.

Steady state operation close to stall or surge is not desirable as transient operation
may cause the compressor to stall. The operating line can be moved away from the
stall line by increasing the exhaust nozzle throat area. This increase in nozzle
throat area reduces the engine backpressure and increases the corrected mass flow
rate through the compressor. Thus change in the nozzle throat area from its
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original design value will change the engine design and the operating
characteristics of the engine.

The jet nozzle suffers from the aerodynamic losses mainly due to skin friction, which is
modeled by introducing the concept of nozzle efficiency. The nozzle may be choked or

unchoked and may be decided using the critical pressure ratio.

The critical pressureratio is expressed as

¥

2o _ [1 _L{l‘f‘_lﬂ-*’ﬁ"' 3.1.35
Po.i Mn }"5"'1 h

where, n,, isthe nozzle efficiency.

3.1.3.3 Choked Nozzle

If % = % . then nozzle is choked where a Mach number of 1 is reached at the

minimum area section along the duct and reducing exit pressure further provides no

increase in mass flow.

3.1.3.4 Unchoked Nozzle

If the Nozzle pressure ratio is less than critical pressure ratio i.e. 22 < =2 the nozzle is

Pg Pr
unchoked. Fig. 3.14 shows the T-s representation for unchoked nozzle. In this work,

unchoked nozzle is used for the analysis.

Poi
Poe

b e

T / > g -
5 / Pressure for

— isentropic tlow
2¢ .
) .- Pe

P
/, 1
7 Pe = Pa

________________
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32 CYCLEANALYSIS

The analysis of the turboprop engine cycle calculation is performed by using following

equations.
Poe = Pa 3.1.36
Tl},l - Te = le i |ij “}l 3.1.37

The jet velocity is given by

[
Cpe = w'lchg' (To;: — T.) 3.1.38

For the thrust of the core stream, the work output co-efficient is give by:

\Y/ R T,/T,1-R, /PR,
C=(y.-1M_ | @+ f)—=2-M 1+ f 3.1.39
c (7c ) 0{("’ ) o +(@+ )RCV/ ’. }

The work output co-efficient of propeller is given by

CDFOP = M orop™Tg T (1+ f )TATtH (1_ T ) 3.1.40
Thus the total work output co-efficient for the turboprop engineis

Cut =Crop +C. 3.1.41

tot — “~prop

and the corresponding thrust is

Fom| 3.1.42

m,
It is usua with turboprop engine to have the core stream exit nozzles unchoked, so the
pressure imbalance term doesn’t contribute in the expression for the thrust. Here, the
stations indicated in fig. 3.13 with station 5 being the exit from the high-pressure
turbine and the entrance to the low-pressure or power turbine is considered. For a
turboprop engine, two design variables. the compressor pressure ratio and the low-

pressure (free or power) turbine temperature ratio. The cycle equations in terms of the
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pressure and temperature ratios across both the high-pressure turbine (drives the

compressor) and the low-pressure turbine is devel oped.

%ZMQ\/%RTQ/}/CRCTO 3.143

Two flow regimes exist for flow through the convergent exhaust nozzle: choked flow
and unchoked flow. For unchoked flow, the exit static pressure Pg is equal to the
ambient pressure Py and the exit Mach number is less than or equal to one. Unchoked

flow will exist when

% =TT, Ty T T Ty Wy 7 3.144
0
7t
if, Bo < ity 3.1.45
0
Then,
n
Mo=1; 1o = (Zithy 3.1.46
P 2
and,
Fo _Ro/Hy 3.1.47
P9 Rg / PO
Else,
P _4R_FRe 3.1.48
R R K
and,
7=y
M = 2[R | 4 3.1.49
7t -1 I:)0

and the exit Mach number is given by Equation with Pg = Py. On the other hand,

choked flow will exist when
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P, 7, +1

= 3.1.50
P >(—5— > )
Then, Mg = 1; —2 (7t+1)7*‘1
R 3.151

Fts
'PI:I —_ PE‘
Y

7o 3.1.52
and,
To o Tufwfy L 3.153
To (Re/R)" ™

For the turboprop engine, both the specific power and the specific thrust are considered

W o cye,T, 3.1.54
mO

i: M 3.1.55
m v

It should also be noted that it is more usual when it isreferred to propeller aircraft to

refer to the power specific fuel consumption in terms of Sp, whereit is defined as

S L 3.1.56
F/im,
f
S, = 3.1.57
CtothCTO

The propulsive efficiency of the turboprop engine is defined as the ratio of the total
power interaction with the vehicle producing propulsive power to the total energy
available for producing propulsive power. Thus,

C

tot

C:prop /nprop + ([}/c _1)/2][(1+ f)(VQ/aO)2 -M g]

7, = 3.1.58
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_ Ctot CchO

3.1.59
Uks fh
The overall efficiency of the engine can be simply expressed as
Mo =Mpllr 3.1.60

(ﬂj — TOTr (Tc _1) 3161

NR corespool TORTrR(TcR _1)

(ﬂj _ f T.(-7) 3162
Ng powerspool Tur(—7yR)

3.3 Governing equations for performance prediction and softwar e devel opment

Based on the modeling of turboprop engine described in the foregoing sections, the
governing equation for performance predictions are discussed in following paragraphs.
These equations are used to calculate specific thrust and thrust specific fuel

consumption. The cycle performance and optimization are achieved through software
developed in MATLAB and then graphs are plotted.

On the basis of nozzle condition, it is expressed as given below:
If nozzle is unchoked, pressure thrust will be zero and the net specific thrust is directly
expressed as

F,=m,.(C,.—C,.) 3.1.63

Thrust Specific Fuel Consumption: This is the thrust produced by the unit consumption
of fuel and is expressed as

TSFC = ? 3.1.64

Where, I.]'IF = rhE.:c—l_ Ihﬁah 3.1.65

In case of no afterburner, m; ., = 0
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331 MATLAB

MATLAB is an interactive, matrix-based system for scientific and engineering
calculations. All of the data that enter into MATLAB is stored in the form of a matrix
or a multidimensional array. Complex numerical problems can be solved without
actualy writing a program. The name MATLAB is an abbreviation for matrix
laboratory. A numerical analyst called Cleve Moler wrote the first version of MATLAB
in 1970s. It has since evolved into a successful commercial software package.
MATLAB makes use of highly respected algorithms and we can be confident about
results. Powerful operations can be performed using just one or two commands; we can
build up our own set of functions for a particular application. Excellent graphics
facilities are available, and the pictures can be inserted into LATEX and Word

documents.

3.32 MATLAB Simulink

MATLAB has an extensive set of build-in functions as well as additional toolboxes that
consist of functions related to more specialized topics like fuzzy logic, neural networks,
signal processing, and optimization technique. It can be used in tow different ways: asa
traditional programming environment and as an interactive calculator. In a calculator
mode, the built-in and toolbox function provide a convenient means of programming
modes, it provides a programming environment (editor, debugger and profiler) that
enables the user to write their own functions and scripts. Expressions consisting of
operators and functions that operate on variables are executed at the command line
prompt (>>) in the command window. All of the variables that are created are stored in
the workspace and are visible in the Workspace panel. Information about any function
or toolbox is available via the command-line help function (or from the Help Browser
launched from the Help menu). MATLAB, a multi-panel window appears containing
command window, workspace, current directory, and command history panels, among
others. This, along with windows foe the Editor/ Debugger, Array Editor and help
Browser that can be invoked as needed, isthe MATLAB environment.

3.3.3 MATLAB System
The MATLAB system consists of five main parts which are discussed below:

> Development environment is the set of tools and facilities that help you use
MATLAB functions and files. Many of these tools are graphical user interfaces.
It includes the MATLAB desktop and Command Window, a command history,
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an editor and debugger and browsers for viewing help, the workspace, files and
the search path.

» The MATLAB Mathematical Function Library is a vast collection of
computational agorithms ranging from elementary functions like sum, sine,
cosine and complex arithmetic, to more sophisticated functions like matrix
inverse, matrix Eigen values, Bessel functions and fast Fourier transforms.

» The MATLAB language is high-level matrix/array language with control flow
statements, functions, and data structures, input/output and object-oriented
programming features. It alows both “programming in the small “into rapidly
create quick and dirty throw- away programs and “programming in the large” to
create large and complex application programs.

» Graphics has extensive facilities for displaying vectors and matrices as graphs,
as well as annotating and printing these graphs. It includes high-level functions
for two-dimensional data visualization, image processing, and animation and
presentation graphics. It aso includes low-level functions that allow you to fully
customize the appearance of graphics as well as well as to build complete

graphical user interfaces on your MATLAB applications.

The MATLAB external interface is alibrary that allows you to write C and FORTRAN
programs that interact with MATLAB. It includes facilities for calling routines from
MATLAB (dynamic linking) called MATLAB as computationa engine and for reading
and writing MAT-files.

3.4 TWO-SPOOL TURBOPROP ENGINE
Schematic diagram and the T-s representation of the various processes involved in a

turboprop engine are given in the figs. 3.3.1 and 3.3.2, respectively.

3.4.1 Atmospheric model:
For calculation of the atmospheric condition the equations used has been chosen
from the work of Dr. Tariq & Prof. Nema (Ref. 55).

3.4.2 Intake/ Diffuser model (0-1)
To calculate the temperature and pressure changes in the diffuser, equations 3.1.5 to
3.1.14 are used.
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3.4.3 Propéeller / Compressor model (1-3)
To calculate the pressure and temperature changes of propeller, equations 3.1.15 to
3.1.19 are used.

Propeller
/ Turbine

Combustion
Chamber

Compressor

Nozzle

Fig. 3.13 Schematic of two-spool turboprop engine

Fig. 3.14 T-srepresentation of two-spool turboprop engine
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3.4.4 Combustor model (3-4)
To calculate the mass of fuel required per kg of air in the combustion chamber,
equations 3.1.20 to 3.1.25 are used.

3.4.5 Turbine Model (4-5)

To calculate the temperature and pressure changes in high pressure turbine, equations
3.1.26 t0 3.1.34 are used.

3.4.6 Jet Nozzle model (6-7)

To calculate the pressure and temperature at the exit plane of nozzle, equations 3.1.35
to 3.1.53 are used. These would be needed to determine the thrust from the engine.
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CHAPTER 4

4. RESULTSAND DISCUSSION

This chapter deals with the findings based on the MATLAB software which validate
the procured results with the genuine input data. Various graphical representations
show the basic phenomena known from the analysis of existing designs, ways to gain

benefits from analysing the wing that interacts with the propeller.

Table 1. Input data for present work

Sl. No. Parameters Values

1 Mach number (M,) 0.8

2 Temperature (T,) 240 K

3 Ratio of specific heat of air (yc) 14

4 Specific heat at constant pressure of air (Cyc) 1.004kJkg.K
5 Ratio of specific heat of gas (y:) 135

6 Specific heat at constant pressure of gas (Cy) 1.108 kJkg.K
7 Low heating value of fuel (hpr) 42800 kJkg
8 Polytropic efficiency of compressor (ec) 0.90

9 Polytropic efficiency of high pressure turbine (ew) 0.89

10 Polytropic efficiency of low pressure turbine (ey ) 0.91

11 Pressure ratio of diffuser or inlet (7g) 0.98

12 Pressure ratio of burner or combustor (7tp) 0.96

13 Pressure ratio of nozzle (nn,) 0.99

14 Efficiency of burner or combustor (1p) 0.99

15 Mechanical efficiency of high-pressure turbine (nmu) 0.99

16 Mechanical efficiency of low-pressure turbine (mu) 0.99

17 Efficiency of propeller (nprop) 0.83

18 Efficiency of gear-reduction box (ngr) 0.99

19 Turbine inlet temperature (T) 1370K
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Fig 4.1 Variation of thework output co-efficient (Cprop) Of propeller with (M) at

varying compressor pressureratios

From fig 4.1 it has been observed that the value of the work output co-efficient of
propeller decreases on increasing the compressor pressure ratio (n¢) for a given Mach
number. It is due to fact that, on increasing the compressor pressure ratio, the
temperature ratio of compressor (1) also increases and therefore fuel air ratio
decreases. Due to decrease in fuel air ratio, the work output co-efficient of propeller
also decreases. It also shows the value of work output co-efficient of propeller (Cprop)
decreases on increasing the Mach number. Though, the rate of decrease islow at lower
pressure ratio. This decrease in Cpop With the increase in Mach number is due to fact
that the temperature ratio will increase with the increase of Mach number and hence the

fuel air ratio will decrease.

Fig 4.2 shows the variation of work output core (C.) with Mach number (My) for
various compressor pressure ratios. It has been found that the value of C. increases on
increasing the compressor pressure ratios for a given Mach number. On the other hand,

the decrease in work output co-efficient of core (C.) for a pressure ratio of 25 or below
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have been found for a fixed value of Mach no. Though there is an increase in work

output co-efficient of core (C.) for apressure ratio of 25 beyond Mach number 0.6.

Movs Cc
03 T T T T T T T T T

0.2f 4

Cc
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My

Fig 4.2 Variation of thework output of core (C.) of propeller with (M) at varying

compressor pressure ratios

The value of C. isvery low for pressure ratio below 25 and it cannot be considered for
aturboprop engine. The fuel consumption increases on increasing the pressure ratio but
absolute velocity of the engine will increase the value of C. for a given value of Mach
number. The Mach number is directly proportional to work output co-efficient of core
(Cc). Therefore, the value of C. increases on increasing the value of Mach number. So,
moderate Mach no. and higher pressure ratio is available for a better work output co-

efficient of core of turboprop engine.
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Fig 4.3 shows the variation of total work output co-efficient (Cit) with Mach no. for
different pressure ratio (nc). The value of Ci, decreases with increase in Mach no. for a
given pressure ratio. This is due to fact that on increasing the Mach number, the value
of temperature ratio of compressor increases and hence fuel-air ratio decreases. There
are two salient points in the figure where the value of Ciy increases on increasing the
Mach no. above 0.6 at a compressor pressure ratio 25 and above Mach no. 0.8 a a
pressure ratio 20. This may be the effect of work output co-efficient of core (C¢) which
has absurd value below the pressure ratio 25. It has also been observed that the value of

total work output co-efficient (Ci) is higher for low pressure range.

Fig 4.4 represents the variation of S with Mach number for different compressor
pressure ratio. The thrust specific fuel consumption, S increases on increasing the Mach
no. for the same reason discussed in the above paragraph. It has been observed that the
uninstalled specific fuel consumption is very high for pressure ratio ranging between
(20 — 25) for Mach no. beyond 0.6 but it has an optimum value for compressor pressure
ratio ranging between 30 and 40.
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Fig 4.5 Variation of the thermal efficiency (nt) with (M) at varying compr essor

pressureratios

81



Fig 4.5 reveals that the thermal efficiency decreases on increasing the Mach number for
a particular pressure though the efficiency increases for a pressure beyond 30. On
increasing the Mach number, the fuel-air ratio decreases and the work output co-
efficient of propeller (Cprop) 8lS0 decreases. Therefore, thermal efficiency decreases but
the thermal efficiency increases on increasing the Mach number for higher range of

pressure ratios due to increase in core work output co-efficient (Ce).

M0 S etaP

| | | | | | | | |
04 045 05 05 06 065 07 075 08 08 09
M

0

Fig 4.6 Variation of the propulsive efficiency (np) with Mach number (M) at
varying compressor pressureratios

Fig 4.6 represents the variation of propulsive efficiency (n,) with Mach no. for a
moderate range of compressor pressure ratios. It has been observed that the propulsive
efficiency decreases on increasing the Mach no. for a given pressure ratio. Though, the
propulsive efficiency increases with increase in Mach no. for pressure ratio above 30. It
is due to the fact that Mach number, work output co-efficient of core (C,) increases and
the work output co-efficient of propeller (Cyop) decreases. The propulsive efficiency
(np) shows the relevant values for the pressure above 20. The pressure ratio below 20
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gives the value of propulsive efficiency (np) unjustified. It may be due to less increase
in temperature in the compressor.

etao
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Fig 4.7 Variation of the overall efficiency (o) with Mach number (M) at varying

COMpressor pressureratios

Fig 4.7 represents the variation of the overall efficiency (n,) with the Mach no. for
different compressor pressure ratio. It is appeared from the figure that the overall
efficiency (1) decreases on increasing the Mach number for low range of pressure ratio
i.e. upon 20 while above compressor pressure ratio 20, the overall efficiency (no)
increases on increasing the Mach number. It is due to fact that propulsive efficiency
(np) and thermal efficiency () both decreases on increasing the compressor pressure
ratios.
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Fig 4.8 Variation of specific thrust (F/r,) with Mach number (M) at varying

compressor pressure ratios

Fig 4.8 shows the variation of specific thrust per unit mass flow rate (F/m,) with Mach
no. for various compressor pressure ratios. It has been observed that the thrust
decreases on increasing the Mach number. This is due to fact that the increase in Mach
no. will also increase the absolute velocity of engine. Therefore, there is decrease in
specific thrust. It has also been observed from the figure that the specific thrust per unit
mass flow rate decreases on increasing the compressor pressure ratio for a given Mach

number. This may be the effect of increase in fuel-air ratio due to increase in pressure.

Fig 4.9 represents the variation of work output co-efficient of propeller (Cprop) With
turbine inlet temperature or burner exit temperature for different compressor pressure
ratios (m¢). The figure shows that there is an increase in work output co-efficient of
propeller on increasing the burner exit temperature gradually for a fixed compressor
pressure ratio. Thisis due to fact that the burner exit temperature leaves the increase in
propeller work output co-efficient. The figure also represents that the value of work
output co-efficient of propeller decreases on increasing the pressure ratio for a given

burner exit temperature. It is due to the increase in enthapy ratio with increase in
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compressor pressure ratio. The increase in compressor pressure ratio results in higher
output temperature of compressor and hence the fuel requirement in the burner is low.
So, the turbine output for the propeller will aso be increased.
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Fig 4.9 Variation of the wor koutput co-efficient of propeller (Cprop) With turbine

inlet temperature (Tt4) at varying compressor pressure ratios

Fig 4.10 shows the variation of work output co-efficient of core (C.) with Ty for
various compressor pressure ratios. It has been observed from the figure that the work
output co-efficient of core increases on increasing the compressor pressure ratio (7¢) for
a given value of Ty. This is due to the fact that the increase in compressor pressure
ratio will also increase the exit pressure of compressor so that the fuel consumption
decreases. Also, the increase in T4 will require more fuel-air ratio if the pressure at the
end of compression is kept constant. Though, the figure reflects that the work output
co-efficient of core is considerable for the pressure ratio above 25. The results for the
pressure below 25 are absurd. This may be the effect of very low compression and the

minimum required pressure of air at the end of compression.
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Fig 4.10 Variation of (C¢) with (T4) at varying compressor pressureratios
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Fig 4.11 Variation of thetotal workoutput co-efficient (Cio) with turbineinlet
temperature (T4) at varying compressor pressureratios
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Fig 4.11 represents the variation of total work output co-efficient (Ci) with Ty for
different compressor pressure rétio. It is shown from the figure that the value of total
work output co-efficient increases on increasing the Ty, for a given value of pressure
ratio but at the same time the total work output co-efficient decreases on increasing the
compressor pressure ratio for a given Ty. Though, total work output co-efficient gives
the better result at compressor pressure ratio 25 as compared to higher compressor
pressure ratio. As we know that total work output co-efficient (Cyyt) is the sum of work
output co-efficient of core (Cc) and work output co-efficient of propeller (Cprop).
Therefore, increase in Ty, Will aso increase the work output of turbines and hence the

total work output co-efficient increases.
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Fig 4.12 Variation of (S) with (T4) at varying compressor pressureratios

Fig 4.12 represents the variation of uninstalled thrust specific fuel consumption (S) with
T, for different compressor pressure ratios. The value of S decreases on increasing the
T for agiven compressor pressure ratio. On the other hand, it increases on increasing

the compressor pressure ratio for a given Ty. This may be the effect of compression
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ratio. As we know that, S is the fuel consumption per unit thrust developed. So,
increase in T, will definitely increase the uninstalled thrust specific fuel consumption.
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Fig 4.13 Variation of thermal efficiency (n1) with turbineinlet temperature (T+4)

at varying compressor pressureratios

Fig 4.13 represents the variation of thermal efficiency (nt) with Ty for various
compressor pressure ratios. It is found that the propulsive efficiency increases on
increasing the burner exit temperature at a given compressor pressure ratio. Thisis due
to fact that increase in burner exit temperature will increase the fuel-air ratio but the
total work output co-efficient also increases rapidly which in turn will result in increase
in propulsive efficiency. Though, the value of propulsive efficiency is very high at very
low compressor pressure ratio but low compressor pressure ratio will affect the work

output of compressor.
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Fig 4.14 Variation of the propulsive efficiency (n,) with turbineinlet temperature

Fig 4.14 represents the variation of propulsive efficiency (np) with Ty for different
compressor pressure ratio. The propulsive efficiency (np) shows the variation in a
limited range with increase in Ty. It is due to the fact that the propeller is running with

a separate turbine and the pressure ratio effect is very less on the propulsive efficiency.

Fig 4.15 shows the variation of overall efficiency (no) with T4 for various compressor
pressure ratios. It reveas that the overall efficiency of a turboprop engine varies
between 29-32% for the moderate range of pressure ratio. Though, it gives the

maximum value for a very low pressure but the drawback of very low compressor

(T+4) at varying compressor pressureratios

pressure ratio is the work developed in high pressure turbineis very low.
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Fig 4.15 Variation of (o) with (T+4) at varying compressor pressureratios
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Fig 4.16 Variation of specific thrust (F/mg) with turbineinlet temperature (T4) at

varying compressor pressureratios
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Fig 4.16 shows the variation of specific thrust (F/mo) with T, for different compressor
pressure ratios. The specific thrust (F/mg) increases on increasing the Ty, at a particular
pressure ratio. At the same time it has also been observed that the specific thrust
decreases on increasing the compressor pressure ratio for a fixed value of Ty. Thisis
due to the fact that the increase in T4 will increase in the total work output co-efficient
(Cwt) and so on specific thrust. Since, in a turboprop engine at a certain height the
temperature of air is fixed but uninstalled thrust can be increased with the increase in

total work output co-efficient.
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Fig 4.17 Variation of thework output co-efficient of propeller (Cprop) With turbine

temperature ratio (t;) for various compressor pressureratios

Fig 4.17 represents the variation of work output co-efficient of propeller (Cprop) With
turbine temperature ratio (t;) for various compressor pressure ratios. It is found that
work output co-efficient of propeller decreases with increase in turbine temperature
ratio for a given value of compressor pressure ratio. The reason behind the work output
co-efficient of propeller downfall on increasing the turbine temperature ratio at a given

pressure ratio develops the power in the turbine which in turn the output of turbine also
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reduces. On the other hand, the high pressure ratio gives the low value of work output

co-efficient of propeller due to decrease in temperature ratio of compressor.
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Fig 4.18 Variation of the work output co-efficient of core (C.) with turbine

temperature ratio (t;) for various compressor pressure ratios

Fig 4.18 shows the result of work output co-efficient of core (Cc) with the turbine
temperature ratio for different compressor pressure ratio. The value of work output co-
efficient of core increases on increasing the turbine temperature ratio (t;) for the entire
range of compressor pressure ratios. Though, the value of work output co-efficient of
core at very low pressure and low temperature ratio seems to be similar. This may be
due to the design of compressor but for higher range of compressor pressure ratio
(above 15) and an optimum range of turbine temperature ratio (> 0.4), work output co-
efficient of core would give optimum values. This is due to fact that fuel-air ratio will
increase on increasing the turbine temperature ratio for a given compressor pressure

ratio.
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Fig4.19 Variation of the total work output co-efficient (Ct) with turbine

temperature ratio (t;) for various compressor pressureratios

Fig 4.19 represents the total work output co-efficient (Ci) with turbine temperature
ratio for various compressor pressure ratio. It appears from the figure that the total work
output co-efficient decreases on increasing the turbine temperature ratio for almost
entire range of pressure ratios. At low pressure ratio and low turbine temperature ratio,
it gives the higher values but as long as we go to the lower compressor pressure ratio
and turbine temperature ratio, it giveslow value. Apart from that, in the middle range of
turbine temperature ratio (0.4-0.6), the total work output co-efficient shows the better

value.

Fig 4.20 represents the variation of thrust specific fuel consumption (S) with turbine
temperature ratio for different compressor pressure ratios. It has been observed from the
figure that thrust specific fuel consumption increases on increasing the turbine
temperature ratio. The increase in thrust specific fuel consumption on increasing the
turbine temperature ratio is due to increase in fuel requirement by the burner. It means
that the burner exit temperature increases and turbine exit temperature kept constant.
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Fig 4.20 Variation of (S) with (t¢) for various compressor pressure ratios
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Fig 4.21Variation of (n7) with (t;) for different compressor pressureratios
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Fig 4.21 represents the variation of thermal efficiency (n7) of aturboprop engine with
turbine temperature ratio for different compressor pressure ratio. The thermal efficiency
decreases on increasing the turbine temperature ratio. This is due to the fact that the
increase in turbine temperature ratio will result in increase in fuel consumption and
decrease in power output. In turn it would reduce the thermal efficiency. Though,
thermal efficiency has increased at different compressor pressure ratio for turbine

temperature (0.4-0.5) but it is only at moderate pressure range of 25-30.
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Fig 4.22 Variation of propulsive efficiency (n,) with turbine temperature (t;) for
different compressor pressureratios

Fig 4.22 shows the variation of propulsive efficiency with turbine temperature for
different compressor pressure ratio. The propulsive efficiency (np) shows the virtual
value at very low pressureratio and at very low turbine temperature ratio. It seemsto be
that the propulsive efficiency increases slightly on increasing the turbine temperature
ratio for the range of 0.4-0.5 at higher pressure ratios (25-40). This is due to fact that
the increase in turbine temperature would decrease in the turbine expansion ratio and as

such propulsive efficiency decreases.
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Fig 4.23 Variation of overall efficiency (no) with turbinetemperature (t;) for

different compressor pressureratios

Fig 4.23 represents the variation of overall efficiency (no) with turbine temperature
ratio for different compressor pressure ratios. Since, the overall efficiency is the sum of
the propulsive efficiency (np) and thermal efficiency (nr) and in the last two figures.
The propulsive efficiency and thermal efficiency decreases on increasing the turbine
temperature ratio. Therefore, the overall efficiency will also decrease with the decrease

in turbine temperature ratio for the same reason in the preceding paragraphs.

Fig 4.24 shows the variation of specific thrust (F/mg) with turbine temperature ratio at
various compressor pressure ratios. The specific thrust decreases on increasing the
turbine temperature ratio for a given compressor pressure ratio. This is due to fact that
the work output of free turbine decreases on increasing the turbine temperature ratio
which in turn results in decrease in specific thrust. It also appears that the turbine
temperature ratio has optimum value for the range (0.4-0.5). In this range, the specific

thrust increases alittle bit for pressure range above 25.
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Fig 4.24 Variation of (F/rg) with (t;) for different compressor pressureratios
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Fig 4.25 Variation of specific thrust (F/iho) at varying compressor pressureratios
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Fig 4.25 shows the variation of specific thrust with compressor pressure ratio for a
given value of Mach number and burner exit temperature. The figure shows that the
specific thrust (F/mg) decreases on increasing the compressor pressure ratio
consistently from low to high pressure but for the range of compressor pressor ratio
(20-25), it has increased dlightly. It is due to the fact that on increasing the compressor
pressor ratio, the temperature of compressed air will aso increase and hence the fuel
required into combustor will decrease. The work output co-efficient of propeller (Cprop)
will decrease and therefore, the specific thrust (F/m) will also decrease.
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Fig 4.26 Variation of specific thrust (F/mg) with turbineinlet temperature (T4) for

different compressor pressureratios

Fig 4.26 represents the variation of the specific thrust (F/rhp) with burner exit
temperature for a fixed value of Mach number i.e. (0.8) and compressor pressure ratio
30. It has been observed from the figure that the specific thrust gradually increases with
increase in Ty. The increase in Ty will require more fuel consumption in the burner.
This increase in fuel consumption will result in increase in work output co-efficient of
propeller (Curop) and in turn the specific thrust will also be increased.
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Fig 4.27 Variation of the overall efficiency (o) at varying Mach no. (M)

Fig. 4.27 shows the variation of the overall efficiency with the varying Mach no. for a
given compressor pressure ratio (i.e., 30) and a fixed value of burner exit temperature
(1370K). It is observed that the overall efficiency increases with the increase in Mach

number.

Fig 4.28 represents the variation of the overall efficiency (no) with different compressor
pressure ratio for a given value of Mach number (0.8) and burner exit temperature (1370
K). The overal efficiency shows the downtrend with the increase in compressor pressure
ratio (up to 20) and hereafter, it increases (up to 30). Then, again it decreases but
comparatively at low rate. This is due to the fact that the overall efficiency is the
combination of propulsive efficiency (np) and thermal efficiency (nr). Since, the
propulsive efficiency decreases at very high rate as compared to thermal efficiency for
pressure ratio (upto 20). Further increase in pressure will increase the thermal efficiency
more than the propulsive efficiency and therefore, the overal efficiency increases beyond

the compressor pressure ratio.
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Fig 4.29 Variation of (o) at varying burner exit temperature (T+s)
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Fig 4.29 shows the variation of overal efficiency with burner exit temperature for a
given value of compressor pressure ratio and Mach number. The figure reflects the
increase in overall efficiency gradually with the increase in Ti4. The reason behind this
is the increase in the propulsive efficiency and the work output developed by the high

pressure turbine.
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CHAPTER S

5. SUMMARY AND CONCLUSIONS

The graphs are plotted for the configuration of turboprop engine represent the effect of
component performance on the overall cycle. The work output co-efficient of core
stream (C.) represents the optimum work developed by core section of turboprop
engine. The total work output co-efficient (Cior) represents the sum of work output co-

efficient of core (C¢) and work output co-efficient of propeller (Cprop).

Specific thrust (F) is defined as the force acting on the internal surface of the propulsion
system from state O tol in addition with the force acting on the internal surface of the
stream from station 1 to 9 which contains the air flowing into the engine. The specific
thrust (F) having optimal values in the range of pressure ratio below 25 and M less than
0.6. Though, it has positive values in the entire range of pressure ratios and Mach
number. The uninstalled specific fuel consumption, (S) is the mass of fuel needed to
provide the net thrust for a given period. Specific fuel consumption increases sharply as
long as the Mach number increases. At Mach number 0.9, it has maximum values

whereas the thrust has minimum value.

Thermal efficiency (nr) of an engine is another very useful engine performance
parameter. Thermal efficiency is defined as the net rate of organized energy (shaft
power or kinetic energy) out of the engine divided by the rate of thermal energy
available from the fuel in the engine. The available thermal energy of the fuel is equal
to the product of mass flow rate (ms) of the fuel and the fuel heating value (hpr). The
thermal efficiency (nr), the propulsive efficiency (ne) and the overal efficiency (no)
represent the efficiencies of the engine. The overall efficiency has maximum values of
above 0.95 at very low pressure ratio (i.e, below 5) and low Mach number (i.e, 0.4).
The propulsive efficiency (np) of a propulsion system is a measure of how effectively
the engine power output (Woy) is used to power the aircraft. Propulsive efficiency is
the ratio of the aircraft power (thrust times velocity) to the power out of the engine. The
thermal and propulsive efficiencies can be combined to give the overall efficiency (o)
of a propulsion system. Multiplying propulsive efficiency by thermal efficiency, the
ratio of the aircraft power to the rate of thermal energy released in the engine can be
found. The propulsive efficiency also represents the ideal limit of the propeller
efficiency.
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In the foregoing section of chapter 4, the graphs are plotted to optimize the effect of
various parameters for different turbine inlet temperature or burner exit temperature for
the entire range of compressor pressure ratio (nc) and Mach number 0.8. The general

trends are same as for the ideal cycle which has been validated [40].

5.1 Effect of Mach number (M)

Cec, Cprop and Cy are the work output coefficient parameters of turboprop engine cycle.
Ciot shows the optimum values at Mach number 0.6 and pressure ratio 25. Though the
individual values of C. and Cyop at pressure ratio 25 having values -0.15 and 1.30. The
values of C; at pressure ratio 30 at Mach number 0.5 reflect positive values of the
engine. Therefore, the optimum values of C. are considerable at pressure ratio above
30.

5.2 Effect of Turbinelnlet Temperature (T )

It has been found that Ci; is maximum at higher Ty (1700 K) at minimum pressure
ratio 5. Though, the trend of the graph is in increasing order with the turbine inlet
temperature at any values of pressure ratio. Specific thrust also represents its maximum
values at Ty (1700 K) and pressure ratio 5Swhile the specific fuel consumption is
minimum at lower T (1300 K) and minimum pressure ratio 5. The overal efficiency
(Mo) is maximum at low pressure ratio but the optimum range of (o) is 30-35% at
pressure ratios 15-35. One can take the values of pressure ratio in the range of 15-35 for
optimum results of the overall efficiency.

5.3 Variation of Turbine Temperature Ratio (Tt)

Cprop @nd C. show downtrend and uptrend of the graph on increasing Tt respectively.
Ciot has the optimum value of 1.0-1.6 in the Mach number range 0.4-0.6 of turbine
temperature ratio. Specific thrust also shows the values in the Tt range of 10-15 for the

entire range of pressure ratios.

The overal efficiency shows the optimum values in the range of turbine temperature
ratio (0.4 — 0.5). The values are in between 20-40%. Though, the values of the overall
efficiency (no) are around 20% at very low Mach number and low pressure ratio of 10.
The important parameter of the engine having optimum values in the range 15-30 of

pressure ratio while Mach number below 0.8. It has aso been concluded that the
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specific thrust and the overall pressure ratio are varying in the range of Mach number
0.4-0.6 but gives relevant values within range.

5.4 Recommendationsfor the Future Work

The gas turbine technology has been suffering a continuous evolution since its
inception. In the last decades, research on automotive gas turbines has focused in
raising the operating turbine inlet temperature in order to increase the thermodynamic
efficiency, i.e. fuel efficiency

In order to improve the accuracy of the model, the following additional steps are
suggested:

1. The model needs to be further optimized around its design points of Max.
Cruise and Max. Take-Off with particular attention paid to accurately estimating
component level efficiency and internal cooling. The turbine inlet temperatures
(TIT) for both cases also need to be verified.

2. The externa bleed flow schedule needs to be verified against system
specification or flight test data. It is worthwhile to also evaluate impact of air
bled from the HP port.

3. Off-design model development is the next priority. This would require a more
accurate estimation of the relationships between pressure ratio, TIT, compressor
mass flow and stage efficiencies as a function of power setting or gas generator

speed. The idle power setting is an important operating point.

4. The accurate accounting of installation effects e.g. propeller and intake effects
and a better means of calculating residual thrust power would enable installed

performance to be better represented.

5. Ultimately, an aircraft operator is interested in total fuel burn on a particular
mission, so the development of an integrated aircraft and engine model to

permit evaluation of a complete flight would be useful.

While gas turbine performance software such as GASTURB is readily available, it is
hoped that the results of this PW120A simplified model will provide operators of
aircraft powered by this engine a better understanding of the engine' s fuel efficiency as
a function of the operational parameters of throttle setting, altitude, static air
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temperature, external bleed air, compressor fouling and turbine wear. This model could
form part of an analytical toolbox that operators could employ to further optimize their

flight operations.
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APPENDIX - A

New plotl

figure,plot(M 0,C prop_arr(1:6),M _0,C prop_arr(7:12) ,M_0,C_prop_ar
r(13:18) ,M_0,C prop_arr(19:24) ,M_0,C prop_arr(25:30) ,M_0,C_prop_ar
r(31:36) ,M_0,C_prop_arr(37:42) ,M_0,C_prop_arr(43:48));

xlabel ("M_0");

ylabel ("Cprop®);

title("M_0 vs C propT);

legend("pi = 5°,%pi = 10%,"pi = 15°,"pi = 207, pi = 25°,"pi =

30", "pi = 35", "pi = 40%);

figure,plot(M 0,C c_arr(1:6),M 0,C c arr(7:12) ,M 0,C c _arr(13:18),
M 0,C c arr(19:24),M 0,C c_arr(25:30),M 0,C c arr(31:36),M 0,C c a
rr(37:42) ,M_0,C_c_arr(43:48));

xlabel ("M_0");
ylabel("Cc™);
title("M_0 vs Cc");
legend("pi = 57,"p
30", "pi = 357, "pi

*,"pi = 15","pi = 20","pi = 25","pi =

figure,plot(M 0,C _tot arr(1:6),M 0,C tot_arr(7:12),M 0,C _tot arr(1
3:18),M 0,C_tot_arr(19:24) ,M_0,C_tot _arr(25:30),M _0,C_tot arr(31:3
6),M 0,C _tot_arr(37:42) ,M_0,C_tot_arr(43:48));

xlabel (*M_0%);

ylabel ("C_tot");

title("M_0 vs C tot");

legend("pi = 5°,"pi = 10","pi = 15","pi = 20°,"pi = 257, "pi =
30°,"pi = 35", "pi = 40%);

figure,plot(M _0,S arr(1:6),M 0,S arr(7:12),M 0,S arr(13:18),M 0,S_
arr(19:24) ,M_0,S arr(25:30),M 0,S arr(31:36),M 0,S arr(37:42),M O,
S_arr(43:48));
xlabel ("M_0");

ylabel ("S");

title("M_0 vs S7);

legend("pi = 5%,%pi = 10","pi = 15%,"pi = 20", pi = 257,"pi =
307, "pi = 35%,"pi = 407);

figure,plot(M O,eta T arr(1:6),M O,eta T arr(7:12),M O,eta T arr(1
3:18),M O,eta T arr(19:24) ,M _O,eta T arr(25:30),M O,eta T arr(31:3
6),M_O,eta T _arr(37:42) ,M_O,eta T _arr(43:48));

xlabel ("M_0");

ylabel("eta_T7);

title("M_ 0 vs eta T%);

legend("pi = 5°,%pi = 10°,"pi = 15°,"pi = 207, pi = 25°,"pi =

30", "pi = 35", "pi = 40%);

figure,plot(M O,eta P _arr(1:6),M O,eta P_arr(7:12),M O,eta P arr(1
3:18),M_O,eta P_arr(19:24) ,M_O,eta P_arr(25:30),M_O,eta P _arr(31:3
6),M _O,eta P_arr(37:42) ,M _O,eta P_arr(43:48));

xlabel ("M_0%);

ylabel("eta P");

title("M_ 0 vs eta P");



legend("pi = 5", "pi ","pi = 15",%pi = 20°,"pi = 257, pi =

30", "pi = 35", "pi 40
figure,plot(M O,eta O arr(1:6),M O,eta O _arr(7:12),M O,eta O arr(1
3:18),M O,eta O arr(19:24) ,M _0O,eta O arr(25:30),M O,eta O arr(31:3
6),M_O,eta 0 _arr(37:42) ,M_O,eta 0 _arr(43:48));

xlabel ("M_0");

ylabel("eta_07);

title("M_0 vs eta 0%);

legend("pi = 57,"pi = 10","pi = 15","pi = 207,"pi = 257", pi =

30", "pi = 35", "pi = 40%);

figure,plot(M O,ratio F m_dot _arr(1:6),M O,ratio F_m dot arr(7:12)
,M_O,ratio_F m dot_arr(13:18),M _O,ratio F m_dot _arr(19:24),M O, rat
io F m _dot arr(25:30),M O,ratio_F m_dot_arr(31:36),M O,ratio F m d
ot _arr(37:42) ,M_O,ratio F m dot arr(43:48));

xlabel ("M_0%);

ylabel ("F/m_dot");

title("M_0 vs F/m_dot");

legend("pi = 57,%pi = 107, "pi = 157,"pi = 207, pi = 257,"pi =

307, "pi = 35%,"pi = 407);



APPENDIX - B

New plot2

Ffigure,plot(T_t4,C prop_arr(1:5),T t4,C prop_arr(6:10),T_t4,C prop
_arr(11:15),T_t4,C prop_arr(16:20),T_t4,C prop_arr(21:25),T t4,C p
rop_arr(26:30),T t4,C prop_arr(31:35),T t4,C prop_arr(36:40));
xlabel ("T_t47);

ylabel ("Cprop™);

title("T_t4 vs C_propT);

legend("pi = 5","pi = 10","pi = 15","pi = 20°,"pi = 25", "pi =
30°,"pi = 35", "pi = 40%);

figure,plot(T_t4,C c arr(1:5),T _t4,C c arr(6:10),T_t4,C c arr(11:1
5),T t4,C c arr(16:20),T _t4,C c arr(21:25),T t4,C c_arr(26:30),T_t
4,C c arr(31:35),T t4,C c _arr(36:40));

xlabel ("T_t47);
ylabel ("Cc");
title("T_t4 vs Cc");
legend("pi = 5", "pi

107,"pi = 157, pi = 207,"pi = 257,"pi =
307,"pi = 357, "pi -

Ffigure,plot(T_t4,C _tot _arr(1:5),T _t4,C tot _arr(6:10),T _t4,C _tot_ar
r(11:15),T_t4,C_tot_arr(16:20),T_t4,C_tot_arr(21:25),T _t4,C_tot_ar
r(26:30),T_t4,C tot_arr(31:35),T_t4,C_tot _arr(36:40));

xlabel ("T_t47);

ylabel ("C_tot");

title("T_t4 vs C _tot");

legend("pi = 57,%pi = 107, "pi = 157,"pi = 207, "pi = 257,"pi =

307, "pi = 35%,"pi = 407);

figure,plot(T_t4,S arr(1:5),T _t4,S arr(6:10),T _t4,S arr(11:15),T t
4,S arr(16:20),T _t4,S arr(21:25),T t4,S arr(26:30),T_t4,S arr(31:3
5),T_t4,S arr(36:40));

xlabel ("T_t47);
ylabel ("S7™);
title("T_t4 vs S7);
legend("pi = 5", "pi

10", "pi = 15","pi = 20","pi = 25", pi =
30", pi = 35", "pi .

Ffigure,plot(T_t4,eta T arr(1:5),T td,eta T arr(6:10),T td,eta T ar
r(11:15),T td4,eta T arr(16:20),T _t4,eta T arr(21:25),T td,eta T ar
r(26:30),T td4,eta T arr(31:35),T t4,eta T arr(36:40));

xlabel ("M_0%);

ylabel ("T_t47);

title("T_t4 vs eta_T7);

legend("pi = 5","pi = 10","pi = 15","pi = 20°,"pi = 25", "pi =
30°,"pi = 35", "pi = 40%);

figure,plot(T_t4,eta P_arr(1:5),T td4,eta P_arr(6:10),T td4,eta P_ar
r(11:15),T _td4,eta P_arr(16:20),T_t4,eta P _arr(21:25),T t4,eta P_ar
r(26:30),T_t4,eta P_arr(31:35),T_t4,eta P_arr(36:40));

xlabel ("T_t47);

ylabel(“eta_P");

title("T_t4 vs eta P");



- l -,-pi — 15.,-pi — 20.,-pi — 25.,-pi -
30", pi = 35", "pi .

figure,plot(T_t4,eta 0 arr(1:5),T t4,eta 0 arr(6:10),T td4,eta O _ar
r(11:15),T _td4,eta 0 _arr(16:20),T_t4,eta O arr(21:25),T t4,eta O _ar
r(26:30),T_t4,eta_0_arr(31:35),T_t4,eta O _arr(36:40));

xlabel ("T_t47);

ylabel("eta_07);

title("T_t4 vs eta 07);

legend("pi = 5°,"pi = 10°,"pi = 15°,"pi = 207, pi = 25°,"pi =
30", "pi = 35", "pi = 40%);

figure,plot(T_t4,ratio F m dot arr(1:5),T t4,ratio_F m dot _arr(6:1
0),T_t4,ratio_F _m_dot_arr(11:15),T t4,ratio_F m _dot_arr(16:20),T_t
4,ratio_F_m _dot_arr(21:25),T _t4,ratio_F m dot_arr(26:30),T_t4,rati
0 F m dot_arr(31:35),T_t4,ratio F m dot _arr(36:40));

xlabel ("T_t4");

ylabel ("F/m_dot");

title("T_t4 vs F/m_dot");

legend("pi = 57,%pi = 107, "pi = 157,"pi = 207, pi = 257,"pi =
307, "pi = 35%,"pi = 407);
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New_plot3

figure,plot(tau_t,C _prop_arr(l1:6),tau_t,C prop_arr(7:12),tau t,C p
rop_arr(13:18),tau_t,C prop_arr(19:24),tau_t,C prop_arr(25:30),tau
_t,C _prop_arr(31:36),tau_t,C _prop_arr(37:42),tau_t,C prop_arr(43:4
8));

xlabel ("tau_t");

ylabel ("Cprop™);

title("tau_t vs C_propT);

legend("pi = 5","pi = 10","pi = 15","pi = 20°,"pi = 257, pi =
30°,"pi = 35", "pi = 40%);

figure,plot(tau_t,C c arr(l1:6),tau _t,C c_arr(7:12),tau_t,C c arr(1
3:18),tau_t,C c arr(19:24),tau_t,C c arr(25:30),tau_t,C c arr(31:3
6),tau_t,C c arr(37:42),tau_t,C c _arr(43:48));

xlabel("tau_t");

ylabel ("Cc");

title("tau_t vs Cc");

legend("pi = 5","pi = 10", "pi = 15","pi = 20°,"pi = 257, "pi =
30°,"pi = 35", "pi = 40%);

figure,plot(tau_t,C_tot_arr(1:6),tau_t,C_tot _arr(7:12),tau_t,C_tot
_arr(13:18),tau_t,C_tot_arr(19:24),tau_t,C_tot arr(25:30),tau_t,C_
tot _arr(31:36),tau_t,C _tot arr(37:42),tau_t,C _tot _arr(43:48));

xlabel("tau_t");

ylabel (°"C_tot");

title("tau_t vs C_tot");

legend("pi = 57,%pi = 107, "pi = 157,"pi = 207, pi = 257,"pi =

307, "pi = 35%,"pi = 407);

figure,plot(tau_t,S arr(l1:6),tau_t,S arr(7:12),tau_t,S arr(13:18),
tau_t,S arr(19:24),tau_t,S arr(25:30),tau_t,S arr(31:36),tau_t,S _a
rr(37:42),tau_t,S _arr(43:48));

xlabel ("tau_t%);
ylabel ("S7™);
title("tau_t vs S7);
legend("pi = 5", "pi

107,"pi = 157, pi = 207,"pi = 257,"pi =
307,"pi = 357, "pi -

figure,plot(tau_t,eta T arr(1:6),tau_t,eta T arr(7:12),tau_t,eta T
_arr(13:18),tau_t,eta T arr(19:24),tau_t,eta T arr(25:30),tau_t,et
a T arr(31:36),tau_t,eta T arr(37:42),tau_t,eta T arr(43:48));

xlabel("tau_t");

ylabel(Ceta _T7);

title("tau_t vs eta_T7);

legend("pi = 5°,"pi = 10","pi = 15","pi = 20°,"pi = 257, pi =
30°,"pi = 35", "pi = 40%);

figure,plot(tau_t,eta P arr(1:6),tau_t,eta P _arr(7:12),tau_t,eta P
_arr(13:18),tau_t,eta P_arr(19:24),tau_t,eta P_arr(25:30),tau_t,et
a_P arr(31:36),tau_t,eta P _arr(37:42),tau_t,eta P_arr(43:48));

xlabel ("tau_t");

ylabel(“eta_P");



title("tau_t vs eta P");
legend("pi = 5°,"pi = 10","pi = 15","pi = 20","pi = 257, pi =
307, "pi = 35%,"pi = 407);

figure,plot(tau_t,eta O arr(1:6),tau_t,eta O arr(7:12),tau _t,eta O
_arr(13:18),tau_t,eta 0 arr(19:24),tau_t,eta _0O_arr(25:30),tau_t,et
a 0 arr(31:36),tau_t,eta O arr(37:42),tau_t,eta O _arr(43:48));
xlabel("tau_t");

ylabel("eta 0%);

title("tau_t vs eta 07);

legend("pi = 5°,%pi = 10", "pi = 15°,"pi = 207, "pi = 25°,"pi =

30", "pi = 35", "pi = 40%);

figure,plot(tau_t,ratio F m_dot _arr(1:6),tau_t,ratio F m_dot _arr(7
:12),tau_t,ratio F_m dot _arr(13:18),tau_t,ratio F _m dot_arr(19:24)
,tau t,ratio F m dot arr(25:30),tau_t,ratio F m dot arr(31:36),tau
_t,ratio F_m dot _arr(37:42),tau_t,ratio F_m dot _arr(43:48));
xlabel("tau_t");

ylabel ("F/m_dot*");

title("tau_t vs F/m_dot");

legend("pi = 5°,"pi = 10","pi = 15","pi = 20", "pi = 257, pi =

307, "pi = 35%,"pi = 407);

v
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Calculate _turboprop

—H@Q
o0
I
©
o

240-

R ¢ = ((gamma_c
fprintf("\n R _c

1)/gamma_c).*C_pc;
%d* ,R_c);

R t = ((gamma_t - 1)/gamma_t).*C pt;
fprintf("\n R_t = %d",R_t);

a 0 = sgrt(gamma_c.*R_c.*g_c.*T_0);
fprintf("\n a 0 = %d",a_0);
intF(*\n V 0 = %d",V 0);

tau r = 1 + (((gamma_c - 1)/2).*(M_0.72));
fprintf("\n tau_r = %d",tau_r);

pi_r = tau _r.~((gamma_c)/(gamma_c-1));
fprintf("\n pi_r = %d”,pi_r);

if M _0O<=1

eta r =1;

fprintf("\n eta r = %d",eta_r);

else
etar =1 - 0.0075.*((M_0-1).~(1.35));
fprintf("\n eta r = %d",eta_r);

end

pi_d = pi_d max.*eta_r;
fpri

ntfF("\n pi_d = %d",pi_d);

tau_lambda = ((C_pt.*T_t4)./(C_pc.*T_0));
fprintf("\n tau_lambda = %d",tau_lambda);
tau_c = pi_c.~((gamma_c - 1)./(gamma_c.*e_c));

fprintf("\n tau c = %d",tau_c);

eta_c = ( (pi_c-M((gamma_c - 1)./(gamma_c))) - 1)./(tau_c - 1);
fprintf("\n eta c = %d",eta_c);

f = (tau_lambda - (tau_r.*tau_c))./((eta_b.*h_PR)./((C_pc.*T_0) -
tau_lambda));

Vi



fprintf("\n = %d",F);

tau tH = 1 - ((tau_r.*(tau_c -1))./(eta mH.*(1+fF).*tau_lambda));
fprintf("\n tau tH = %d",tau_tH);

pi_tH = tau_tH.~((gamma_t)./((gamma_t - 1).*e tH));
fprintf("\n pi_tH = %d",pi_tH);

eta tH = (1 - tau_tH)./(1-(tau_tH.~(1./e_tH)));
fprintf("\n eta tH = %d",eta tH);

tau_tL = (tau_t./tau_tH) ;
fprintf("\n tau_tL = %d",tau_tL);

pi_tL = tau_tL.~M((gamma_t)./((gamma_t - 1).*e tL));
fprintFf("\n pi_tL = %d",pi_tL);

eta tL = (1 - tau_tL)./(1- (tau_tL.~(1./e_tL)));
fprintf("\n eta tL = %d",eta _tL);

ratio Pt9 PO = pi_r.*pi_d.*pi_c.*pi_b.*pi_tH.*pi_tL.*pi_n;

fprintf("\n Pt9/P0 = %d",ratio_Pt9 P0O);

if ratio_Pt9_PO > (((gamma_t + 1)/2) _~((gamma_t)./(gamma_t - 1)))
M9 =1;

fprintf("\n M_9 = %d",M_9);

ratio Pt9 P9 = (((gamma_t + 1)/2).~((gamma_t)./(gamma_t -
1)));
fprintf("\n Pt9/P9 = %d",ratio_Pt9 P9);

ratio PO_P9 = (ratio Pt9 P9 )./(ratio_Pt9 PO) ;
fprintf("\n PO/P9 = %d",ratio_PO P9);

else
M 9 = sgrt((2./(gamma_t - 1)) .*(((ratio_Pt9 PO).~((gamma_t -
1)/gamma_t)) - 1));
fprintfF("\n M_9 = %d",M_9);
ratio Pt9 P9 = ratio Pt9 PO;
fprintf("\n Pt9/P9 = %d",ratio Pt9 P9);

ratio PO P9 = 1;

fprintf("\n PO/P9 %d",ratio_PO_P9);

end

%ratio_V9 a0 = V_97a 0
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ratio V9 a0 = sqrt(((2.*tau_lambda.*tau_tH.*tau_tL)/(gamma_c -
1)).-*(1 - ratio Pt9 P9 NMN((1 - gamma_t)/(gamma_t))));
fprintf("\nv9/a0 = %d",ratio_V9 a0);

C prop = eta _prop.* eta _g-*eta mL.*(1+F).*tau_lambda.*tau_tH.*(1 -
tau_tL);
fprintf("\n C _prop = %d",C_prop);

Cc = (((gamma_c - 1).*M_0).*(((1+F).*ratio V9 a0) - M 0 + (1+F).*
(R t./R ©).*((T_9./T_0)./ratio V9 a0).*((1 -
ratio_PO_P9)./(gamma_c)));

fprintf("\n C_c = %d",C_c);

C_tot = C_prop + C_c;
fprintf("\n C _tot = %d",C_tot);

ratio F m_dot = ((C_tot.*C_pc.*T_0)./ (V_0));
fprintf("\n F/m_dot = %d",ratio_F m_dot);

S = f_./ratio_F _m_dot;
fprintf("\n S = %d",S);

ratio W dot m dot = (C_tot )./((F.*(h_PR))./(C _pc.*T_0));
fprintf("\n W_dot/m_dot = %d",ratio_W_dot_m_dot);

S P = f./(C_tot_*C_pc.*T 0);
fprintf("\n S_P = %d",S_P);

eta T = C tot ./((f.* h_PR )./(C_pc.*T_0));
fprintf("\n eta T = %d",eta_T);

eta P = C_tot ./((C_prop./eta prop) + ((gamma_c - 1)./2).*((1+
). *((ratio_V9_a0)."2) - (M_0-~2)));
fprintf("\n eta P = %d",eta_P);

eta 0 = (eta P .* eta T);
fprintf("\n eta 0 = %d",eta_0);
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Plot_turboprop_new

Ypx**HxxExxx* Parameter Conditions Hox
M O arr = [0.4 0.5 0.6 0.7 0.8 0.9];

pi_c arr = [5 10 15 20 25 30 35 40];

tau_t arr = [0.4 0.5 0.6 0.7 0.8 0.9];

T t4 arr = [1300 1400 1500 1600 1700];

% Output Parameters
C _prop_arr = [];

Ccarr = [1;

C_tot _arr = [];

S _arr = [];

eta T arr = [];

eta P_arr 1;

eta_ 0 _arr = [];
ratio F_m dot_arr = [];

pi_c = pi_c_arr(k);

MO =MUO0 _arr;
calculate_turboprop;
C _prop_arr = [C _prop_arrC_prop];
C c arr = [C_c_arrC c];
C_tot_arr = [C_tot_arrC_tot];
S_arr = [S_arr S];

eta T arr = [eta T arreta T];
eta P _arr = [eta P_arreta_ P];
eta O arr = [eta O _arreta 0];

ratio F m_dot _arr = [ratio F m_dot_arrratio F_m _dot];
end

new_plotl;

C _prop_arr = [];

Cc arr = [1];
C_tot arr = [];

S arr = [1;

eta T arr = [];
eta P arr = [];
eta O arr = [];
ratio F m _dot arr = [];

for k = 1:8

M O = 0.6;
tau_t = 0.45;
pi_c = pi_c_arr(k);

T t4 = T_t4 _arr;
calculate_turboprop;
C _prop_arr = [C _prop_arrC_prop];
C c arr = [C_c_arrC c];



C_tot _arr = [C_tot_arrC_tot];
S arr = [S_arr S];

eta T arr = [eta T arreta_T];
eta P _arr = [eta P _arreta_P];
eta O arr = [eta O _arreta 0O];

ratio F m _dot arr = [ratio F m _dot arrratio F_m dot];

end

new_plot2;
C_prop_arr = [];
Ccarr =[1;
C_tot _arr = [];
S _arr = [];
eta T arr = [];
eta P _arr = [];
eta O _arr = [];

ratio F_m dot_arr = [];

for k = 1:8

M_ O = 0.6;
T_t4 = 1370;
pi_c = pi_c _arr(k);
tau_t = tau_t_arr;
calculate_turboprop;
C_prop_arr = [C_prop_arrC_prop];
C c arr = [C_c_arrC_c];
C_tot _arr = [C_tot_arrC_tot];
S arr = [S_arr S];

eta T arr = [eta T arreta T];
eta P _arr = [eta P _arreta_P];
eta O arr = [eta O _arreta 0O];

ratio F m _dot arr = [ratio F m _dot arrratio F_m dot];

end

new_plot3;
M_O = 0.6;
T_t4 = 1370;

pi_c = pi_c_arr;

tau_t = 0.45;
calculate_turboprop
figure,plot(pi_c,ratio F_m dot);
xlabel ("pi_c");

ylabel ("F/m_dot*");

title("pi_c vs F_m_dot");

M_ O = 0.6;

T t4 = T_t4 _arr;
pi_c = 30;

tau_t = 0.45;
calculate_turboprop

Xi



Ffigure,plot(T_t4,ratio F_m dot);

xlabel ("T_t47);
ylabel (*F/m_dot*");

title("T_t4 vs F _m _dot");

pi_c = 30;

tau_t = 0.45;
calculate_turboprop
figure,plot(M_0,eta _0);
xlabel ("M_0%);
ylabel("eta 07);
title("M_0 vs eta 07);

M_O = 0.6;

T t4 = 1370;
pi_c = pi_c _arr;
tau_t = 0.45;
calculate_turboprop
figure,plot(pi_c,eta 0);
xlabel ("pi_c");
ylabel("eta 07);
title("pi_c vs eta 07);

M_ O = 0.6;

T t4 =T t4 _arr;
pi_c = 30;
tau_t = 0.45;
calculate_turboprop
figure,plot(T_t4,eta 0);
xlabel ("T_t47);
ylabel("eta_07);
title("T_t4 vs eta 07);
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Get_turboprop

MO
TO
gamma_c = 0;
C_pc = 0;

I
[eNe)

M_O = input(“"Enter M_O ;s
T_O0 = input("Enter T_O ;s

gamma_c = input("Enter gamma_c
C_pc = input("Enter C pc = ");
gamma_t = input("Enter gamma_t
input("Enter C pt
input("Enter h_PR
pi_d max = input("Enter pi_d_
pi_b = input("Enter pi_b )
pi_n = input("Enter pi_n )
e = input("Enter e c = 7);

e ")
e ")

I
.
o/

@}
T
()
ol
Il
o
(%

s
");

_d_max = ");

= input("Enter e_tH
= input("Enter e tL

o Il

eta b = input("Enter eta b = ");
eta g = Input("Enter eta g = ");
eta mH = input("Enter eta mH = *);
eta_mL = Input("Enter eta_mL = ");

eta prop = input("Enter eta prop = ");
T t4 = input(CEnter T _t4 = %);

pi_c = input("Enter pi_c = 7);
tau_t = input("Enter tau t = 7);

xiii
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