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ABSTRACT

The present work is aimed to see the potentiality of optimization techniques in
determination of cycle configuration of a gas turbine. The work is devoted to analyses and
optimization of simple and sophisticated cycles of gas turbine engines to obtain the optimum
design point in accordance with the demand of maximum thermal efficiency or maximum
specific output. The optimization of criteria such as thermal efficiency and specific output

can be formulated as a Neuro-Fuzzy Problem.

The solution of this Neuro-Fuzzy problem has been obtained with the help of
Adaptive Neuro Fuzzy Inference System (ANFIS) in Matlab software. This technique is used
for solving constrained optimization problems with objective and constraint function. The gas
turbine system is divided into a number of sub-systems and operating state is expressed by

design variables that govern such system.

The results obtained are quite satisfactory. ANFIS is quite accurate, efficient and fast.
The results obtained are compared with those obtained by multiplier method to establish the

validity of optimization procedure.
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CHAPTER 1 INTRODUCTION

1.1 PREFACE

Power generation is an important issue today. Denmoutweighing supply because of
lack of incentives for the utilities industry toiltbadditional power plants over the past 10-20
years. Electrical innovations (such as the persooaaiputer) were not accounted for in earlier
predictions of power utilization and, now, the ctiyns in dire need of streamlining the current
power plants while pushing through as many apptiogatas possible for new power plants. In
response to this situation, power generation eeginwill be in high demand. These engineers
must have a thorough understanding of thermodyrsaamd, in particular, the Brayton cycle. It
is the backbone of power generation.

The two major application areas of gas-turbine megiare aircraft propulsion and
electric power generation. Gas turbines are usatbisnary power plants to generate electricity
as stand-alone units or in conjunction with ste@wvgr plants on the high-temperature side. This
process is called cogeneration. In these planésgiihaust gases serve as a heat source for the
steam. Steam power plants are considered exteonaiestion engines, in which the combustion
takes place outside the engine. The thermal eneetpased during this process is then
transferred to the steam as heat.

As the area of application of gas turbine is exéehdhe thermodynamic cycle of gas
turbine becomes more sophisticated. The gas tuldasieally consists of compressor, combustor
and a turbine. By the inclusion of heat exchangersh as regenerator the amount of fuel
required can be reduced which increases the thegffialency. The increase in the number of
components, however, requires more elaborate asatydetermine the conditions for the cycle.
In the present study, the cycle is divided intowmber of sub-system or components. The
operating state is expressed by parameters thagrgosuch sub-systems. The criteria of
optimization are thermal efficiency and specific rivodone. The optimization of above
mentioned criteria is solved with the help of Ade@tNeuro Fuzzy Inference System. This
method can be employed for simple and sophisticeyetts as well as for giving the optimum
values of parameters in short time. This is arfiadl intelligent method which can further
predict the values of optimum parameters for déférconfigurations. This is one of the latest

technique is developed recently.



1.2HISTORY OF GASTURBINES

The gas turbine has experienced phenomenal progmedsgrowth since its first
successful development in the 1930’s. The earlytgdmsnes built in the 1940’s and even 1950’s
had simple-cycle efficiencies of about 17 percestanse of the low compressor and turbine
efficiencies and low turbine inlet temperatures tmenetallurgical limitations of those times.
Therefore, gas turbines found only limited use dedpeir versatility and their ability to burn a

variety of fuels. The efforts to improve the cyeléciency concentrated in three areas:

1. Increasing the turbine inlet (or firing) temperas.
2. Increasing the efficiencies of turbo-machinesynponents.

3. Add modifications to the basic cycle.

The simple-cycle efficiencies of early gas turbinegre practically doubled by
incorporating intercooling, regeneration (or reaapen), and reheating. The back work ratio of
a gas-turbine cycle improves as a result of indiog and reheating. However, this does not
mean that the thermal efficiency will also improvatercooling and reheating will always
decrease the thermal efficiency unless they aremapanied by regeneration. This is because
intercooling decreases the average temperaturdhighvheat is added, and reheating increases
the average temperature at which heat is rejeciedrefore, in gas-turbine power plants,
intercooling and reheating are always used in cutjon with regeneration. These
improvements, of course, come at the expense oéased initial and operation costs, and they
cannot be justified unless the decrease in fudbauftsets the increase in other costs. In the past
the relatively low fuel prices, the general desiréhe industry to minimize installation costs, and
the tremendous increase in the simple-cycle effyedue to the first increased efficiency
options to approximately 40 percent left little Wedor incorporating these modifications. With
continued expected rise in demand and cost of gindlelectricity, these options will play an
important role in the future of gas- turbine powéants. The purpose of this paper is to explore
this third option of increasing cycle efficiencyavintercooling, regeneration, and reheating. By
including various heat exchangers like intercootegenerator and reheater in the gas turbine
cycle the thermal efficiency and the specific waldne can be increased and enhancing the

performance of the gas turbine.



1.3 REFINEMENTSIN GASTURBINE CYCLE

Gas turbines installed until the mid-1970's suftereom low efficiency and poor
reliability. In the past, large coal and nucleamwpo plants dominated the base-load electric
power generation. Base load units are on line lat&pacity or near full capacity almost all of
the time. They are not easily nor quickly adjusiedvarying large amounts of load because of
their characteristics of operatiddowever, there has been a historic shift towardinaatgas-
fired turbines because of their higher efficienciesver capital costs, shorter installation times,
better emission characteristics, the abundancatofa gas supplies, and shorter start up times.
Now electric utilities are using gas turbines fasé-load power production as well as for
peaking, making capacity at maximum load perioaksiaremergency situations because they are
easily brought on line or off line. The construaticosts for gas-turbine power plants are roughly
half that of comparable conventional fossil fuetash power plants, which were the primary
base-load power plants until the early 1980’s,d®aking units are much higher in energy output
costs.

Gas turbines usually operate on an open cyclehRagsat ambient conditions is drawn
into the compressor, where its temperature andspresare raised. The high-pressure air
proceeds into the combustiamhamber, where the fuel is burned at constant presShe
resulting high-temperature gases then enter theneeyr where they expand to the atmospheric
pressure through a row of nozzle varidss expansion causes the turbine blade to spirghwh
then turns a shaft inside a magnetic coil. Whensimaft is rotating inside the magnetic coll,
electrical current is produced. The exhaust gasaarig the turbine in the open cycle are not re-
circulated.

The open gas-turbine cycle can be modelled asse@loycle by utilizing the air-standard
assumptions. Here the compression and expansiaeggaemain the same, but a constant-
pressure heat-rejection process to the ambienteplaces the combustion process. The ideal
cycle that the working fluid undergoes in this eddoop is the Brayton cycle, which is made up
of four internally reversible processes. Using asell cycle for the gas turbine develops the
possibility of using a high pressure (and henceégh gas density) throughout the cycle, which
would result in a reduced size of turbo-machinenyd given output. The schematic diagram of

the open cycle gas turbine is shown in Fig. 3.6.



The closed cycle open up the possibilities ofuke of gases other than air having more
desirable thermal properties. The monatomic gaf sschelium which has the high value of
specific heat can be used as working fluid. Thdebdieat transfer characteristics of helium
means that the size of the heat-exchanger andgmteracan be about half that of units designed

for use with air.

1.4 ORGANIZATION OF THESIS

The thesis work is formulated into seven chaptéirst chapter is introductory in nature.
Second chapter deals with the literature reviewtaedesearch studies which had been made in
this field. Third chapter includes gas turbine egcltheir configurations and various gas turbine
components. Chapter four deals with the derivatdnexpression for efficiency and non-
dimensional specific output of all four configuats. Chapter five is included to discuss the
various techniques used for optimization. It algplans the technique which is used in this
present work i.e. Adaptive Neuro Fuzzy Inferencet&y (ANFIS) in detail. Sixth chapter deals
with problem formulation for different configuratie which includes objective function, design
variables and constraints for all configurationeeTast chapter i.e. seventh includes the results
and discussions in which optimum numerical resuittsined for each of the configurations. The
results obtained are compared with those of thetiMigr Method. The appendix gives the

computer program and the training data for theeddfit configurations.



CHAPTER 2 LITERATURE REVIEW

In order to have an idea of present technologiegketbpment in the area of gas turbine,
its performance and optimization, a brief surveyagéilable literature is made. A number of
research studies, both experimental and nhumencathe optimization of gas turbine cycle and

neural networks.

2.1 REVIEW OF LITRETURE

Andreas Poullikkas et al. [1] in his work gave an overview of current and future
sustainable gas turbine technologies. In his rebeaprk, the various gas turbine technologies
are described and compared. Emphasis had been tgibe various advance cycles involving
heat recovery from the gas turbine exhaust, sugclthasgas to gas recuperation cycle and the
combined cycle The thermodynamic characteristighefvarious cycles are considered in order
to establish their relative importance to futurevpo generation markets. The combined cycle
technology is now well established and offers sip&o any of the competing gas turbine based
systems, which are likely to be available in thedimm term for large-scale power generation
applications. In small-scale generation, less @MW it is more cost effective to install a less
complex power plant from economic point of view.n@mned cycle plants in this power output
range normally have higher specific investment<@std lower electrical efficiencies but also

offer robust and reliable performance

Yousef S.H. Najjar et al. [2]described that the efficiency of the gas turbingire is
relatively low at design point and it deteriorafesther at part load and at off-design high
ambient temperatures. His work comprises the saidydding an inlet air precooler driven by
the tail-end heat recovered from the engine exhgases. A heat recovery boiler is used to
partly recover the exhaust heat. The performancehisf combined system, namely power,
efficiency and specific fuel consumption is studemad compared with the simple cycle. The
variables in this parametric study are mainly cogspor pressure ratio, turbine inlet temperature
and ambient temperature. Results show that the ib@ohlsystem achieves gains in power. The
performance of the combined system showed lesdtiségdo variations in operating variables.

Thermo economic evaluation shows that the combsystem is viable.

6



Lingen Chen et al.[3] studied performance analysis and optimizationrobpen-cycle
regenerator gas-turbine power plant. The analyfmahulae about the relation between power
output and cycle overall pressure-ratio are deritzdghg into account the eight pressure-drop
losses in the intake, compression, regeneratiampastion, expansion and discharge processes
and flow process in the piping, the heat-transiss lto the ambient environment, the irreversible
compression and expansion losses in the compressibrthe turbine, and the irreversible
combustion loss in the combustion chamber. The pautut was optimized by adjusting the
mass-flow rate and the distribution of pressuresdgsalong the flow path. Also, it was shown
that the power output has a maximum with respec¢héofuel-flow rate or any of the overall
pressure-drops and the maximized power output haatditional maximum with respect to the
overall pressure-ratio. The numerical example slibthe effects of design parameters on the

power output and heat-conversion efficiency.

Anita Kovac Kralj et al. [4] investigatedhatheat and power integration can reduce fuel
usage, carbon dioxide and sulphur dioxide emissamas thereby, pollution. In the simultaneous
heat and power integration approach and includiddit@nal production, the optimization
problem is formulated using a simplified procespesstructure. Nonlinear programming (NLP)
contains equations which enable structural heat poder integration and parametric
optimization. In this study the NLP model is formigdd as an optimum energy target of process
integration and electricity generation using a gabine with a separator. The reactor acts as a
combustion chamber of the gas turbine plant, priodubigh temperature. The simultaneous
NLP approach can account for capital cost, integmadbf combined heat and power, process
modification, and additional production trade-offigcurately, and can thus yield a better
solution. It gives better results than other methdcte NLP model does not guarantee a global

cost optimum, but it does lead to good, perhaps ogtamum designs.

Xiaoyong Qin et al. [5]developed the genetic optimization theory; a desigthod for
the flow path of an axial flow steam turbine stagethis method the maximum efficiency of the
stage is taken as the objective, a series of fomgtare taken as constraints, and the optimal
geometric and aerodynamic parameters are solved) ube genetic algorithm process. The

efficiency and constraints evaluation are perforrusthg a program for the thermodynamic



calculation of steam turbine stages in the desigmdition. The fithess of each individual is
determined by the turbine efficiency and a pendltyction containing the constraints. The
proposed method is applied to the design of aseam turbine stage. The results showed that
the new method successfully reveals the optimaimgdoc and aerodynamic parameters of the

stage for maximum efficiency.

Valceres V.R. Silva et al. [6]states thaperformance optimization of a gas turbine
engine can be expressed in terms of minimizing deglsumption while maintaining nominal
thrust output, maximizing thrust for the same foehsumption and minimizing turbine blade
temperature. Additional control layers are usedn@rove engine performance. This paper
presents an evolutionary approach called the Stud&#he optimization framework to design
for optimal performance in terms of the three ciitebove. This approach converges fast and
can potentially save on computing cost. Model-basquerimental results are used to illustrate

this approach.

Y. Tsujikawa et al. [7] devoted his study to the analyses and optimizatfimple and
sophisticated cycles, particularly for various gasbines engines and aero-engines (including
scramjet engine) to achieve maximum performance. dgtimization of such criteria as thermal
efficiency, specific output and total performanoe gas turbine engines and overall efficiency,
non-dimensional thrust, specific impulse for aengires has been performed by optimization
procedure with the multiplier method. Comparisomesfults with analytical solutions establishes

the validity of the optimization procedure.

Manuel Valdes et al. [8]this paper showed a possible way to achieve a theganomic
optimization of combined cycle gas turbine (CCGDwer plants. The optimization has been
done using a genetic algorithm, which has beendtiapplying it to a single pressure CCGT
power plant. Once tuned, the optimization algorithas been used to evaluate more complex
plants, with two and three pressure levels in teat hecovery steam generator (HRSG). The
variables considered for the optimization were tttermodynamic parameters that establish the
configuration of the HRSG. Two different objectifiactions were proposed: one minimizes the

cost of production per unit of output and the otlraxximizes the annual cash flow. The results



obtained with both functions are compared in otdéind the better optimization strategy. The
results show that it is possible to find an optimton every design parameter. This optimum

depends on the selected optimization strategy.

Mallinson et al. [9] investigated the part load performance of varigas turbine engine

schemes and conventional three group notation dlyghem has been adopted here also.

Bernardo Morcego Seix et al. [10lexplained the ways in whicheural networks are
suitable models for qualitative techniques to bpliad. It explored how qualitative reasoning
could deal with the well known back-propagationritéag algorithm. Qualitative models are
based on the discretization of their parametersiamdise of closed operators on the sets induced
by the discretization. Henceforth, a qualitativesien of back-propagation is an algorithm in
which the variables involved in it belong to onecam the finite classes defined. It can be very
useful either to realize a physical implementatainthe algorithm or as a starting point to

develop new reinforcement learning algorithms feunal networks.

O. Cortés et al. [11]had developed a way to optimize the parameters dperating
conditions), related to compressor performance,@ased on artificial neural network. It inverts
the neural network to find the optimum parametdu@ainder given conditions (artificial neural
network inverse, ANNi). In order to do so, first amtificial neural network (ANN) was
developed to predict: compressor pressure ratemtrigpic compressor efficiency, corrected
speed, and finally corrected air mass flow rat@utrvariables for this ANN include: ambient
pressure, ambient temperature, wet bulb temperato@er temperature drop, filter pressure
drop, outlet compressor temperature, outlet consprgsressure, gas turbine net power, exhaust
gas temperature, and finally fuel flow mass rater the network, a feed-forward with one
hidden layer algorithm, a hyperbolic tangent sigibiansfer-function and a linear transfer-
function were used. The best fitting with the traghdatabase was obtained with 12 neurons in
the hidden layer. For the validation of presentadase, simulation and experimental database
were in good agreement. Thus, the obtained ANN moae be used to predict the operating
conditions when input parameters are well-knownco8d, results from the ANNi that was
developed also show good agreement with experirhanthtarget data (error <0.1%), in this

case, cooler temperature was found for a requirgtiemcy. Therefore, the proposed



methodology of ANNi can be applied to optimize gerformance of the compressor with an

elapsed time minor to 0.5 s.

Jyh Shing Roger Jang [12Explained the architecture and learning procedbeNF-IS
(Adaptive Neuro Fuzzy Inference System), which fgzzy inference system implemented in the
framework of adaptive networks. By using a hybedrhing procedure, the proposed ANFIS
can construct an input-output mapping based on latan knowledge (in the form of fuzzy if-
then rules) and stipulated input-output data pairghe simulation, the ANFISarchitecture is
employed to model nonlinear functions, identify o@ar components and predict a chaotic
time series, all yielding remarkable results. Otlegtensions of the proposed ANFI&nhd
promising applications to automatic control andnaigprocessing are also suggested in his

research work.

A. Abraham et al. [13] explained that the integration of neural networksl &uzzy
inference systems can be formulated into three roategories: cooperative, concurrent and
integrated neuro-fuzzy models. He presented thiéereht types of cooperative neuro fuzzy
models namely fuzzy associative memories, fuzzg extraction using self-organizing maps and
systems capable of learning fuzzy set parametafferént Mamdani and Takagi-Sugeno type
integrated neuro-fuzzy systems are further intreduwith a focus on some of the salient
features and advantages of the different typesitefgrated neuro-fuzzy models that had been

evolved during the last decade

Alaa Sheta et al. [14] haddiscussed that there are variety of problems ichamical,
electrical, chemical and aerospace engineering tteat be formulated as Non-Linear
Programming (NLPs). The quality of the developedutson significantly affects the
performance of such systems. In this paper theétyabil Genetic Algorithms (GAs) to tackle the
constrained NLPs problems is investigated. The ex@atal results which are obtained in this
work indicate that GAs can effectively solve thégees of problems. GAs can overcome many
problems encountered by traditional search teclsiqgas gradient based methods. The

performance of GAs is compared to the Sequentialdgatic Programming (SQP) method.

10



W. Ruijter et al. [15] presented in his research wrk the first resulta ainning study
on optimization of aircraft components (compositngds of a typical vertical tail plane) by
using Genetic Algorithms (GA) and Neural NetworkdSN). The panels considered were
standardized to some extent but still there wasde wcope of discrete and continuous design
variables that can be adjusted to increase perfwwenar reduce structural weight. A NN was
trained for every panel configuration using a bpo#pagation algorithm with data sets taken
from finite element analyses spread randomly olverdesign space. The trained network is then
used to predict the values of the constraint fumdi(strain and buckling multipliers). The
approach was formulated in this manner to maintaaximum flexibility regarding the
implementation of new variables or models and wht prospect of optimizing the assembly as
a whole. Results showed that in design problemis iwgh dimensionality the approach becomes
more attractive, especially when the optimizatias o be run repeatedly for panels under
different loading/sizing conditions. The optimizatialgorithm had proven to be robust though
dependent on the smoothness of the network outipatibn. A modified method that feeds back

the found optima was proposed to improve accurétlyeoNN and decrease preparation time.

Krzysztof Kosowski et al. [16]in his study proposed a general, efficient system f
designing turbine cascades and stages in real @&-tlonditions. The presented algorithms
involve application of evolutionary algorithms, \&ell as Artificial Neural Networks. Results of
the design process were shown to be highly optienize terms of efficiency, whereas
computation time is reduced by several orders gjmtade in comparison to methods relying on

Computational Fluid Dynamics calculations.

Jiangfeng Wang et al. [17]explained that in the supercritical CO2 power cyblere is a high
potential to recover low-grade waste heat duedddtter temperature glide matching between
heat source and working fluid in the heat recowayor generator (HRVG). Parametric analysis
and energy analysis were conducted to examinefteéet® of thermodynamic parameters on the
cycle performance and energy destruction in eaafipooent. The thermodynamic parameters of
the supercritical CO2 power cycle was optimizechvehergy efficiency as an objective function
by means of genetic algorithm (GA) under the giweste heat condition. An atrtificial neural

network (ANN) with the multi-layer feed-forward metrk type and back-propagation training is
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used to achieve parametric optimization designdigpit showed that the key thermodynamic
parameters, such as turbine inlet pressure, turbieetemperature and environment temperature
had significant effects on the performance of thpescritical CO2 power cycle and energy
destruction in each component. It is also showhn ttha optimum thermodynamic parameters of
supercritical CO2 power cycle can be predicted wgtod accuracy using artificial neural

network under variable waste heat conditions

The literature survey for the cycles and configoratand the study of various possible
gas turbine configurations, detailed account ofower aspects of axial flow turbines such as
basic principles, combustion process, work outma factors upon which it depends has been
given byH. Cohen and G. F. C. Rogers [18].

The evaluation and method of accounting componesgels and information about the
temperature-entropy diagram have been giveB I8/ Kumar, V. P. Vasandani [19]andJ. H.
Horlock [20].

Shepherd [21]is considered as an authority on the principlesudio machinery. The
description of topics undertaken is immensely hélph understanding the basic principles

involved in the operation of a turbo machine.

2.20BJECTIVE OF PRESENT WORK

It has been observed that the potentiality of the wirbine optimization has not been
done to much extent. This thesis work is devotedrtalyses and optimization of gas turbine
cycle for different configurations. The objectigeto optimize the thermal efficiency and specific
work done. The various configurations that willaliss are 1/C — having a compressor turbine
and combustor, 1/C/E — having a compressor, reg@rercombustor and turbine, in 1/LP
scheme the high pressure turbine drives the comsmreand low pressure turbine gives the
network output and in 1/LP/E a heat exchanger deeddo the 1/LP configuration to recover heat
from the exhaust of low pressure turbine, to desgehe amount of fuel required which increases
the thermal efficiency. The method used for optatian in this work is Adaptive Neuro Fuzzy

Inference System (ANFIS) which uses Takagi-Sugemegrated Neuro-Fuzzy System which is
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a Artificial Intelligent technique. In the preseggs turbine is regarded as a system consisting of
number of sub-systems. The various design varialdesl are temperature ratios and various
components and are assigned certain initial vahre$ then optimized. Constraints, design
variables and objective function for each configjora are different and are described

accordingly in subsequent chapters.
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CHAPTER 3 GASTURBINE CYCLE

Gas turbine engines are, theoretically, extremielpke. They have three parts:
COMPRESSOR - Compresses the incoming air to high pressure.

COMBUSTION AREA - Burns the fuel and produces high-pressure, higbeityl gas.
TURBINE - Extracts the energy from the high-pressure, higbeity gas flowing from the

combustion chamber.
The following figure shows the general layout ofeial-flow gas turbine

Carmbustor

To Exhaust or Post-
Combustion Emission
Controls

High Pressure
Compressor

Alr

= |l Y
e F\j

7

Low Pressure
Compressor

IMercoaler

Cocling Media —_AN\I_-.’

Turbine
(drives compressor)

FIG 3.1: GASTURBINE SYSTEM

As shown in Fig. 3.1, air is sucked in from the poessor. The compressor is basically
an axial flow compressor with blades attached imstoAs the air is forced through each of the
compression stage its pressure rises significalmtlgome engines, the pressure of the air can rise

by a factor of 30.

3.1 THEORY OF GASTURBINE COMPONENTS

3.1.1 COMPRESSOR

Efficient compression of large volumes of air isedial for a successful gas turbine
engine.This has been achieved in two types of comprestimesaxial-flow compressor and the
centrifugal compressor. Most power plampressors are axial-flow compressors because they

are able to handle large mass flow rates. The tigeof a good compressor design is to obtain
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the most air through a given diameter compressdn @&i minimum number of stages while
retaining relatively high efficiencies and aerodyma stability over the operating range.
Compressors contain a row of rotating blades fadidwy a row of stationary (stator) blades. A
stage consists of a row of rotor and a row of stakades. All work done on the working fluid is
done by the rotating rows, the stators convertiegfiuid kinetic energy to pressure and directing
the fluid into the next rotor. The fluid enters lian initial velocity relative to the blade and

leaves with a final relative velocity at a diffetemgle.

3.1.1.1 CENTRIFUGAL AIR COMPRESSOR

AR THROWN OFF
AT EB OF IMPELLER

AR ENTERS
™ CENTER

FIG 3.2: CENTRIFUGAL COMPRESSOR

The impeller, which consists of large number ofdeks is mounted on the compressor
shaft, inside the stationary casing. As the impeatates, the pressure in suction region falls and
hence the air enters through the eye and flowsalgioutwards through impeller blades. As a
result velocity and pressure of air increadeser this air enters and flows through the divatge
passages formed by the diffuser blades. At thigesthe velocity of air is decreases but the
pressurancreases still further. We may say that, during #tage the kinetic energy is converted
into pressure energy. Finally this high pressur@stcapes from the compressor delivery portion.

By this method we can obtain high pressure ratjoarbanging the number of air compressor in

series. The schematic diagram of the centrifugalpressor is shown in the Fig. 3.2
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3.1.1.2 AXIAL AIR COMPRESSOR

These types of compressors are more commonly usgdimay. In axial compressor, the
air flows in an axial direction right from intake the discharge. The stator, which has stator
blades, encloses the rotor, which is provided wittor blades. As the air enters from suction
region, it flows through the alternately arrangétar and rotor blade rings. In flowing through
each pair of blade rings formed up of one rotodélang and one stator blade ring, the air gets
compressed successively. The air is finalgtivered from delivery region, which is smaller in

size compare to suction side.

Axial flow compressors produce a continuous flowcompressed gas, and have the
benefits of high efficiencies and large mass flaparity, particularly in relation to their cross-
section. They do, however, require several ronairddils to achieve large pressure rises making

them complex and expensive relative to other design

The Fig. 3.3 shows a cross section of an axial cesgor with multiple impellers. The
gas flows axially along the shaft of the compredsmn one impeller to another, directed by the
stationary vanes. Each impeller/stationary vaneragtesents one stage of compression. The
fluid is accelerated by impeller vanes and subseiiyue is decelerated in the stator vanes which

then guide it into next stage of impeller vanes.

| t

8
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FIG 3.3: AXIAL FLOW COMPRESSOR

Axial compressors are widely used in gas turbisesh as jet engines, high speed ship

engines, and small scale power stations. They laeused in industrial applications such as
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large volume air separation plants, blast furnaceflaid catalytic cracking air, and propane
dehydrogenation. Axial compressors, known as shpegers, have also been used to boost the
power of automotive reciprocating engines by corsgirg the intake air, though these are very

rare.
3.1.2 COMBUSTION CHAMBER (COMBUSTOR)

Combustion is the chemical combination of a sulzstawith certain elements, usually
oxygen, accompanied by the production of a highpemature or transfer of heat. The function of
the combustion chamber is to accept the air fraarcthmpressor and to deliver it to the turbine at
the required temperature, ideally with no loss oésgure. Essentially, it is a direct-fired air
heater in which fuel is burned with less than dmedtof the air after which the combustion
products are then mixed with the remaining ot the common open-cycle gas turbine, this
requires the internal combustion of fuel. This nse#re problem of fuel operation, mixing and
burning, must be addressed. Fuel is commonly gaseoliquid. Gaseous or liquid fuels are
usually hydrocarbons. Gases usually being nat@s| mostly methane, and butane. Liquids may
range from highly refined gasoline through kerosane light diesel oil to a heavy residual oil.
Combustion itself possesses great difficulties. @t#culty arises because of pressure loss in
combustion chamber. Almost any fuel can be burectessfully if sufficient pressure drop is
available to provide the necessary turbulence fiaing of air and fuel and if sufficient volume
is available to give the necessary time for combuodb be completed.

This high-pressure air then enters the combustrea,avhere a ring of fuel injectors

injects a steady stream of fuel. The fuel is gdhekarosene, jet fuel, propane or natural gas.

Main Fuel Gas ——p» = ;[ % Main F.fame

Pilot Fuel Gas —» ! | e  Pilot flame
I'T L

Main Fuel Gas —b-- :l wsme  Main Flame

FIG 3.4: COMBUSTION CHAMBER
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A type of combustion chamber is shown in Fig. 3M.pilot burner is used for
maintaining the flame, or the main burner is conegolsy a multiple of single burners to adjust
the number of burning flames in accordance withabtput, but it is not able to follow a rapid
output change, resulting in flame-out or unstaloimloustion. Compressed air enters through the
perforations. Exhaust gases exit from the othex.didthis type of combustor the air leaving the
compressor is split into a number of split streaga;h supplying a separate chamber. These
chambers are spaced around the shaft connectingpthpressor and the turbine, each chamber
having its own fuel jet fed from a common supplyeli This arrangement was well suited to
engines with centrifugal compressors, where the fieas divided into separate streams in the
diffuser. But in the aircraft applications, howevkrs can type of combustor is undesirable in
terms of weight, volume and frontal area and islamger used in current designs. Small gas
turbines, such as auxiliary power units and thaspgsed for vehicles, have often been designed

with a single combustion can.

The ideal configuration of combustor in terms oimpact dimensions is the annular
combustor, in which maximum use is made of the sga@ilable within a specified diameter;
this should reduce the pressure loss and resulinirengine of minimum diameter. Large
industrial gas turbines, where the space requiyethé& combustion system is less critical, have
used one or two large cylindrical combustion chamsibhese were mounted vertically and are

often referred as silos-type combustors becauieeofsize and physical resemblance to silos.
3.1.3THE TURBINE

The gas turbine in its most common form is a hegiree operating through a series of
processes. These processes consist of compregsaamtaken from the atmosphere, increasing
of gas temperature by the constant-pressure corobust fuel in the air, expansion of the hot
gases, and finally, discharging of the gases toospimere, in a continuous flow process. It is
similar to the gasoline and Diesel engines in itsking medium and internal combustion, but is
like the steam turbine in the steady flow of therkimg medium. The compression and
expansion processes are both carried out by mdargtabing elements in which the energy
transfer between fluid and rotor is affected by nseaf kinetic action, rather than by positive

displacement as in reciprocating machinery.
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Energy is added to the gas stream in the combustoere air is mixed with fuel and
ignited. Combustion increases the temperature,citgl@and volume of the gas flow. This is
directed through a nozzle over the turbine's bladesning the turbine and powering the
compressor. Energy is extracted in the form of tshafver, compressed air and thrust, in any

combination, and used to power aircraft, traingstgenerators, and even tanks.

Gas turbines move relatively large quantities af through the cycle at very high
velocities. Among the mechanical characteristicsgaf turbine engines are very smooth
operation and absence of vibration due to recigmogaaction. The high rotational speeds
utilized require very accurate rotor balancingoid damaging vibration. Rotor parts are highly
stressed with low factors of safety. Blades arg VYieely tuned to avoid resonant vibration. Gas
turbines have relatively few moving (and no slidinrts and are not subjected to vibratory

forces. As a result, they are highly reliable wipewoperly designed and developed.
3.1.3.1OPEN CYCLE GASTURBINE

Gas turbines usually operate on an open cyclehRagsat ambient conditions is drawn
into the compressor, where its temperature andspresare raised. The high-pressure air
proceeds into the combustiamhamber, where the fuel is burned at constant presShe
resulting high-temperature gases then enter theneeir where they expand to the atmospheric
pressure through a row of nozzle vanes. Expansioseas the turbine blade to spin, which then
turns a shaft. The shaft work thus generated drilvesauxiliaries which includes compressor,
generators etc. if electricity is to be producelde Exhaust gases leaving the turbine in the open
cycle are not re-circulated. The schematic diagoathe open cycle gas turbine is shown in Fig.
3.5.

Fuel—_
Combustion

Air Products
FIG. 3.5: OPEN CYCLE GASTURBINE
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3.1.3.2CLOSED CYCLE GASTURBINE

The open gas-turbine cycle can be modelled assadloycle by utilizing the air-
standard assumptions. Here the compression anch&gpaprocess remain the same, but a
constant-pressure heat-rejection process to theeairdr replaces the combustion process. The
ideal cycle that the working fluid undergoes instiiosed loop is the Brayton cycle, which is
made up of four internally reversible processesn@ya closed cycle for the gas turbine develops
the possibility of using a high pressure (and headagh gas density) throughout the cycle,
which would result in a reduced size of turbo-maehy for a given output. The schematic

diagram of the closed cycle gas turbine is showrign 3.6.

The closed cycle open up the possibilities ofuke of gases other than air having more
desirable thermal properties. The monatomic gaf sischelium which has the high value of
specific heat can be used as working fluid. Theebédieat transfer characteristics of helium
means that the size of the heat-exchanger andgmteracan be about half that of units designed

for use with air.

HEAT
" | EXCHANGER

P
SHAFT TURBINE POWER
COMPRESSOR _\\”\\\ TURBINE —2
‘r—,_'/’//A
LT EXHAUST Y
HEAT
EXCHANGER
TO CooL
EXHAUST GASES

FIG.3.6: CLOSED CYCLE GASTURBINE
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3.1.4HEAT EXCHANGER

The temperature of gases leaving the turbine ag¢mideof expansion is very high. Part of
their heat content can be utilized to preheat tmapressed air before it reaches the combustion
chamber. This reheating is done in counter-flowt lle@hanger. With heat-exchanger, there is
no change in the compressor work, turbine workraetdiork done. However, there is substantial
reduction in the quantity of fuel required and thipect results in the increase in the thermal
efficiency. The arrangement of gas turbine emplgyaeat exchanger is shown in Fig. 3.6. The

efficiency of a regenerator is definedag..

actual heat transfer

Mex = maximum possible heat transfer from gases

3.1.5INTERCOOLER

The power output of gas turbine can be increasethtiey-cooling. The compressed air
from low pressure compressor during delivery tohhpgressure compressor is cooled in the
intercooler. Therefore the compression is preforimetivo stages. The compressed cooled air
has lesser volume, enabling air to be compressedsmaller compressor with less expenditure
of energy.

Clearly the work required for compression is restlwith intercooler. The heat supplied
with inter-cooling is more than that with the heapplied in single stage compression. The net

output is also increased but thermal efficiencisfdle to increased heat supply.

3.2IDEAL OPERATING CYCLE (BRAYTON CYCLE)

The Brayton cycle (or Joule cycle) represents {heration of a gas turbine engine. The

cycle consists of four processes, as shown indiglomngside a sketch of an engine:

« a- b Adiabatic and reversible compression in tiet iand compressor.
« b - c Constant pressure fuel combustion (idealamedonstant pressure heat addition).
« ¢ -d Adiabatic and reversible expansion in theihe and exhaust nozzle, with which we

1. take some work out of the air and use it to drheedompressor, and
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2. take the remaining work out and use product of agtibn process to produce
shaft work turn a generator for electrical poweneyation.

« d-a Cool the air at constant pressure back taitial condition.

The line diagram and P-V diagram of the gas turlaireeshown in Fig. 3.7 and Fig. 3.8

respectively.

Air-standard assumptions. Assumptions that the compression and expansiocepses
are adiabatic (insulated) and reversible (isentjopinat there is no pressure drop during the heat
addition process, and that the pressure leavinduttiene is equal to the pressure entering the

compressaor.

Internally reversible processes. Thermodynamics states that, for given temperature
limits, a completely reversible cycle has the higglpossible efficiency and specific work output,
reversibility being both mechanical and thermal.chlmnical reversibility is a succession of

states in mechanical equilibrium, i.e. fluid motmithout friction, turbulence, or free expansion

Combustor
Combustor \ 0
‘ .

' b
Inlet Nozzle P /Turhmuand nozzle
| I
‘ / ‘ P 4 Inlet and
{.-OI'HPTCSEW Turbine compressor d (1 \
o \
Heat rejection
10 atmosphere
FIG 3.7 LINE DIAGRAM OF GAS FIG 3.8: P-V DIAGRAM OF IDEAL
TURBINE BRAYTON CYCLE
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. Thermal reversibility is a consequence of theo8dcLaw of thermodynamics, which
states that heat must be added only at the maxitamperature of the cycle and rejected at the
minimum temperature.

Isentropic: Processes being done reversibly and adiabatically.

3.21MATHEMATICAL TREATMENT OF BRAYTON CYCLE

The T-S and P-V diagrantf an ideal Brayton cycle are shown in Fig. 3.9 &gl 3.10
respectively. All four processes of the Braytonleyare executed in steady flow devices so they
should be analyzed as steady-flow processes.

When the changes in kinetic and potential energiesneglected, the energy balance for
a steady-flow process can be express, on a ung-besss, as

(qin - qout) + (Win - Wout) = (hout - hinlet)

FIG.3.9: T-SDIAGRAM OF BRAYTON CYCLE

Therefore, heat transfers to and from the workiagl fare

Qin = hs —hy = G (T3 — T)

Qout = ha —hy = G (T, —Ty)
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FIG. 3.10: P-V DIAGRAM OF BRAYTON CYCLE

Then the thermal efficiency of the ideal Braytorcleyunder the air-standard assumptions

becomes

T,
_qout_l_Cp(TB_TZ)_l Tl(T_l_ )

Whet -1 _ _
qin din Cp (T4 - Tl) Tz (5 — )

Nt =

Processes 1-2 and 3-4 are isentropic, gmdAand P = P,. Thus

k-1 k-1
=@ -G -7
o \p/ —\p) T,
Substituting these equations into the thermal iefficy relation and simplifying give the thermal
efficiency as
1
Nen = 1- k-1
(rp) .
where
rp = P1

is the pressure ratio and k is the specific heat.reinder the cold-air assumptions, the thermal

efficiency of an ideal Brayton cycle depends on pinessure ratio of the gas turbine and the
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specific heat ratio of the working fluid (if diffent from air). The thermal efficiency increases

with both of these parameters, which is also tlse ¢ar actual gas turbines.

3.3 DEVIATION OF ACTUAL GASTURBINE CYCLES FROM
IDEALIZED ONE:

The actual gas turbine cycle differs from the idBedyton cycle. Some pressure drop
during the heat addition and rejection processamayoidable. The actual work input to the
compressor will be more, and the actual work oufporh the turbine will be less because of
irreversibility’'s. The deviation of actual compressand turbine behavior from the idealized
isentropic behaviour can be accurately accountetiyfautilizing the adiabatic efficiencies of the

turbine and compressor defined as

_ Wa _ hs — hyq
77T W h3 - h4s

W hl - hZS

Te = We ~ hy— hag

where states 2a and 4a are the actual exit sthtdseocompressor and the turbine,

respectively, and 2s and 4s are the correspontitessor the isentropic case.
3.31THEBRAYTON CYCLE WITH REGENERATION

In gas-turbine engines, the temperature of the wsthgas leaving the turbine is often
considerably higher than the temperature of théeawing the compressor. Therefore, the high-
pressure air leaving the compressor can be hegtaarsferring heat to it from the hot exhaust
gases in a counter-flow heat exchanger, whichsg lahown as a regenerator or recuperator. Gas
turbine heat exchangers are usually constructeshal-and-tube type heat exchangers using
very small diameter tubes, with the high pressurénaide the tubes and low pressure exhaust
gas in multiple passes outside the tubes. The #dezfficiency of the Brayton cycle increases as
a result of regeneration since the portion of epefghe exhaust gases that is normally rejected

to the surroundings is how used to preheat thera@ring the combustion chamber. This, in turn,
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decreases the heat input (thus fuel) requirementthé same net work output. Note, however,
that the use of a regenerator is recommended ohbnwhe turbine exhaust temperature is
higher than the compressor exit temperature. Otkerveat will flow in the reverse direction

(to the exhaust gases), decreasing the efficiefbis situation is encountered in gas turbines

operating at very high-pressure ratios.
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FIG 3.11: T-SDIAGRAM OF A BRAYTON CYCLE WITH REGENERATION

A regenerator with a higher effectiveness will savgreater amount of fuel since it will
preheat the air to a higher temperature prior tmlmestion. However, achieving a higher
effectiveness requires the use of a larger regtoresshich carries a higher price tag and causes
a larger pressure drop because shaft horsepoweedisced. Pressure drop through the
regenerator or recuperator is important and shoelkept as low as practical on both sides.
Therefore, the use of a regenerator with a veryh haffectiveness cannot be justified
economically unless the savings from the fuel cest®ed the additional expenses involved. The
effectiveness of most regenerators used in praditelow 0.85. The thermal efficiency of an
ideal Brayton cycle with regeneration depends oa thtio of the minimum to maximum
temperatures as well as the pressure ratio. Regfgoreis most effective at lower pressure ratios

and low minimum-to-maximum temperature ratios.
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332 BRAYTON CYCLE WITH |INTERCOOLING, REHEATING AND
REGENERATION

The net work of a gas-turbine cycle is the diffeebetween the turbine work output and
the compressor work input, and either decreasiagtimpressor work, or increasing the turbine
work or both can increase it. Carrying out the coapion process in stages and cooling the gas
in between the lower and higher-pressure stagésdedrease the work required to compress a
gas between two specified pressures. This is caflelistage compression with inter-cooling.
As the number of stages is increased, the comprepsocess becomes nearly isothermal at the
compressor inlet temperature, and the compressiok decreases.

Likewise, the work output of a turbine operatingvween two pressure levels can be
increased by expanding the gas in stages and netpéah between — that is; utilizing multistage
expansion with reheating. This process involvesddig the turbine into two parts, a high-
pressure and a low-pressure turbine. After thepgases through the high-pressure turbine it is
extracted from the turbine and admitted to a seammdbustor. Reheated gas flow into the low-
pressure turbine, which may be on a separate sirdipth turbines and the compressor, may be
connected to a common shaft. In either case, theateprocess is thermodynamically the same.
This is accomplished without raising the maximumperature in the cycle. As the number of
stages is increased, the expansion process becwady isothermal. This is based on a simple
principle: The steady-flow compression or expansiuonk is proportional to the specific volume
of the fluid. Therefore, the specific volume of tiwerking fluid should be as low as possible
during a compression process and as high as pessiing an expansion process. This is
precisely what inter-cooling and reheating accosfpli

Combustion in gas turbines typically occurs atrftmes the amount of air actually
needed for complete combustion to avoid excessngeratures. Therefore, the exhaust gases
are rich in oxygen, and reheating can be accongdigly simply spraying additional fuel into the
exhaust gases between two expansion states.

The working fluid leaves the compressor at a loveenperature and the turbine at a
higher temperature, when inter-cooling and rehgadire utilized. This makes regeneration more
attractive since a greater potential for regenenagixits. Also, the gases leaving the compressor
can be heated to a higher temperature before thtey the combustion chamber because of the

higher temperature of the turbine exhaust.
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In Fig. 3.12 it is clear that the gas enters thset fstage of the compressor and is
compressed isentropically to an intermediate presand cooled at constant pressure. It is then
compressed in the second stage isentropically eofittal pressure. The gas now enters the
regenerator, where it is heated at a constantymesk an ideal regenerator, the gas will leave
the regenerator at the temperature of the turbxinaest. The gas enters the first stage of the
turbine and expands isentropically where it entteesreheater. It is reheated at constant pressure,
where it enters the second stage of the turbine @has exits the turbine and enters the
regenerator, where it is cooled at a constant pres3he cycle is completed by cooling the gas
to the initial state (or purging the exhaust gases)

M gemera

FIG 3.12: SCHEMATIC DIAGRAM FOR GASTURBINE ENGINE WITH TWO-
STAGE COMPRESSION WITH INTERCOOLING, TWO-STAGE EXPANSION
WITH REHEATING AND REGENERATION.

In the analysis of the actual gas-turbine cycles,itreversibility’s that are present within
the compressor, the turbine, and the regeneratovedlsas the pressure drops in the heat
exchangers should be taken into consideration. TFBediagram of a gas turbine engine with
two-stage compression with intercooling, two-stagpansion with reheating and regeneration is
shown in Fig. 3.13. it is clear from the figure tttfae heat which is going to be wasted is saved
by using it to heat the compressed gases aftendemmmpression hence it reduces the amount of
fuel used.
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FIG 3.13: T-SDIAGRAM OF A GAS TURBINE WITH INTERCOOLING,
REHEATING AND REGENERATION

3.4CYCLESAND CONFIGURATIONS

In the compressors and turbines, the flow is inreibdée adiabatic and not isentropic.
There occur losses in them. Similarly the heat argler and intercooler have pressure losses in
them and these are not hundred percent efficientthé present analysis, efficiencies and
component losses are assumed to be known in advBine¢emperature entropy diagram for the
cycle changes, as we take into account the predssee and efficiencies of the various
components constituting a particular arrangemelmé arious configurations that we had taken

into account in this work are as follows as givethe reference paper.

3.4.1 1/C CONFIGURATION: The arrangement consists of a compressor, turbide a

combustion chamber only. The arrangement and kdagram for the 1/C is shown in Fig. 4.1

and Fig. 4.2 respectively. There occurs a predsseein combustion chamber.
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3.4.2 1/C/[E CONFIGURATION: The configuration consists of a compressor, turbine
regenerator and combustion chamber. The arrangearehtblock diagram for the 1/C/E is
shown in Fig. 4.3 and Fig. 4.4 respectively. In beat exchanger there occurs a pressure loss

both on the high pressure side and low pressuee sid

3.4.3 1/LP CONFIGURATION: The arrangement and block diagram for the 1/LP is
shown in Fig. 4.5 and Fig. 4.6 respectiveljhere occurs a pressure loss in the combustion
chamber only. The configuration has a compressombestion chamber and two turbines, one
designated as HP (high pressure) turbine and athéfP (low pressure) turbine. High pressure

turbine drives the compressor and low pressuresgieéwvork output.

3.44 1/LPI[E CONFIGURATION: The configuration consists of a compressor,

combustion chamber, a high pressure turbine, apmssure turbine and a regenerator. There
occurs a pressure loss in the heat exchanger dnletpressure and high pressure side. The

arrangement and block diagram for the 1/LP/E issshim Fig. 4.7 and Fig. 4.8 respectively
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CHAPTER 4 RELATIONSFOR DIFFERENT
CONFIGURATIONS OF GASTURBINE CYCLES

4.1 INTRODUCTION

Using temperature ratio of various components it tefficiencies, non-dimensional
specific output and thermal efficiency are calcedatThe same procedure is used for calculating
the optimization constraints and inequality conste which are expressed using non-
dimensional temperature ratios, various componessds and efficiencies of regenerator,

turbine, intercooler, combustion chambered compress

If the inlet conditions of working are given, theitlet conditions for each of the
components can be determined. The parameters assupe ratios, temperature ratios and
component efficiencies. In the present analysificieficies and pressure losses of each
component are assumed to be known in advance.ehimgerature ratio for combustion chamber
is calculated from compressor outlet temperatui tarbine inlet temperature. The maximum
temperature ratio is introduced and is definechasratio of turbine inlet temperature to ambient

temperature.
In the derivations of the following relations asqiions made are:

1. Working fluid is perfect gas with constant spectigat.
2. The temperature ratio of cycle is constant.
3. The increase of mass flow rate due to additioruef &nd mechanical losses are

neglected.
42 RELATIONSFOR 1/C CONFRIGUATION

The configuration consists of a compressor, conausthamber and a turbine only. The
constraint equations, the non-dimensional speoiitput and thermal efficiency are expressed in
the form of the non-dimensional temperature ratwsl component efficiencies. For the

configuration 1/C, the arrangement of the systesh@wn in the Fig. 4.1.

The various temperature ratios are as follows:
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0 = maximum temperature of cycle _ Tyqy

temperature at inlet Tin

L s

b
¥

FIG. 4.1: ARRANGEMENT OF 1/C CONFIGURATION

it is also called as temperature ratio or cycle imax temperature ratio. There are two design
variables in this problem which are definedbaandfc.
Tg temperature at exhaust of turbine

Or = = _
T e maximum temperature of cycle

T,.: temperature at compressor outlet

O = = -
cToT temperature at compressor inlet

4.2.1 CONSTRAINTS:
1. Temperature at compressor outlef,: > Temperature at compressor inlet, T

Tout = Tin




O, —1=>0
2. Temperature at the exhaust of turbineg= T
Temperature at exhaust of turbln@emperature at inlet to the compressor
Te>Ti
Tin<Te
Te-Tin>0

Tg
——120
T; -

TE Tmax —1>0
TmaxTi

6t 6-1>0
3. Thermal efficiency should be greater than or etuakro.
Nih=>0

For the configuration 1/C, the block diagram foe @tationary gas turbine is shown in
Fig. 4.2.

Oc T)T

3 Nth

Nc — ¥ B, €B — nr

v
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FIG. 4.2: BLOCK DIAGRAM FOR 1/C CONFIGURATION
4.2.2 NON-DIMENSIONAL SPECIFIC OUTPUT
Work done per cycle is given by

| = Turbine work output- compressor work input

= Cp (Tmax - TE) - Cp (Tout — Tin)

Ty Tout
= Cp Tnax (1 - Tmax> - Cp Tin(? -1
. . o l
Non-dimensional Specific Output, t=—
CpTin
_ U CpTmax _ Te \ _ CpTin [Tour _
I'= CpTin B CpTin (1 Tmax) CpTin Tin 1)

I=6(1—-07)—(0c:—1)
423 THERMAL EFFICIENCY

Work output
Heat released by combustion of fuel

Thermal Efficiencynm, =

Work Output = Turbine work — compressor work

g|e=at supplied in combustion chamber

Heat released by combustion of fu — -
efficiency of combustion chamber

Thermal efficiency =,

_ CP (Tmax - TE) - Cp (Tout - Tin)
CP (Tmax — Tout)
B

1 CP (Tmax - TE) - Cp (Tout - Tin)
g CP (Tmax - Tout)

=1 (Tmax - TE) - (Tout - Tin)
g (Tmax - Tout)
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(Tmax - Tout) - (TE - Tin)
(Tmax - Tout)

=np| |

(TE - Tin) ]

=n 1 ——F£ "7
TIB[ (Tmax - Tout)

Tg leax -1
_ Tmax ™ Ti

Tmax _ Tout

T; T;

=np[l

B (667 — 1)
Ny, = n8[1— ICETS)

4.3 RELATIONSFOR 1/C/E CONFIGURATION

In this arrangement, a regenerator is introducedhé configuration consisting of a
combustion chamber, compressor and turbine. Armaegé for stationary gas turbine
configuration 1/C/E is shown in Fig. 4.3. There #mee design variables for scheme 1/C/E.
these ar®., 6; and O7.

EX

FIG. 4.3: ARRANGEMENT OF 1/C/E CONFIGURATION
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eC — Tout — Temperature at compressor outlet

Tin Temperature at compressor inlet
Tgx Temperature at regenerator outlet
9E = = - ;
T, Temperature of air at the inlet of regenrator
0« = Tg _ Temperature at exhaust of turbine
T Tmax Maximum temperature of cycle

4.3.1 CONSTRAINTS:

1. Temperature at compressor outlef,: > Temperature at compressor inlef, T
Toutz Tin

T
out 21
Tin

Tout _1>0

0c-1>0
2. Temperature at regenerator outlety ® Temperature at regenerator inleg,T

Tex > Tout

T,
£X >
Tout

1<6;
3. Maximum temperature of cycle, x> Temperature at regenerator outlety T

TEXTout < Tmax
ToutTin B Tin

00, < 6
0 —6:6; >0
4 0. = Tg __ Temperature at exhaust of turbine
C YT Tmax "~ Maximum temperature of cycle

5. Temperature at exhaust of turbing IMaximum temperature of cycle ndx

36



T,
9T= £

<1
Tmax
Therefore, 0<6r<1
For the configuration 1/C/E, the block diagramtfue stationary gas turbine is shown in Fig. 4.4.
4.3.2 NON-DIMENSIONAL SPECIFIC OUTPUT

Work done per cycle, | = turbine output — compressark input

=Cp (Tmax - TE) - Cp (Tout - Tin)
T Tou
:Cp Tmax (1 - ﬁ) —Lp Tin(rnt - 1)

Oc Or

Nc NEx S nr Neh

A\ 4
\ 4
A 4
v

E€Ex N, Nx

FIG. 4.4: BLOCK DIAGRAM FOR 1/C/E CONFIGURATION

: . - l
Non-dimensional Specific Output, t=—
CpTin
|= _t :CPTﬂ( __Te ) _ CpTin (Tout _ 1)
CpTin CpTin Tmax CpTin Tin

I=60(1—67)—(0c—1)
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4.3.3 THERMAL EFFICIENCY

Work output
ed by combustion of fuel

Thermal Efficiency,nq,= Hoat reloas

Work Output = Turbine work — compressor work

= Cp (Tmax - TE) - Cp (Tout — Tin)

&at supplied in combustion chamber

Heat released by combustion of fue — -
efficiency of combustion chamber

Cp (Tmax - TEX )
Np

Thermal efficiency =,

_ CP(Tmax - TE) - Cp(Tout - Tin)

Cp(Tmax — Tex)
NB

CP(TmaX - TE) - Cp(Tout - Tin)

=1
B Cp(Tmax — Tex)
= [(Tmax - TE) - (Tout - Tin)]
B (Tmax - TEX)
Tmax (1 - TE ) - (h - 1)Tin
— T_I [ Tmax Tl ]
B Tmax - TEX

[Tmax(1 - eT) - Tin(eC - 1)]
Tmax - TEX

=B

dividing numerator and denominator by T

Tmax (1 _ g) — 1 (6 — 1)
— [ mn mn ]
e Tmax — TEX
T
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9(1 - 9T) - (96 — 1)

Tmax _ TEX- Tout
Ti Tout- Tin

=1nB

0(1—06r)—(0c—1)
0 — 0.0;

Nen = Nl

44RELATIONSFOR 7/LP CONFIGURATION

The expansion is carried out in two stages. Tigl pressure turbine is used in driving

the compressor. The work output is obtained from lbw pressure turbine. Arrangement for

stationary gas turbine configuration 1/C/E is shawrkig. 4.5. The various temperature ratios

are as follows:

0. = Tout _ Temperature at compressor outlet
Tin Temperature at compressor inlet

0 = Tex __ Temperature at regenerator outlet
E Tout - Temperature of air at the inlet of regenrator
0« = Tg _ Temperature at exhaust of turbine
T Tmax Maximum temperature of cycle

FIG. 45: ARRANGEMENT OF /LP CONFIGURATION

4.4.1 CONSTRAINTS:

There are three input variablek,; is temperature ratio of high pressure turbifyg.is the

temperature ratio of the low pressure turbine @ni temperature ratio in the compressor.

39



Temperature at outlet of the high pressure turbine Tg1
HT — =

Temperature at inlet to the high pressure turbine Tmax

Temperature at outlet of the low pressure turbine T,
LT — =

Temperature at inlet to the low pressure tubine E

1. Temperature at compressor outlef,: > Temperature at compressor inlef, T
0<6,<1

2. Temperature at outlet of high pressure turbing,J Temperature at inlet to the low

pressure turbine, wkx
TEl S Tmax

T,
El 4

max
0< Oy <1

3. Temperature at outlet of low pressure turbinesTTemperature at inlet to the low

pressure turbine,gf

0<6,r<1
4.4.2 NON-DIMENSIONAL SPECIFIC OUTPUT

The block diagram for the configuration 1/LP iswsian Fig. 4.6.

Work done = network output of the L.P. turbine

l= CP(TE1 - Te)
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Ne 6 NHT Nir

\ 4
\ 4
A\ 4

Ng,€R

:nthf 1

FIG. 4.6: BLOCK DIAGRAM FOR 1/LP CONFIGURATION

Non-dimensional Specific Output, IC=l

plin
_ Cp(Tpy — Te)
CpTin
[ = (TEl - Te)
Tin
T, T,
[= Bt (1 _ _e>
Tin TEl

I =

Tmax TEl (1 Te)

Tin Tmax TE 1

1=0 HHT(]- - 9LT)

443 THERMAL EFFICIENCY

work output of L.P.turbine

Thermal Efficiencyy, = Eneray supplied
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Work output of L.P. turbine €,(Tg; — T.)

. heat supplied in combustion chamber
Energy supplied to the compressor=—— -
efficiency of combustion chamber

_ Cp (Tmax - Tout)
Np

Thermal efficiencyn

_ Cp(Tg1 — Te)
Cp (Tmax - Tout)
Np

_ Ng(Tgr — Te)

(Tmax - Tout)

Tpr(1— 7%
=1nB —_fL
(Tmax - Tout)

Tp1 Tmax (1 _ Te.
=7 Tin Tmax TEl
5 Tmax _ Tout

Tin Tm

06ur(1 —61r)

Nen = MB 0 — 6,

45 RELATIONSFOR VLP/E CONFIGURATION

In this arrangement there are two turbines ancetlseheat exchanger which is connected
to the low pressure turbine stage. The arrangefoedfL P/E configuration is shown in Fig. 4.7.

The various temperature ratios are as follows:

_ Tout _ Temperature at compressor outlet

0~ = =
¢ Tin Temperature at compressor inlet
0. = Tex _ Temperature at regenerator outlet
E Tout Temperature of air at the inlet of regenrator
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Tg _ Temperature at exhaust of turbine

OT:

Tmax Maximum temperature of cycle

wwsll

EX

FIG. 4.7. ARRANGEMENT OF /L P/E CONFIGURATION
4.5.1 CONSTRAINTS

There are three input variablés,; is temperature ratio of high pressure turbihe.is

the temperature ratio of the low pressure turbimekéa is temperature ratio in the compressor.

Temperature at outlet of the high pressure turbine

HT ™ Temperature at inlet to the hi gh pressure turbine

TEl

9. =
HT Tmax

Temperature at outlet of the low pressure turbine
LT =

Temperature at inlet to the low pressure tubine

Te

O = ==
LT TE1

1. Temperature at compressor outlef,: > Temperature at compressor inlef, T
ToutZ Tin
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Tout
Tin

>1

. >1

2. Temperature at regenerator outlety  Temperature at regenerator inleg,T
Tex > Tout

T,
EX 2 1
Tout

0;>1

3. 0>6;
4. Temperature at outlet of high pressure turbing,J Temperature at inlet to the low
pressure turbine, ki«
Tg1 < Tax
TEl

<1

max
0< Oy <1

5. Temperature at outlet of low pressure turbinesTTemperature at inlet to the low

pressure turbine,gf
T, <Tg,

T,
< <1
TEl

0<0,r<1
4.5.2 NON-DIMENSIONAL SPECIFIC OUTPUT
The block diagram for the configuration 1/LP/E ®wn in Fig. 4.8.
Work done, | = network output of the L.P. turbine

l= CP(TEl - Te)
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Nc NEX) €EX e Nur Nir

B, €B

FIG. 4.8: BLOCK DIAGRAM FOR 1/LP/E CONFIGURATION

l

CpTin

Non-dimensional Specific Output=

_ Cp(Tp = T)
CP Tin

_ (TEI - Te)

— Tmax TEl (1 _ £>
Tin Tmax TE1

=6 HHT(l —0O.r)

453 THERMAL EFFICIENCY

work output of L.P.turbine

Thermal Efficiencyy, = Energy supplied
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Work output of L.P. turbine €,(Tg; — T.)

. heat supplied in combustion chamber
Energy supplied to the compressor=—— -
efficiency of combustion chamber

_ Cp (Tmax - TEl)
Np

whereTy, is the temperature of the air leaving the heahamger and entering the combustion

chamber.
_ _C(Tp —T)
Cp (Tmax — TEl)
Uj:;
_ ng(Tg1 — Te)
(Tmax - TEl)

Te
) Tgy (1 - E)
5 (Tmax - TEl)

Tex a1 _ Te
— Tin Tmax TEl
T8 T ax _ Tout Trx
Ti Tin Tout

06ur(1 —6,r)

Netn = NB 0 — 0.0,
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CHAPTER 5 OPTIMIZATION TECHNIQUES

5.10PTIMIZATION

Optimization is the art of obtaining best resultsder given circumstances. In an
optimization problem one seeks to maximize or minéa specific quantity called the objective,
which depends on a finite number of (input) vamablThese variables may be independent of
one another or they may be related through one are ngonstraints. In engineering design
activities, engineers have to take many technod@nod managerial decisions at several stages.
The objective is to maximize desired benefit orimire the effort required. The optimization
methods are also known as mathematical programtaaimiques.

There may be more than one acceptable design anguitpose of optimization is to
choose the best on out of the many acceptable rdamgables. Optimization problem is

generally stated by specifying the constraintsectbje functions and design vector.
5.1.1 DESIGN VARIABLES

AN engineering system is described by a set of questivhich are viewed as variables
during the design process. Some quantities ardly$ixad at outset and are called pre-assigned
parameters. All other quantities are treated aisbi@s in design process and are called design or

decision vectors.

The choice of the important design variable isoptimization problem largely depends
on the user and his experience. However, it is maob to understand that the efficiency and
speed of optimization technique depend to a lasgeng on the number of chosen design
variables. Thus by selectively choosing the desigimables, the efficiency of the optimization
technique can be increased. The first thumb rubaeformulation of optimization problem is to

choose as little design variables as possible.
5.1.2 CONSTRAINTS

Constraints are basically limitations imposed ugfenvalue of the design variable. There

may be both equality as well as inequality constgiThe design variables are not chosen
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arbitrarily. They have to satisfy certain specifigachctional and other requirements. These
restrictions must be satisfied in order to prodaceacceptable design called design constraints.
The constraints which represent limitations on bedaviour or performance of system are
termed as behavior or functional constraints. Gairgts depending upon physical limitations are
called side constraints. Mathematically, there @eally two types of constraints which are as

follows:
5.1.2.1 EQUALITY CONSTRAINT

Equality constraints state that the relationstspsuld exactly match a resource value.
Equality constraints are usually more difficult bandle and therefore, need to be avoided
wherever possible. Thus, the second thumb ruldaénférmulation of optimization problem is

that the number of complex equality constraintutthbe kept as low as possible.
5122 INEQUALITY CONSTRAINT

Inequality constraints state that the relationship®ng design variables are greater than,

smaller than or equal to a resource value.
5.1.3 OBJECTIVE FUNCTION

The criterion with respect to which design is optied when expressed as function of
design variables is known as objective functionjeCtive function depends upon nature of the
problem. If any of the functions among objectived aronstraint functions are non-liner, the
problem is called a non-liner programming problérhe choice of the objective function is
governed by nature of the problem. Thus the seleatif the objective function is one of the
most important decisions in the whole optimum degigpbcess. In some situations, there may be
more than one objective function to be satisfieshudianeously. An optimization problem

involving multiple objective functions is known asnulti-objective programming problem.

In general, the objective function can be of twpety, either the objective function is to
be maximized or to be minimized. But, the optimimat methods are usually either for
minimization problem or for maximization problent. the method/design is developed for
solving a minimization problem, it can also be usedolve a maximization problem by simply

multiplying the objective function by — (minus) anide-versa.
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5.2FORMULATION OF OPTIMIZATION PROBLEM

The purpose of the formulation procedure is to terem mathematical model of the
optimal problem, which then can be solved usingoptimization technique. The following

figure shows an outline of the steps usually inedlin an optimal problem formulation process.

Start

Need for Optimization

Formulate constraints

Formulate objective
function

Choose an optimization
technique

Obtain Solution

Stop

FIG.5.1: FLOWCHART FOR FORMULATION OF OPTIMIZATION PROBLEM
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The Fig. 5.1 shows the flowchart depicting the step formulation of an optimization
problem. The first step is to realize the needulsing optimization in specific design problem.
Then the designer needs to choose the importaigrdeariables associated with the problem.
The formulation of optimization problem involveshet considerations such as deciding

constraints, objective function and then choosimgféicient optimization technique.
53VARIOUSOPTIMIZATION TECHNIQUES

The various techniques available for the solutibdiffierent types of optimization problem are

given as follows:

1. Mathematical Programming Techniques are useful in finding the minimum of a
function of several variables under a prescribéd&eonstraints. The various types of
these techniques are as follows:

» Calculus Methods

» Calculus of Variations

* Non-linear Programming

* Geometric Programming

e Quadratic Programming

* Linear Programming

* Dynamic Programming

* Integer Programming

» Stochastic Programming

e Separable Programming

e Multi-objective Programming
* Network Methods: CPM and PERT
e Game Theory

e Simulated Annealing

» Genetic Algorithms

* Neural Networks
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2. Stochastic Process Techniques can be used to analyze problems described by @f set
random variables having known probability distribos. This technique include the
following methods:

» Statistical Decision Theory
* Markov Processes

* Renewal Theory

* Simulation Methods

* Reliability Theory

3. Statistical Methods enables us to analyze the experimental data arid bmipirical
models to obtain the most accurate representaidnthe physical situations. The
various types of these techniques are as follows:

* Regression Analysis

e Cluster Analysis

» Pattern Recognition

» Design of Experiments
* Discriminate Analysis

The classical methods of differential calculus d¢@nused to find the unconstrained
maxima and minima of a function of several variablEhese methods assume that the function
is differentiable twice with respect to design ahtes and the derivatives are continuous.

For problems with equality constraints, the Lage Multiplier Method can be used. If
the problem has inequality constraints, the Kuhfueker conditions can be used to identify the
optimum point.

The techniques of non-linear, linear, geometni@dyatic or integer programming can be
used for the solution of the particular class aflgems indicated by name of the technique. Non-
linear programming is the most general method dingpation that can be used to solve any
optimization problem. The dynamic programming tegba is also a numerical procedure that is
useful primarily for the solution of optimal conkqaroblems. Stochastic programming deals with
the solution of optimization problems in which soafghe variables are described by probability
distributions.

The above optimization techniques reveal the fhat the techniques for engineering

optimization problems could differ from problem pooblem. Certain problem involve linear
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terms for constraints and objective function butaia other problems involve non-linear terms
for them etc, unfortunately, there does not exisingle optimization technique which will work
for all optimization problems equally efficienthfsome techniques perform better than one
problem, but many perform poorly then other proldem

That is why we have a large number of optimizatemhniques, each technique to solve a
particular type of problem. The choice of suitat@dehnique for an optimization problem is, to a

large extent, dependent on the user’s experienselung similar problems.
54 NEURAL NETWORKS

Artificial neural networks are the results of acaie investigations that use
mathematical formulations to model nervous systgrarations. The resulting techniques are
being successfully applied in a variety of everybaginess applications.

Neural networks (NNs) represent meaningfully défarapproaches to using computers
in the workplace. A neural network is used to lepatterns and relationships in data. The data
may be the results of a market research effortodyztion process given varying operational
conditions, or the experimental data of a procBegardless of the specifics involved, applying

a neural network is substantially different froraditional approaches.

Traditionally a programmer or an analyst specificadlodes for every facet of the
problem for the computer to understand the sitmatibeural networks do not require explicit
coding of the problems. For example, to generatemdel that performs a sales forecast, a neural
network needs to be given only raw data relategrtablem. The raw data might consist of
history of past sales, prices, competitor's prieesl other economic variables. The neural
network sorts through this information and produaesunderstanding of the factors impacting
sales. The model can then be called upon to pravideediction of future sales given a forecast
of the key factors.

5.4.1CAPABILITIESOF NEURAL NETWORKS

In principle, NNs can compute any computable fiamsti.e. they can do everything a

normal digital computer can do. Especially anyththgt can be represented as a mapping
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between vector spaces can be approximated to aspiprecision by feed-forward NNs which

are the most often used type.

In practice, NNs are especially useful for mapgangblems, which are tolerant of some
errors, have lots of example data available, buwvhiech hard and fast rules cannot easily be
applied. However, NNs are, as of now, difficultapply successfully to problems that concern

manipulation of symbols and memory.

Neural networks are suitable models for qualiatichniques to be applied. We explore
how qualitative reasoning could deal with the vikelbwn back-propagation learning algorithm.
Qualitative models are based on the discritizatbrtheir parameters and the use of closed
operators on the sets induced by the discritizatidenceforth, a qualitative version of back-
propagation is an algorithm in which the variableslved in it belong to one among the finite
classes defined. It can be very useful either &ize a physical implementation of the algorithm

or as a starting point to develop new reinforcenteguning algorithms for neural networks

Artificial neural networks were first conceived awvery simple model of the processing
carried out bynatural onesThe first artificial neurons were binary and thieterconnecting links
had +1 or -1 values. Further models included rehlad weights and subsequent ones inherited
this level of complexity and even increased it addnon-binary activation functions, recurrent
links, pulse activated neurons, etc. And it was dome in vain; the first models were only
capable of mapping separable Boolean functions ament ones are able, for example, to
recognize people faces or control a complex nogalirprocess.

In spite of this, there have been three remarkalgleral network approaches using
qualitative reasoning techniques. The first oneoiscerning the use of qualitative data as input
or output of neural networks, the second one isdéeelopment of reinforcement learning
algorithms, and the third one is the use discrdtiaeights. Neural networks have proven
successful on mapping qualitative input data té veéued output data, or vice versa. A well-
known application of this kind is the recognitioh gpeech sounds using as input articulatory
features of letters, which is done in.

There have been different attempts to discretizedights for digital
implementations, allowing binary and ternary valg§e$, -1, 0} for the weights. At the same

time many efforts have been put in developing legralgorithms for discrete weights.
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FIG.5.2: THE BASIC COMPONENTSOF ARTIFICIAL NEURAL NETWORK.
where |, k=different units or signals
s=effective input of a unit from its external inputs
w j,k=weight which determines the effect which the sigrfainit j has on k
y j =signal corresponding to unit j
O ( =an external input for each unit
F «=an activation function which determines the neweleof activation based on the

effective input % (t) and the current activationyyt).

On the other hand, it seems feasible and justdiadlstudy the learning algorithms used
to configure neural networks from a qualitativerpgaf view. It seems feasible because some
attempts have already been taken (as discussemysBy and justifiable because it might lead
to faster or easier to implement schemes. Taken&tance, gradient algorithms, they intend to
follow the steepest gradient descent to reach &agloptimum. The main objective of an
algorithm of this kind is to compute the directipositive or negative) a weight must follow to
minimize the difference between the output anddésired output. Some of these algorithms
(back-propagation, for example) do not even tryind the size of the increment but they just
add the weight a quantity proportional to the geatli One can then say that, to some extent,
back-propagation follows a qualitative scheme aedmil try to prove it throughout this article.

After this brief introduction the outline of thetiale is as follows: the next section
describes schematically the back-propagation legrralgorithm for multilayer perception
networks. This algorithm is probably the most pap@mong neural networks practitioners, and
it is proved to obtain very good results on marffedent applications. After the study of back-

propagation various proposals of qualitative versiare given in the following section. Next is
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an experimental validation of the different backgagation qualitative algorithms. Finally, we

conclude and sketch our future lines of work.

5.4.2 THE BACK-PROPAGATION ALGORITHM

Back-propagation is a learning algorithm for malgigr feed forward neural networks
(MFNN) and it is based on gradient descent on tlpehsurface of errors. An MFNN is a neural
network where neurons are arranged in layers afgasing elements (neurons). Two layers are
always present: the output and the input layerd, lletween them there is usually at least one
hidden layer. The word feed forward means thatvattin always flows from the input to the
output, i.e. there are no recurrent connectiorgs. 3-8 shows an example of an MFNN.

Input layer Hidden layers QOutput laver

FIG5.3: MULTILAYER FEED FORWARD NEURAL NETWORKS

Back-propagation, the name of the algorithm, corfnesn the way derivatives of the
errors are calculated: they are first obtainedfaput neurons and propagated backward through
previous layers. The most remarkable charactea$tiack-propagation is that it can only obtain
the direction in which a weight must be alteredléarease the errors made by the network. This
means that after processing the derivatives ofetiners respect to all weights, the only true
information is their sign. The amount of weightr@ment results from the heuristic that when

error decreases are steep, the step size mugg,enkii vice versa.
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55FUZZY INFERENCE SYSTEM (FIS)

By contrast, a fuzzy inference system employingzyu#-then rules can model the
gualitative aspects of human knowledge and reagopimcesses without employing precise
guantitative analyses. This fuzzy modelimgfuzzy identification first explored systematically
by Takagi and Sugeno has found numerous practjgplications in control prediction and
inference. However, there are some basic aspedtisohpproach which are in need of better
understanding.

More specifically:

1) No standard methods exist for transforming hukrawledge or experience into the rule base
and database of a fuzzy inference system.

2) There is a need for effective methods for turtimg membership functions (MF's) &3 to
minimize the output error measure or maximize peménce index.

Fuzzy inference systems are also known as fuzasyabed systems, fuzzy models,
fuzzy associative memories (FAM), or fuzzy coneadl when used as controllers. Basically a

fuzzy inference system is composed of five funaldiocks as shown in Fig. 5.4.

Knowledge Base
Database Rule Base
A 4

. \ 4
input i Defuzzica- output

Fuzzicat- .
4\ _ tion

ion

/ Interface Interface

v y
Decision Making Unit

A 4

FIG.5.4: FUZZY INFERENCE SYSTEM
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* Arule base containing a number of fuzzy if-thelesu

* A database which defines the membership functiétiseofuzzy sets used in the fuzzy
rules.

» A decision-making unit which performs the inferemgeerations on the rules.

» A fuzzification interface which transforms the grisiputs into degrees of match with
linguistic values.

» A defuzzification interface which transform the fyzresults of the inference into crisp
output.

Therefore, it seems natural to consider buildingirgegrated system combining the
concepts of FIS and ANN modeling. A common way pplg a learning algorithm to a fuzzy
system is to represent it in a special neural né¢Wwke architecture. However the conventional
neural network learning algorithms (gradient degcesnnot be applied directly to such a system
as the functions used in the inference processisueally non- differentiable. This problem can
be tackled by using differentiable functions in thierence system or by not using the standard
neural learning algorithm.

In sections 5.5.1 and 5.5.2 we will discuss howntmlel integrated neuro-fuzzy systems

implementing Mamdani and Takagi-Sugeno FIS.

5.5.1 MAMDANI INTEGRATED NEURO-FUZZY SYSTEMS

A Mamdani neuro-fuzzy system uses a supervisednilegrtechnique (back-propagation
learning) to learn the parameters of the membersmgptions. Architecture of Mamdani neuro-
fuzzy system is illustrated in Fig. 5.5. The detdifunction of each layer is as follows:
Layer-1(input layer): No computation is done in this layer. Each nodehis layer, which
corresponds to one input variable, only transmmigif values to the next layer directly. The link
weight in layer 1 is unity.

Layer-2 (fuzzification layer): Each node in this layer corresponds to one linguistbel
(excellent, good, etc.) to one of the input vaeabin layer 1. In other words, the output link
represents the membership value, which specifeesiéigree to which an input value belongs to a
fuzzy set, is calculated in layer 2. A clusteringoaithm will decide the initial number and type
of membership functions to be allocated to eackhefinput variable. The final shapes of the

MFs will be fine tuned during network learning.
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Layer-3 (rule antecedent layer): A node in this layer represents the antecedentgiatrule.
Usually a T-norm operator is used in this node. dtput of a layer 3 node represents the firing
strength of the corresponding fuzzy rule.

Layer 5
rule inference and defuzzification layer

Layer 4
rule consequent layer

Layer 3
rule antecedent layer

Layer 2
(fuzzification layer)

Layer 1
(input layer)

FIG 5.5 MAMDANI NEURO-FUZZY SYSTEM
Layer-4 (rule consequent layer): This node basically has two tasks. To combinerheming
rule antecedents and determine the degree to whah belong to the output linguistic label
(high, medium, low, etc.). The number of nodeshis tayer will be equal to the number of rules.
Layer-5 (combination and defuzzification layer): This node does the combination of all the
rules consequents using a T-conorm operator aralyficomputes the crisp output after
defuzzification.

552 TAKAGI-SUGENO INTEGRATED NEURO-FUZZY SYSTEM

Takagi-Sugeno neuro-fuzzy systems make use of aureiof back-propagation to learn
the membership functions and least mean squamaagin to determine the coefficients of the
linear combinations in the rule’s conclusions. Apsin the learning procedure got two parts: In
the first part the input patterns are propagated #he optimal conclusion parameters are
estimated by an iterative least mean square proeeduhile the antecedent parameters
(membership functions) are assumed to be fixedh®icurrent cycle through the training set. In

the second part the patterns are propagated agadnn this epoch, back-propagation is used to
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modify the antecedent parameters, while the commiysarameters remain fixed. This procedure
is then iterated. The detailed functioning of ekgler (as depicted in Fig. 5.6) is as follows:

Layers 1, 2 and 3 function the same way as Mamigishi

Layer &
rule inference layer

rule conseguent |EI)"9I‘
> A + * + T.

Xa

Layer 4
rule strength normalization

Layer 3
rule antecedent layer

Layer 1

FIG 5.6: TAKAGI-SUGENO NEURO-FUZZY SYSTEMS
Layer 4 (rulestrength normalization): Every node in this layer calculates the ratio efith

rule’s firing strength to the sum of all rules ffig strength.

— Wi .
w, = , 1=1,2,3,......
wq + Wy

Layer-5 (rule consequent layer): Every node i in this layer is with a node function

W, fi = w(pixy + qixz +17)
wherew; is the output of layer 4, anig;, g;, r;} is the parameter set. A well established way is to
determine the consequent parameters using thenessts squares algorithm.
Layer-6 (ruleinference layer): The single node in this layer computes the ovexaibut as the

summation of all incoming signals.

Xiwifi
Xiw;

5.6 ADAPTIVE NEURO-FUZZY INFERENCE SYSTEM (ANFIYS)
ANFIS is perhaps the first integrated hybrid nefuzmzy model and the architecture is

Overall output = Z wf; =
i

very similar to Fig. 5.6. A modified version of ANF as shown in Fig. 5.% capable of
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implementing the Tsukamoto fuzzy inference systsndepicted in Fig. 5.8. In the Tsukamoto
FIS, the overall output is the weighted averageauth rule’s output induced by the rule’s firing
strength (the product or minimum of the degreesnafch with the premise part) and output
membership functions. The output membership funstizised in this scheme must be
monotonically non-decreasing. The first hidden taigefor fuzzification of the input variables
and T-norm operators are deployed in the secondehidayer to compute the rule antecedent
part. The third hidden layer normalizes the rulersjths followed by the fourth hidden layer
where the consequent parameters of the rule aeendieed. Output layer computes the overall

input as the summation of all incoming signals.

FIG 5.8: TSUKAMOTO FUZZY REASONING
In ANFIS, the adaptation (learning) process is oobncerned with parameter level

adaptation within fixed structures. For large-scpleblems, it will be too complicated to
determine the optimal premise-consequent structoués numbers etc. The structure of ANFIS
ensures that each linguistic term is representedry one fuzzy set. However, the learning
procedure of ANFIS does not provide the means fayaponstraints that restrict the kind of
modifications applied to the membership functioen using Gaussian membership functions,

operationally ANFIS can be compared with a radésdis function network
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CHAPTERG6 PROBLEM FORMULATION

6.1 INTRODUCTION

In the present study, the gas turbine is regarded as a system consisting of a number of
subsystems (components). The operating state is expressed by the parameters that govern such
subsystem. The optimization of criteria such as thermal efficiency, specific output and total
performance can be treated as a non-linear programming problem. Using the neural networks and
back-propagation agorithm even for complicated cycles, the optimum values of parameters can
be calculated in a short time.

In this thesis work we will analyze and work for optimization of various gas turbine
configurations namely 1/C-having a compressor, turbine and combustor, 1/C/E-having a
compressor, regenerator and combustor and turbine, in 1/LP scheme, the high pressure turbine
drives the compressor and low pressure turbine gives the network output and in /LP/E a heat
exchange is added to the cycle to recover heat from the exhaust of low pressure turbine, to
decrease the amount of fuel required which increases the thermal efficiency. The criteria for
optimization are specific output, thermal efficiency and total performance. The method used for
optimization is neural networks and further the part of neura network used is Adaptive Neuro
Fuzzy Inference System (ANFIS).

In the present, gas turbine is regarded as a system consisting of a number of subsystems.
The optimization of therma efficiency, specific output and total performance can be formulated
as aneura network problem. The design variables are temperature ratios of various components
and are assigned certain initial values and then optimized. Constraints, design variables and
objective functions for each configuration are different and are described accordingly in
subsequent work.

6.2 OPTIMIZATION

Optimization is the art of obtaining best results under the given circumstances. The
objective is to maximize desired benefit or minimize the effort required. The optimization
methods are aso known as mathematical programming techniques. There may be more than one
acceptable design and purpose of optimization is to choose best one out of the many acceptable

design variables.
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Optimization problem is generally stated by specifying the constraints, objective
functions and design vector.
6.2.1 DESIGN VARIABLES

An engineering system is described by a set of quantities, which are viewed as variables
during the design process. Some quantities are usually fixed at outset and are called pre-assigned
parameters. All other quantities are treated as variables in design process and are called design or
decision vectors. The design vector is represented as
X;, wherei=1,234,......... n

The design variables are collectively represented as design vector
(X1

\X,,/
In n dimensional design space each point is called design point and represents either a
possible or impossible solution to design problem.
6.2.2 CONSTRAINTS
Constraints are basically limitations imposed upon the value of design variables. There
may be both equality as well asinequality constraints which may be shown as\
giX)=0
or g;(X) =20
or g;(X) <0
Value of the design vector which satisfies
giX)=0
forms an hyper plane in design surface called constraint surface. The design variables are not
chosen arbitrarily. They have to satisfy certain specified functional and other requirements.
These restrictions must be satisfied in order to produce an acceptable design called design
constraints. The constraints which represent limitations on the behavior or performance of
system are termed as behaviour or functional constraints. Constraints depending upon physical

limitations are called side constraints.
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6.2.3 OBJECTIVE FUNCTION

The criterion with respect to which design is optimized when expressed as function of
design variables is known as objective function. Objective function depends upon nature of the
problem. If any of the functions among objective and constraint functions are non-linear, the
problem is called a non-linear programming problem.

6.2 STATEMENT OF STANDARD OPTIMIZATION PROBLEM

Optimization problem can be stated as follows:

(Xl\
Xz
X3
x={%}
\X},/
which minimizes F(X) subject to constraints
giX) <0 j=12,.....,m

where X is design vector of n dimensions, F(X) is called the objective function, g;(X) is the

inequality constraint.

6.3 FORMULATION OF 1/C CONFIGURATION

There are two design variables in this problem namely X; and X,. The optimization
problem for the 1/C can be stated as follows:

, _ (X1) _(6¢
Fnd 1 = b} = {or)

which minimizes
(66r - 1)
= _ 1—— "7
N = —{nsl © =00
l=—[6(1—067)— (6 —1)]
subject to constraints
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0c-1>0
Nnin=>0
07 6-1>0
6.4 FORMULATION OF 1/C/E CONFIGURATION

There are three design variables in this problem namely X;, X, and X3. The optimization
problem for the 1/C/E can be stated as follows:

X1} (Oc

which minimizes

61 —07)—(6c—1)
0 — 0,05

Nen = —Ngl {

|=—[0(1 - 6;) — (6; — D]

subject to constraints

6.5 FORMULATION OF 1/LP CONFIGURATION

There are three design variables in this problem namely X4, X, and X3. The optimization
problem for the 1/LP can be stated as follows:

X1 B¢
X3 HLT

which minimizes
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QHHT(]- - QLT)

Nen = — B 0 — 6,

I=-[6 Opr(1 — HLT)]

subject to constraints

0<6,r<1
6.6 FORMULATION OF /LP/E CONFIGURATION

There are four design variables in this problem namely X;, X, Xz and X4 The

optimization problem for the I/LP/E can be stated as follows:

X, Oc

, X 0
Find X = % =<{,°%
X3 QHT
X4- QLT

which minimizes
ren = — i, 22 = Our)
I = _[9 HHT(l - HLT)]

subject to constraints
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CHAPTER 7 RESULTSAND DISCUSSION

The results have been obtained by optimization for four different configurations 1/C,
VC/E, VLP and 1/LP/E using Adaptive Neuro Fuzzy Inference System (ANFIS). In this
technique Matlab Software had been used, in which further ANFIS had been used. The data
assumed is given in beginning. In the explanation of the present work the results are validated
with results of the research paper published by Y. Tsujikawa et a. [7]. In their research work
they had used Multiplier Method for their optimization.

7.1 RESULTSFOR 1/C CONFIGURATION

The results for the 1/C configuration is shown in Fig. 7.1(a) and Fig. 7.1(b) in which the
results are obtained for the efficiency and specific work done for the two same inputs. In the Fig.
7.1(a) and Fig. 7.1(b) the value of efficiency and specific work done are obtained for 6, =
2.837 (cr=compression ratio) and 6 = 0.4546 (tr=turbine ratio). The output efficiency

(effi.=efficiency), n., = 0.407 and specific work done (swd=specific work done), | = 283
KW/kg sec.
Rule Viewer: 1C_eff = =]
File Edit ‘Wieww Options
cr=284 tr = 0.455 effi = 0.407
2 [T | L—T ] | |
+ [ — | L - | | | |
s [ ] L—1T | | . |
1 & [= | | | | |
7 —] L | - |
o | = C— M
= | —1 | | | |
1.0008 3.3446 0.2458 0.75
-0.1818 B -1 283
|Ihpu‘t: [2.836 04548 ||F'I|:|t poirits: l.r | Mo left | rigikit | downl up | |
| Dpened system 12_eff, 9 rules | | Help | Close | |

FIG. 7.1(a): RESULT FOR EFFICIENCY FOR /C CONFIGURATION
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Rule Viewer: 1C_swd

oo Es |
File Edit ‘Wfiew Options
cr=2.84 tr = 0.455 e

N I = | | |
2 [ — | | e | |
o [ ] ] | ~ | |
¢ L -] — | | .
s [ -] LT ] [ & |
s |- -] | ] | |
7| — — | L . |
e | —] LT ] I
o | — | ] | |
1.0006 3.3446 0.2468 0.76 |

-191.6 ] 1386
Pt 12 236 0 4546) Flat pioirits: |1|:|1— Move: e | right |dc,wn| up |
Femamed FIS to "1 C_swd" Help | Cloze |

FIG. 7.1(b): RESULT FOR SPECIFIC WORK DONE FOR 1/C CONFIGURATION
The results for other values of 6, and 8 and comparison of the results with the results obtained
by Multiplier Method are shown in Table 7.1.

Values of Various Objective Function
Parameters ANFIS Multiplier Method
0. Ot Nth l(kw/kg sec) nth l(kw/kg sec)
2.8357| 0.4546| 40.70% 283| 40.36% 287.1
2.1341| 0.5623| 36.70% 356 36.12% 346.8
2.4012| 0.5144| 40.50% 319| 38.79% 337.1

Table 7.1: Comparison of the Results Obtained with those of Multiplier Method for 1/C

Configuration.
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From the results obtained, it is seen that the vaue of temperature ratios that gives
maximum specific output is different from that giving maximum thermal efficiency. Asthere are
two inputs and one output so the ANFIS will generate the surface between the three which are
shown in Fig. 7.2 and Fig. 7.3 for efficiency and specific work done respectively.

The specific output depends upon the value of 6, and 8,. As the value of 8, and 6,
increases the work required for compression increases and turbine expansion work decreases. So
the specific output decreases. A lower value of 8, and 8 is desired. However, thermal efficiency
increases as the value of 6. increases because lesser amount of fuel will be required to get same

temperature rise, as the temperature of air leaving the compressor will be higher.

03 025 o

FIG. 7.2: SURFACE FOR 1/C CONFIGURATION FOR EFFICIENCY

It is clear from the Fig. 7.2 and Fig. 7.3 that as the value of 6, fals, more amount of fuel
will be required to get the same temperature rise as the temperature of air coming out of the
compressor will be at a lower temperature and the work required for compression will be
reduced and hence there will be net increase in specific output. As the value of 6, increases,
temperature of turbine exhaust increases. There will be decrease in the work output, however, the
work required for running the compressor will be less and it predominates over the decrease in

the work output of the turbine resulting in net increase in the work output.
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FIG. 7.3: SURFACE FOR 1/C CONFIGURATION FOR SPECIFIC WORK DONE

7.2 RESULTSFOR 1/C/E CONFIGURATION

The results for the 1/C/E configuration is shown in Fig. 7.4(a) and Fig. 7.4(b) in which
the results are obtained for the efficiency and specific work done for the two same inputs. In the
Fig. 7.4(a) and Fig. 7.4(b) the value of efficiency and specific work done are obtained for
O; = 2.001 (cr=compression ratio), Oy =1.363 (rr=regenerator ratio) and 6y =
0.5962 (tr=turbine ratio). The output efficiency (effi. =efficiency), n., = 0.427 and specific
work done (swd=specific work done), | = 328 KW/kg sec.

For 1/C/E configuration, the value of specific output falls as value of 6, and 8 increases.
The value of thermal efficiency increases as the value of 8, and 8 increases and there occurs a
fal in the value of 6. More compressor work is compensated by the increase in the turbine work
output and more heat is transferred to the air entering into combustion chamber by the hot gases

in the regenerator.
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Rule Viewer: 1CE_eff =l e =s]
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FIG. 7.4(a): RESULT FOR EFFICIENCY FOR V/C/E CONFIGURATION

The table showing the comparison of the results of the Multiplier Method and the ANFIS
areshownin Table 7.2.

Objective Function
Values of Various Parameters ANFIS Multiplier Method
Bc Or BE Nts (kw/kgs) [ I(kw/kgs)
2.001] 0.6393 1.363| 42.70% 328| 43.79% 324.6
2.152|  0.5656 1.236| 42.20% 344 42.71% 327.6
1.833] 0.5962 1.558| 47.80% 341 44.33% 3114

TABLE 7.2: Comparison of the Results Obtained with those of Multiplier M ethod
for 1/C/E Configuration.
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FIG. 7.4(b): RESULT FOR SPECIFIC WORK DONE FOR 1/C/E CONFIGURATION
The surfaces generated by the ANFIS are shown in Fig. 7.5 for efficiency plotted on the
cr and tr axis.

eff

cr

FIG. 7.5: SURFACE FOR 1/C/E CONFIGURATION FOR EFFICIENCY

71



The surfaces generated by the ANFIS are shown in Fig. 7.6 for specific work done
plotted on cr and rr axis.

800 — .

BO0 ). .
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=200 —
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rr

FIG. 7.6: SURFACE FOR 1/C/E CONFIGURATION FOR SPECIFIC WORK DONE

From the Fig. 7.5 and Fig. 7.6 it is clear that the specific work output increases as 6,
falls because much more work will be obtained from the turbine. However, work input required
for the compressor also increases; however, the former predominates over the latter, resulting in
increasing the work output. The thermal efficiency fals due to increased vaue of work input to
the compressor, less heat is transferred to the air going to the combustion chamber from
regenerator asindicated by fall in the value of 8; and lower value of turbine exhaust temperature

resulting in more fuel consumption.

7.3RESULTSFOR 1/LP CONFIGURATION

Theresults for the 1/LP configuration is shown in Fig. 7.7(a) and Fig. 7.7(b) in which the
results are obtained for the efficiency and specific work done for the two same inputs. In the Fig.
7.7(a) and Fig. 7.7(b) the value of efficiency and specific work done are obtained for 6, =
3.028 (cr=compression rétio), 8y = 0.6006 (hpr=high pressure turbine ratio) and 6,; =
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0.7054 (Ipr=low pressure turbine ratio). The output efficiency (effi.=efficiency), n., = 0.449
and specific work done (swd=specific work done), | = 286 KW/kg sec.

For 1/LP configuration, a higher value of 8, and alower value of 8, resultsin both
increased specific work done and thermal efficiency. A higher value of 6. resultsin increased
thermal efficiency. So the optimum values of the efficiency and specific work done should be

higher at the higher values of 8, and 6, asthey directly proportiona. By the induction a
second turbine the energy that we loosing gets recovered hence the thermal efficiency gets
enhanced. The table showing the comparison of the results of the Multiplier Method and the
ANFIS are shown in Table 7.3.

Rule Viewer: 1LP_eff =g eR==
File Edit View Options
cr=3.03 hpr = 0.601 lpr = 0.705 effi = 0. 449
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L s — | 1 1 1
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12 [ —1

13

15

L e | I | e 1

17 e C—— —_— ——

18 — fé I— .

20 —T—— i

20 — | I

21 —— I I
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23 1 —1 I - I 1

24 — —_ ———

= = ==

28 — |
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FIG.7.7(a): RESULT FOR EFFICIENCY FOR /LP CONFIGURATION
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Objective Function
Values of Various Parameters ANFIS Multiplier Method
Oc OHT OLT Nth l(kw/kgs)  |nen [(kw/kgs)
3.028 0.6006 0.7054| 44.90% 286 43.97% 288.4
2.187 0.7678 0.715| 39.50% 360| 38.12% 359
2.497 0.7065 0.6992| 40.80% 345| 41.59% 347.8

TABLE 7.3: Comparison of the Results Obtained with those of M ultiplier Method for /L P

Configuration.
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FIG. 7.7(b): RESULT FOR SPECIFIC WORK DONE FOR 2/LP CONFIGURATION
The surfaces generated by the ANFIS are shown in Fig. 7.8(a), Fig. 7.8(b) and Fig. 7.8(c)

for efficiency plotted on the different axis for different set of parametersi.e. cr, hpr and Ipr. This

shows the variation of efficiency with different parameters. In Fig. 7.8(a) the efficiency is plotted
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against hpr and cr, in Fig. 7.8(b) the efficiency is plotted against Ipr and cr, in Fig. 7.8(c) the

efficiency is plotted against Ipr and hpr.

FIG. 7.8(a): SURFACE FOR 1/LP CONFIGURATION FOR EFFICIENCY ON HPR-CR

AXIS

FIG. 7.8(b): SURFACE FOR 1/LP CONFIGURATION FOR EFFICIENCY ON LPR-CR

AXIS
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FIG. 7.8(c): SURFACE FOR 1/LP CONFIGURATION FOR EFFICIENCY ON LPR-HPR
AXIS

The surfaces generated by the ANFIS are shown in Fig. 7.9(a), Fig. 7.9(b) and Fig. 7.9(c)
for specific work done plotted on the different axis for different set of parametersi.e. cr, hpr and
Ipr. This shows the variation of specific work done with different parameters. In Fig. 7.9(a) the
specific work done is plotted against hpr and cr, in Fig. 7.9(b) the specific work done is plotted
against lpr and cr, in Fig. 7.9(c) the specific work done is plotted against Ipr and hpr.
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FIG. 7.9(a): SURFACE FOR 1/LP CONFIGURATION FOR SPECIFIC WORK DONE
ON HPR-CR AXIS
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FIG. 7.9(b): SURFACE FOR /LP CONFIGURATION FOR SPECIFIC WORK DONE
ON LPR-CR AXIS

FIG. 7.9(c): SURFACE FOR 1/LP CONFIGURATION FOR SPECIFIC WORK DONE
ON LPR-HPR AXIS
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74RESULTSFOR 1/LP/E CONFIGURATION

The results for the /LP/E configuration is shown in Fig. 7.10(a) and Fig. 7.10(b) in
which the results are obtained for the efficiency and specific work done for the two same inputs.
In the Fig. 7.10(a) and Fig. 7.10(b) the value of efficiency and specific work done are obtained
for 6, = 2.073 (cr=compression ratio), 8z = 1.300 (rr=regenerator ratio), Oy = 0.7892
(hpr=high pressure turbine ratio) and 6,7 = 0.7353 (Ipr=low pressure turbine ratio). The output
efficiency (effi.=efficiency), ., = 0.449 and specific work done (swd=specific work done), | =
286 KW/kg sec. 6.

Rule Viewer. 1LPE_eff [= ][ =S
File Edit ‘Wiew Options
cr=2.07 mr=1.3 hpr = 07289 lpr=0.735 effi= 0.449
I == r— s = = N %{ o 1
? e ] | — = o 1
3 = = — i —
4 ==L e
5 = — =
=" = — % % [
7T B = —
8 ==L e | ———
0 === = — ]
10 B [e———
11 B5 [e——] I
12 L [ ] ——_
H=: e '
14 B4 [e——uo] =
15 =% fe——]
16 B4 [e——uo]
17 B4 [y
18 =% ]
19 o — —
%E e— I — ] L
=== — 1 %
=== ———
23 =L — | m—
24 B —_ I E—
25 =L I —cl
= — == —
27 =5 —]
28 ] I
29 % = ea— — %
30 —_ =
RUE 11> 073 1.3 0.7892 0.7353] PIst paints: 4 MESEL | e | tight | dawn | up |
Renamed FIS to "1LPE_eff" Help | Cloze |

FIG. 7.10(a): RESULT FOR EFFICIENCY FOR 1/LP/E CONFIGURATION
For 1/LP/E configuration, a higher value of 6, and alower value of 8, resultsin the
increased value of both thermal efficiency and specific output. A higher value of 6, and 6 also

increase the thermal efficiency.



File

cr=2.07

T e I T T = 00 =] CRLA o LAPI—

NHNN_-. O gy
[

Rule Viewer: 1LPE_swd
Edit Wiews Options

_,
3
n
s
[

1R 6 6 6 6 TR R TR ERETEITCAT

Lt

A

hpr = 0.789

Ipr=10.735

== o)

swd = 343

Input: |[2.|:|?3 1.30.7832 0.7353]

Plat points:

o

hore:

left | rigghit | du:uwn| up |

Renamed FIS to "1LPE_zwed"

Help

| Cloze |

FIG. 7.10(b): RESULT FOR SPECIFIC WORK DONE FOR VLP/E CONFIGURATION

The table showing the comparison of the results of the Multiplier Method and the ANFIS
areshownin Table7.4.

Objective Function

Values of Various Parameters ANFIS Multiplier Method

Bc B OHT OLT Ntk I(kw/kgs) e I(kw/kgs)
2.073 1.3 0.7892 0.7353| 44.90% 343 44.98% 341.5
2.199 1.194 0.7645 0.7242| 41.80% 344 43.53% 344.8
1.866 1.517 0.8297 0.76| 44.00% 3231 44.40% 325.1

TABLE 7.4: Comparison of the Results Obtained with those of Multiplier Method for
VL P/E Configuration.
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The surfaces generated by the ANFIS are shown in Fig. 7.11 for efficiency on the hpr and
cr axisand in Fig. 7.12 for specific work done plotted on the lpr and cr axisis shown.
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FIG. 7.12: SURFACE FOR V/LP/E CONFIGURATION FOR SPECFIC WORK DONE
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7.5 CONCLUSION

The solution of the optimization problem has been obtained with help of Adaptive Neuro

Fuzzy Inference System (ANFIS) in Matlab Software. The training data which is used to train

the network is given in Appendix- A. The conclusion drawn from the thesis work is given in the

following points:

1.

The gas turbine system is considered to be made up of a number of subsystem and the
operating state is expressed by design variables that control such subsystems. These
design variables are temperature ratios across the compressor, turbine and regenerator
which are used to optimized to achieve maximum performance. These temperature ratios
are given certain initial values which should satisfy the constraints.

The criteria for optimization are thermal efficiency and non-dimensional specific output.
The temperature ratio that gives maximum specific output and thermal efficiency are
different.

The problem of optimization of various gas turbine configuration has been treated as
constrained optimization problem with differentiable objective and constraint functions
which fully justifies the use of Artificial Neural Networks.

The optimum results are obtained with the help of data obtained from the results of Y.
Tsujikawaand M. Nagaoka[7].

In the design procedure of various gas turbine schemes, an optimum working cycle can
be determined by the ANFIS in ashort duration of time.

The results obtained by ANFIS technique are compared with those obtained by Multiplier
Method to show the validity of ANFIS.

7.6 SCOPE OF FUTURE WORK

By presenting the above work it is clear that the technique used is very effective and fast

in obtaining the results. As our results are validated the trueness of the technique is verified. So

this study can be extended further to the following problems:

1.

For the optimum design of the individual components constituting the cycle such as
compressors, turbines, regenerators and intercoolers the Adaptive Neuro Fuzzy Inference
System (ANFIS) technigue can be used effectively.
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. Objective functions can be modified i.e. objective functions may be cost, weight, fuel

consumptions and overall efficiency etc.

. The use of this technique can be extended to the configurations in which intercoolers are
employed between the two stages of the compressions and also in the configurations in
which the reheaters are introduced in between the two turbines and also for complicated
gas turbine configurations in which intercooling, regeneration and reheating are taken
together as a single system.

. The study can be extended to fields other than the gas turbine applications, such as
aircraft engines where the objective functions may be maximum overall efficiency, non-
dimensional specific output, specific fuel consumption (SFC), non-dimensional thrust etc.

of ramjet, turbojet and turbofan engines.

. Asthis ANFIS technique requires the data for the training of the network, so this is data
based technique. It can be used for the other engineering problems in which the results
are experiment based.

. ANFIS technique is a rule based technique. It uses the if-then rules for deciding the
results. So this technique can be used for the optimization of the conditional experimental

data.

. Once we have trained the network then we can use it for testing the experimental data
that is we can decide that are the experimental results are in accordance with the trained

data.

. This method of optimization can aso be applied to other mechanical engineering

problems particularly for the problems which are data and rule based.
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APPENDIX - A
Training data for different configurations.

Training data for efficiency for 1/C configurations.

Bc or efficiency (nth)
2.4002 0.5691 0.2901
2.7722 0.3965 0.559
2.1133 0.4261 0.6084
1.9799 0.3321 0.7813
1.7311 0.4462 0.6234
1.6555 0.5926 0.4077
1.6392 0.3311 0.805
1.7399 0.6311 0.3388
2.6359 0.5522 0.2551
3.0031 0.5621 0.0933
2.6655 0.4532 0.4578
1.9351 0.3621 0.7356
1.5621 0.4976 0.5672
2.3963 0.5678 0.2937
1.8333 0.3692 0.7328
2.2468 0.4826 0.4868
2.1234 0.2468 0.9186
1.5544 0.5651 0.4702
3.0066 0.4461 0.3827
3.0111 0.5226 0.189
2.6319 0.4568 0.458
2.7816 0.3279 0.7117
1.6832 0.3396 0.7896
2.963 0.5689 0.0945
2.7962 0.5321 0.2465
1.7366 0.4891 0.557
2.3111 0.4522 0.531
2.3214 0.5489 0.3487
2.6666 0.3657 0.6449
2.1162 0.4226 0.614
1.9622 0.5221 0.4698
2.2299 0.4411 0.5648
2.6331 0.4378 0.4976
1.8621 0.5666 0.4158
2.837 0.4541 0.4126
2.133 0.562 0.3687

2.4 0.5141 0.396

1.833 0.6393 0.3064
2.152 0.5656 0.3581




2.001 0.5962 0.3394
1.317 0.4175 0.7047
1.619 0.4925 0.5674
1.49 0.46 0.6296
2.187 0.715 0.0846
2.497 0.6992 0.0028
1.866 0.76 0.1066
2.199 0.7242 0.0643
2.073 0.7353 0.0856
2.81 0.4551 0.4176
2.811 0.4561 0.415
2.812 0.5561 0.1862
2.942 0.4498 0.3931
1.9991 0.698 0.1702
1.86 0.4444 0.6108
1.7272 0.3441 0.7798
2.9996 0.3663 0.5843
2.7876 0.5111 0.2969
3.0048 0.3005 0.7481
3.101 0.45 0.3418
3.2089 0.5533 0.0137
2.111 0.4231 0.6139
2.6758 0.541 0.2664
1.9967 0.366 0.7236
2 0.3 0.0333
2.5755 0.5755 0.2256
1.6666 0.4444 0.6334
1.7676 0.5676 0.4314
1.9777 0.4678 0.557
1.779 0.45 0.6119
2.01 0.57 0.3813
2.0901 0.4632 0.5478
2.1333 0.4664 0.5354
2.2222 0.5666 0.3401
2.8341 0.4699 0.3769
1.0006 0.6111 0.486
1.6999 0.4622 0.6027
1.8331 0.3322 0.7913
1.9222 0.5777 0.3864
2.7654 0.4678 0.4008
1.8181 0.3794 0.7181
1.9332 0.4677 0.5636
2.7319 0.5332 0.2655
2.9697 0.4224 0.4523
3.3446 0.5992 0.2483
2.6688 0.517 0.3201
2.589 0.533 0.3094




1.868 0.372 0.7254
1.7779 0.391 0.7036
2.7979 0.4321 0.473
2.833 0.5461 0.2014
1.6161 0.459 0.6173
2.3993 0.572 0.2848

1.786 0.459 0.5971

Training data for specific work done for 1/C configurations.

Bc or swd (I) KW/kg sec
2.4002 0.5691 241.38
2.7722 0.3965 398.5
2.1133 0.4261 561.98
1.9799 0.3321 755.07
1.7311 0.4462 652.13
1.6555 0.5926 436.32
1.6392 0.3311 865.7
1.7399 0.6311 353.47
2.6359 0.5522 192.99
3.0031 0.5621 59.65
2.6655 0.4532 342.02
1.9351 0.3621 721.41
1.5621 0.4976 623.97
2.3963 0.5678 2447
1.8333 0.3692 742.62
2.2468 0.4826 428.86
2.1234 0.2468 845.63
1.5544 0.5651 518.43
3.0066 0.4461 244.13
3.0111 0.5226 120.29
2.6319 0.4568 346.91
2.7816 0.3279 505.25
1.6832 0.3396 838.02
2.963 0.5689 61.6
2.7962 0.5321 173.86
1.7366 0.4891 581.73
2.3111 0.4522 456.98
2.3214 0.5489 298.91
2.6666 0.3657 481.57
2.1162 0.4226 566.66
1.9622 0.5221 456.74
2.2299 0.4411 500.67
2.6331 0.4378 376.93
1.8621 0.5666 417.57




2.837 0.4541 285.6
2.133 0.562 338.24
2.4 0.5141 329.44
1.833 0.6393 310.56
2.152 0.5656 326.4
2.001 0.5962 325.76
1.317 0.4175 830.56
1.619 0.4925 613.92
1.49 0.46 707.2
2.187 0.715 76.16
2.497 0.6992 2.24
1.866 0.76 106.88
2.199 0.7242 57.6
2.073 0.7353 80.16
2.81 0.4551 292.64
2.811 0.4561 290.72
2.812 0.5561 130.4
2.942 0.4498 258.88
1.9991 0.698 163.49
1.86 0.4444 613.76
1.7272 0.3441 816.74
2.9996 0.3663 374.05
2.7876 0.5111 210.21
3.0048 0.3005 477.66
3.101 0.45 207.68
3.2089 0.5533 7.872
2.111 0.4231 567.52
2.6758 0.541 198.14
1.9967 0.366 695.46
2 0.3 800
2.5755 0.5755 175.04
1.6666 0.4444 675.65
1.7676 0.5676 446.21
1.9777 0.4678 538.66
1.779 0.45 630.72
2.01 0.57 364
2.0901 0.4632 510.05
2.1333 0.4664 491.1
2.2222 0.5666 302.34
2.8341 0.4699 261.25
1.0006 0.6111 622.03
1.6999 0.4622 636.51
1.8331 0.3322 801.89
1.9222 0.5777 380.58
2.7654 0.4678 286.59
1.8181 0.3794 731.17
1.9332 0.4677 553.06




2.7319 0.5332 192.67

2.9697 0.4224 293.86

3.3446 0.5992 211.01

2.6688 0.517 238.78

2.589 0.533 238.72

1.868 0.372 727.04

1.7779 0.391 725.47

2.7979 0.4321 333.31

2.833 0.5461 139.68

1.6161 0.459 668.45

2.3993 0.572 237.02

1.786 0.459 614.08

Tarining datafor efficiency for 1/C/E configuration

Oc or (5]3 efficiency (nth)

1.1828 0.6409 1.5612 0.4411

2.1542 0.4462 1.0613 0.5831

1.9805 0.6039 1.3934 0.4374

3.0031 0.5621 1.0012 0.0916

2.6655 0.4532 1.2612 0.6392

2.3963 0.5678 1.5222 0.5542

2.1333 0.4664 1.1937 0.613

1.0006 0.6111 2.3471 0.7185

2.01 0.57 1.3421 0.4852

2.7652 0.4678 1.1342 0.471

1.9222 0.5777 2.1616 0.3794

2 0.3 1.4432 0.1592

1.9332 0.4677 1.1212 0.598

2.6758 0.541 1.4911 0.6007

1.868 0.372 0.9496 0.6902

2.7979 0.4321 1.1151 0.5429

2.0901 0.4632 1.2661 0.6636

2.3993 0.572 1.3111 0.3915

2.3446 0.5992 1 0.2434

1.8181 0.3794 0.9726 0.6929

1.786 0.459 0.9 0.5543

1.7779 0.391 1.1111 0.7346

2.1162 0.4226 1.6216 0.1065

2.1234 0.2468 1.1779 0.0364

2.963 0.5689 1.5256 0.3933

2.2219 0.4526 1.1352 0.5993

2.6331 0.4378 1.0048 0.4903

2.2299 0.4411 1.5621 0.011

2.4002 0.5691 1.3666 0.4298




1.9799 0.3321 1.6628 0.354
2.6319 0.4568 1.4444 0.8865
2.7962 0.5555 1.1199 0.2236
2.6666 0.3657 1.4224 0.2218
2.5667 0.5757 1.2211 0.2914
1.7399 0.6311 1.5577 0.4728
2.7816 0.3279 1.4475 0.5892
1.8732 0.5649 1.3585 0.5198
1.9333 0.7256 1.4129 0.1895
2.0004 0.5 1.6339 0.8487
2.0178 0.4312 1.1234 0.6548
1.868 0.4111 1.1111 0.3149
2.7172 0.2695 1.2316 0.147
3.0007 0.3178 1.7341 0.461
2.7645 0.4555 1.3333 0.7144
1.8667 0.1826 1.4926 0.4256
3.1126 0.2346 1.1356 0.1456
2.5899 0.1134 1.3324 0.7984
1.6472 0.5682 1.1652 0.4809
1.8888 0.4492 1.8142 0.1618
1.9333 0.5336 1.1539 0.495
2.6664 0.4999 1.6446 0.3295
1.9338 0.5001 1.3349 0.6344
1.8752 0.2613 1.7683 0.64
2.3395 0.1458 1.4553 0.8008
1.8645 0.3366 1.4299 0.2977
3.0195 0.5286 1.35 0.3581
1.4149 0.4953 1.2853 0.6495
2.5645 0.5336 1.2111 0.3971
1.9888 0.6266 1.4329 0.4003
1.9 0.6 1.4444 0.4779
1.8466 0.3311 1.2227 0.8927
2.6451 0.4526 1.3721 0.7807
2.9726 0.1197 1.4556 0.5364
2.7541 0.3643 1.7555 0.451
3.0011 0.7211 0.9033 0.2819
2.3355 0.4511 1.5733 0.4169
2.6261 0.5777 1.3221 0.3113
2.9645 0.3412 1.4554 0.9008
3.3216 0.2615 1.5656 0.7074
2.6009 0.1935 1.2632 0.3898
2.7117 0.2666 1.6322 0.3385
2.8818 0.5511 1.312 0.2916
3.3325 0.1296 1.1234 0.5754
1.8621 0.4567 1.934 0.2993
2.7645 0.4555 1.1235 0.4957
2.5965 0.321 1.3666 0.2143




2.4321 0.465 1.7575 0.6787
2.6752 0.3521 1.6626 0.7761
2.8962 0.4221 1.2525 0.7092
2.87 0.5663 1.5525 0.5374
2.9361 0.3362 1.5996 0.4666
2.5652 0.6666 1.4227 0.0739
1.9599 0.2566 1.5331 0.3542
1.963 0.3226 1.4772 0.1311
1.562 0.7622 1.5991 0.2456
2.165 0.3111 1.2233 0.95
3 0.4546 1.1561 0.4651
2.9732 0.4465 1.5321 0.7502
2.8888 0.5963 1.4432 0.153
2.3621 0.8621 1.6592 0.6099
2.5522 0.8 1.6641 0.7188
2.6311 0.4563 1.331 0.7114
2.9581 0.2222 1.442 0.5766
1.9221 0.2562 1.5678 0.3798
1.8777 0.2422 1.3456 0.1535
2.0001 0.2196 1.4726 0.3841
2.0333 0.3005 1.5692 0.3347
1.8181 0.4111 1.2432 0.7606

Tarining data for specific work done for 1/C/E configuration

Oc or OE swd (I) KW/kg sec
1.1828 0.6409 1.5612 308.06
2.1542 0.4462 1.0613 516.74
1.9805 0.6039 1.3934 320
3.0031 0.5621 1.0012 59.65
2.6655 0.4532 1.2612 341.92
2.3963 0.5678 1.5222 244.7
2.1333 0.4664 1.1937 491.1
1.0006 0.6111 2.3471 622.05

2.01 0.57 1.3421 364.8
2.7652 0.4678 1.1342 286.66
1.9222 0.5777 2.1616 380.58

2 0.3 1.4432 800
1.9332 0.4677 1.1212 553.06
2.6758 0.541 1.4911 198.14
1.868 0.372 0.9496 727.04
2.7979 0.4321 1.1151 333.31
2.0901 0.4632 1.2661 510.05
2.3993 0.572 1.3111 237.02
2.3446 0.5992 1 211.01




1.8181 0.3794 0.9726 731.17
1.786 0.459 0.9 614.08
1.7779 0.391 1.1111 725.47
2.1162 0.4226 1.6216 566.66
2.1234 0.2468 1.1779 845.63
2.963 0.5689 1.5256 61.6
2.2219 0.4526 1.1352 484.83
2.6331 0.4378 1.0048 376.93
2.2299 0.4411 1.5621 500.67
2.4002 0.5691 1.3666 241.38
1.9799 0.3321 1.6628 755.07
2.6319 0.4568 1.4444 346.91
2.7962 0.5555 1.1199 136.42
2.6666 0.3657 1.4224 481.57
2.5667 0.5757 1.2211 177.54
1.7399 0.6311 1.5577 353.47
2.7816 0.3279 1.4475 505.25
1.8732 0.5649 1.3585 416.74
1.9333 0.7256 1.4129 140.38
2.0004 0.5 1.6339 479.87
2.0178 0.4312 1.1234 584.38
1.868 0.4111 1.1111 891.04
2.7172 0.2695 1.2316 619.3
3.0007 0.3178 1.7341 451.3
2.7645 0.4555 1.3333 306.56
1.8667 0.1826 1.4926 1030.5
3.1126 0.2346 1.1356 548.61
2.5899 0.1134 1.3324 909.79
1.6472 0.5682 1.1652 483.78
1.8888 0.4492 1.8142 596.86
1.9333 0.5336 1.1539 497.58
2.6664 0.4999 1.6446 266.91
1.9338 0.5001 1.3349 501.02
1.8752 0.2613 1.7683 901.86
2.3395 0.1458 1.4553 938.08
1.8645 0.3366 1.4299 784.8
3.0195 0.5286 1.35 108
1.4149 0.4953 1.2853 674.75
2.5645 0.5336 1.2111 245.6
1.9888 0.6266 1.4329 281.02
1.9 0.6 1.4444 352
1.8466 0.3311 1.2227 799.33
2.6451 0.4526 1.3721 349.41
2.9726 0.1197 1.4556 777.25
2.7541 0.3643 1.7555 455.81
3.0011 0.7211 0.9033 194.11
2.3355 0.4511 1.5733 450.88




2.6261 0.5777 1.3221 155.33
2.9645 0.3412 1.4554 425.44
3.3216 0.2615 1.5656 438.69
2.6009 0.1935 1.2632 778.11
2.7117 0.2666 1.6322 625.7
2.8818 0.5511 1.312 116.06
3.3325 0.1296 1.1234 646.24
1.8621 0.4567 1.934 593.41
2.7645 0.4555 1.1235 306.56
2.5965 0.321 1.3666 575.46
24321 0.465 1.7575 397.73
2.6752 0.3521 1.6626 500.58
2.8962 0.4221 1.2525 317.86
2.87 0.5663 1.5525 95.52
2.9361 0.3362 1.5996 442.53
2.5652 0.6666 1.4227 32.58
1.9599 0.2566 1.5331 882.27
1.963 0.3226 1.4772 775.68
1.562 0.7622 1.5991 200.64
2.165 0.3111 1.2233 729.44
3 0.4546 1.1561 232.64
2.9732 0.4465 1.5321 254.18
2.8888 0.5963 1.4432 41.5
2.3621 0.8621 1.6592 215.23
2.5522 0.8 1.6641 176.7
2.6311 0.4563 1.331 347.97
2.9581 0.2222 1.442 617.89
1.9221 0.2562 1.5678 895.01
1.8777 0.2422 1.3456 931.62
2.0001 0.2196 1.4726 928.61
2.0333 0.3005 1.5692 788.54
1.8181 0.4111 1.2432 680.45
2.6421 0.3361 1.26 536.77
Tarining datafor efficiency for 1/LP configuration
Bc Bur OLr efficiency (nth)
0.1456 0.6443 0.6987 0.5128
2.9765 0.6112 0.7331 0.395
2.9888 0.5993 0.7045 0.4705
3.0099 0.6332 0.6982 0.3904
2.8261 0.5773 0.7 0.451
3.1634 0.5331 0.6829 0.54
3.2962 0.6221 0.6982 0.4681
3.0026 0.6131 0.6888 0.3835




2.8451 0.5895 0.7139 0.4883
3.2666 0.6008 0.7125 0.4737
2.9681 0.6337 0.69 0.4434
3 0.5987 0.6977 0.4226
2.8111 0.6456 0.7076 0.413
2.9777 0.59 0.7111 0.5293
3.2211 0.6181 0.6891 0.4275
2.9793 0.6045 0.7015 0.4376
2.8586 0.5826 0.6819 0.4241
3.2678 0.6216 0.7339 0.4679
3.0128 0.6224 0.7199 0.4299
3.1632 0.5999 0.7057 0.471
3.0291 0.631 0.7177 0.4429
2.8654 0.6456 0.7326 0.3963
3.0066 0.6221 0.7011 0.4571
3.1122 0.6111 0.7271 0.4329
2.8954 0.5877 0.6901 0.424
2.7577 0.5982 0.7123 0.3761
2.8888 0.6432 0.6927 0.4587
2.8989 0.6117 0.6888 0.4439
2.9 0.618 0.6772 0.4655
2.9595 0.5933 0.6888 0.4434
2.9876 0.6 0.6972 0.4424
3.0111 0.6321 0.7256 0.4273
3.2444 0.5853 0.6933 0.4995
3.1166 0.585 0.694 0.4657
3.1732 0.5962 0.6969 0.4847
3.2446 0.6126 0.7129 0.4909
3.2555 0.6132 0.7335 0.459
3.2675 0.6321 0.71 0.5185
3.0055 0.6116 0.7233 0.4158
3.1064 0.5804 0.6842 0.4743
2.9173 0.6022 0.7067 0.4155
2.9971 0.6131 0.7278 0.4083
3.1117 0.5874 0.7333 0.4065
2.7444 0.5729 0.6729 0.4071
2.8528 0.5821 0.699 0.3998
2.8001 0.5888 0.7077 0.3833
2.9333 0.5998 0.6963 0.4391
2.9421 0.6199 0.7331 0.394
3.1965 0.6005 0.7222 0.4532
3.4562 0.5793 0.7122 0.4902
3.3333 0.5926 0.7011 0.5291
2.9753 0.5834 0.7269 0.3856
2.7861 0.6229 0.7296 0.3728
2.8809 0.6361 0.7184 0.416
3.2468 0.5951 0.6922 0.5119




3.2444 0.633 0.7066 0.5184
3.1515 0.6066 0.6726 0.5265
3.0222 0.6235 0.6896 0.4795
3.3416 0.5926 0.7216 0.4874
3.2266 0.5972 0.7272 0.4501
3.1999 0.5828 0.6931 0.4869
3.2449 0.6001 0.7333 0.4468
2.9421 0.5984 0.6821 0.453
2.8661 0.582 0.6998 0.4012
2.8752 0.5978 0.7075 0.4032
2.8666 0.6158 0.7441 0.3619
2.9624 0.6312 0.7224 0.4214
3.0975 0.5986 0.6904 0.4773
2.8772 0.6221 0.6924 0.4417
2.9316 0.5874 0.7186 0.3916
2.8427 0.6112 0.7345 0.3686
3.0513 0.5991 0.7449 0.3843
2.9213 0.6116 0.721 0.4022
3.0003 0.5968 0.6832 0.4633
2.8694 0.5744 0.6774 0.4262
2.9771 0.5922 0.6868 0.4493
3.226 0.5901 0.6962 0.4952
2.9326 0.6022 0.7324 0.3819
3.4329 0.6146 0.7011 0.5744
3.3692 0.6322 0.7144 0.5425
2.9755 0.6146 0.6992 0.4474
2.9225 0.6245 0.7145 0.4205
2.8326 0.6555 0.6732 0.4843
2.9134 0.5921 0.7311 0.3739
2.8354 0.5874 0.7426 0.3423
3.0465 0.5876 0.7092 0.4286
3.268 0.5757 0.7116 0.4697
3.0221 0.5906 0.7259 0.401
3.2222 0.6221 0.6864 0.5377
2.9656 0.6321 0.6822 0.4774
2.7258 0.621 0.6911 0.4133
2.7415 0.6017 0.6767 0.422
2.8995 0.58 0.6926 0.4159
2.8627 0.5828 0.6551 0.4608
2.9331 0.5666 0.694 0.411
2.8547 0.5775 0.7385 0.3449
2.9444 0.5928 0.7266 0.3863
2.9721 0.5896 0.7154 0.4054
3.303 0.5999 0.7222 0.4812




Tarining data for specific work done for 1/LP configuration

Bc Our OLr swd (1) KW/kg sec
3.1456 0.6443 0.6987 310.6
2.9765 0.6112 0.7331 261.01
2.9888 0.5993 0.7045 283.35
3.0099 0.6332 0.6982 305.76
2.8261 0.5773 0.7 277.1
3.1634 0.5331 0.6829 270.47
3.2962 0.6221 0.6982 300.4
3.0026 0.6131 0.6888 305.27
2.8451 0.5895 0.7139 269.85
3.2666 0.6008 0.7125 276.37
2.9681 0.6337 0.69 314.16

3 0.5987 0.6977 289.58
2.8111 0.6456 0.7076 302.04
2.9777 0.59 0.7111 272.72
3.2211 0.6181 0.6891 307.47
2.9793 0.6045 0.7015 288.71
2.8586 0.5826 0.6819 296.52
3.2678 0.6216 0.7339 264.65
3.0128 0.6224 0.7199 278.93
3.1632 0.5999 0.7057 282.48
3.0291 0.631 0.7177 285.01
2.8654 0.6456 0.7326 276.21
3.0066 0.6221 0.7011 297.51
3.1122 0.6111 0.7271 266.83
2.8954 0.5877 0.6901 291.41
2.7577 0.5982 0.7123 275.36
2.8888 0.6432 0.6927 316.25
2.8989 0.6117 0.6888 304.58

2.9 0.618 0.6772 319.18
2.9595 0.5933 0.6888 295.42
2.9876 0.6 0.6972 290.69
3.0111 0.6321 0.7256 277.52
3.2444 0.5835 0.6933 286.34
3.1166 0.585 0.694 286.42
3.1732 0.5962 0.6969 289.13
3.2446 0.6126 0.7129 281.4
3.2555 0.6132 0.7335 261.47
3.2675 0.6321 0.71 293.29
3.0055 0.6116 0.7233 270.77
3.1064 0.5804 0.6842 293.26
2.9173 0.6022 0.7067 282.6
2.9971 0.6131 0.7278 267.02
3.1117 0.5874 0.7333 250.66




2.7444 0.5729 0.6729 299.83
2.8528 0.5821 0.699 280.34
2.8001 0.5888 0.7077 275.37
2.9333 0.5998 0.6963 291.45
2.9421 0.6199 0.7331 264.72
3.1965 0.6005 0.7222 266.91
3.4562 0.5793 0.7122 266.76
3.3333 0.5926 0.7011 266.76
2.9753 0.5834 0.7269 254.92
2.7861 0.6229 0.7296 269.49
2.8809 0.6361 0.7184 286.01
3.2468 0.5951 0.6922 269.07
3.2444 0.633 0.7066 297.16
3.1515 0.6066 0.6726 317.76
3.0222 0.6235 0.6896 309.66
3.3416 0.5926 0.7216 263.97
3.2266 0.5972 0.7272 260.66
3.1999 0.5828 0.6931 286.18
3.2449 0.6001 0.7333 256.07
2.9421 0.5984 0.6821 304.37
2.8661 0.582 0.6998 279.55
2.8752 0.5978 0.7075 279.77
2.8666 0.6158 0.7441 252.13
2.9624 0.6312 0.7224 280.35
3.0975 0.5986 0.6904 296.52
2.8772 0.6221 0.6924 306.17
2.9316 0.5874 0.7186 264.47
2.8427 0.6112 0.7345 259.64
3.0513 0.5991 0.7449 244.53
2.9213 0.6116 0.721 273.02
3.0003 0.5968 0.6832 302.51
2.8694 0.5744 0.6774 296.48
2.9771 0.5922 0.6868 296.76
3.226 0.5901 0.6962 286.84
2.9326 0.6022 0.7324 293.93
3.4329 0.6146 0.7011 257.84
3.3692 0.6322 0.7144 288.89
2.9755 0.6146 0.6992 295.79
2.9225 0.6245 0.7145 285.27
2.8326 0.6555 0.6732 342.75
2.9134 0.5921 0.7311 254.74
2.8354 0.5874 0.7426 241.91
3.0465 0.5876 0.7092 273.4
3.268 0.5757 0.7116 265.65
3.0221 0.5906 0.7259 259.01
3.2222 0.6221 0.6864 312.14
2.9656 0.6321 0.6822 317.16




2.7258 0.621 0.6911 306.92
2.7415 0.6017 0.6767 311.25
2.8995 0.58 0.6926 285.27
2.8627 0.5828 0.6551 321.61
2.9331 0.5666 0.694 277.41
2.8547 0.5775 0.7385 241.62
2.9444 0.5928 0.7266 259.31
2.9721 0.5896 0.7154 268.48
3.303 0.5999 0.7222 266.64
Tarining datafor efficiency for 1/LP/E configuration
Oc Oe Our oLt nth
2.1828 1.6409 0.7612 0.7411 0.6809
2.1542 1.4462 0.7613 0.7331 0.5283
1.9805 1.6039 0.7934 0.7374 0.5599
2.0031 1.5621 0.8012 0.7216 0.5842
2.2655 1.4532 0.8612 0.7692 0.5703
2.2963 1.5678 0.7222 0.7542 0.6214
2.1333 1.4664 0.7937 0.763 0.4924
2.0006 1.6111 0.8471 0.7285 0.6342
2.01 1.57 0.7421 0.7752 0.4432
2.1652 1.4678 0.8342 0.751 0.5586
1.9222 1.5777 0.7616 0.7594 0.4564
2 1.3 0.7432 0.7592 0.3654
1.9332 1.4677 0.8212 0.768 0.4317
2.3758 1.541 0.7911 0.7607 0.6928
1.868 1.372 0.7496 0.7502 0.3765
2.1979 1.4321 0.8151 0.7429 0.5543
2.0901 1.4632 0.7661 0.7636 0.457
2.1993 1.572 0.8111 0.7215 0.7175
2.2446 1.5992 0.8 0.7434 0.7132
1.8181 1.3794 0.7726 0.7329 0.4057
1.886 1.459 0.8001 0.7543 0.4284
1.9779 1.391 0.7111 0.7346 0.4112
2.1162 1.4226 0.8216 0.7035 0.6
2.1234 1.4468 0.7779 0.7364 0.5281
2.063 1.5689 0.8256 0.7333 0.6118
2.2219 1.4526 0.8352 0.7593 0.5558
2.1331 1.4378 0.8048 0.7403 0.5298
2.0002 1.5691 0.7666 0.7298 0.5452
1.9799 1.3321 0.7628 0.754 0.3892
2.2319 1.4568 0.7444 0.7465 0.5288
2.1962 1.5555 0.8199 0.7236 0.7011
2.1666 1.3657 0.8224 0.7218 0.5492




2.0667 1.5757 0.8211 0.7214 0.6429
1.9399 1.6311 0.7577 0.7428 0.5202
2.0816 1.3279 0.8075 0.7592 0.4261
1.8732 1.5649 0.7585 0.7598 0.4316
1.9333 1.7256 0.8129 0.7395 0.6236
2.0004 1.5 0.7639 0.7487 0.4705
2.0178 1.4312 0.8234 0.7548 0.4684
1.868 1.4111 0.8111 0.7349 0.4457
2.2172 1.2695 0.8016 0.747 0.4547
2.0007 1.3178 0.7941 0.741 0.4264
2.0645 1.4555 0.7833 0.7344 0.511
1.8667 1.1826 0.7926 0.7456 0.3538
2.1126 1.2346 0.7956 0.7456 0.4146
2.1899 1.1134 0.7824 0.7384 0.3915
1.9472 1.5682 0.7652 0.7409 0.4991
1.8888 1.4492 0.8142 0.7618 0.42
1.9333 1.5336 0.7539 0.745 0.4629
2.0664 1.4999 0.7746 0.7295 0.5474
1.9338 1.5001 0.8049 0.7644 0.4891
1.8752 1.2613 0.7683 0.76 0.3425
2.2395 1.1458 0.7553 0.7308 0.4093
1.8645 1.3366 0.7699 0.7277 0.4096
2.0195 1.5286 0.78 0.7581 0.4833
1.9149 1.4953 0.7853 0.7495 0.4511
2.1645 1.5336 0.8111 0.7371 0.6218
1.9888 1.6266 0.8129 0.7403 0.5861
1.9 1.6 0.7544 0.7479 0.4755
1.8466 1.3311 0.8227 0.7327 0.4239
2.1451 1.4526 0.7721 0.7507 0.5006
1.9726 1.1197 0.7556 0.7564 0.3231
2.0011 1.7211 0.8033 0.7219 0.7035
2.1355 1.4511 0.7733 0.7469 0.5044
2.2261 1.5777 0.8221 0.7213 0.7546
1.9645 1.3412 0.7554 0.7408 0.4056
2.1216 1.2615 0.7656 0.7274 0.4401
2.0009 1.1935 0.7632 0.7398 0.3725
2.1117 1.2666 0.7322 0.7385 0.4035
1.8818 1.5511 0.812 0.7216 0.5322
2.2325 1.1296 0.8234 0.7554 0.3982
1.8621 1.4567 0.804 0.7293 0.4602
2.0645 1.4555 0.8235 0.7457 0.5143
2.5965 1.321 0.7666 0.7243 0.6596
2.1321 1.465 0.7775 0.7687 0.2637
2.2752 1.3521 0.7626 0.7461 0.4932
1.8962 1.4221 0.7625 0.7292 0.4392
1.87 1.5663 0.7825 0.7374 0.4862
2.1361 1.3362 0.7996 0.7466 0.4627




2.0652 1.6666 0.7227 0.7339 0.6048
1.9599 1.2566 0.8331 0.7542 0.3955
1.963 1.3226 0.7772 0.7311 0.426
1.862 1.7622 0.7991 0.7456 0.5796
2.165 1.3111 0.7233 0.7505 0.4091

2 1.4546 0.7861 0.7451 0.4678
2.1732 1.4465 0.7921 0.7402 0.5432
2.2888 1.5963 0.7743 0.753 0.696
2.0621 1.8621 0.7592 0.7299 0.8661
2.1522 1.8 0.7641 0.7188 0.935

1.866 1.517 0.8297 0.76 0.44
2.2311 1.4563 0.791 0.7114 0.6389
1.9581 1.2222 0.782 0.7566 0.3578
1.9221 1.2562 0.7678 0.7398 0.3786
1.8777 1.2422 0.7956 0.7535 0.3602
2.0001 1.2196 0.7726 0.7341 0.3931
2.0333 1.3005 0.7692 0.7347 0.4245
1.8181 1.4111 0.7832 0.7606 0.3774

Tarining data for specific work done for 1/LP/E configuration

Oc OE Our OLt swd(l)
2.1828 1.6409 0.7612 0.7411 315.2
2.1542 1.4462 0.7613 0.7331 325.1
1.9805 1.6039 0.7934 0.7374 333.35
2.0031 1.5621 0.8012 0.7216 356.89
2.2655 1.4532 0.8612 0.7692 318.02
2.2963 1.5678 0.8222 0.7542 284.03
2.1333 1.4664 0.8937 0.763 300.97
2.0006 1.6111 0.8471 0.7285 367.98
2.01 1.57 0.7421 0.7752 266.92
2.1652 1.4678 0.8342 0.751 332.34
1.9222 1.5777 0.7616 0.7594 293.18

2 13 0.7432 0.7592 286.34
1.9332 1.4677 0.8212 0.768 304.83
2.3758 1.541 0.7911 0.7607 302.9

1.868 1.372 0.7496 0.7502 299.6
2.1979 1.4321 0.8151 0.7429 335.3
2.0901 1.4632 0.7661 0.7636 289.77
2.1993 1.572 0.8111 0.7215 361.43
2.2446 1.5992 0.8 0.7434 328.45
1.8181 1.3794 0.7726 0.7329 330.18
1.886 1.459 0.8001 0.7543 314.54
1.9779 1.391 0.7111 0.7346 301.96
2.1162 1.4226 0.8216 0.7035 389.77




2.1234 1.4468 0.7779 0.7364 332.44
2.063 1.5689 0.8256 0.7333 352.3
2.2219 1.4526 0.8352 0.7593 321.65
2.1331 1.4378 0.8048 0.7403 334.41
2.2299 1.4411 0.7621 0.721 340.2
2.0002 1.5691 0.7666 0.7298 331.42
1.9799 1.3321 0.7628 0.754 300.24
2.2319 1.4568 0.7444 0.7465 301.93
2.1962 1.5555 0.8199 0.7236 362.59
2.1666 1.3657 0.8224 0.7218 366.07
2.0667 1.5757 0.8211 0.7214 366.01
1.9399 1.6311 0.7577 0.7428 311.81
2.0816 1.3279 0.8075 0.7592 311.11
1.8732 1.5649 0.7585 0.7598 291.51
1.9333 1.7256 0.8129 0.7395 338.82
2.0004 1.5 0.7639 0.7487 307.15
2.0178 1.4312 0.8234 0.7548 323.04
1.868 1.4111 0.8111 0.7349 344.04
2.2172 1.2695 0.8016 0.747 324.49
2.0007 1.3178 0.7941 0.741 329.08
2.0645 1.4555 0.7833 0.7344 332.87
1.8667 1.1826 0.7926 0.7456 322.62
2.1126 1.2346 0.7956 0.7456 323.84
2.1899 1.1134 0.7824 0.7384 327.48
1.9472 1.5682 0.7652 0.7409 317.22
2.073 1.3 0.7892 0.7353 342.29
1.8888 1.4492 0.8142 0.7618 310.31
1.9333 1.5336 0.7539 0.745 307.59
2.0664 1.4999 0.7746 0.7295 339.71
1.9338 1.5001 0.8049 0.7644 335.25
1.8752 1.2613 0.7683 0.76 295.03
2.2395 1.1458 0.7553 0.7308 325.32
1.8645 1.3366 0.7699 0.7277 335.43
2.0195 1.5286 0.78 0.7581 301.89
1.9149 1.4953 0.7853 0.7495 314.75
2.1645 1.5336 0.8111 0.7371 341.18
1.9888 1.6266 0.8129 0.7403 337.78

1.9 1.6 0.7544 0.7479 304.29
1.8466 1.3311 0.8227 0.7327 351.85
2.1451 1.4526 0.7721 0.7507 307.98
1.9726 1.1197 0.7556 0.7564 294.5
2.0011 1.7211 0.8033 0.7219 357.44
2.1355 1.4511 0.7733 0.7469 313.15
2.2261 1.5777 0.8221 0.7213 366.59
1.9645 1.3412 0.7554 0.7408 313.28
2.1216 1.2615 0.7656 0.7274 333.92
2.0009 1.1935 0.7632 0.7398 317.74




2.1117 1.2666 0.7322 0.7385 306.35
1.8818 1.5511 0.812 0.7216 361.7
2.2325 1.1296 0.8234 0.7554 322.24
1.8621 1.4567 0.804 0.7293 348.23
2.0645 1.4555 0.8235 0.7457 335.06
2.5965 1.321 0.7666 0.7243 338.16
2.1321 1.465 0.7775 0.7687 287.74
2.2752 1.3521 0.7626 0.7461 309.8
1.8962 1.4221 0.7625 0.7292 330.6
2.199 1.194 0.7645 0.7242 345.5
1.87 1.5663 0.7825 0.7374 328.78
2.1361 1.3362 0.7996 0.7466 324.19
2.0652 1.6666 0.7227 0.7339 307.7
1.9599 1.2566 0.8331 0.7542 327.64
1.963 1.3226 0.7772 0.7311 334.38
1.862 1.7622 0.7991 0.7456 325.26
2.165 1.3111 0.7233 0.7505 288.74
2 1.4546 0.7861 0.7451 319.34
2.1732 1.4465 0.7921 0.7402 329.26
2.2888 1.5963 0.7743 0.753 306
2.0621 1.8621 0.7592 0.7299 328.1
2.1522 1.8 0.7641 0.7188 343.78
2.2311 1.4563 0.791 0.7114 365.25
1.9581 1.2222 0.782 0.7566 304.54
1.9221 1.2562 0.7678 0.7398 319.65
1.8777 1.2422 0.7956 0.7535 313.78
2.0001 1.2196 0.7726 0.7341 378.69
2.0333 1.3005 0.7692 0.7347 326.51
1.8181 1.4111 0.7832 0.7606 300







APPENDIX - B

Matlab Code for Different Configurations of Gas Turbine Cycle.

Code for efficiency for 1/C configuration

[System]

Name="2'
Type='sugeno'
Version=2.0
Numlinputs=2
NumOutputs=1
NumRules=9
AndMethod="prod'
OrMethod="probor'
ImpMethod="prod'
AggMethod="sum'
DefuzzMethod="wtaver'

[Inputl]

Name='inputl'

Range=[1.0006 3.3446]

Constraintfunilcef

NumMFs=3

MF1="in1mf1"'trimf',[-0.1714 1.01697400419004 2.27
MF2="in1mf2":'trimf',[1.0088559923359 2.18551294584
MF3="in1mf3"'trimf',[2.19715339153566 3.3448553417

[Input2]

Name='input2'

Range=[0.2468 0.76]

NumMFs=3
MF1="in2mf1"'trimf',[-0.00985600834773433 0.268102
0.548830211359686]
MF2="in2mf2"'trimf',[0.223187762571203 0.504730097
0.767357131962216]
MF3="in2mf3":'trimf',[0.560739500537892 0.691501507
1.01656992103708]

[Outputl]

Name='output'

Range=[2.24 865.7]

NumMFs=9
MF1="outlmfl"'constant',[1254.82254028885]
MF2="outlmf2".'constant’,[710.172458027694]
MF3="outlmf3".'constant’,[550.799697207632]
MF4='outlmf4"'constant’,[844.18488073043]
MF5="outlmf5".'constant’,[320.445637887566]
MF6="outlmf6"'constant',[-60.0621145171457]
MF7="outlmf7"'constant’,[511.502554477687]
MF8='outlmf8".'constant’,[-20.2534237636333]
MF9='outlmf9"'constant’,[457.092103126852]

538106656816]
952 3.34413078469647]
3566 4.51659975089394]

439634278
528844

885824



[Rules]

11,1(2):
12,2(1):
13,3(1):
21,4(1):
22,5(1):
23,6(1):
31,7(1):
32,8(1):
33,9(1):

RPRRRPRRRRRERR

Code for specific work done for 1/C configuration

[System]
Name="'1C_swd'
Type='sugeno
Version=2.0
NumlInputs=2
NumOutputs=1
NumRules=9
AndMethod="prod'
OrMethod="probor’
ImpMethod="prod'
AggMethod="sum'
DefuzzMethod="wtaver'

[Inputl]

Name='cr'

Range=[1.0006 3.3446]

Constraintfunlcswd

NumMFs=3

MF1='in1lmfl"'trimf,[-0.1714 1.01697400419004 2.27
MF2="in1lmf2":'trimf',[1.0088559923359 2.18551294584
MF3='in1lmf3"'trimf',[2.19715339153566 3.3448553417

[Input2]

Name="tr'

Range=[0.2468 0.76]

NumMFs=3
MF1="'in2mf1":'trimf',[-0.00985600834 773433 0.268102
0.548830211359686]
MF2="in2mf2":'trimf",[0.223187762571203 0.504730097
MF3="in2mf3":'trimf',[0.560739500537892 0.691501507

[Outputl]

Name="swd'

Range=[2.24 865.7]

NumMFs=9
MF1='outlmfl':'constant',[1254.82254028885]
MF2="outlmf2"'constant',[710.172458027694]
MF3='outlmf3"'constant’,[550.799697207632]

538106656816]
952 3.34413078469647)
3566 4.51659975089394]

439634278

528844 0.767357131962216]
885824 1.01656992103708]



MF4="outlmf4"'constant’,
MF5="outlmf5"'constant’,
MF6="outlmf6".'constant’,
MF7="outlmf7"'constant’,
MF8="outlmf8":'constant’,
MF9="outlmf9":'constant’,

844.18488073043]
320.445637887566]
-60.0621145171457]
511.502554477687]
-20.2534237636333]
457.092103126852]

— e

[Rules]

11,1(1):
12,2(1):
13,3(1):
21,4():
22,5(1):
23,6(1):
31L,7(Q1):
32,8():
33,9(1):

RPRRPRRRPRRERRE

Code for efficiency for 1/C/E configuration

[System]
Name="'1CE_eff'
Type='sugeno'
Version=2.0
Numinputs=3
NumOutputs=1
NumRules=27
AndMethod="prod'
OrMethod="probor’
ImpMethod="prod'
AggMethod="sum'
DefuzzMethod="wtaver'

[Inputl]

Name='cr'

Range=[1.0006 3.3325]

Constraintfunlceef

NumMFs=3

MF1="in1mf1"'trimf',[-0.165349999416209 1.00485827
MF2="'in1mf2":'trimf',[0.996684062518279 2.170569558
MF3='in1mf3"'trimf',[2.20032473132442 3.3321914777

[Input2]

Name="tr'

Range=[0.1134 0.8621]

NumMFs=3

MF1="in2mf1"'trimf',[-0.260933581043235 0.12907441
MF2="in2mf2":'trimf',[0.10139697325914 0.5150171327
MF3="in2mf3":'trimf',[0.4575512842778 0.86893633587

[Input3]

Name='rr'
Range=[0.9 2.3471]
NumMFs=3

588474 2.21612780681531]
50975 3.33319384486025]
3337 4.49845000044142]

2292723 0.470175261899284]
6537 0.84753292480282]
54 1.23645]



MF1='in3mfl1"'trimf',[0.17645 0.890804756719226 1.6
MF2="'in3mf2"'trimf',[0.903295352610484 1.623068365
MF3='in3mf3"'trimf',[1.4543624676679 2.34273655689

[Outputl]

Name="effi’

Range=[0.011 0.95]

NumMFs=27
MF1="outlmfl"'constant',[5.66184484745554]
MF2="outlmf2"'constant',[-4.54248673658561]
MF3="outlmf3"'constant',[28.2139131778664]
MF4="outlmf4"'constant',[-0.745020771627617]
MF5="outlmf5"'constant',[2.63175230684896]
MF6="outlmf6".'constant',[-7.43374409439597]
MF7="outlmf7"'constant’,[2.22713833682692]
MF8="outlmf8"'constant',[-3.47170251907309]
MF9='out1lmf9":'constant',[16.2646747272306]
MF10="outlmf10":'constant’,[-0.758659053676032]
MF11="outlmfl1"'constant',[1.30272391228043]
MF12="outlmfl12":'constant’,[-5.88240022974373]
MF13="outlmf13"'constant',[1.12311679669207]
MF14="outlmfl4"'constant',[-0.0553691375428964]
MF15="outlmfl15"'constant',[2.30154766849112]
MF16="outlmfl6"'constant',[-1.61156850883992]
MF17="outlmf17"'constant',[1.64543208738442]
MF18="out1lmf18"'constant',[-3.40240399131887]
MF19="out1mf19".'constant’,[0.597865438399765]
MF20="out1mf20Q":'constant',[0.186543994590281]
MF21="outlmf21"'constant',[2.7792321105447]
MF22="out1lmf22"'constant',[-0.419122875824357]
MF23="outlmf23".'constant’,[1.78302179016307]
MF24="outlmf24".'constant’,[-3.11807049981083]
MF25="outlmf25".'constant’,[1.19527508592244]
MF26="outlmf26".'constant’,[-4.2855273606133]
MF27="outlmf27".'constant’,[21.2760696239892]

[Rules]

111,1(2):
112,2(1):
113,3():
121,4():
122,5(1):
123,6(1):
131,7(1):
132,8(1):
133,9(1):
211,10(1):
212,11 (1):
213,12 (1):
221,13(1):
222,14 (1):
223,15(1):
231,16 (1):
232,17 (1):
233,18(1):
311,19(1):

PRRPRRRRPRRRER
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181342357478]
57984 2.35069730599893]
008 3.07064999915388]



312,20 (1):
313,21(1):
321,22 (1):
322,23(1):
323,24 (1):
331,25(1):
332,26(1):
333,27 (1):

RPRRRRRRER

Code for specific work done for 1/C/E configuration

[System]
Name="1CE_swd'
Type='sugeno
Version=2.0
Numlnputs=3
NumOutputs=1
NumRules=27
AndMethod="prod'
OrMethod="probor’
ImpMethod="prod'
AggMethod='sum'
DefuzzMethod="wtaver'

[Inputl]

Name='cr'

Range=[1.0006 3.3325]

Constraintfunlceswd

NumMFs=3

MF1="in1lmf1"'trimf',[-0.16535000004594 1.002582934 29025 2.16709049907285]
MF2="in1mf2":'trimf',[0.998637411725886 2.166934313 56096 3.33385233561156]
MF3='in1mf3"'trimf',[2.15296300125291 3.3309015797 421 4.49845000079613]

[Input2]

Name="tr'

Range=[0.1134 0.8621]

NumMFs=3

MF1="in2mf1":'trimf',[-0.260952497329864 0.13412623 7508496 0.551942142499166]
MF2="in2mf2":'trimf',[0.0920879347503977 0.50497974 1725503 0.85897905444657]
MF3="in2mf3":'trimf',[0.560419921335562 0.858663239 282831 1.23645]

[Input3]

Name='rr'

Range=[0.9 2.3471]

NumMFs=3

MF1="in3mf1"'trimf',[0.17645 0.903900976897217 1.6 236818878911]
MF2="in3mf2":'trimf',[0.903913230508323 1.627072134 063 2.34708969930373]
MF3="'in3mf3"'trimf',[1.61076131751563 2.3467210497 9325 3.07065000000001]

[Outputl]

Name="'swd'

Range=[32.58 1030.5]

NumMFs=27
MF1="outlmfl"'constant',[1425.1570451301]



MF2="outlmf2"'constant',[1512.66636012424]
MF3="outlmf3"'constant',[967.554832055868]
MF4='outlmf4"'constant',[852.898640515067]
MF5="outlmf5"'constant',[607.682221623666]
MF6="outlmf6"'constant',[461.501194405292]
MF7="outlmf7"'constant',[-3053.37151455363]
MF8="outlmf8"'constant',[-151.566769093241]
MF9="outlmf9"'constant',[1288.79795780884]
MF10="outlmf10":'constant’,[1090.51966911742]
MF11="outlmfll"'constant',[1086.04849557338]
MF12="outlmfl12".'constant’,[1203.08439491944]
MF13='outlmf13"'constant’,[356.933836029999]
MF14="outlmfl4".'constant’,[338.428794486344]
MF15="outlmf15"'constant’,[508.712707450178]
MF16="outlmfl16".'constant’,[-542.229356524918]
MF17='outlmfl17"'constant’,[468.640619970514]
MF18="outlmf18"'constant’,[-1984.50602684989]
MF19="outlmf19"'constant’,[715.386284978819]
MF20="out1lmf20"'constant’,[705.484013736906]
MF21='outlmf21"'constant’,[1076.01416787537]
MF22='outlmf22"'constant’,[-53.1486445451424]
MF23="outlmf23".'constant’,[-20.7149694960549]
MF24="outlmf24"'constant’,[-524.754515378376]
MF25="outlmf25".'constant’,[616.861223348353]
MF26="outlmf26"'constant’,[-1582.0663087202]
MF27="outlmf27":'constant',[19500.015939795]

— e —

[Rules]

111,1(2):
112,2(1):
113,3(1):
121,4(1):
122,5(1):
123,6(1):
131,7():
132,8(1):
133,9(1):
211,10():
212,11 (1):
213,12 (1):
221,13(1):
222,14 (1):
223,15(1):
231,16 (1):
232,17 (1) :
233,18(1):
311,19(1):
312,20(1):
313,21(1):
321,22(1):
322,23(1):
323,24(1):
331,25(1):
332,26(1):
333,27(1):

RPRRRRRRERRER
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Code for efficiency for 1/LP configuration

[System]
Name="1LP_eff'
Type='sugeno'
Version=2.0
Numinputs=3
NumOutputs=1
NumRules=27
AndMethod="prod’
OrMethod="probor’
ImpMethod="prod'
AggMethod="sum'
DefuzzMethod="wtaver'

[Inputl]

Name='cr'

Range=[2.7258 3.4562]

Constraintfunllpef

NumMFs=3

MF1="in1mf1":'trimf',[2.3606 2.72581202674522 3.091
MF2="in1mf2"'trimf",[2.72576995440904 3.0910276893
MF3="in1mf3"'trimf',[3.09061607390448 3.4562156625

[Input2]

Name="hpr'

Range=[0.5331 0.6555]

NumMFs=3

MF1="in2mf1":'trimf',[0.4719 0.533033685115966 0.59
MF2="in2mf2":'trimf",[0.533145194580731 0.594365064
MF3='in2mf3":'trimf',[0.59485293286245 0.6556313792

[Input3]

Name='"lpr'

Range=[0.6551 0.7449]

NumMFs=3

MF1="in3mf1"'trimf',[0.6102 0.654669836002876 0.69
MF2="in3mf2":'trimf',[0.655532508097468 0.700777794
MF3='in3mf3"'trimf',[0.708891161306699 0.746107958

[Outputl]

Name="effi’

Range=[0.3423 0.5744]

NumMFs=27
MF1="outlmfl"'constant',[0.286541810935517]
MF2="outlmf2':'constant’,[0.486218520328354
MF3='outlmf3"'constant’,[0.211238574142882
MF4='outlmf4''constant’,[0.434872629598265
MF5="outlmf5':'constant’,[0.393221212153714
MF6="outlmf6':'constant’,[0.329287593564321
MF7="outlmf7''constant’,[0.518280089864305
MF8="'out1mf8':'constant’,[0.408357100728219
MF9="out1mf9":'constant’,[0.342563028964656
MF10="outlmf10":'constant’,[0.588129494265859]
MF11="outlmfl1"'constant',[0.306846638508555]

— e,
[t et i L S i el

15139719202]
1443 3.45618407058591]
6921 3.8214]

1323510438617]
320848 0.655368519566025]
04882 0.7167]

7243760950436]
081941 0.743662629113779]
079065 0.7898]



MF12='outlmf12"'constant’,[0.447107901067986]
MF13='outlmf13"'constant’,[0.508559884678903]
MF14='outlmf14"'constant’,[0.461284193356625]
MF15="outlmf15"'constant’,[0.378706245237046]
MF16="outlmf16"'constant’,[0.572340956693938]
MF17='outlmfl17"'constant’,[0.44875573456021]
MF18="outlmf18".'constant’,[0.468844570484115]
MF19="out1mf19".'constant’,[1.91910108372666]
MF20="out1mf20":'constant’,[0.600304077357958]
MF21="outlmf21"'constant’,[-1.47196667917606]
MF22="outlmf22".'constant’,[0.765158031890562]
MF23='outlmf23"'constant’,[0.537453255968322]
MF24="outlmf24".'constant’,[0.475365824960888]
MF25="outlmf25"'constant’,[0.0417466046028933]
MF26="outlmf26".'constant’,[0.607469243362751]
MF27="outlmf27"'constant’,[0.520448475544351]

[Rules]

111,1(1):
112,2(1):
113,3(1):
121,4(1):
122,5(1):
123,6(1):
131,7():
132,8(1):
133,9(1):
211,10(1):
212,11(1):
213,12(1):
221,13(1):
222,14 (1):
223,15(1):
231,16 (1):
232,17(1):
233,18(1):
311,19(1):
312,20(1):
313,21(1):
321,22(1):
322,23(1):
323,24(1):
331,25(1):
332,26(1):
333,27(1):

RPRRPRRRRPRRRR
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Code for specific work done for 1/LP configuration

[System]
Name="1LP_swd'
Type='sugeno'
Version=2.0
NumlInputs=3
NumOutputs=1
NumRules=27



AndMethod="prod’
OrMethod="probor’
ImpMethod="prod'
AggMethod="sum'
DefuzzMethod="wtaver'

[Input1]

Name='cr'

Range=[2.7258 3.4562]
Constraintfunllpswd

NumMFs=3

MF1="in1mfl"'trimf',[2.3606 2.7258 3.091]
MF2="in1mf2"'trimf',[2.7258 3.091 3.4562]
MF3="in1mf3"'trimf',[3.091 3.4562 3.8214]

[Input2]

Name="hpr'

Range=[0.5331 0.6555]

NumMFs=3

MF1='in2mfl1"'trimf',[0.4719 0.5331 0.5943]
MF2="in2mf2":'trimf',[0.5331 0.5943 0.6555]
MF3='in2mf3"'trimf',[0.5943 0.6555 0.7167]

[Input3]

Name='"lpr'

Range=[0.6551 0.7449]

NumMFs=3
MF1="in3mf1"'trimf',[0.6102 0.6551 0.7]
MF2="in3mf2":'trimf',[0.6551 0.7 0.7449]
MF3="'in3mf3"'trimf',[0.7 0.7449 0.7898]

[Outputl]

Name="swd'

Range=[241.62 342.75]

NumMFs=27
MF1='outlmfl':'constant',[269.791690736245]
MF2="outlmf2":'constant’,[291.430971708306]
MF3='outlmf3"'constant’,[157.319427810848]
MF4="outlmf4"'constant',[332.720753886253]
MF5="outlmf5":'constant’,[276.560436231428]
MF6="outlmf6".'constant',[259.069544929934]
MF7="outlmf7"'constant’,[373.505568379622]
MF8="outlmf8"'constant',[317.133547852786]
MF9="outlmf9"'constant',[260.268373139137]
MF10="outlmf10":'constant’,[310.87715309521]
MF11="outlmfll"'constant',[226.343115934989]
MF12="outlmfl12".'constant',[207.486629423826]
MF13="outlmf13".'constant’,[328.367583047289]
MF14="outlmfl4"'constant',[290.936510527971]
MF15="outlmfl15".'constant’,[243.182816854013]
MF16="outlmfl16"'constant',[330.908865142102]
MF17="outlmfl7".'constant’,[316.268233651965]
MF18='out1lmf18"'constant',[259.901670850763]
MF19="out1lmf19"'constant',[-110.032014875696]
MF20="out1mf20"'constant',[583.74432489796]
MF21="outlmf21"'constant',[-426.720072618589]

—r—



MF22="out1lmf22"'constant',[243.98901637816]
MF23="out1lmf23"'constant',[245.157829022137]
MF24='outlmf24"'constant',[273.766356275393]
MF25="out1lmf25"'constant',[653.503853229221]
MF26="out1lmf26"'constant',[318.91160416392]
MF27="outlmf27"'constant',[264.905677701838]

[Rules]

111,1(2):
112,2(1):
113,3():
121,4(1):
122,5(1):
123,6(1):
131,7(2):
132,8(1):
133,9(1):
211,10(1):
212,11 (1):
213,12 (1):
221,13(1):
222,14 (1) :
223,15(1):
231,16 (1):
232,17 (1) :
233,18(1):
311,19(1):
312,20(1):
313,21(1):
321,22(1):
322,23(1):
323,24 (1):
331,25(1):
332,26(1):
333,27(1):

PRRPRRRRRERRER
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Code for efficiency for 1/LP/E configuration

[System]
Name="1LPE_eff'
Type='sugeno'
Version=2.0
Numlnputs=4
NumOutputs=1
NumRules=81
AndMethod="prod'
OrMethod="probor’
ImpMethod="prod'
AggMethod="sum'
DefuzzMethod="wtaver'

[Inputl]

Name='cr'
Range=[1.8181 2.5965]
Constraintfunllpeef



NumMFs=3

MF1="in1mf1"'trimf',[1.42890000003743 1.8185486165
MF2="in1mf2":'trimf',[1.81771612912804 2.2075805133
MF3="in1mf3":'trimf',[2.20326230880453 2.5963334710

[Input2]

Name='rr'

Range=[1.1134 1.8621]

NumMFs=3

MF1="'in2mf1":'trimf',[0.739050000045261 1.113738769
MF2="in2mf2"'trimf',[1.11313657376466 1.4883007281
MF3="in2mf3":'trimf',[1.48394074132629 1.8623113091

[Input3]

Name='hpr'

Range=[0.7111 0.8612]

NumMFs=3

MF1="in3mfl1"'trimf',[0.63605 0.711281761927735 0.7
MF2="in3mf2"'trimf',[0.711441648939249 0.782824860
MF3='in3mf3"'trimf',[0.777086107745971 0.858742958

[Input4]

Name='lpr'

Range=[0.7035 0.7752]

NumMFs=3

MF1="in4mf1"'trimf',[0.667650065787791 0.704457427
MF2="in4mf2":'trimf',[0.702912888883434 0.751869273
MF3="'in4mf3":'trimf',[0.753525564975656 0.784493750

[Outputl]

Name="effi'

Range=[0.2637 0.935]

NumMFs=81
MF1='outlmfl':'constant’,[1.50586752564541]
MF2="outlmf2':'constant',[0.0655037603218385]
MF3='outlmf3"'constant',[7.44527433366251]
MF4="outlmf4"'constant',[0.273169458194899]
MF5="outlmf5"'constant',[0.308808148509368]
MF6="outlmf6"'constant',[-1.2743543798848]
MF7="outlmf7"'constant',[0.603697800963218]
MF8="outlmf8"'constant',[0.383644933402358]
MF9="outlmf9"'constant',[4.82109191231669]
MF10="out1lmf10"'constant',[0.0186436548979009]
MF11="outlmfll"'constant',[0.472750849884553]
MF12="outlmf12"'constant',[-0.827465020118969]
MF13="outlmfl13".'constant',[0.517916246322918]
MF14="outlmfl4"'constant',[0.399529301063951]
MF15="outlmfl15"'constant',[0.781765526869769]
MF16="outlmfl6"'constant',[0.485293033827036]
MF17="outlmfl17"'constant',[0.416219574252491]
MF18='out1lmf18"'constant',[-0.597822518007879]
MF19="out1lmf19"'constant',[1.78521479791139]
MF20="out1mf20":'constant’,[0.362233058199344]
MF21="outlmf21"'constant',[-0.0953611029742665]
MF22="outlmf22".'constant’,[0.455626796307567]
MF23="out1lmf23"'constant',[0.522679257239759]

—r—

— e

7353 2.20646371546276]
3137 2.59649805335471]
6627 2.9857]

6775 1.48773385874276]
5751 1.86213362929506]
0654 2.23645]

78751513896651]
927289 0.863323470860997]
090317 0.936249985409906]

090265 0.749459853172237]
986898 0.770379623975249]
625753 0.81105]



MF24="outlmf24"'constant',[1.06360585488616]
MF25="out1lmf25"'constant',[0.817974141376303]
MF26="out1lmf26"'constant',[0.815437771189773]
MF27="outlmf27"'constant',[5.09129166421679]
MF28="out1lmf28"'constant',[-0.068286386783879]
MF29="out1mf29"'constant',[0.445265681600613]
MF30="out1mf30":'constant’,[-8.87250550550197]
MF31="outlmf31":'constant’,[0.45000847360349]
MF32="outlmf32".'constant’,[0.379000526409853]
MF33="outlmf33".'constant’,[2.66450606671076]
MF34="outlmf34".'constant’,[0.461441108215117]
MF35="out1lmf35"'constant',[0.268448178317799]
MF36="outlmf36".'constant’,[-6.03057923477316]
MF37="outlmf37"'constant',[0.777804504566508]
MF38="out1mf38".'constant’,[0.382882717102945]
MF39="out1mf39"'constant',[2.47773838614831]
MF40="out1lmf40Q"'constant',[0.611153745257727]
MF41="outlmf41"'constant',[0.552331145751217]
MF42="outlmf42"'constant',[-0.0871226517652191]
MF43="out1lmf43"'constant',[0.730209352246175]
MF44="outlmf44"'constant',[0.610777693348569]
MF45="outlmf45".'constant’,[2.43125653414702]
MF46="outlmf46"'constant',[1.49167110626961]
MF47="outlmf47".'constant’,[0.24436339154329]
MF48='out1lmf48"'constant',[-0.327485169772646]
MF49="out1mf49".'constant’,[1.03712719758291]
MF50="out1mf50":'constant’,[1.09655260882817]
MF51="outlmf51":'constant’,[-1.0640280861982]
MF52="outlmf52":'constant’,[1.3854777129522]
MF53="outlmf53".'constant’,[0.347497502339099]
MF54="outlmf54".'constant’,[3.5274036059553]
MF55="out1lmf55"'constant',[2.18853585217357]
MF56="outlmf56".'constant’,[0.833719532631766]
MF57="outlmf57".'constant’,[0]
MF58="out1mf58".'constant’,[-0.663022506340248]
MF59="out1mf59"'constant',[1.46436215332138]
MF60="outlmf60":'constant’,[-0.285054502033911]
MF61="outlmf61"'constant',[0.291288833202481]
MF62="outlmf62".'constant’,[5.61482269792216]
MF63="out1lmf63"'constant',[-0.391701132280546]
MF64="outlmf64".'constant’,[-0.470232127112797]
MF65="outlmf65".'constant’,[3.28853597619268]
MF66="outlmf66".'constant’,[-0.223043412449418]
MF67="outlmf67".'constant’,[1.92076214224365]
MF68="outlmf68".'constant’,[-0.915134016716002]
MF69="out1mf69".'constant’,[6.18637810238212]
MF70="outlmf70"'constant',[1.05942780345651]
MF71="outlmf71"'constant’,[-4.74642798237645]
MF72="outlmf72"'constant',[-5.20251231946648]
MF73="outlmf73".'constant’,[0]
MF74="outlmf74"'constant',[-5.13942587364315]
MF75="outlmf75"'constant',[-0.0627856953884867]
MF76="outlmf76"'constant',[4.57446867714398]
MF77="outlmf77"'constant',[4.65796626510757]
MF78='outlmf78"'constant',[2.1613540274228]
MF79="out1lmf79"'constant',[0.713081509078347]
MF80="out1mf80":'constant’,[12.9318353668161]

—rre e



MF81='outlmf81"'constant',[0.41558958358715]

[Rules]

1111,1(2):
1112,2(1):
1113,3(1):
1121,4(1):
1122,5():
1123,6(1):
1131,7():
1132,8(1):
1133,9(1):
1211,10(1):
1212,11(1):
1213,12(1):
1221,13(1):
1222,14(1):
1223,15(1):
1231,16(1):
1232,17(1):
1233,18(1):
1311,19(1):
1312,20(1):
1313,21(1):
1321,22(1):
1322,23(1):
1323,24(1):
1331,25(1):
1332,26(1):
1333,27(1):
2111,28(1):
2112,29(1):
2113,30(1):
2121,31(1):
2122,32(1):
2123,33(1):
2131,34(1):
2132,35():
2133,36(1):
2211,37():
2212,38(1):
2213,39(1):
2221,40(1):
2222,41(1):
2223,42(1):
2231,43(1):
2232,44(1):
2233,45(1):
2311,46(1):
2312,47 (1):
2313,48(1):
2321,49(1):
2322,50(1):
2323,51(1):
2331,52(1):
2332,53(1):
2333,54(1):

PRRPRRRRRRR
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3111,55(1):
3112,56(1):
3113,57(1):
3121,58(1):
3122,59(1):
3123,60(1):
3131,61(1):
3132,62(1):
3133,63(1):
3211,64(1):
3212,65(1):
3213,66(1):
3221,67(1):
3222,68(1):
3223,69(1):
3231,70(1):
3232,71(1):
3233,72(1):
3311,73(1):
3312,74(1):
3313,75(1):
3321,76(1):
3322,77(1):
3323,78(1):
3331,79(1):
3332,80(1):
3333,81(1):

RPRRPRRPRRRPRRPRRPRPRRPRRRPRRPREPRRPRRPRRERRERREPRRRRERRERR

Code for specific work done for 1/LP/E configuration

[System]
Name="1LPE_swd'
Type='sugeno
Version=2.0
Numlnputs=4
NumOutputs=1
NumRules=81
AndMethod="prod'
OrMethod="probor’
ImpMethod="prod'
AggMethod='sum'
DefuzzMethod="wtaver'

[Inputl]

Name='cr'

Range=[1.8181 2.5965]

Constraintfunllpeswd

NumMFs=3

MF1="in1lmfl"'trimf',[1.4289 1.81812246365821 2.207
MF2="in1mf2":'trimf',[1.81810445429738 2.2073038443
MF3="in1mf3":'trimf',[2.20710669458874 2.5964813806

[Input2]
Name='rr'
Range=[1.1134 1.8621]

25522932233]

4647 2.59649759974479]

8826 2.9857]



NumMFs=3

MF1="in2mf1"'trimf',[0.73905 1.1133321319745 1.487
MF2="in2mf2":'trimf',[1.11348687967321 1.4876446915
MF3="in2mf3":'trimf',[1.48780587862029 1.8620625595

[Input3]

Name="hpr'

Range=[0.7111 0.8937]

NumMFs=3

MF1='in3mfl1"'trimf',[0.6198 0.711295754825707 0.80
MF2="in3mf2":'trimf',[0.710942798965276 0.802521528
MF3="'in3mf3"'trimf',[0.801764126376008 0.893625773

[Input4]

Name='"lpr'

Range=[0.7035 0.7752]

NumMFs=3

MF1="in4mfl1"'trimf',[0.66765 0.704053905119215 0.7
MF2="in4mf2":'trimf',[0.703085614506909 0.739830637
MF3="'in4mf3"'trimf',[0.732860474771222 0.775126732

[Outputl]
Name="swd'
Range=[266.92 389.77]
NumMFs=81
MF1="outlmfl"'constant',[317.9104296936]
MF2="outlmf2":'constant’,[250.729360397145]
MF3='outlmf3"'constant’,[323.99176651457]
MF4='outlmf4''constant’,[568.724594904877]
MF5="outlmf5":'constant’,[367.364957899333]
MF6="outlmf6':'constant',[243.579396879647]
MF7="outlmf7':'constant',[-1565.75160519833]
MF8="outlmf8"'constant',[823.35659333478]
MF9="out1mf9':'constant',[-136.209914253541]
MF10="outlmf10":'constant’,[140.427302079797]
MF11="outlmfll"'constant',[366.164846530742]
MF12="outlmfl12".'constant’,[156.805959159206]
MF13="out1lmf13"'constant',[410.605073297267]
MF14="outlmfl4".'constant',[294.44149162122]
MF15="outlmfl15"'constant',[351.885803512318]
MF16="outlmfl16".'constant’,[141.532034599849]
MF17="outlmf17"'constant',[520.001613878571]
MF18='out1lmf18"'constant',[56.8984446835147]
MF19="out1lmf19"'constant',[628.752560205117]
MF20="out1mf20"'constant',[192.521053406624]
[ |

—rarrae

MF21='outlmf21"'constant’,[439.551212294902
MF22="outlmf22"'constant’,[343.919541671399]
MF23="outlmf23".'constant’,[404.681055838922]
MF24="outlmf24"'constant’,[160.613441505022]
MF25="outlmf25".'constant’,[1630.0691926811]
MF26="outlmf26"'constant’,[-277.521946594976]
MF27="outlmf27".'constant',[2177.74780427269]
MF28="out1mf28".'constant’,[352.361149607555]
MF29="out1mf29".'constant’,[274.022587271253]
MF30="out1mf30":'constant’,[337.059954163238]
MF31="outlmf31"'constant’,[337.743185096296]

92591730063]
3223 1.86210116603057]
5773 2.23645]

5149591298436]
381954 0.893646774518123]
556248 0.985]

46337905604375]
925824 0.774763400018387]
806609 0.81105]



MF32="outlmf32"'constant’,[358.100164396079]
MF33="outlmf33"'constant’,[226.077390646705]
MF34='outlmf34"'constant’,[664.661809245881]
MF35="outlmf35"'constant’,[47.8567595005767]
MF36="outlmf36"'constant’,[766.70778007855]
MF37="outlmf37"'constant’,[283.416995711161]
MF38="outlmf38".'constant’,[329.679707424149]
MF39="out1mf39".'constant’,[174.233594665779]
MF40="out1mf40":'constant’,[397.196158354278]
MF41="outlmf41".'constant’,[329.436386482385]
MF42="outlmf42".'constant’,[329.275514559057]
MF43='outlmf43"'constant’,[479.842268225516]
MF44="outlmf44".'constant’,[379.90894323881]
MF45="outlmf45"'constant’,[278.869122337404]
MF46="outlmf46".'constant’,[405.95487835803]
MF47="outlmf47"'constant’,[226.969419576423]
MF48="outlmf48"'constant’,[629.766789041869]
MF49="outlmf49"'constant’,[343.66777912949]
MF50="out1lmf50"'constant’,[320.748387375618]
MF51="outlmf51"'constant’,[213.557808212667]
MF52="outlmf52"'constant’,[-15.3288007340792]
MF53="outlmf53".'constant’,[446.983857541554]
MF54="outlmf54"'constant’,[614.12895299559]
MF55="out1mf55".'constant’,[495.845920959395]
MF56="outlmf56"'constant’,[160.36613459315]
MF57="outlmf57":'constant’,[-323.53790457178]
MF58="out1mf58".'constant’,[-53.5913127733951]
MF59="out1mf59".'constant’,[601.281169467294]
MF60="outlmf60".'constant’,[238.261720291183]
MF61="outlmf61":'constant’,[0]
MF62="outlmf62".'constant’,[115.023150815409]
MF63="outlmf63"'constant’,[362.083242039621]
MF64="outlmf64".'constant’,[641.38496948764]
MF65="outlmf65"'constant’,[250.192768155216]
MF66="outlmf66".'constant’,[492.204761851769]
MF67="outlmf67":'constant’,[326.745462100518]
MF68="outlmf68".'constant’,[314.910565901936]
MF69="outlmf69"'constant’,[351.653230656812]
MF70="outlmf70".'constant',[1277.67713902468]
MF71='outlmf71"'constant’,[-1243.523670855]
MF72="outlmf72".'constant’,[500.755394547026]
MF73="outlmf73".'constant’,[6.32149919638671]
MF74="outlmf74".'constant',[121.412779629294]
MF75="outlmf75".'constant’,[159.937721864003]
MF76="outlmf76".'constant’,[1545.13710500474]
MF77="outlmf77".'constant',[802.749709454705]
MF78="outlmf{78"'constant’,[-605.625866332446]
MF79="outlmf79".'constant’,[404.06648146328]
MF80="out1lmf80"'constant’,[-339.11923189044]
MF81="outlmf81":'constant’,[-580.97702542285]

— e

[Rules]

1111,1(2):
1112,2(1):
1113,3(2):
1121,4(2):
1122,5():

PR RRR



1123,6(1):
1131,7(1):
1132,8(1):
1133,9(1):

A

1211,10 (1):
1212, 11(1):
1213,12 (1):
1221,13(1):
122214 (1):
1223,15(1):
1231,16 (1):
123217 (1):
1233,18 (1):
1311,19 (1):
1312,20(1):
1313,21(1):
1321,22(1):
1322,23(1):
1323,24(1):
1331,25(1):
1332,26(1):
1333,27 (1):
2111,28(1):
2112,29(1):
2113,30(1):
2121,31(1):
2122,32(1):
2123,33(1):
2131,34(1):
2132,35(1):
2133,36(1):
2211,37(1):
2212,38(1):
2213,39(1):
2221,40(1):
2222,41(1):
2223,42(1):
2231,43(1):
2232 44(1):
2233,45(1):
2311,46(1):
2312,47(1):
2313,48(1):
2321,49(1):
2322,50(1):
2323,51(1):
2331,52(1):
2332,53(1):
2333,54(1):
3111,55(1):
3112,56(1):
3113,57(1):
3121,58(1):
3122,59(1):
3123,60(1):
3131,61(1):
3132,62(1):

PRRPRRPRRRPRRPRRPRRPRRPRRRPRRPRPRPRRPRRPRPRPRPRRPRRPRRPRPRRPRPRREPREPREPRPRRPRRPREPRRPREPRPRRRPRREPRPRPRRRRERRERRRRRRERER



3133,63(1):
3211,64(1):
3212,65(1):
3213,66(1):
3221,67(1):
3222,68(1):
3223,69(1):
3231,70(1):
3232,71(1):
3233,72(1):
3311,73(1):
3312,74(1):
3313,75(1):
3321,76(1):
3322,77(1):
3323,78(1):
3331,79(1):
3332,80(1):
3333,81(1):

RPRRPRRPRRPRRRPRPRRRRERRERRRRRRER



