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Some Studies on Performance Improvements of CombideéCycle Power Plants

Abstract

Worldwide power industry structure is changing tarket economy to ensure commercial
availability. The resource are allocated for ogeratand maintenance from commercial
consideration rather than technical alone, ne@dsgitintroduction of a commercial approach for
the analysis of reliability, efficiency, installati and operating cost for thermal power plantss€&he
requirements suggest the need for development dhemeatical model for monitoring the
performance of system in the form of a single nucaécomposite index capable of incorporating
all design and operating parameters affecting ket performance.

In the present work a simple, numerically efficienbdel based on Graph Theoretic
Analysis (GTA) is used to develop a single compopérformance index on the basiefffciency
andreliability for combinedandcogeneration cycle power plantsFor Graph Theoretic Analysis
(GTA), combined and cogeneration cycle power pkret divided into sub-systems and various
interconnections between sub-systems and paramaffecting them are presented in System
Structure Graph (SSG). The developed SSG for padhnce, reliability and efficiency, represented
by a matrix is used for detailed evaluation andyasis of the both combined and cogeneration
cycle power plants using computational tool.

Reliability of different subsystems is used to depea real-time reliability index (RTRI)
for the power plants. Similarly, using operatinfjcdncy data of various sub-systems, real-time
efficiency index (RTEI) is also developed. With thedp of RTRI and RTEI, a composite index for
efficiency and reliability (CIER) has been calcalhtwhich is helpful in decision making for
system selection and monitoring the performandaepower plant in real time.

Design parameters and their interdependencies wantified iteratively for calculating
RTRI and RTEI and results obtained are found tomtgood agreement with industrial data. Initial
guess for the quantification is obtained from thermodynamic inference. Exergy analysis of

cogeneration cycle power plant has also been daotiefor the identification and quantification of
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design parameters for efficiency at sub-systeml.leve
Practical implementation of the proposed methodpiaoga systematic manner is helpful
for power generation industry to identify, categerianalyse and evaluate parameters responsible

for plant reliability and efficiency.
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NOTATIONS AND ABBREVIATIONS

Nomenclatures
G, = Specific heat at constant pressure (kJ/kg K)
¢, = Specific heat at constant pressure (kJ/kg K)

e = Specific exergy (kJ/kg (dry air))

E = Exergy rate (kJ/s)

e = Specific exergy associated with process heakdkdry air))
H¢ = Heat supplied by fuel (kJ/kg (dry air))

AH, = Heat of reaction of fuel (kJ/kg of fuel)

h = Enthalpy (kJ/kg (dry air))

hyg = Enthalpy of saturated vapor at process steansymegkJ/kg)
m= Mass (kg)

n = Number of moles

p = Pressure (bar)

Qp = Process heat (kJ/kg (dry air))

R = Gas constant (kJ/kg K)

ro = Expansion ratio

I, = Pressure ratio

s= Entropy (kJ/kg K)

T = Absolute temperature (K)

T = Temperature (°C)

TP = Process heat temperature (K)

v = Specific volume (rtkg)

W= Work (kJ/kg (dry air))

x = Mole fraction of component
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Greek Symbols

® = Humidity ratio (kilogram of water vapor per kijmm of dry air)
¢ = Relative humidity (%)

& = Effectiveness (%)

n = Efficiency (%)

y = Specific heat ratio

A = Fuel- air ratio on molar basis
Subscripts

AC = Air Compressor

CC = Combustion chamber

C = Condenser

D = Destruction

HRSG = Heat recovery steam generator
P = Product

PH = Process heater

Q =Heat

R = Reactant

GT = Gas Turbine

W= Work

a=Ambient air

av= Average

f = Fuel

g=Gas

i = Inlet

| = Liquid
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0= Outlet

r = Regenerator

s = Isentropic

ST = Steam Turbine
v = Water vapor

w = Water

1,2,3...9 = State points in the cycle

Acronyms

BCM- Billion Cubic Meters

BFP- Boiler Feed Pump

CAGR- Compound Annual Growth Rate

CC- Combined Cycle

CCPP- Combined Cycle Power Plant

CEP — Condensate Extraction Pump

CGCPP- Co-Generation Cycle Power Plant
CIER - Composite Index for Efficiency and Reliability
CNG — Compressed Natural Gas

CSSM — Characteristic System Structure Matrix
CV - Calorific Value

CW — Circulating Water

DM — Deminiralized

EES — Engineering Equation Solver

FOD - Foreign Object Damage

FUE - Fuel Utilization Efficiency

GA- Genetic Algorithm
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GT- Gas Turbine
GTA — Graph Theoretic Analysis
HPH — High Pressure Heater
HPT — High Pressure Turbine
HRSG - Heat Recovery Steam Generator
HRSG- Heat Recovery Steam Generator
IAT — Inlet Air Temperature
IPH — Intermediate Pressure Heater

IPT - Intermediate Pressure Turbine
ISO — International Standard Organisation
LPH — Low Pressure Heater
LPT — Low Pressure Turbine
MADM — Multi Attribute Decision Making
MT- Million Tonnes
MTBF — Mean Time Between Failures
MTTR — Mean Time To Repair
MW — Mega Watt
O & M — Operation and Maintenance
PPD - Process Performance Digraph
RAM — Reliability Availability Maintainability
RTEI- Real Time Efficiency Index
RTRI- Real Time Reliability Index
SCF - Structural Characteristic Feature
SED - System Efficiency Digraph
SRD - Systems Reliability Digraph

SSG - System Structure Graph
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ST- Steam Turbine

TG — Turbo Generator

TIT — Turbine Inlet Temperature

TOT — Turbine Outlet Temperature

VCSSM - Variable Characteristic System StructureriMa

VPF - Variable Permanent Function

VPSEM - Variable Permanent System Efficiency Matrix

VPSRM - Variable Permanent System Reliability Matri

VPSSM - Variable Permanent System Structure Matrix
CHAPTER-

INTRODUCTION

1.1. BACKGROUND

The broad vision behind the Indian energy policYTis consistently meet the demand for
energy services of all sectors including the lifelenergy needs of vulnerable households, in all
parts of the country, with safe and convenient gneat the least cost in a technically efficient,
economically viable and sustainable manner” [Indizergy book, 2012]. Data of installed
electricity generation capacity and capacity uiiiian stresses the need to improve efficiencyef th
technology used in electricity generation. In reggrars Compound Annual Growth Rate (CAGR)
of production of energy in India by primary sourtekrgest for the natural gas viz. 9.13% [Energy
statistics, 2012].

India’s energy-mix comprises both non-renewable aedewable energy
sources. Information on reserves of non-renewalleces of energy like coal, lignite,
petroleum, natural gas and the potential for geimer@f renewable energy sources is a

pre- requisite for assessing the country’s potefdgiameeting its future energy needs.
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As on March, 2011 the estimated reserves of coalamaund 286 billion tonnes, crude
oil and natural gas 757 Million Tonnes (MT) and 1Aillion Cubic Meters (BCM),
respectively. The total potential for renewable pogeneration in the country as on
March, 2011 is estimated at 89,760 MW. This inchida estimated potential of wind
power of 49,132 MW (55%), small-hydro power (SHEB)3B5 MW (17%), biomass
power 17,538 MW (20%) and 5,000 MW (6%) from bagasased cogeneration.
Capital costs of generating plants vary accordinthé type of fuel used; typically for
Coal-based plant it is about Rs. 3.8 to 4 crores-kesed plant: Rs. 3.5 crore, Hydro:
Rs. 5 crore, Wind: Rs. 5-6 crore and Nuclear:@Rstore per MW in year 2007.

The Combined and Cogeneration Cycle Power Plargspesmising mode of energy
recovery and conservation, and is an economicatbrésting proposition. Up to now, there have
been four generations of CCPP’s. The early versizere basically repowered steam plants with
fired steam generator. These steam generatorsanadubes, heat exchange being ensured by the
high process temperatures. They had a single optessure levels with no reheating. The last of
these first generation plants were installed &sdat1968.

In 1958, with the advent of an economically feasiteichnology for welding continuous
fins to tubes, the second generation of combinadesybegan to take shape. Improved heat
exchange made it possible to recover heat frongéseturbine exhaust, which was then used for
feed water heating. The first applications in tBé0ds were for power and heat generation. By the
1970s and 1980s, the technology had matured intility sector for medium range loads. Two or
three pressure level steam generators were employestill with no reheating. Nitrogen oxide
control techniques were also introduced in thisgaethasically by water or steam injection in the
combustion chamber. These second generation plaents still being installed at the end of the
20th Century. The gas turbine of these plants veaspecifically designed for use in a combined
cycle configuration. Therefore, it was usually cdwderized by a rather high compression ratio in

order to achieve relatively good efficiency in gren cycle configuration.
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The third generation plants entered into commeaparation in 1990. The Heat Recovery
Steam Generator (HRSG) usually has three pressuetsland reheats. NOx emission control was
mandatory, and the plants were equipped with dny MOx combustion systems for use with
natural gas, while a selective catalytic react@Rpwas also required to comply with emission
regulations.

The latest advance in combined cycle technologgistsin the introduction of
closed loop refrigeration of the first stage nozitie fourth generation, currently being
introduced into the market. These plants are design reach a 60% efficiency target,
as results of further increase in firing tempemtuhe reduction of temperature drop
across the first stage nozzle and the eliminatioreduction of the loss of compressed
air achieved by open loop refrigeration.

Gas turbines are increasingly used in combinatidth steam cycle, either to generate
electricity alone, as in combined cycles, or to ermyate both electrical power and heat for
industrial processes or district heating. So irogeteration cycle power plant, HRSG and steam
turbine are replaced with process heater. Wastediegas turbine is recovered in process heater
and supplied for further use.

At present combined and cogeneration cycle geweratystem features high thermal
efficiency, low installed cost, fuel flexibility wh a wide range of gas and liquid fuels, low
operation and maintenance costs, operating fléxibihigh reliability and availability, short
installation times and high efficiency in small eajty increments.

It may be concluded that according to the availgbdf fuel and technology, at present
India can rely on the combined and cogeneratioecgower plants. In the next section basic

configuration of combined and cogeneration cyclegroplant is described.

1.2. DESCRIPTION OF COMBINED AND COGENERATION CYCLE POWER  PLANT
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CCPP technology combines two or more thermodynamates, making higher thermal
efficiency possible and providing a considerabbiuction in pollutant emissions. In general, these
plants combine the operation of a gas turbine c{¢Btayton cycle) with that of a HRSG and a
steam turbine (Rankine cycle). In a CCPP (Figute)l.a part of the exhaust gas energy generated
by the Gas Turbine (GT) is recovered by the HRSI& fecovered thermal energy is used to
produce steam at high pressure and high temper&theesteam is then expanded in the Steam
Turbine (ST) to generate additional power. Natgied and air at ambient conditions are the fuel
and the oxidant respectively for gas turbine cyElgch turbine is linked to an electric generator,
which transforms the mechanical energy producethbygas and steam turbines into electrical
energy. If the waste heat of gas turbine cyclesédwonly to produce process steam then the cycle is

called as cogeneration cycle (Figure 1.1b).
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Figure 1.1 Schematic diagrams of a Combined anaé:@srgtion Cycle Power Plants

1.3. LIMITATIONS OF PRESENT SYSTEM MODELING

A number of alternative designs of power plant syltems are available and there is
continual upgrading in their design. From the eenical, environmental and practical point of
view, the combination of a simple gas turbine cyabepled to a Rankine steam bottoming cycle
(which may be with dual/triple pressure and rehedthout supplementary firing is the most
common type of power plants.

Most of the thermodynamic analysis and parametudiss are based on step by step
calculation of cycle processes of different comtdiogcle configurations. The basis of comparison
has mostly been the energy and exergy analysis. tBatnew market environment demands
introduction of a new approach for developing a posite single index for performance
monitoring based on product and process performgrarameters, and RAMS (Reliability
Availability Maintainability and Serviceability). tAmanagerial level it may also be difficult to
analyze the efficiency of power plant by energyexergy analysis as it requires the solution of a

large number of non-linear equations with sophiséd computer programming tools. Further
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there is an urgent need to integrate efficiencylyaismwith reliability, maintainability and other
operating parameters of power plant so that itlopmance can be expressed by a single composite
index.

In the study of CCPP and CGCPP, there are largebaumf systems and sub-systems
affecting each other at system or sub-system l&V¥&.performance of any system is a function of
its structure. Therefore, performance (e.g. efficieand reliability etc.) of a complete power plant
depends upon the efficiency or availability ofiatlividual systems and their interconnections in an
integrated manner. At present, there is no effeatiathematical model for studying these aspects
in association with each other or independentlycbysidering the effect of design and operating

parameters.

1.4. MOTIVATION

A logical mathematical modeling, capable of hargliperformance parameter (efficiency
or reliability) that may be either tangible or intgble, interaction or interdependency of
subsystems and design and operating parametergiragfehese subsystems, is obligatory for
complete analysis of thermal power plants. In cds®mbined and cogeneration cycle power plant,
the system structure is very large and complexjngalarge number of sub-systems interacting
with each other and these sub-systems are affdnteldrge number of design and operating
parameters. Therefore, their analysis through Visugpection is difficult and computational
techniques can be helpful only if real life problésnconverted into a logical mathematical
modeling.

The performance of a real life operating power pleannot be measured by single
parameter and also measuring scales for differemiopmance parameters are different. In view of
this, there is a need to develop a simplified asaigate methodology for decision making which is

capable of simultaneously measuring all performapasameters contained by one scale and
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results in the form of single numerical index.

Graph Theory and matrix approach is found to btablé to develop a single composite
performance index applicable for combined and cegsion cycle power plant. The index have
potential to be used for system selection or manigothe performance of the power plant in real
time in the new emerging competitive market.

For identification, quantification and validatiohdesign parameters, mathematical modeling
of cogeneration cycle is carried out for energy exetgy analysis. Model is solved with the help of
Engineering Equation Solver (EES). EES is chosentlie analysis because fluid and gases
thermodynamic properties are the inbuilt functidthe software. Coding of the same is enclosed

in appendix-VI.

1.5. OUTLINE OF THESIS

The thesis is organized into five chapters andabvjes of these chapters are discussed
below.

Chapter 1 describes working of CCPP and CGCPPimiitétions of the present system
performance monitoring methodology followed by mation for the present work.

Chapter 2 summaries the literature survey on deitezhniques for CCPP and CGCPP
analysis for different operating parameters. Sofrtdelatest trends in the field of combined and
cogeneration cycle power plant available in optmdiure has been studied. In the literature, graph
theoretic technique is found useful for developiing methodology for power plant performance
analysis as it takes care of inheritance and ietggddency of sub-system. The objective of present
research work is to develop the methodology usimng far evaluation of reliability and efficiency
of CCPP and CGCPP.

In Chapter 3, combined and cogeneration cycle pquent with their subsystems are

described. Using the proposed methodology, realdierating CCPP and CGCPP are converted
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into graph theoretic representation. Variable Peena Function (VPF), obtained from the
equivalent matrix, of CCPP and CGCPP systems articplar level of hierarchy represents all
possible combinations of its subsystems. These ir@tibns provide an expression for structural
analysis and evaluation. A concept of Real TimédRdity Index (RTRI) and Real Time Efficiency
Index (RTEI) of the combined and cogeneration cpdeer plant analysis is also proposed in this
chapter. Design and performance parameters argfiddrand their quantification is done based on
the mathematical modeling and available industigh. Mathematical modeling of cogeneration is
carried out for energy and exergy analysis foredéht design and operating parameters. Model is
solved with the help of computer programming udtimgineering Equation Solver (EES).

In Chapter 4, results obtained from GTA are alsgsented with their possible uses. Effect
of various design parameters on exergy destruationgeneration cycle components is studied for
identification and quantification of design paraemstin Graph Theoretic Analysis.

Conclusions and scope for future work are give@liapter 5. Scope for future work in the
area of development of similar indices includesdhenomy, safety, ergonomics, maintainability

and environment concerns has also been presenteid ichapter.
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CHAPTER-II

LITERATURE REVIEW

The interest in the combined and cogeneration cgpkration was aroused through the
world in mid 1970's. During the last two decadesnamber of alternative combined and
cogeneration cycle concepts have been developedsfféss is on the improvement of efficiency
and reliability of power plant. In this chaptereaiew of literature on combined and cogeneration
cycle power plant is undertaken, which evaluata$oua gas/steam combined and cogeneration
cycle arrangements consisting of a gas turbine ledum an alternative bottoming cycles. In
addition the methods of thermodynamic analysissamailation of these power plants available in
the literature have been briefly reviewed.

First part of this chapter is dealing with thermodmics and reliability of combined and
cogeneration power plants. Second part is dealily the Graph Theoretic Analysis (GTA) of

mechanical and thermal power plant systems, andlyyealifferent researchers.

2.1. DEVELOPMENTS IN COMBINED AND COGENERATION CY@ POWER PLANTS

Alarge number of researches are going on in tha af CCPP and CGCPP efficiency and

reliability improvement. A summary of recent deyeieents for the efficiency improvements and

reliability analysis are given below.

2.1.1. EFFICIENCY IMPROVEMENT

Rao and Francuz (2013) investigated improvemetinigoes such as gas turbine firing

temperature, pressure ratio, combustion technigoiscooling, enhanced blade cooling schemes

and supercritical steam cycles related to combayete and studied their effects on performance
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improvements in coal based Integrated Gasificaftombined Cycle (IGCC) plant utilizing an H
class gas turbine technology with steam cooling.

Herfeh and Eslami (2013) presented a probabiliitice Based Unit Commitment (PBUC)
approach using Point Estimate Method (PEM) to mdtel uncertainty in market price and
generation sources, for optimal bidding of a VirtBawer Plant (VPP) in a day-ahead electricity
market.

Morosuk and Tsatsaronis (2012) presented a way d@&ombining
exergoeconomic and the exergoenvironmental anadygisfor formulating common
conclusions for further improvement of an energpvassion system by taking into
account simultaneously the minimization of cost ahdnvironmental impact.

Vallianou and Frangopoulos (2012) studied a tegation system consisting
of a gas engine with heat recovery, an absorptiollec driven by thermal energy,
electrically driven compression chillers and twerthal storage tanks (one with hot
and one with cold water). Gaggioli (2012) discusabdut the selection of the dead
state for exergy analysis of energy-conversion maderials processing plant, and to
ecology.

Triple-pressure reheat combined cycle with twoedéht types of gas turbines, GE Stage
107H and Mitsubishi M501H, were analyzed and optédirelative to their operating parameters
using software Engineering Equation Solver (EES)Bagsily (2012). Sha and Hurme (2012)
presented an environmental accounting method barethe embodied solar energy (emergy)
principle for evaluating biomass and coal-basedliped heat and power (CHP) cogeneration
processes. The method analyzed sustainability fhenpoint of view of the biosphere.

Chacartegui et al. (2012a) studied the effects ifigua set of syngas fuels on the
components of a combined cycle. It was found theéssectional area of the nozzle guide vanes
increase with respect to the standard engine teeptéhe compressor from surging. This increase

depends on the heating value of the fuel. Chaacairet@l. (2012b) studied the use of gasified fuels
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in the gas turbine and combined cycle technologies aimed at analysing the effects of syngas
fuels on the performance of a particular componethin the power plant or at assessing the
impact of fuel composition at a particular leveb(h component level through system level and up
to plant level).

Anozie and Odejobi (2011) developed computer progrades in Microsoft Excel macros
for simulation of a thermal plant at various ciation water flow rate, to determine the optimum
condenser cooling water flow rate for the procédsmadi and Dincer (2011) used a modified
version of evolutionary algorithm (non-dominatedtisy genetic algorithm) for multi objective
optimization of a Gas Turbine power plant.

Godoy et al. (2011) proposed a strategy for siryipif the resolution of the rigorous
economic optimization problem of power plants bagedthe economic optima distinctive
characteristics which describe the behavior ofdieision variables of the power plant on its
optima. Franco (2011) compared three different smjieal HRSG configurations with single
(SC1RH) and double reheaters (SC2RH) with simple&sBRsingle pressure configurations and
advanced double and triple pressure HRSG structures

Woudstra et al. (2010) measured the difference detvthe actual exergy losses with the
ones of the corresponding ideal reversible cassulReshowed that more than 35% of the fuel
exergy entering the combined cycle plant was lasttd combustion and friction in the gas turbine
cycle. Ameri et al. (2008) studied the exergy gsial of a 420MW CCPP with objective to
evaluate irreversibility of each part.

Polyzakis et al. (2008) carried out optimizatioralgeis of four potential GT cycles,
namely single cycle (SC), intercooled cycle (I@heated cycle (RH) and intercooled and reheated
cycle (IC/RH). The optimum GT cycle to operate iiC&PP came out to be the reheated cycle.
Srinivas et al (2008) carried out thermodynamic evaluation foccembined cycle with Steam
Injected Gas Turbine (STIG) and dual pressure fezaivery steam generator (HRSG).

Khalig and Choudhary (2007) have studied the coetbfirst and second-law analysis of
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gas turbine cogeneration system with inlet air ie@pland evaporative aftercooling of the
compressor discharge. Butcher and Reddy (2007)dtadéed Second law analysis of a waste heat
recovery based power generation system for vadpesating conditions. The temperature profiles
across the heat recovery steam generator (HRS@)ome output, second law efficiency and
entropy generation number were simulated for varioperating conditions. The variation in
specific heat with exhaust gas composition, pincimipand temperature were accounted in the
analysis and results.

Ertesvag et al. (2005) carried out exergy analg§iae CCPP with precombustion GO
capture for a natural-gas (NG) fired power plar® Was reformed in an Auto-Thermal Reformer
(ATR), and CQ was separated before the hydrogen-rich fuel wad us a conventional
combined-cycle process. Korakianitis et al. (200&8)died design-point performance
characteristics of a wide variety of CCPP and CGGHth different amounts of supplementary
firing, different amounts steam injection (or nean injection), different amounts of exhaust gas
condensation, etc.

Yadav (2005) analyzed simple CCPP for differemetyof coolants for gas turbine stage
cooling. Steam coolant is bled from heat recovéeas generator. Influence of different type of
coolant upon the performance of topping, bottomiogmbined cycle and HRSG has been
presented and analyzed. Khaliq and Kaushik (206dajed an improved second-law analysis of
the combined power-cycle with reheat and showed ghins are substantial for one and two
reheats, but progressively smaller for subsequages. Khalig and Kaushik (2004b) presented
first and second law analyses for gas turbine cergion system with reheat.

Alhazmy and Najjar (2004) studied the performancka@cement of gas turbine power
plants by cooling the air at plant intake. A conigam between two different types of air coolers,
namely water spraying system and cooling coil hes lseen carried out. Kim (2004) examined the
effect of power control strategy on the part loafgrmance of the combined cycle. It was

observed that gas turbines with higher design padaces exhibit superior part load performance.
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Franco and Casarosa (2002) have shown that thécatpmh of the thermo economic
optimization (obtained with increase of the heafasie and a decrease of the pinch-points) leads to
a meaningful increase of the thermal efficiencthefplant that approaches to 60%. Alessandro and
Alessandro (2002) proposed an analysis of somahjilitgss to increase the CCPP efficiency to
values higher than the 60% without resorting t@a gas turbine technology.

Pilavachi (2000) gave an overview of power gemenatvith gas turbine and combined heat
and power (CHP) systems and discussed various deettwoimprove the performance of the
several types of gas turbine cycles. Heppensta®g) described and compared several power
generation cycles which have been developed toatdkantage of the gas turbine's thermodynamic
characteristics.

Horlock (1995) outlined developments of 1970s, ¥8hd future prospects of
combined-cycle power plants. Lugand and Parie@9{) studied combined cycle of 200 MW
using combinations of GEC Alstom MS9001E and Ftgasine with a single shaft VEGA 209E
and VEGA209F steam turbine.

Bolland (1991) studied various measures used podue the efficiency of CCPP. A typical
modern dual pressure cycle was chosen as refesrtalternative arrangements such as dual
pressure with reheat, triple-pressure cycle, triplessure with reheat and dual/triple pressure
supercritical reheat cycles were considered. Beganal (1996) has established a design
methodology for the gas turbine cogeneration syst€his simple system is integrated with
regenerator and HRSG to utilize the waste heaD M8V Gas turbine is designed on the basis of

analysis of enthalpy and entropy of air and gas.

2.1.2. RELIABILITY ANALYSIS

The performance of any power plant is generallpressed in terms of its Reliability,

Efficiency, Availability and Maintainability (REAM)parameters. These reflect the fixed and
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operating part of cost or capital cost requiredstetting up, running and maintaining the plant.

Unavailability of a component doesn’t necessarigam that whole plant will be tripped
but, nonetheless, it will affect the availability other components or systems. Combined or
cogeneration cycle power plant is a multifariougamisation. A method for reliability analysis of a
power plant refers to the reliability evaluatiorugaptitative or qualitative) based on the reliabilit
of its components or systems.

In literature, both qualitative and quantitativethoels are available for reliability analysis
of complex systems.

Ji et al. (2013) used a staircase function to apprate the aging failure rate curve, and a
renewal-process-based model was introduced to lagdctime-varying failure probabilities. The
proposed time-varying outage model was to reflaet ¢ffects of component aging and repair
activities on the failure rate. The model yielded analytical solution without Monte Carlo
simulation to simplify the calculations.

Carpaneto et al. (2011a) carried out Monte Cantukation for identifying long, medium and
short term time frames by incorporating uncertaattiarge-scale and small-scale for cogeneration
system. Availability coefficient assumed to be ipeledent of year, scenario and control strategy
was defined for unavailability of the CHP (combineéat and power) units, due to scheduled
maintenance and reliability aspects, taking intooaat. Large-scale uncertainty referred to the
evolution of energy prices and loads and relevatite long-term time frame was addressed within
multi-year scenario analysis. Small-scale uncanaigevant to both short-term and medium-term
time frames was addressed through probabilisticaisoand Monte Carlo simulations (Carpaneto
et al., 2011b).

Haghifam and Manbachi (2011) modeled three CHPFsysibms: Electricity-generation
subsystem, Fuel-distribution subsystem and Heatrgdion subsystem and found that reliability
analysis is essential in economic and technicalifdiy studies, operating expenses and optimal

maintenance scheduling of these systems.
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A comparison between single-shaft and multi-sh&P@ of 800 MW was carried out by
Edris (2010). Single-shaft configuration was foundre suitable with regards to performance,
NOx specific emissions, GOspecific emissions, start-up and extension pdisisi The
multi-shaft configuration was more suitable witlyaeds to space limitations, steam turbine shaft
power, availability, and reliability.

Eti et al. (2007) integrated reliability and riskadysis for maintenance policies of a
thermal power plant. Neetb integrate RAMS (reliability, availability, maiminability and
supportability) centered maintenance along witlkk @Esalysis was stressed. Although results
expected or obtained with the application of thosecepts were not explained.

Zigmund et al. (2005) have introduced BouncingufailAnalysis (BFA) — an innovative
combination of two traditional and widely used Be#l Analysis (FA) techniques: Failure Mode
and Effect Analysis (FMEA) Fault Tree Analysis (BTAThe authors have also presented the
methodology and the procedure to maximize the adgas and at the same time to minimize the
shortcomings of both known methodologies.

Jian-Ping and Thompson (2005) have proposed a nohettyp which material
inhomogeneity may be taken into account in religbdalculations. The method employed Monte
Carlo simulation; and introduced a material strerigtlex, and a standard deviation of material
strength to model the variation in the strength obmponent throughout its volume.

Wenyuan (2002) indicates that failures due to adfiage significant impacts on system
reliability, particularly for an “aged” system. Igring aging failures in reliability evaluation of a
aged power system will result in over or undermeation of system risk and most likely to a
misleading conclusion for system planning.

Jon et al. (1999) suggested strategic models istggsver generating plants to improve
their work control processes by continually keepting process up to date. Work control process
include elements for system cost/performance aisallife-cycle maintenance planning, on-line

scheduling and look-ahead techniques, and schedplementation to conduct work on the asset.
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The paper also discussed how risk management agsweiith work control issues affecting the
safety and reliability. Operation and Maintenan@eand M) costs were also integrated into this
strategy.

Reliability is an innate aspect of combined cyadevpr plant design and plays significant
role during the operation of the plant in term®pérating and maintenance expenses and optimal
maintenance scheduling of its equipments, compsreamd systems. Reliability is the ability of an
equipment, component, product, system, etc., tctiim under designated operating state of affairs
for a specified period or number of cycles (De $p@012).

The attempts reported in literature are in genexaicerned with the development of
methodology taking into account one aspect at a.tiHowever in respect of a power plant more
than one aspect would need to be considered sinedltsly. Thus, a methodology is required
which simultaneously take care of proper peer greafection for comparison purposes and
interaction amongst different sub-systems and dipgrgparameters of a power plant. The new
indices should also consider component’s contrsutand the effect of failure rate of the

sub-systems or components to reliability of theeyys

2.2. GRAPH THEORY ANALYSIS

Combined and cogeneration cycle power plants averg large and complex system.
Performance of its components and systems ardglogertwined and insuperable without taking
the effect of others. Therefore, reliability andicéncy of the combined-cycle thermal power
plants depends on the perfect operation of akystems (e.g. gas turbine, heat recovery steam
generator, steam turbine and cooling system) (Kdathet al., 1999). Energy and exergy analysis
are the methods available in literature for calttdpthermal power plant efficiency.

The most commonly used qualitative methods forabglity estimation are Fault Tree

Analysis (FTA), Failure Modes, Effects and CrititalAnalysis (FMECA), Failure Modes and
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Effects Analysis (FMEA), Root Cause Analysis (RCRpot Cause Failure Analysis (RCFA), Fish
Bone Analysis (FBA), Event Tree Analysis (ETA), aRckdictive Failure Analysis (PFA). Block
diagram analysis, Markov chain, and Monte Carlauétion are some of the quantitative methods
of reliability analysis available in literature.

So far researchers evaluated combined cycle polast gystem reliability only at system
level without making an allowance for the interant of systems, and subsystems. Therefore,
there is need for extending the compass of reiigfaihalysis for combined and cogeneration cycle
power plants to take care of interaction amongethffit systems and subsystems.

Therefore, design of combined cycle power plantprimaement in existing plant and
comparison of two real life operating power planted a Multi Attribute Decision Making
(MADM) technique to analyze the effect of one sysidesign parameter on the other
systems/design parameters. Some of the MADM tedlesiqre discussed below.

Delphi method (Linstone, 1975) is a structural eéguamodeling technique which follows
a series of steps to develop consensus among ja gfexperts and used for forecasting purpose in
different areas. Problem associated with Delphiheeits poor internal consistency and reliability
of judgments among experts. Structural equationelso(SEM) are mathematical relationships
which represents the structure among variableseMar, it requires a large sample size that is
generally several hundred observations, as theéspmamf the estimates is affected by sample size
(Anbanandam et al., 201T)herefore, it is not found suitable for the presnalysis.

Pair-wise comparison andnalytic Hierarchy Process (AHP#lo not capture the
interdependence of variables whilealytic Network Process (ANRaptures the interrelationship,
but not the hierarchical relationships among védeslfRaj and Attri, 2010; Muduli et al., 2012).

Besides these techniques, El-Saadany and EI-KHar§@004) recommended that
multi-period stochastic programming is appropriédel to solve network design problems.
El-Sayed et al. (2010) extended the work of El-8agdind El-Kharbotly (2004) to a multi-period

multi-echelon stochastic model. Taha et al. (2@EMeloped Genetic Algorithm (GA) to solve the
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two-sided assembly line balancing problem. Tao Et (4999) proposed a distributed

networked-manufacturing prototype system on the isbathe concept of distributed

networked-manufacturing system. Shuzi et al. (2@083ussed the effect of competition due to
globalization, technical progress, and demand fmtamized product on the manufacturing
environment.

In the current work, the main purpose is to qugtie parameters affecting the CCPP and
CGCPP performance. It depends upon the degreehefiiance of the parameters and amount of
interactions between them. Quantification of intagrte and interactions is not possible by using
the above mentioned techniqué&3ne approach having such a capability for developnod
mathematical model as reported in literature ispBréheory and matrix method (Harary, 1985;
Deo, 2007; Balakrishnan, 2005; and Rao, 200¥ith the use of graph theoretic approach,
interaction among the factors can be easily vigedliby using the digraph. Digraph can be
transformed into mathematical form with the help indidence matrix which is suitable for

computer processing.

2.2.1. GTAFOR MECHANICAL SYSTEMS

Graph Theory has been extensively used in the fidladnechanical engineering for
mechanisms and machine theory, computer aided rdemig manufacturing (Laperriere and
Elmaraghy, 1996; Freudenstein and Maki, 1979; Agiamd Rao, 1987). The applications include
representation and identification of kinematic stawe and for enumeration of kinematic chains
and mechanisms in a relatively simpler and systiemaanner. Matrix representation has proved to
be useful in identification of known, as well asknown chains. Representations and analysis of
design variants was found to be more efficient giginaph theory and digraph models and in
particular during the conceptual design stagesylséem (Salomons, 1994). Graph theory has been

used for generation of disassembly sequences agsambly (Laperriere and Elmaraghy, 1996). In
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the recent past the graph theory has been uskd fietd of Tribology (Gandhi and Agrawal, 1990,
1992, 1994). Graph and digraph representation ibbligy systems have proved to be useful for
carrying out wear evaluations and analysis anddation selection. This modeling approach has
been used by some researchers for analysis anda@wal of hydraulic systems (Gandhi et al.,
1991), Failure cause Analysis (Gandhi and Agrad@96), Reliability Evaluation and Selection
of rolling element bearings (Sehgal et al., 20083jntainability index (Wani and Gandhi, 1999).
However, the performance of a complex system sseéh@CPP, which comprises of many systems
and sub-systems, has not been attempted.

Tang (2001) proposed a new method based on grauhyttand Boolean function for
assessing reliability of mechanical systems. Thep@sed methodology incorporates the graph
theory for system level reliability and Boolean lgsis for interactions. The combination of graph
theory and Boolean function provides an effectivieywo evaluate the reliability of a large and
complex mechanical system.

Reliability of combined cycle power plant is thelpability of generating electricity under
operational conditions encountered in a specifidogeof time. Reliability is a function of
maintenance (scheduled or forced) cost, which instulepends upon the Mean Time Between
Failures (MTBF) and Mean Time To Repair (MTTR) glgment or system, and which is further
dependent on complexity in design, state, ageeoétjuipment or system and to some extent on the
availability of spare parts. Wani and Gandhi (20@2pgested a GTA based procedure for
maintainability design and evaluation of mechangatems based on tribology. They identified
tribological features of mechanical systems whiah be used to characterize maintainability and
modeled the relationships between them by usingagits. Afterwards permanent function based
indexes were derived in order to be able to compédternative systems design in terms of
maintainability.

Grover et al. (2004) developed a TQM index byazitily GTA approach. In their approach

five characteristics namely human factors, behavVidactors, use of tools/techniques, non
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behavioral factors and functional areas and thaieractions are modeled by using digraphs.
Afterwards a permanent index is proposed whichbeansed to quantify degree of TQM concepts
implementation in an industry.

Kulkarni (2005) proposed a TQM index by utilizin@&approach. In their approach five
characteristics namely infrastructure, top managenseipport, strategic planning, employee
empowerment, customer satisfaction and their iotenas are modeled by using digraphs.
Afterwards a permanent index is proposed which b&n used to quantify success of
implementation of TQM in an industry.

Grover et al. (2005, 2006) presented two papershendevelopment of TQM indexes by
utilizing GTA approach. In these studies the fosas on the evaluation of human factors on TQM
implementation success. They identified varioudoidcand sub-factors related to human issues
from different perspectives and their interactiarderiving permanent indexes to quantify TQM
success.

Rao and Padmanabhan (2006) employed GTA approaae¥eloping a procedure for robot
selection for manufacturing applications. They altjuused an example from the literature and
presented how GTA approach can be used to sola&the example. Six factors namely, purchase
cost, load capacity, velocity, repeatability, numioé degrees of freedom, and man-machine
interface were used to rank/evaluate robot alteresfor a specific manufacturing application.

Zhong et al. (2006) proposed a systematic proeeday using GTA approach for
machinability evaluation of ceramic materials. heit approach three criteria namely hardness,
fracture toughness and elastic modules and tha&raations were used to develop a material
selection index.

Kaur et al. (2006) proposed a supply chain coatihn index by using GTA which can be
used to evaluate several coordination mechanidtascbordination by contracts, coordination by
information sharing, coordination by using inforiat technology and coordination by

collaboration and their interaction.
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lonica and Edelhauser (2006) used GTA for evalgatustomer supplier relationships within
a total quality management context. They considefedproving external communication”,
“‘increasing the accessible market segment”, “cadatihg the relations with the main clients” and
“improving the relations with the main suppliersS the main criteria. Criteria interactions are
modeled via digraph and permanent index is useddtuate alternative policies.

Rao and Padmanabhan (2007) presented a method@ogwapid prototyping process
selection for a given product by using GTA approddiey actually modified one of the previous
approaches from the literature and presented hsaptbbblem can be handled by GTA. In their
study, six main criteria namely; accuracy, surfemeghness, tensile strength, elongation, cost of
part and build time and their interaction were éd&ed in developing a selection index.

Faisal et al. (2007b) developed an informatiok imslex by using GTA approach. This index
can be used to quantify information risk factorsupply chains. In developing this index they used
for main criteria and their interactions namelypimation security/breakdown risk, forecast risk,
intellectual property rights risk, IS/IT outsourgirisks.

Upadhyay and Agrawal (2007) proposed a systeragtpzoach in order to model, evaluate
and analyze intelligent mobile learning environmsehy making use of GTA approach. They

(LTS

identified five main systems like; “intelligent tuing system”, “multi-agent intelligent system”,
“mobile dimension system”, “environment and humapext system”, “mobile agent system” and
their sub-system along with interaction betweesetgub-systems in evaluating alternative mobile
learning environments.

Thakkar et al. (2008) proposed an extensive metbgg for evaluating buyer-supplier
relationships in supply chains by making use of Gpfiroach. The proposed approach can also be
used to compare supply chain relationships of SNMEdeveloping their model many factors (like;
business growth-long term perspective, mutual (stdeding and closeness, meeting

customer/market requirement, role in decision mgkiisk/profit sharing) and sub-factors along

with their interrelationships were considered aratleted with digraphs.
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Wagner and Neshat (2010) developed a vulnerabilitgx for supply chains by making use of
GTA approach. They classified supply chain vuln#itgbfactors under three category such as
“demand side”, “supply side” and “supply chain sture characteristic” factors in developing their
index and compared supply chain vulnerability cbemastics of different industries.

In this section some of the applications of the GhAmechanical engineering are

presented. In the next section analysis of liteeatun the graph theoretic analysis of thermal glant

have been discussed.

2.2.2. GTAFOR THERMAL POWER PLANT SYSTEMS

Mohan et al. (2003) developed a mathematical modaig graph theory and matrix
method to evaluate the performance of a steam polaet. Detailed methodology for developing
a system structure graph (SSG), various systeratgteimatrices, and their permanent functions
were described for the boiler of an SPP. Structimterconnections between six systems of boiler
were considered for developing an SSG of a bdilecarry out complete structural modelling and
analyses of the boiler, system structure graphésofix systems and their subsystems were
presented. A top—down approach for complete armlysany system was also given. But in this
work no quantitative data was reported for the ysisl

Mohan et al. (2004) applied Graph Theoretic Applo&GTA) to develop a mathematical
model for determining the maintenance criticalitgéx for the equipment of a coal-based steam
power plant. Using this model, an appropriate nesiahce strategy for any type of coal based
power plant can be recommended.

Mohan et al. (2006) applied Graph Theoretic ApphoéGTA) to calculate real-time
efficiency index (RTEI) for a steam power plant @hiis the ratio of the values of variable
permanent system structure function (VPF) in remét(RT) situation to its achievable design

value. The proposed methodology was explained thiéghhelp of two examples. With the value of
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RTRI, plant manager can calculate the probabilifiaiture of different systems and subsystems on
real-time basis, thus enabling him to decide rédidbvel of process performance, i.e. restricted
load operation. This knowledge of RTRI could bephdlto take commercial decision on real-time

basis.

Garg et al. (2006) developed a deterministic qtetite model based on graph theoretical
methodology to compare various technical and ecaradrfeatures of wind, hydro and thermal
power plants. Suitability factor for three plan)sTaiermal Power Plant b) Hydro Power Plant c)
Wind Power Plant, were calculated on the basisgthllation cost, cost of electricity generation
and Plant Load Factor (PLF). Thermal power plarg feand to be most suitable and after that was
Hydro power plant followed by Wind power plant.

Mohan et al. (2008) proposed a graph model in cartjon with the matrix method to
obtain real time reliability index (RTRI) for a st® power plant (SPP). This model enables
incorporation of any number of systems and subesiaf the SPP as also the interaction among
them in the study of performance of a SPP. Furitheras pointed out that the methodology
developed can be applied for obtaining other RANReli@bility, Availability, Maintainability,
Serviceability) indices: availability and maintdii#ty; including optimum selection, bench
marking, and sensitivity analysis of a SPP.

Simple model, easy to implement, lesser compuiati@ost and flexible with changing
environment is required to evaluate the combinedl @ygeneration cycle power plant reliability
and efficiency on design or analysis basis. Froenlitlerature, it is clear that graph theory and
matrix approach as a decision making method offeigeneric, simple, easy, convenient and

indigenous way of decision making that involveslesmputational efforts.

2.3. SUMMARY OF LITERATURE REVIEW AND GAPS

The review shows that a number of alternative desigf combined and cogeneration
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cycle power plant sub-systems are available arré tkecontinual upgrading in their design. From
the economical, environmental and practical poini@w, the combination of a simple gas turbine
cycle coupled to a Rankine steam bottoming cycleidlwmay be with dual/triple pressure and
reheat) without supplementary firing is the mosinowmn type of CCPP. In a CGCPP process
heater is used in place of HRSG and heated walenopressure steam is generated.

Most of the thermodynamic analysis and parametudiss are based on step by step
calculation of cycle processes of different comtim@d cogeneration cycle configurations. The
basis of comparison has mostly been the energyesgg analysis.

A number of qualitative and quantitative methodsetifibility analysis are also available
in literature.

The attempts reported in literature are in geneoaicerning the development of new
methods taking into account one aspect, eithecieffcy or reliability, at a time. However, in
respect of a power plant more than one aspect wwaéd to be considered simultaneously. Thus,
new statistics are required to simultaneously talte of interaction amongst different systems and
design parameters of a CCPP or CGCPP. The newemdibould also consider sub-system’s
contribution and the effect of failure rate of té-system to reliability of the system.

During literature survey it is found that Graph ®tetic Approach has not been used for

performance analysis of combined and cogeneratiole @ower plant.

2.4. OBJECTIVE OF COMBINED AND COGENERATION CYCLECRVER PLANT

ANALYSIS

Performance analysis of a power plant and improwrmethe existing one is dependent
on many parameters such as efficiency, reliabiéityironmental impact; availability of fuel etc.
and other issues such as ergonomics etc. alsolmanéglected. Thermodynamic analysis capable

of analyzing efficiency cannot be used for relipianalysis and vice-versa. Keeping the above
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requirements of upcoming electricity markets inwi¢he efforts are required to develop a single

composite index to monitor the overall performantgower plant. Thus, present work aims to

fulfill the following objectives:

(a) To develop methodology for Multi Attribute Decisidviaking (MADM) technique, using
Graph theoretic approach, capable of studying defgendency of design parameters and
sub-systems.

(b) To analyze the plant performance on efficiency rafidbility basis by taking into account the
interactions amongst the various sub-systems, teffedesign parameters on sub-systems and
interdependencies of design parameters using GTA.

(c) To determine the indices in the form of a ratio HR&nd RTRI) to eliminate the shortcomings
of graph theoretic analysis available in literatahge to variance in the type, design and
configuration of power plants.

(d) To carry out exergy analysis of cogeneration cyfde quantification of inheritance for
different design parameters and validation of grdgeloretic model.

To fulfill these objectives, a methodology baseabdrtheory for the analysis of combined

and cogeneration cycle is presented in the nexiteha
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CHAPTER-III

METHODOLOGY FOR GRAPH THEORETIC
AND EXERGETIC ANALYSIS

Literature review, as discussed in the previouaptdr, bestows the overview of graph
theoretic and exergetic analysis of some of thembE power plant systems. Research in
engineering analysis usually starts with an undadibg of the physical system, then the adoption
of suitable mathematical model for the systemhis thapter, system modeling of a combined and
cogeneration cycle power plant and its analysisgigraph theory and matrix method is described

followed by thermodynamic modeling of CGCPP.

3.1. GRAPH THEORETIC ANALYSIS (GTA)

Graph theory is a logical and systematic approasgfull for modeling and analyzing
various kinds of systems and problems in numer@eldsf of science and technology. If the
graph/digraph is complex, it becomes difficult tabyze it visually. Quick analysis may be carried
out by logical and systematic computer programntirog through the use of the matrix method. It

is a three stage unified systems approach.

1. Modeling of system and subsystem in terms of nadelsedges for structural representation in

the form of directed graph (digraph) which is doigafor visual analysis and gives a better

understanding of interrelationships among systednsabsystems.
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2. Digraph representation is converted to matrix fomaich is suitable for computational
analysis. Value of each element in the matrix 8gaed based upon inheritance of system or
subsystem and their interdependency.

3. Matrix model is solved and results in the exprasém called as permanent function. After
guantification of each term of permanent functicesult is represented in term of a single

numerical index which is the indication of systeenfprmance.

Digraph representation, matrix representation agminpnent function can be developed
for the quality, cost, reliability, environmentahd efficiency characteristics of combined or
cogeneration cycle power plant. Design and opeygtarameters affecting efficiency, reliability,
cost etc. may be identified either with the helphafrmodynamic model of power plant or with the
help of experts in this area. Graph theoretic modlelombined cycle power plant is explained in
the following section. With the help of this mogerformance of CCPP evaluated. Further, this
model is used for the evaluation of real time f@lity and efficiency index for CCPP. In the sinmila

manner analysis of CGCPP is also carried out aftetsv

3.1.1. GTAFOR COMBINED CYCLE POWER PLANT

CCPP, considered for the present analysis, is shiowFigure 3.1. The air at the ambient
temperature and pressure enters the air comprafisorbeing filtered by air filters. Mechanical
energy of compressor is used to compress the #irashigher quantity of fuel may be added in air
at lesser volume in combustion chamber. After casgipn air comes to combustion chamber and
mixes with the Compressed Natural Gas (CNG) froenftiel supply system. Activation energy for
the reaction between air and fuel is being proviokedpark between two electrodes and reaction is
at constant pressure. After this, hot combusti@eganter the gas turbine where thermal energy of

flue gases is converted into mechanical power eftgebines. HRSG is the link between the gas
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turbine and the steam turbine process, whose funigito transfer heat energy from exhaust gases
to pressurized water and produces superheated.Stéamnsteam is separated in the boiler drum and
supplied to the super heater section. The supeedhesdeam produced in the super heater then
enters into the steam turbine through the turbiop salve. After expansion in steam turbine the
exhaust steam is condensed in the condenser. lcothisg water system, heat of steam turbine
exhaust is carried away by the circulating watduictvis finally rejected to the atmosphere with the
help of cooling towers. Because of this direct pathhe atmosphere, surrounding water bodies
typically do not suffer adverse thermal effectsnf8g et al., 2008). The power plant is a series of
systems except for the cooling tower that is matl@eK out of N systems, meaning that it is

necessary to have a given number of cooling towerging (K) out of totalN to allow the plant to
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achieve nominal output (De Souza, 2012). The abddgodel as explained above is easy to

analyse with GTA.

3.1.1.1.SYSTEM STRUCTURE GRAPH OF CCPP

Structure is the key for deliberation and analgéisystem performance or failure analysis
(Yoshikawa, 1982). Structure or topology may begitgl or abstract. The physical structure of a
system implies subsystems, assemblies, componedtthair interconnections, while an abstract
structure involves performance or failure contrilbbgtevents.

Areal life CCPP system is highly complex in naturepresent analysis it is being found

appropriate to divide combined cycle power platd fiollowing six subsystems:

1. Air Compressor System {5

2. Combustion Chamber Systemp)S

3. Gas Turbine System {5

4. Heat Recovery Steam Generator Systegh (S
5. Steam Turbine Systemd)S

6. Water System (

Here, air system is considered a part of air coagmesystem and fuel system is a part of
combustion chamber system. In a CCPP, gas turlnidesi@am turbine may be installed either on
same shaft or separate shaft. In the present @nalybo-generators are attached with gas and
steam turbine and considered to be a part of them.

Division of combined cycle power plant in these syghems is based on the working of
different components and it may be divided furtimo sub-subsystems. As these subsystems are

also very big, so hereafter they will be referredsgstems. Let each of the six systems of plant be
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represented by verticeg'sS(i=1,2,3,4,5,6) and interconnection between wystems ($ ) is
represented by edgeg'sc(i,j=1,2,3,4,5,6 and#j) connecting the two vertices 8nd & In the
combined cycle power plant all these six systerascannected by flow of air, flue gases, water,
steam, heat and work. This flow is shown in FigRizwith the help of vertex and edges.

This representation is called as System Struc@&raph (SSG). This is based upon the

functioning of combined cycle power plant as per fibllowing:

1. The ambient air comes to the compressor after bilteged by air filters. Compressor and
turbine are attached with a shaft. Therefore, the/gn to compress the air comes to the
compressor from the turbine. This is representethbydge §. S, and S are the compressor
system and gas turbine system respectively.

2. After compression, air goes to the combustion creamnithis is represented by edge Euel is
added in the combustion chamber.

3. Ablade is cooled by being made hollow so that@amt air can circulate through it. Coolant
air is obtained directly from the compressor, thypassing the combustion chamber. Edge ¢
represents the bypassing of cooling air.

4. Fuel supplied to the combustion chamber is gene@NG. Fuel supply is taken as a part of
combustion chamber system. Outlet temperature mbestion chamber system,[3lepends
upon thermal stress limit of gas turbine blade nteHighest temperature of flue gas coming
out from combustion chamber is controlled by chaggair-fuel (A/F) ratio. Combustion
product flows to gas turbine as shown by edge ¢

5. Depending upon the temperature of flue gas, HRS{GMAy be used for (i) partial heating
(regeneration) of the compressed air leaving tmepressor (&), (ii) feed water heating of the
steam cycle in a closed type feed water heatg), (or (iii) generating steam in a dual or
multipressure steam cycle.

6. Flue gases coming out of combustion chamber amgiegtto HRSG system jBare shown by
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the edge %.

7. Dueto HRSG [g heat transfer surfaces fouling, back-pressuneci®ased and the gas turbine
[Ss] does not work at its design point condition bessawf the inherent problems which
accompanies the increase of back-pressure, egip tbique on the shaft, coupling forces on
thrust bearing, and vibration (Zwebek and Pilid)§3). It is shown by the edgesc

8. High temperature and high pressure steam flows fH&t8G system to steam turbine system
[Ss] shown by edge.g.

9. Single stage reheating is employed between HighsBre Turbine (HPT) and Intermediate
Pressure Turbine (IPT). For this steam coming mmfHPT [S] is sent to HRSG [§ shown
by edge .

10. From steam turbine, low pressure and temperataesrstomes to the cooling towesdjcand
after condensation it goes to HRSG after passiagtimp.

11. De-mineralized (DM) feed water is injected to cohtthe temperature of superheated and
reheated steam as an attemperation spggly (c

12. DM water from the water circuit pis fed to HRSG as feed water represented by egige

Air

Flue Gase

——  Demineralised Wate
PDRLreated witgtdgskPDF PDF Writer - Trial :: http://www.docudesk.com

_____ \Work



Figure 3.2System structural graph of CCPP with material arefgy interaction

The SSG of Figure 3.2 represents the internatsire of the CCPP at system level. It clearly
shows different systems and their interconnectianthe CCPP as discussed above. This graph
theoretic representation permits the incorporatiodeletion of any interconnection or system in
order to make it closer to a real life combinedleysower plant based on different design and
principles in any given situation.

A graph with directed edges is called as digragte digraph permits to analyse CCPP
performance and gives a feeling of interactionswbeh the systems. Simplified diagraph

corresponding to SSG of CCPP (Figure 3.2) is shiovirigure 3.3.
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Figure 3.3 Digraph showing six systemg (8 CCPP and their interdependencig3 (c

Digraph representation is suitable for visual gsial but not for computer processing.
Moreover, if the system is large, its correspondgngph is complex and this complicates its
understanding visually. In view of this, it is nesary to develop a representation of the CCPP that
can be understood, stored, retrieved and procédsgeélde computer in an efficient manner. The
SSG can be retrieved and processed by convertintpisuitable matrix form as discussed in the

next section.

3.1.1.2. MATRIX REPRESENTATION
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Firstly graphical model of the system is developsthg graph theory which is named as
attribute graph and after that graphical modelasverted into matrix model called as attribute
matrix. Finally this matrix is expressed in thenfoiof a function called ‘Variable Permanent
Function (VPF)'. Matrix representation of the CCRiftribute digraph gives one-to-one
representation. Finally selected matrix should legilile enough to incorporate the structural
information of systems and interconnections betwhem.

Many matrix representations, for example, adjacemayincidence matrix are available in
literature (Deo, 2000; Harary, 1985). The adjacemayrix is a square matrix and is selected for
this purpose. An adjacency matrix is a means aksgmting vertices (or node) of a graph adjacent
to other vertices.

Specifically, the adjacency matrix, of a finiteagh S on N vertices, is the NXN matrix where
the non-diagonal entry; ¢s the number of edge from vortex i to vortexjddhe diagonal entry;c
represents the connectivity of the system witHfiteksing this, the SSG of CCPP is represented in
the matrix form. The structural expansion, a charistic of the CCPP system is obtained by

solving the matrix and is useful for its exhauséwalysis.

(a). System Structural Adjacency Matrix

Let a general case of a system, for example, a Q@RiPAg N systems be considered
leading to adjacency matrix (0, 1) of order NXN agdrepresenting the connectivity between
system i and j such ag &1, if system i is connected to the system j, tfia graph, this is
represented by an edgg)(between node i and j) and is equal to zero, atiser Thus g= 0 for all
i, as no system is connected to itself in caseooflined cycle power plant.

Each row of the system structure adjacency matixesponds to a system. The off
diagonal matrix elements; cepresent connection between system i and j.idmthtrix G # ¢;, as

directional consideration is taken into accounte Pphssible interconnections between six systems
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of CCPP have been discussed in the last sectianatjacency matrix Afor the SSG of CCPP

shown in Figure 3.3 is as represented in expregSid.

0 1 00

(3.1)

o O O O B

9O P P O O 9

O O o r o
O o r o

R P O Fr O
P O RrLr OO

This (0, 1) adjacency matrix only shows intercatims between different systems. This
matrix also does not contain any information altbet six systems as diagonal terms are zeros.
Secondly, interdependency of systems is commoedoh case but in real life operating plant it is
not so. Adjacency matrix simply represents conmigtamongst six systems of CCPP. As this
matrix considers only the connections between tis¢ems and the characteristic features of the
system do not come in the picture, a new matriledaCharacteristic System Structure Matrix’ is

defined as discussed in next sub-section.

(b). Characteristic System Structure Matrix

The presence of different systems of the CCPPakzesl by defining a characteristic

system structure matrix that is

B={SI-Ad (3.2)

Where | is the identity matrix and S is the chaedstic of systems, representing its

characteristic structural features. This matrixdgstem structural graph of CCPP is expressed as:
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S -1 -1 0 0 O]
0 S -10 0 0
-1 0 S -1 0 0
B ={SI- A =
SRy 1 s -1 -1 (33)
0 0 0 -1S -1
0 0 0 -1-1 S|

This matrix is analogous to characteristic matnigtiaph theory (Deo, 2000; Harary, 1985).
The characteristics features of systems couldfimesfcy, reliability, availability, cost and so olt
can be seen that characteristic matrix contairgnmdition about the presence of system and their
interconnections. It does not include informatidmuat attributes of the connections among
different systems. The determinant of characterisyistem structure matrix is also called as

characteristic system structure polynomial andtemigs:

de{B}=S"+55-48+45%-6 5 : (3.4)

The characteristic system structure polynomial Whg derived above is known as the
invariant of the system and its value does not gbay altering the labeling of systems. It is
characteristic of the system structure. However ciaracteristic system structure matrix is not an
invariant of the system, because a new matrix faiodd by changing the labeling of the systems.
However, one matrix can be obtained from the oltygproper permutation of rows and columns.
From the above matrix, it is noted that a valug & taken to be same for all the diagonal elements
i.e. all the systems are considered to be identithis is one of the reasons that make the
characteristic polynomial inappropriate for thegam analysis. In practice, a CCPP having all the
six systems do not possess the same structuratdsatnheritance of each system is different and
interdependency of systems is also dissimilar. riariporate distinct information of different

systems and interconnections between them, a ma#iied ‘variable characteristic system
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structure matrix’ is proposed.
(c). Variable Characteristic System Structure Matrix (VCSSM) of CCPP

A variable characteristic system structure matriisTdefined taking into account the
distinct characteristic of systems and their irtarection defined in the system structure graph.
Let the off diagonal elements of a matrix, Fepresenting the connection between systems be
denoted by ginstead of 1, whenever system i is connectedstesyj with i, j = 1,2,3,4,5,6 &])
and 0 otherwise. Let us also define a diagonal im&t, with its variable diagonal elements S
(i=1,2,3,4,5,6) representing the characteristiactral  feature of six distinct systems. For siyste

structural graph of CCPP (Figure 3.3) the VCSSM= [D. - F] is written as

i % -G —G 0 0 0 ]
0O S -¢g, 0 0 O
_ | 0 & -¢g 0 O

T.=[D-F]=| ** = _ . 35)

0 Cso Ciz S Gs G

0 0 0 - S -G

0 0 0 =G, —Cs S

The determinant of VCSSM is variable characterigistem structural multinomial

(VCM-s) and is written as
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(3.6)

Every term in the Per [Tc] is representing the pathe system and interlink. For example
the S5,5:5SSs shows that all six systems are linked to eachrofkrey of the system cannot be
omitted. The multinomial (3.6), consist of varialsguctural components such as &, G;jCy,
GiCikcu and so on. Here;$ the Structural Characteristic Feature (SCRhefsystem that is;S
represents the SCF of the compressor systemre@esents the SCF of the combustion chamber
system, $represents the SCF of gas turbine system and sByoassociating proper physical
meaning to these structural components, approgrifdemation about the system and interlink is
obtained. To read the expression (3.6) in a sydtemaanner, the terms are arranged in N+1
grouping (with N = 6 in the present case).

The first grouping contains only one term and i$,$5,SSs signifying that for the
CCPP system to work or to exist all its systemstrbadn place. The second grouping is absent in
the absence of self loop in the graph. This medis grouping in the expression will appear if a
system is connected to itself. The third groupiogsists of number of terms and each is collection
of two- system structural dyad and four system atteristics structural features. The absence of
the term containing dyads such ag cs signifies absence of direct interaction of comharsti
chamber system and HRSG and steam turbine systeenfolirth grouping consists of a term
which is a set of three system structural looptaneke system characteristic structural features. Th

absence of interactions e.gq @5 €16 €tc. show that there is no direct interlink of @mpressor
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system with HRSG system, steam turbine system atergystem. Each term of the fifth grouping

is a collection of two two-system structural dyamtl &awo-system characteristic structural features.
The terms of sixth grouping are a set of threeesgsstructural loop, two systems structural dyad
and a system characteristic structural feature t@ime of seventh grouping is a set of two 3-system
structural loops.

From the subject discussion, it is obvious thageneral, théh grouping containd\ +1 -

i) S’s and the remaining structural components (for gkeug), G;Ck, GjCkCa €tc.). The terms of the
expression are arranged in decreasing numbesdbShetter interpretation of the system. Because
of the arrangement of the terms of system strudtuitee same grouping, the complete multinomial
can be written by visual inspection of the graptr. finding the value of the diagonal attributes,,i.
S, - .., 9 a SSG for these systems considering their sudrsgsand elements can be developed
and the determinant value of the corresponding VE4n be calculated.

In a matrix, change in the value of any entity, rides the value of the determinant. In
expression (3.6) some of the terms are with negaign and some of the information regarding
loops and systems is subtracted. Due to this reassearchers have used the permanent function
of a matrix, which does not contain any negativenge and thus provides the complete information
without any loss (Gandhi et.all991; Gandhi and Agrawal, 1992, 1994; Rao andd@iar2001,
2002a, 2002b; Rao, 2004, 2006a, 2006b, 2006c, 2@6der et al., 2004; Rao and Padmanabhan,
2006). Therefore, a ‘variable permanent systemctire matrix’ is explained below which is

appropriate for present analysis.

(d). Variable Permanent System Structure Matrix (VFSSM) for a CCPP

The negative signs in equation (3.6) indicate suion of information about dyads, loops

of systems, or system attributes such as religbéifficiency, and so on, which will not project a

true picture of the CCPP under analysis. For ralisnderstanding and characterization, a
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permanent function is proposed and no negativewitj@ppear in the expression. Application of
the permanent concept will thus lead to a bettprexpation of the complete structure, in general.
The variable permanent system structure matrix MRT, for the combined cycle power plant is
as represented by the expression (3.7). All thagenf the expressions (3.6) and (3.7) are same and
differ in their signs. The determinant of the VPS8M be with the positive and negative signs.
Therefore, Variable Permanent System Structure ttam(VPSSF) is used in place of determinant

for the evaluation of VPSSM. Evaluation and forntiola of VPSSF is explained in the next

section.

'S g G 0 0 O
0 S ¢, 0 0 O

¢, 0 § ¢ 0 O
0 C42 C43 S4 C45 c:46
0 0 0 ¢ S G
0O 0 O ¢, ¢ S

T.=[D,+F]= 3.7)

Where the meaning ofs$ g;, D, and k is same as in the expression (3.6).

3.1.1.3. EVALUATION OF VPSSF

The permanent of VPSSM is called as the variablenpnent system structure function and is
abbreviated as VPF-s. It may be mentioned thapéhmanent is a standard matrix function, and is
used in combinatorial mathematics (Marcus and MiB65; Jurkat and Ryser, 1966; Nijenhuis and
Wilf, 1975).

The only difference between matrices (3.5) and)(&7n the signs of the off-diagonal
elements. In the VCSSM, expression (3.5), the @af§dnal elements;dhave negative signs, while

these are positive in the VPSSM of expression (3.VPF-s for matrix (3.7) is written as:
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(3.8)

The quantified values of; &nd g in the expression (3.8), explained later in tkgsti®n,
results in the form of an index called as CCPPdperénce Index in the present case. The main

features of CCPP Performance Index (CPI) are &snfsi

1. This index is quantitative representation of CCRHgmance and a mean to evaluate the
affect of six systems on combined cycle power pteenformance.

2. By changing the value of inheritance)(&nd interdependency;j¢ index value is changed. A
comparison in between the index values for diffe@&mnd ¢ is helpful to study the effect or
importance of different systems.

3. Index value may be used for the comparison of coatbtycle power plant performance under
varying sets of inheritance of systems.

4. Performance of two or more power plants may be @egpon design or performance basis

and it may help in deciding selection criteria tlee new plant.

Every term of the multinomial (3.8) represent$ggical subset of the system. It is possible to
write these equations simply by visual inspectidnthe SSG of Figure 3.3. To achieve this
objective, the permanent function of equation (&8&yritten in standard form ifN(+1) groups. All

these distinct combinations of systems of the magstem are shown graphically in Figure 3.4.
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The multinomial, that is, the permanent functidmew written down ilN + 1 groups, present
an exhaustive way of structural analysis of CCRIbpmance and interdependencies of systems. It
helps in identifying critical components and lirtksimprove reliability, efficiency, and cost of the

system.
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Figure 3.4 Graphical representation of permanamttfian (Equation 3.8)
corresponds to digraph (Figure 3.3)

To calculate this index, the values ¢faBd ¢ are required to be replaced in equation (3.8).
Faisal et al(2007a) explained that if data regarding the ‘et from some previous research or
field study is available then, it can be used ttermine the index. But in case no quantitative
values are available and in order to avoid compjeatisystem or subsystem level, then valueg of S
called as inheritance can be assigned from 1-9dbasehe level of real life performance of the
sub-systems as shown in Table 3.1. Similarly, dileesof ¢ (interdependency) between the two
systems or parameters can be assigned a valusaathesof 1-5 as mentioned in Table 3.2 based on
the strength of interdependency expected in thdifeaituation. From literature it has been found
that Wani and Gandhi (1999) have used data frovique research for selecting the values of the
variables while Kulkarni (2005) used a questiomma® measure each attribute in quantitative

terms.

Table 3.1 Quantification of factors affecting comdadl cycle power plant performance

S. No. Qualitative measure of parameters Assigned value of parameter|

affecting performance (inheritance)

Exceptionally low

Very Low

Low

Below average

Average

Above Average
High

Very High
Exceptionally High

Ol IN[OoO|O | A~ W|N|PF
Ol IN[OoO|O | A~ |[W|N|PF

Table 3.2Quantification of interdependencies/ off diagornah®ents
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S. No. Qualitative measure of interdependencigssigned value of interdependencies
1 Very Strong 5
2 Strong 4
3 Medium 3
4 Weak 2
5 Very weak 1

It may be mentioned that one can choose any soalg or g; (Faisal et al. 2007b, Wani
and Gandhi, 1999). The user may select an apptepsale, for example, 0-5, 0-10, 0-50 or
0-100 for $s and ¢'s, but the final ranking will not be affected dmde are relative values.
However, lower scale value is desirable to obtamamageable value of performance index and

also to reduce partisanship.

3.1.1.4. STEP BY STEP PROCEDURE FOR PERFORMANCE ANAYSIS

A methodology based on Graph Theory and matrix oteih developed for evaluating
performance of combined cycle power plant. Digrappresentation, Matrix representation and
Permanent function representation are the thrges sté this methodology. The main steps of

methodology developed for the evaluation of CCP#fopmance index are as follows:

1. Identify the various systems affecting the CCPRqguerance.

2. Develop the CCPP system structural graph.

3. Develop the system structural digraph corresponthr§SG of CCPP. This is the digraph at
the system level.

4. Develop the CCPP system structure matrix for th€EGystem structure digraph. This will
be M x M matrix with diagonal elements of @heritance) and off-diagonal elementscpf

(interdependency). For avoiding the complexity, thenerical values of inheritance and
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interactions are used. The values of inheritancag¢ehal elements) and interaction among
these systems (off-diagonal elements) are to hidelgby the experts on the basis of scale of
1-9 and 1-5 respectively as stated in Table 3.13a2d

5. Calculate the permanent function of the systemctira matrix developed in step 4. A
computer program is developed using @nguage for calculating the value of permanent

function.

The computer program developed for calculatingwhlee of permanent function is capable
of solving a matrix of 50 X 50. The program devedgs given in appendix-Ill.

The value of permanent function is the value ofqrenance index for CCPP. With the
help of the methodology developed above, completkimomial of VPF-s for the combined cycle
power plant can be calculated. The above proposthadology is extended in next section for the
evaluation of real time reliability index and regthe efficiency index for a CCPP reliability and

efficiency analysis respectively.

3.1.2. RELIABILITY ANALYSIS OF CCPP

In general terms reliability is the ability of gs¢em to perform the required function under
given conditions for a given period of time. Condadncycle power plant is a very large and
complex system comprised of air compressor, contyugthamber, gas turbine, HRSG, steam
turbine and water system. Reliability of CCPP dejsempon the reliability of these systems and
their interconnections. The reliable availabilitf @ power plant is strongly associated with
reliability of systems and their components anduigite premeditated maintenance policy.
Maintenance policy influences recurring failuregpair time, availability, reliability and
degradation of the system (Smith and Hinchcliffé04).

Recurring failures that lead to complete power plautage need repair and proactive
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maintenance to invigorate power plant performabmyntime losses and maintenance cost of a
CCPP can be reduced by adopting a proper mix ohter@@nce and repair strategies based on
attributes such as maintenance efforts, loss alymtion, safety/reliability and efficiency. In the
worst situation, unavailability of an equipment system affects all these attributes and has
maximum criticality. The power plant will trip irhis case. But in general, the failure of an
equipment or system may not affect all the attébuind therefore its criticality will have some
intermediate value. In that case reliability ofteys will come down and it may affect reliability of
other systems also. The criticality level decides importance of the equipment or system and
choice of appropriate maintenance and repair siyage that reliability may be maintained upto a
mark. In this section, a systems approach of gthpbry in conjunction with matrix method for

assessing the reliability of CCPP is developed.

3.1.2.1. CCPP SYSTEM RELIABILITY DIGRAPH (SRD)

Graph theoretic models have adaptability to modgl @ the efficiency, cost, reliability,
availability and maintenance characteristics by oeissing suitable attributes and
interdependencies to the nodes and edges of thensystructural graph (SSG) (Gandhi et al.
1991). For example, if the node Rpresents the reliability ath system andjjrrepresents the
reliability of the interconnection betweéth andjth systems (nodes) of CCPP; then, Systems
Reliability graph or Digraph (SRD) shown in Figi#® can be obtained from the SSG of a CCPP
(Figure 3.2 or 3.3).

The SRD provides the system structure reliabilitgquivocally. Reliability of the connection
between two systems is considered if the systemsa@mected either by rigid or non-rigid links
such as connection between turbine and generatansrihrough a mechanical shaft or between

combustion chamber system and water system
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Figure 3.5 System reliability digraph for combirmele power plant

of boiler, through flue gases. Once the SRD of2#P is obtained from SSG, reliability analysis
is carried out using matrix representation and lbgweent of permanent function as outlined
below.

3.1.2.2. VARIABLE PERMANENT SYSTEM RELIABILITY MATR IX (VPSRM)

A variable permanent system reliability matrix (\A48) Q. abbreviated as VPM-r for the

combined cycle power plant is written as:
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The method to develop the VPM-r is same as expildimsection (3.1.1.2) of this chapter

for the development of VPM-s for the performancaleation of CCPP.

3.1.2.3. VARIABLE PERMANENT SYSTEM RELIABILITY FUNC TION

The permanent of VPSRM is called the variable paenasystem reliability function and
is abbreviated as VPF-r. VPF-r for expression (B s represented by the expression (3.10). This
multinomial (equation 3.10) represents the relinbdf CCPP system of Figure 3.2 and includes all
the information regarding various constituents gstesns and interactions amongst them. A
physical meaning is associated with each term ohpeent function (Prabhakaran et al. 2006).
Permanent function for SRG in Figure 3.5 is writésrequation (3.10) and graphical representation
of different terms is shown in Figure 3.6. In thgoeession (3.10) all the terms are arranged in the
decreasing number of system reliability attribéte there are six systems, the number of groups is

seven and second group is absent due to self lgopin
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(3.10)

The first group in the permanent function (exprass8.10) isRR R R R E and it
signifies that for the reliable availability of CERill six systems must be present. It is requioed t

consider the reliability of all the six systems.
First term of third group,(r13r31) (RZR4R5R6) , shows the interdependency of systems and

signifies that reliable transfer of power from gabine to air compressor,) and compressed air

from air compressor to gas turbing,( for

13
(=) (v
r31

1 Term +4 Other Terms
(a) Group 1 (b) Group 3
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(c) Group 4

+3 Other Terms
31
)
r65
+3 Other Terms
(d) Group 5

+5 Other Terms
(e) Group 6

+1 Term

(f) Group 7

Figure 3.6Graphical representation of permanent function éfqn 3.10) corresponds to

digraph (Figure 3.5)

cooling the gas turbine blades will effect thealele availability of combustion chamber system
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(R,), HRSG systemR, ), steam turbine systerR) and water systemR; ). Second term of third
grouping,(r34r43) (RleRsRﬁ) , interprets that effect of air compressor and asstibn chamber

system reliability on steam turbine and water systeliability is affected by the loof, [ ,,. In the

similar way gas turbine cycle reliability affectsiter system reliability if loopr,f.,is working

reliably. It is represented by the ter(m45r54)(RlR2R3Rﬁ) . Fourth term of third

group(r,ds,) (RR,R;R) interprets that reliability of gas turbine cyalepresented bR R, R,

will effect the reliability of loop r,4f,, which is further connected to the steam turbinstesy
(R,). Therefore, steam turbine system is not affebiethe gas turbine cycle directly and it will be

affected by the reliable availability of HRSG andter system loop.
Fifth term in third group(rsares) (R1R2R3R4) , represents that reliability of gas turbine

cycle and HRSG system will affect the reliabilitiysteam turbine and water system loop. HRSG
system is the link between gas turbine cycle aaemstturbine cycle due to which lobg ..is
effected by gas turbine cycle. In the Figure hBre are three two system reliability loops

(rdl 3. el @NArrs) and all these loops are covered by third grouping

First and second terms of fourth grodfR R( s r56r64) and RR R( he I’65r54),

signifies the effect of gas turbine cycle on thep® ..t ., and r, I I .,. Flue gases coming out
of the gas turbine cycle give thermal energy tostieam turbine cycle with the help of HRSG. Any

effect on the reliable availability of flue gasedlvaffect the reliability of steam cycle loops

(I od gqandr, o o). Third term of fourth group iR R, F%( [ r34r42) . Air compressor reliability
will affect the Ioor(r23r3[ 42). HRSG, present in the loop, is the system affgctie reliability of

steam and water system. Fourth term of fourth gréyRR F%( [, rzarsj), signifies that

performance of steam turbine cycle is affectedhgyloop (,,f,J ;) which is in the gas turbine

cycle. The number of three system reliability lanpghe Figure 3.5 is four, due to which there are
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four terms in fourth group.
Fifth group is having four termsRFg( 54r43)( red 65) , R F§( E3r31)( Isd 65) ,

Rst( Esral)(r%r 6A) and RZF%( [3r31)(r4§54). First term signifies that air compressor system

affects combustion chamber system and reliabilitijue gas coming out of combustion chamber
affects the Ioop(r34r43) and this loop further affects the Io@geres). Reliability of steam turbine
and water system is affected by the gas turbineairmtbmpressor system because HR$%)(is

the link between them. The second terRZ&( Esrm)(r%r 65), signifies affect of combustion

chamber on air compressor and gas turbine aneffeists two system reliability Ioopirsares) due
to the presence of HRSG system in between thennd Taim signifies the effect of combustion

chamber and steam turbine system on two systemabiléy loops (rl3r31) and
(r46r64) respectively. In the similar manner forth term esm@nts that combustion chamber and

water system affects the Ioor($l3r31) and(r45r54) respectively and these loops are linked due to

HRSG.

Sixth group is having six terms. These terms angnigaone system, one loop of two
systems reliability and one loop of three systesimlbility. In sixth group also effect of each
system is taken into consideration.

Seventh group is having two terms with two loopghoée systems reliability.

Permanent function related with any digraph mayéeeloped by visual inspection also.
For this purpose all the loops have to be identiied a proper association with system has to be
presented in such a way that characteristic cfysflems is covered.

From the analysis it is also found that no suchhioation of loops and systems comes

into permanent function which is not able to cawer effects of all systems. For example no group

is having the terms like ((rlzrzgm) (r42r2{34)) or ((r42r2{34) (r45r5({ 64)) because this
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combination is not covering the effect of all systems.

The value of VPF-r gives reliability of the CCPPden the specified conditions. This
reliability value can be compared with the relighilof the other similar power plant. In
engineering analysis it is more suitable to repree real time value of performance parameter in
terms of percentage or dimensionless number. Fopthipose the concept of Real Time Reliability

Index (RTRI) is used for reliability analysis of €€.

3.1.2.4. CCPP REAL TIME RELIABILITY INDEX (RTRI ccpp)

Concept of real-time reliability index (RTRI) wasoposed first time for a steam power
plant (SPP) by Mohan et al. (2008). It was defiasdthe ratio of its reliability under real-time
conditions to the reliability under its designechditions. The reliability of a CCPP decreases
regularly with time due to various reasons suchnas-availability of some of the systems,
equipments or due to aging effect, etc. Performarfige combined cycle power plant in any case
can not be higher than its designed value. Theeftor all practical purposes, real-time
performance of a CCPP is judged with respect taésigned performance. In view of this, the
RTRI for combined cycle power plant is defined & tratio of real time reliability, i.e.
(Reliability)sr to the designed reliability that is (Reliability) Mathematical expression is as

following:

RTRL., = (Reliability)ey _ (VPF—T)gr (3.11)

(Reliability),  (VPF-T),

To calculate this index, the values aof &d 1, are required to be replaced in equation
(3.11). Faisal et al(2007a) explained that if data regarding the \de®s from some previous

research or field study is available it can be usadktermine the index. But in case no quanti¢ativ
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values are available and in order to avoid comp}eat system or subsystem level, then values for
inheritance and interrelation may be taken froml@&éh3 and 3.4 respectively. As mentioned

earlier that one can choose any scale farR; (Faisal et al., 2007a; Wani and Gandhi, 1999). The
user may select an appropriate scale, for exar@pt, 0-10, 0-50 or 0-100 for'&kand y's, but

the final ranking will not be affected as these @lative values. However, lower scale value is

desirable to obtain a manageable valueRTR|..,,and also to reduce partisanship.

Index value may differ from plant to plant becaasery system and interdependency has
different values. In this way, different power gmay be arranged in ascending or descending
order, according to their reliability index valtéhe value of RTRI will indicate the probability of
complete shut down or operation of the CCPP aigbdoad or due to degradation of systems or

equipments.

Table 3.3 Quantification of factors affecting comdad cycle power plant reliability

S. No. Qualitative measure of parameters affectidgsigned value of
combined cycle reliability parameter (R

1 One failure in every shift 1

2 One failure in one day 2

3 One failure in one week 3
4 One failure in one month 4
5 One failure in three months 5
6 One failure in six months 6

7 One failure in one year 7
8 One failure in two years 8

9 One failure in five years 9
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Table 3.4Quantification of interdependencies/ off diagornah®ents

S. No. Qualitative measure of interdependencies Assigned value ofjr
1 Very Strong 5
2 Strong 4
3 Medium 3
4 Weak 2
5 Very weak 1

3.1.2.5. STEP-BY-STEP PROCEDURE FOR DETERMINING RTRLpp

A methodology is the key for the evaluation BXTR|. .., for different combined cycle
power plants. Step by step methodology based grhgitaeory and matrix method developed in
forgoing section is epitomized as following:

Step 1: Consider a combined cycle power plant. $eems to be very large system then divide it
into smaller subsystems (e.g. air compressor systembustion chamber system, gas
turbine system, HRSG system, steam turbine system,water system). Identify the
various system categories affecting the CCPP iiéitiab

Step 2: Develop system structure graph for theabdity of CCPP system based upon the
interaction among different subsystems.

Step 3: Convert the system structure graph of Ci@fRcorresponding system reliability digraph
(SRD) with systems reliability as nodes and edgeshie reliability of interconnections.

Step 4: Develop the CCPP system reliability matorresponding to the CCPP system reliability
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digraph. This will be N x N matrix with diagonakehents of Rand off-diagonal elements
of rj. The value of inheritance; Rdiagonal elements) and reliability of interactom
(off-diagonal elements) for each sub-system isd#atiby data available in literature or
from industry.

Step 5: Calculate the permanent function of CCRRegy reliability matrix for values of real time
reliability (Reliability)zr and designed reliability (Reliability)

Step 6: Calculate the ratio of real time reliakiind designed reliability as in equation (3.11)isT
is the value of RTRL.,,which mathematically characterizes the reliabitifcombined

cycle power plant based on the different systerdslagir interdependencies.

3.1.3. EFFICIENCY ANALYSIS OF CCPP

Due to the inexorable rise of electricity demaresearchers in the power plant area are
hankering for best utilization of energy resourckgpower plant is considered inefficient if the
plant’s existing resources or inputs are utilizeb-sptimally, as a consequence of which the plant’s
power generation is less than its potential maximum possible generation. Efficiency, to
effectively utilize the energy supplied, is infleerd by the design, manufacturing, construction,
operation, and maintenance. Capability and effigjyaeflect how well the power plant is designed
and constructed (De Souza, 2012). It is the natfippwer plants that they do not work at all
times at their design point conditions (Zwebek attidis, 2003). Off-design due to normal
conditions (change of ambient conditions and peatl) and abnormal conditions (change in fluid
path component configuration due to degradatiom}wo main sources which offset the plant from
its design point conditions.

This section presents a mathematical model usiaghgtheoretic systems approach that
enables the prediction of the efficiency of a CGRRerms of an index by taking into account

various design parameters and interactions betwlsem. The first step for GTA is to develop
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system attribute digraph for efficiency analystss Ideveloped in the next section.

3.1.3.1. SYSTEM EFFICIENCY DIGRAPH (SED)

For the efficiency analysis also CCPP is dividet ix systems as explained in section
(3.1.1.1) of this chapter. Let efficiency of the& siystems of plant be represented by verticés D
(i=1,2,3,4,5,6) and interconnection between twdesys (D, D)) is represented by edges @ j

=1,2,3,4,5,6 and4) connecting the two vertices; Bnd D.

Figure 3.7 Digraph showing six attributes of CCRE their interdependencies

In actual system all six system doesn't affect eattier. The digraph consists of a set of
nodes D = {0} with i=1, 2, 3, 4, 5, 6 and a set of directed esigl = {d} called as System
Efficiency Digraph (SED) is shown in Figure 3.7 asdorresponding to the SSG shown in Figure

3.3. SED shows effect of one system efficiency lan ather systems without taking interacting
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media into consideration.

3.1.3.2. VARIABLE PERMANENT SYSTEM EFFICIENCY MATRI X

(VPSEM)

The procedure for converting a SED into matrix fderas explained in section 3.1.1.2.
The matrix corresponding to the SED of Figure &7called as Variable Permanent System
Efficiency Matrix (VPSEM) Z and is written as in expression (3.12). The magpresentation
gives an overview of the systems and interdeperieiat the systems. The value of the VPSEM
can be analyzed using variable permanent systeciesify function as explained in next section.

D, d, d, O 0O 0]
0 D, dy O

0
d, 0 D, d, 0 O
d (3.12)

N~
5

d,
0 0 0 d, D dg
d

3.1.3.3. VARIABLE PERMANENT SYSTEM EFFICIENCY FUNCT ION

The permanent function of VPSEM s called the alalé permanent system efficiency

function and is abbreviated as VPF-e. VPF-e forimé3.12) is written as:

Det[ Zc] = [( BIPYBY DA Dst) +(dd;)( D,D,DDY+(d,d) DD D D),
*+(d,505,)(D,D,D DY +(d , d)(DD P PY+(d d Y DP D D),
*(dy5056d:)(D,D,DJ + (d, ded)( DD DY+ (dd.d) DD D)
+(dy,d,,03)( D,DsDg +(d5,05)(dsedes) (DD ) + (d A ) (d s d ) D D),
*(0h505,)(dyeds)( D,DJ + (d; dg)( dd DD+ (d gl dyd)s L
+(d,505606)( dygdz) D+ (deded( did), D3 ( dyd,d)fy dedss D,
+(d,,d,50;)(dyedg) Dst ( 0y05405)(dsds) Dot (dyd o d)( dyedsd),
+(d,,d,5d;)( dyedgsds)
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+1 Terms

(f) Group 7

Figure 3.8Graphical representation of permanent function g&qo 3.13) corresponds to
digraph in Figure 3.7

Every term in the permanent function carries infation about the physical system of
combined cycle power plant. Permanent function idgesl above for the efficiency index may
also be written by visual inspection of SED in FgB8.7. In SED there are five two system
efficiency loops {(d,,d,,), (d,;,d,;), (d,dg,) . (d,.dg,) and (dydgo) }, four three system
efficiency loops {(d,,d,,dy), (dy3d;,d,,), (dss0s60s) and (d,edgsds,) 3. There is no loop
with four, five or six system efficiency. All theopsible combinations with these loops covering all
the systems are shown in expression (3.13).

The value of the permanent function can be caledlavith the help of computer
programming tool. For calculation of permanent fiorg values of the interdependencieﬂ;j][

and inheritance D, ) have to be quantified in the expression (3.18) graphical representation is
shown in Figure 3.8.

In real life situation inheritance of the systerssfurther dependent on the design
parameters. Design parameters not only affect fiicedcy of systems but each other also. This
makes the efficiency analysis highly complex. Bffetdesign parameters on systems efficiency

are studied using digraph and matrix method aesy$tvel. Performance Parameter Digraph (PPD)
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is developed at system level which takes care béritance and interdependency of design
parameters affecting the efficiency of that systéor. the simplification of analysis and to obtain
the manageable value of efficiency index the conadpReal Time Efficiency Index (RTEI)
developed by Mohan et al. (2006) is used. The dtegp for the efficiency analysis at system lesel i

to identify the design parameters, correspondireptth system, affecting its efficiency.

3.1.3.4. IDENTIFICATION OF DESIGN PARAMETERS FOR CC PP SYSTEMS

The design parameters affecting CCPP performarceeay large in number. It is difficult
to establish relationship amongst these desigmpeteas without categorizing them in relation to
six systems. The design parameters affecting teRG&ficiency have been identified on the basis
of literature survey and industrial data. The digrat system level, for each system, are developed

to
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Figure 3.9Diagram showing systems of CCPP and design parameters
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represent the inheritance and interdependencidesfin parameters. The parameters identified are
epitomized in Figure 3.9 corresponding to each esystRationales for selecting the design
parameters for air compressor, combustion changaarturbine, HRSG, steam turbine and water

system are discussed below.

(i) Compressor System

Axial flow compressor is used to compress filteagdbefore entering combustion chamber.
The thermodynamic losses in compressor are incatgobrin the model by considering polytropic
efficiency in place of isentropic efficiency. Theam gas path components of the gas turbine cycle,
namely compressor and turbine, will degrade withgim® use, (Diakunchak, 1992;
Lakshminarasimha et.all994; Tabakoff, 1986; Tabakoff et al., 1990) whilsén results into engine
performance deterioration. Design parameters afiggchir compressor system efficiency are as

explained below:

1. For compressing the air at a higher temperatusegctimpressor needs a more significant work.
With the increase of the ambient temperature, thrapressor work is increased and the net
power output is decreased, which affect in decngasihe thermal efficiency (Ashley and
Zubaidy, 2011; Yokoyama and Ito, 2006). Output GRP is a strong function of the inlet air
temperature. When the inlet air temperature dropsle power output increases considerably
and heat rate varies slightly (Wen and Narula, 200(here heat rate is heat input required to
produce a unit quantity of power.

2. Enthalpy and specific heats (both at constant presand constant volume) for a gas at
particular temperature and pressure have diffargioies for humidified air and non-humidified
air. This difference depends upon the relative loityi

3. Compressor efficiency is a function of manufactgrijuality. Different gas turbine has different
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efficiencies (Bhargava et al., 2004; Bianchi et2005). Compressor erosion is represented by a
lower inlet mass flow capacity and a reduction inmpressor isentropic efficiency
(Lakshminarasimha et al., 1994).

4. Due to fluid friction, pressure ratio across thenpoessor would be greater than the pressure
ratio across the turbine. The thermal efficiencyidgal Brayton Cycle is being given by the

following relationship

Mw =1 (3.14)

rp= compressor pressure ratio
v = ratio of specific heats
5. Compressor outlet temperature is the temperatunenith compressed air will be entering the

combustor. It is affected by the pressure ratiouigtropic efficiency of compressor.

(i) Combustion Chamber System

Combustion chamber system includes the consideratiolosses due to incomplete
combustion and pressure loss due to friction. ldugsto incomplete combustion is taken care by the
use of the concept of combustion efficiency, wipitessure loss is accounted by taking percentage
pressure drop of the combustor inlet pressure.oRalts for selecting the combustion chamber

design parameters are as given below:

1. If the inlet temperature of air to combustion chamis higher then lower amount of fuel is
required to attain the combustion outlet tempegaturTurbine Inlet Temperature (TIT).

2. Type of fuel used in combustion chamber is onenefdeciding factors that how much heat is
released by burning unit amount of fuel. Ratio aftidn to Hydrogen (C/H) decides the calorific

value of fuel. With the increase in fuel-calorifi@lue the burning velocity increases which
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decline the NOx conversion rate slightly (Poulligk2005).

3. Combustion chamber loses energy due to heat transfese and vibration. Fuel utilization
efficiency depends upon the design of combusti@rdier. Fuel utilization efficiency (FUE) of
a plant is the ratio of all useful energy (powed anocess heat) extracted from the system to the
input fuel energySanjay et al., 2008).

4. Overall efficiency of cycle depends upon the amafntuel injected in combustion chamber
being other factors same. There is no other suppgnergy to the cycle for a fixed net output
power, so mass of fuel injected will be decidingtéa for cycle efficiency.

5. If the mass of air entering the combustion chamipets changed and amount of fuel is
unchanged then combustion chamber outlet temperaiillrdepend upon the mass of air. For a
lean fuel-air mixture, if amount of fuel remainsreaand mass of air decreases then temperature
of flue gas is increased.

6. Combustion chamber outlet temperature is fixedhleyrhal stress limit of turbine blade material.
As the TIT changes the cycle efficiency also change

7. Under high pressure conditions, combustion efficjeimproves with increase in pressure in

combustion chamber (Saravanamuttoo et al., 2003).
(iiiy Gas Turbine System
Each row of the turbine is treated as an expandrses walls continuously extract work.
Expansion process in turbine is polytropic andpbbytropic efficiency takes care of losses in the
expansion process. Performance deterioration intgdsnes is due to fouling, increase in tip
clearance, water ingestion and Foreign Object Dan{&PD) (Lakshminarasimha et al., 1994).

Design parameters affecting gas turbine systertiefity are based upon the following reasoning:

1. Expansion ratio of gas turbine and compressiorm rafticompressor are mutually dependent.
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Increase in expansion ratio along with turbine tinlemperature decreases specific fuel
consumption and in return efficiency is increaséaty, 1992; Najjar and Akyurt, 1994; Chiesa
et al., 1993).

2. In principle, raising the turbine inlet temperatimereases the efficiency and the specific work
output of gas turbine cycles (Bolland and Stadd835).

3. If the efficiency of gas turbine is higher then thidization of energy in gas turbine is higher.
Turbine erosion is represented by an increased @apacity plus a reduction in the turbine
isentropic efficiency (Lakshminarasimha et al., 499

4. Flue gases coming out of gas turbine at lower pressnd high temperature are passed through
HRSG for waste heat recovery.

5. Cooling air is passed through the blades for cgo{iforbidoni and Horlock, 2006). This air
quantity is fixed by air-by-pass ratio.

(iv) Heat Recovery Steam Generator (HRSG) System

In the case of the HRSG and the condenser (hehtiagers), two types of degradation are
available, one is the outer tubes surface foulimy@rrosion due to flue gas, and another is therin
tubes surface scaling or erosion due to impuritissolved in water. Even with the latest fuel
treatment techniques, the exhaust gases from theugaine contain some chemicals in the form of
soot which deposits on the outer heat transferasesf of the HRSG. The impurities present in
circulating water deposit on the inner walls of leat exchanger pipes and lead to reduction in the
heat exchanger performance (effectiveness). Nisgdgarameters are identified affecting HRSG

efficiency based upon the following explanations:

1. Itis being found that introducing multipressureash generation in the HRSG in place of single

pressure improves the performance of CCPP. HRS&slassified into single, dual, and triple

pressure types depending on the number of drutheiboiler (Shin et al., 2003).

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



2. Duetoincreased velocity of flue gas, convectigathransfer coefficient of flue gas is increased.
If the velocity of flue gases coming of gas turbiméigh then more heat is transferred to HRSG
tubes and steam is produced at high temperaturprasdure (Carapellucci and Milazzo, 2007).

3. Heat transfer by conduction mode is more than ociive@ mode for the same temperature
difference. Heat transfer by radiation is very liessase of flue gas.

4. If the flue gas is having high specific heat theer¢ will be very less drop in temperature of flue
gases while passing through HRSG for a specificiannof heat transfer (Beans, 1990).

5. Alarge size of HRSG will minimize the heat losg this will increase the cost of construction
(Shin et al., 2003).

6. Temperature of gases coming out from HRSG is biémited by the dew point temperature of
flue gases (Nguyen and Otter, 1994; Dechamps, 12@8dwer temperature, water present in
flue gas is condensed and leads to the corrosistaok walls due to reaction in between water
and SQ present in flue gas. Higher flue gas temperateaeld to increased energy lost to the
environment and drop in efficiency.

7. The HRSG steam production for a given gas turbioesgdown as the steam pressure and
temperature goes up (Pasha and Jolly, 1995; HI&8@).

8. The amount of steam generated in the HRSG depenttee ginch point of the boiler. (Bouam et
al., 2008; Chmielniak and Kosman, 2004; Huang, 19®%here pinch point is the difference
between gas temperature leaving an evaporatingpseahd the temperature at which boiling

occurs.

(v) Steam Turbine System

A steam turbine is a mechanical device that exrémrmal energy from pressurized steam

and converts it into a useful mechanical work. Btéarbine is attached with the Turbo-Generator

(TG) and mechanical energy obtained from steanirteris used for electricity generation. The high
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pressure section of a steam turbine is a singtgedtaw turbine and low pressure section is double
flow type. As with the case of gas turbine gas paimponents, (Zwebek and Pilidis, 2001), the
steam turbine cycle steam path components aresaljected to degradation due to fouling, erosion

and corrosion. Design parameters selected for steidnime are due to following reasons:

1. Pressure ratio across steam turbine depends upgen pvassure in HRSG. Higher pressure ratio
leads to higher efficiency.

2. Steam turbine has some internal losses due to veffficiency of cycle decreases. Higher steam
turbine efficiency means higher CCPP efficiency.

3. Turbine work per unit pressure drop is much greatténe low pressure end than at high pressure
end of a turbine (Boyce, 2002). In a condensemlaeting the back pressure, steam flow for a
given output reduces and thus the plant efficiencseases.

4. Inlet temperature of steam in steam turbine isdfikg thermal stress limit of blade material.
Lowering the temperature leads to lower efficiency.

5. Steam turbine exhaust pressure is equal to theasiaiu pressure corresponding to the
condensing steam temperature, which in turn, isnatfon of cooling water temperature (Nag,

2010).

(vi) Water System

Demineralised water is required for cooling theipments. A plate heat exchanger is
installed between equipment cooling water systethauxiliary cooling water system to exchange
heat between demineralised water and auxiliaryiogolvater. Equipment Cooling Water (ECW)
system supplies demineralised cooling water tocampressor cooler, high pressure feed pump

cooler, steam turbine lubricating oil cooler, steanbine generator cooler and condensate extraction

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



pump thrust bearing cooling system. The inefficieatcondenser is due to pressure and heat losses
and causes undercooling of the condensate. Ireffigi of water system is associated with its

equipment’s inefficiency which is due to the reasan explained below:

1. Clarification of raw water and preparation of deinsitized (DM) water is accomplished in the
DM plant and supplied to the deaerator (Tuzson21.99

2. In the CCPP cooling water is utilized to condersedteam discharged from the steam turbine
(Bianchi et al., 2005). Steam condensate and DMerugkwater passes to the deaerator through
low-pressure heaters (LPHs) with the help of CordenPumps (CP). Large size of condenser
gives better effectiveness but cost of the systemeases.

3. Condensed water from the condenser, with the htlfheo boiler feed pump (BFP), passes
through High Pressure Heaters (HPH) and the ecamorto boiler drum. Some part of energy is
lost in the pumps.

4. Some part of energy is lost in boiler makeup waystem.

5. From the cooling towers some part of energy istlmsthe environment and this depends upon the
back pressure of steam at steam turbine outlet.

For CCPP efficiency analysis at system level glateps of GTA (digraph representation, matrix
representation and permanent representation) dgeselin section (3.1.1) are explained in the

following section in sequence.

3.1.3.5. PERFORMANCE PARAMETER DIGRAPH (PPD) AT SYSTEM LEVEL

Digraphs for each system category are developesiadering inheritance and interdependencies

of design parameters. Nodes in the digraph reprethen design parameters and their mutual

interactions are depicted by different edges. PBDehch system category are developed and

represented as below.
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(a) PPD for Air Compressor System

Inlet air temperaturerEll

Inlet air humidity—E}

e e Polytropic eﬁiciency:—Eé

Figure 3.10 Digraph for air compressor system aegayameters

(b) PPD for Combustion Chamber System

Compressed air temperatureEl2
Calorific value of fuel:—EZ2
Combustion efficiency:-E32

Flue gas temperatureEf

Velocity of flue gas= ES2

Mass of fuel injected- Eg

Mass of air entering combustig

>

Figure 3.11Digraph for combustion chamber system design paemse
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(c) PPD for Gas Turbine System

Expansion ratio*.-Ef

Turbine inlet temperature'.Ez3
GT polytropic efficiency:—E:
GT outlet temperature: E43

. . L3
Quantity of cooling air+ E5

Figure 3.12 Digraph for gas turbine system desmameters

(d) PPD for HRSG System

Mass flow rate of flue gas: E14
Inlet temperature of  flug
gas:—E24
Outlet temperature of flug

4
gas—E;

Specific heat of flue gas: Ef

Velocity of flue gas= Eé
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Figure 3.13 Digraph for HRSG system design pararsete

(e) PPD for Steam Turbine System

Steam temperature at ST
inlet:- Ef’

Steam pressure at ST inldfg’

Steam temperature at ST

outIet:-Eg’

Steam pressure at ST outIé:T:?

Efficiency of ST-E;

Figure 3.14 Digraph for steam turbine system depayameters

(f) PPD for Water System
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Efficiency of condenserEl6

Condensate feed water pump efficien&f—

Water treatment plant efﬁcienc;E—S6

Figure 3.19igraph for water system design parameters

3.1.3.6. MATRIX REPRESENTATION OF PPD AT SYSTEM LEV EL

The Variable Permanent System Efficiency Paranidtdrix (VPSEPM) for six systems, for a

general case with N design parameters, is repredeaist

B B, B, B, Parameterf B

B b, b, . .. b B,

b, B, b, .. .. by B,
B=|b, b, B, ... .. b B,

by, By B o o By B,

(3.15)

It may be noted that above matrix represents entteralues of the design parameters that'ss B
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(i=1, 2 ..., N) and the interaction amongst degigrameters isils (i, j = 1, 2 ..., N and # j).
VPSEPM (abbreviated as VR for each system PPD is developed correspondirigetsteps
explained in section (3.1.1.2). At the system leeetresponding to the digraph for air compressor

system (Figure 3.10) in general form is given by:

EE E E E E E Paramete
el E, B, 0 E E] &
1
O EE 0 0 0 E, E,
VPMAirCompressor: O 0 Eé 14 l5 O E; (3.16)
0 0 E, g 0O O El
O 0 0 0 E O© E!
0 0 0 0 E E| E!

In the similar way, VPSEPM for other systems aritem as:

EE E E BE E E E E E E  Paamet

2
e 0 0 B 0 B B, 0 E g o
0 E} 0 E, E, E, 0 0 0 B/ =
0 0 E E, E E 0 & 0 0o &
O 0 0 E2 OFE O 0 0 O El (317
VPMcompusionchambe=| O 0 0 0 : 0 0 E523 Egg 0 E
0 0 0 0 0 FE 0 0E El &
0 0 0 E724 0 E726 E§ E?s 0 0 E72
0O 0 O 0 E825 0 0 E; 0 0 E:
0O 0 O 0 0 0 0 0 E92 0 E92
_0005120400000;5120_E12
0
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(3.18)

(3.19)

(3.20)
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EE E E E E  Paramete
- - 6
£ g 0 0 0]
VPNI\NaterSystem: 8 Eog 06 06 065 Ej? (3.21)
B E,
0 E, 0 B 0| g
0 0 0 0 ES6 E56

Inheritance and interaction can be evaluated byeldping VPF for each system’s VPSEPM

explained in next section.

3.1.3.7. PERMANENT FUNCTION OF PPD AT SYSTEM LEVEL

Permanent function of VPSEPM is called Variableniment System Efficiency Parameter
Function, abbreviated as VPF-ep and for matrixqBi4 written in sigma form in expression (3.22).
Equation (3.22) contaird/ terms organized iN+ 1 groups, wherd\ is number of elements. The

physical implication of various grouping is eludield as under:

* The first grouping epitomizes the measurehl design parameters.

» The second grouping is absent as there is nogifih the digraph.

* The third grouping encompasses 2-design paramietersction loops and measures NfZ)
design parameters.

» Each term of the fourth grouping exemplifies acfe3-design parameters interaction loop or its
pair and measures dfl{3) design parameters.

» The fifth grouping comprises two subgrouping. Taarts of the first subgrouping are a set of
two 2-design parameters interaction loops and thasures ofN-4) design parameters. Each
term of the second subgrouping is a set of 4- dgsagameters interaction loop or its pair and
the measures oNt4) design parameters.

» The sixth grouping encompasses two subgroupingtdimes of the first subgrouping is a set of
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3-design parameters interaction loop or its pair 2ndesign parameters interaction loop and the
measures ofN-5) design parameters. Each term of the second subigmis a set of 5- design
parameters interaction loop or its pair and thesmess of N-5) design parameters.

Correspondingly other terms of the expression areadcated.

z

(3.22)

| N

Quantification of inheritance and interdependencids design parameters may be
established with the help of industrial data or heatatical modeling. If industrial data is not
available then quantification of diagonal elemenitmatrix can be done on a scale of 1-9 as given in
Table 3.1, based on the inheritance of each dgsigameters. Interdependency is decided on the

scale of 1-5 as per Table 3.2. The values of peemtafunctions are used for the calculation of
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RTEI for CCPP as explained in the next section.
3.1.3.8. RTEI FOR SYSTEMS

Combined cycle power plant efficiency analysis ighlty complex because of interaction
among systems and design parameters. For simghificavery system is studied individually by
considering inheritance and interdependencies sifgdeparameters. In present analysis RTEI for
each system is calculated and subsequently us&IBP efficiency analysis. RTEI for each system
is the ratio of real time efficiency (Efficiengaurimd to designed efficiency (Efficiengysigy. If
system is operating at its best then RTEI is oherstise it will be lesser than one because no Byste
can perform better than its design performancéieffcy in present case).

If any system is affected by more number of patans then its VPSEPM is of higher order.
After quantification its permanent function is ofyjher value in comparison to a system being
affected by lesser number of parameters. In thég ealue of permanent is affected by number of
parameters and true picture of system efficiencyreat be had from the index. By using the concept
of RTEI, this problem is resolved. The value of RT&between 0 and 1 for each system and it is
easy to handle and interpret. For complete anabfsisy system it is necessary to develop VPSEPM
at system level by taking the inheritance and dependency of each design parameter in real time

and designed conditions. If the VPF-ep for real etinand design is represented by
(Efficiency qe.mimeand(Efficiency) .., respectively then the value of RTEI for six sysseis

given by following relations:

— ( EffICIe n C» RealTimeAirCompressor

AirCompressor . .
( Effl cien C» DesignAirCompressor

RTEI

(3.23)
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RTE'C —_ (Eﬁ:ICIen C)) RealTimeCombustionChambe
ombustionChamber Effici
( ICIenC}) DesignCombustionChamber

(3.24)

EfﬁCienC ealTimeGasTurbine
RTEleasTurbinez( Vrcatinecestut (3.25)

( EfﬁCienC)b DesignGasTurbine

RTEIHRSG — (EffICIenC» RealTimeHRSG (326)

(EfﬁCienC)) DesignHRSG

- ( Effl clen C)b RealTimeSteamTurbine
SteamTurbine . s
( Effl cie nC)b DesignSteamTurbine

RTEI (8.27)

RT E l/v — ( Efﬂ cie nC)b RealTimeWaterSysten
Flersystem ( Efﬂ Ci en C)b DesignWaterSystem

(3.28)

The values obtained for RTEI of the six systemsanfrthhe equations mentioned above
provide guidance for the quantification of diagoement (inheritance) in equation (3.13). The
value of the permanent function obtained in thisywa dependent on inheritance and
interdependencies of design parameters and systEomther values of RTEI and RTRI are
dimensionless numbers and composite index forieffay and reliability can be developed with the

help of three steps of graph theoretic methodology.

3.1.3.9. STEP BY STEP FOR PROCEDURE DETERMINING RTHccpp

A methodology for the evaluation of RTdzbpis proposed on the basis of GTA as discussed

above. The main steps of this methodology are lasife:
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1. Identify the various systems affecting the CCPRiefficy in such a way that no system should
be independent.

2. Develop SED showing all possible interconnectionsdtween systems. This is the digraph at
the system level.

3. Identify the various design parameters affectirgjey’s efficiency for each system.

4. For each system, develop a digraph among the desicameters based on the interactions
amongst them. This is the digraph at each systeeh le

5. Based on the above-mentioned digraphs at systeeh flew design parameters, develop the
variable permanent system efficiency parameterixfair each system.

6. Calculate the variable permanent system efficigranameter function at each system level.
For avoiding the complexity, the numerical valuémberitance and interactions may be used.

7. The value of RTEI at system level is calculatedhwiite help of expressions (3.23) to (3.28) for
all six systems.

8. Develop the VPSEPM for the SED developed in steft?s will be M x M matrix with
diagonal elements of Cand off-diagonal elements ofi.dThe value of RTEI calculated at
system level in step 7 provides guidance for inhede (diagonal elements of)dor each
system category. The values of interaction amahgste systems (i.e. off-diagonal elements of
d;) can be decided by industrial data or mathematiwadelling.

9. Calculate the variable permanent system efficidangtion for CCPP system. This is the value
of CCPP efficiency index based on the differeniglfeparameters and their interdependency.

10. Compare different power plants in terms of CCPRiefficy index and list them in descending
order of their index values. The power plant havihg lowest index value of has the best

chance of efficiency improvement.

3.1.4. COMPOSITE INDEX FOR EFFICIENCY AND RELIABILI TY (CIER)
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None of the power plant system can be understoahalyzed by considering single design
parameter or studying all the parameters indepdlydeAnalysis of thermal power plant
performance on efficiency and reliability basis ¢encarried out by considering inheritance and
interdependency of efficiency and reliability. Fbis purpose a composite index for efficiency and
reliability is proposed in this section. The penfiance parameter digraph for efficiency and

reliability is represented as below:

RTEICCPP ( RTRICCPP

Figure 3.16 Digraph showing attributes of composgitex for efficiency and reliability and their

interdependencies

The performance parameter permanent matrix cornelpg to the performance parameter graph

shown in Figure 3.16 is as represented by theviitig expression

J= |: RTELcee b :| ©9)2

Jo1 RTRlcpp

The permanent function corresponding to the abopeession called as performance parameter

permanent function for reliability and efficiencgdarepresented as following
‘]P = RTE'CCPP RTR!:CPP+ sz .jzl (3.30)

The composite index developed above takes card Bf, IRTRI and their interdependency. This

index may be used for the performance evaluatidd@®PP on efficiency and reliability basis.
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3.1.5. GTAFOR COGENERATION CYCLE POWER PLANT (CGCP P)

Cogeneration is the production of electrical energy useful thermal energy from the same
energy source, due to which it is also called aslined heat and power (CHP) system also. In this
section a GTA based methodology is developed fer ghrformance analysis of CGCPP and
proposed methodology is based on the methodologglaj@ed for CCPP in the section (3.1.1).

CGCPP considered for the present analysis is showigure 3.17. The air at the ambient
temperature is compressed by the air compressordaadted to the combustion chamber. The
compressed air mixes with the CNG from the fuelpbysystem to produce hot flue gas in the
combustor. The hot flue gas is delivered to thetgdsne where the power is generated. The exhaust
gas passes through a process heater where watenvisrted into heated water or steam. The steam
produced is used as process steam. For the GTAsneogtion cycle power plant is divided into

following four systems:

1. Air compressor system {P
2. Combustion chamber system)P
3. Gas turbine system {pP

4. Process heater system)P
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Figure 3.17 Schematic flow diagram of Cogenera@ignle Power Plant

3.1.5.1. SSG FOR CGCPP

Let each of the four systems of plant be represkeriy vertices P(i=1,2,3,4) and
interconnection between two systems is represdnytedges g(i=1,2,3,4 and #j). In actual system
all four systems doesn't affect each other. Thelytheoretic representation [P, g] of vertex argkeed
sets of four systems of cogeneration cycle powantplcalled system structure graph (SSG), is
shown in Figure 3.18. This is based upon the waorkihcogeneration cycle power plant as per the
following:
1. The ambient air comes to the compressor after b#lieged by air filters. Compressor and
turbine are attached with a shaft. The power topress the air comes to the compressor from
the turbine. This is represented by the edge g
2. After compression air goes to the combustion charabeepresented by edge.g
3. Gas turbine blades are cooled by being made hdtothat a coolant air can circulate through it.

Coolant air is obtained directly from the compressitus bypassing the combustion chamber.
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Edge gs represents the bypassing of cooling air.

4. Combustion product called as flue gas, flows totgdsine from combustion chamber as shown
by edge g.

5. Depending upon the temperature of flue gas, probesaser [F] may be used for (i) partial
heating (regeneration) of the compressed air Iggvia compressor {§), (ii) generating process
steam.

6. Flue gases coming out of combustion chamber aretiagtto process heater system][&e

shown by the edgeg
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Figure 3.18System structural graph of cogeneration cycle pqaart
The system structure graph (Figure 3.18) represtwetsnternal structure of the CGCPP at

system level. It clearly shows different systemd teir interconnections in the CGCPP as discussed
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above.
A CGCPP performance digraph is prepared to reptrdbeneffect of one system on the
others in terms of nodes and edges as per the datiyy developed in section 3.1.1. Diagraph for

SSG shown in Figure 3.18 is as shown in Figure.3.19

Figure 3.19 Digraph showing four systems of CGCRiPtheir interdependencies

3.1.5.2. MATRIX REPRESENTATION

In order to obtain proper characterization of CGGftlems as derived from combinatorial
considerations, a variable permanent system steichatrix corresponding to the SSD of Figure
3.19 is developed based on the procedure explairssttion (3.1.1.2). Use of this concept in system
structure modeling helps in retaining the strudtinfarmation of the systems and it is convertedin
mathematical form for computer processing. ForGBCPP system, corresponding to Figure 3.19,

variable permanent system structure matriy) @an be written as:

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



1 2 3 4 System

R G, 0; O 1

Vc=l 0 B g3 O 2 (3.31)
g3l 0 P3 934 3
0 g, 0 P 4

3.1.5.3. EVALUATION OF VARIABLE PERMANENT SYSTEM ST RUCTURE FUNCTION

(VPSSF)

The permanent of VPSSM is known as variable permtasystem structure function and for

matrix in expression (3.31) is written as:

Per[V.]=[RRRR+( 9, 9)( BR+( 9. g)( PP+ P 9.2 9 @332

Every term in the Per [¥is representing the part of the system and interFor example

the RP,PsP, shows that all four systems are linked to eaclerotAny of the system cannot be
omitted. The term(913931)( Pza) indicates that if the performance of the link @nd g, is

degraded then combustion chamber system and prbeass system performance is also affected.
The permanent function of CGCPP system (i.e. equadi.32) contains all the possible
components of CGCPP system and their interdeperddiite physical significance of various
groupings in equation (3.32) is explained as foiow
» The first group (of the multinomial 3.32) contaordy one term and represents the presence
of all systems.e., P,P,P;P,.
* The second grouping is absent since these arelfloags i.e., this grouping will occur in
expression only if a system is connected to itself.
» The third grouping contains a set of two systemterdependence and inheritance of the

remaining two systems.
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» Each term of the fourth grouping represents a sé¢hree systems, interdependence and

inheritance of the remaining one system.

» Fifth group is absent because there is no loopading all four systems.

From the above, it is obvious that, in generad,ith grouping containsN +1 - i) Rs and the

remaining structural components (for example, @9 , 4;0x0« , €tc.). The terms of the expression

are arranged in decreasing number @f fBr better interpretation of the system. Becanisthe

arrangement of the terms of system structure iisdéinge grouping, and distinct structures of differen

groupings and physical meaning behind each of ttiesecomplete multinomial can be written by

visual inspection of the graph and is shown in Fg8.20. In the following section step by step

methodology for CGCPP performance evaluation igmiv

1 Term +1 Other Terms
(a) Group 1 (b) Group 3
e % e Absent
(d) Group 5

1 Term
(c) Group 4
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Figure 3.20Graphical representation of permanent function @ign 3.32) corresponds to digraph
(Figure 3.19)

3.1.5.4. STEP BY STEP PROCEDURE FOR PERFORMANCE ANAYSIS

1. Identify the various systems affecting the CGCPfopmance.

2. Develop the CGCPP system structural graph.

3. Develop the system structural digraph corresponthr§SG of CGCPP. This is the digraph at
the system level.

4. Develop the variable permanent system structureibmédr the CGCPP system structure
digraph. The values of inheritance (diagonal elds)eand interaction among these systems
(off-diagonal elements) are to be decided by theedgx on the basis of scale of 1-9 and 1-5
respectively as stated in Table 3.1 and 3.2.

5. Calculate variable permanent system structure imdor the VPSSM developed in step 4.

In the following sections 3.1.6 and 3.1.7, methodyp developed for the reliability and
efficiency analysis of CCPP in sections 3.1.2 arid33 is modified for the reliability and efficiepc

analysis of CGCPP.

3.1.6. REAL TIME RELIABILITY INDEX FOR COGENERATION CYCLE

Reliability is one of the highest priorities in tdesign of power plants. It ranks along with

cost and efficiency as a measure of successfugeguantification of reliability is important for

successful system design. In this section a methggdased on GTA is developed for CGCPP

reliability analysis. The first step is to develBgstem Reliability Digraph (SRD).

3.1.6.1. CGCPP SYSTEM RELIABILITY DIGRAPH
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If the node Arepresents the reliability afh system and;aepresents the reliability of the
interconnection betweeith andjth systems (nodes) of CGCPP; then, systems réfiagilaph or
digraph (SRG) can be obtained from the SSG of aR®Eigure 3.18 or 3.19) and is as represented

in Figure 3.21.

Figure 3.21 System reliability digraph for cogetieracycle power plant

The digraph model (SRD) provides the system straatliability unequivocally. Reliability
of the connection between two systems is considétéd systems are connected either by rigid or
flexible links such as connection between gas nérlaind air compressor through a mechanical shaft
or between combustion chamber system and watesraytitrough flue gases. Once the SRD of the
CGCPP is obtained from SSG, reliability analysicasried out using matrix representation and

development of permanent function as outlined below

3.1.6.2. VARIABLE PERMANENT SYSTEM RELIABILITY MATR IX

Variable permanent system reliability matrix (VPSRB} abbreviated as VPM-r for the

cogeneration cycle power plant corresponding taltgeaph of Figure 3.21 is written as:
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(3.33)

3.1.6.3. VARIABLE PERMANENT SYSTEM RELIABILITY FUNC TION

The permanent of VPSRM is called as variable paanta system reliability function,

abbreviated as VPF-r, and for the expression (3t38written as:

Per[B]=[AAAA+(%a)( AA+( &a)( AA+ A za g (334

The reliability value of a CGCPP would start grdtjudecreasing with time due to various
reasons such as non-availability of some of thepmmants or due to the aging effect, etc. Some of
the plant operators for short duration may be dpegahe plant at overload conditions. But these
short term gains lead to long-term losses like c&dn in the life span, or cascading of damage, etc
With the help of expression (3.34), real time ility and designed reliability for a CGCPP can be
evaluated. In the next section REB¢ppis calculated corresponding to the methodolog\eligped

in section 3.1.2.4 for the evaluation of RERdp

3.1.6.4. CGCPP REAL TIME RELIABILITY INDEX

For comparison of actual or real time reliabilify@GCPP [(Reliability)] it is difficult to

find a power plant having exactly same design aitld same equipments. Secondly the performance

any power plant in any case is not expected to bter than its designed value that is
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(Reliability)occerp. Therefore, it is appropriate to judge real tinegfprmance of a CGCPP with
respect to its design performance as explaineddtia (3.1.2). The ratio of real time reliability
the designed reliability is defined as the Real diReliability Index (RTRI) for CGCPP and is

expressed as:
_ Reliability o, _ VPF =1 )t

RTRLgepn = = 3.35
ocrr = Reliability, | VPF —1 ), (3.35)

Reliability of a CGCPP is further dependent on thaintenance of its equipments/
components. The designed level of the product paidace implies that the maintenance has been
performed as per the schedule and also the efigiehoperation is at the rated/ designed value tha
is operating at Maximum Capacity Rating (MCR) dt fioad conditions. In the real time regime, the
process would be performing at the levels restlitig reliability as crossing these restrictions may
lead to shut down/ closure of some of the systems.

Reliability of a power plant is not only dependentcomponent performance but also on the
training of operational personnel, human resourolcips of management etc. The overload
operations also reduces the real time reliabilitplant. RTRI for cogeneration cycle power plant
will achieve its maximum value of unity when plaist operating at designed condition with

satisfactory performance of all of its systems.

3.1.6.5. STEP BY STEP PROCEDURE FOR DETERMINING RTRcccpp

The methodology described above for the calculatibRTRI for the cogeneration cycle
power plant is reproduced below step by step.
Step 1: Consider a cogeneration cycle power phsitt is very large system, divide it into smaller
subsystems (e.g. air compressor system, combugtamber system, gas turbine system

and process heater).
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Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Develop system structure graph for thiabiity of CGCPP system based upon the
interaction among different systems.

Convert the SSG of CGCPP into correspondystem reliability digraph (SRD) with
systems reliability as nodes and edges for thabiiliy of interconnections.

Develop the CGCPP system reliability matrorresponding to the CGCPP system
reliability digraph. This will be N x N matrix withdiagonal elements of ;Aand
off-diagonal elements ofjaThe value of inheritance ;Adiagonal elements) for each
system and interactior) & decided by industrial data or literature survey

Calculate the permanent function of CGE&f&em reliability matrix for values of real
time reliability and designed reliability.

Calculate the ratio of real time religpiand designed reliability as in equation (3.35).
This is the value ofRTRL...-pwhich mathematically characterizes the reliabiifyany
cogeneration cycle power plant based on the differsystems and their

interdependencies.

3.1.7. EFFICIENCY ANALYSIS OF CGCPP

The procedure for the evaluation of efficiency éveloped using SSG developed in section

3.1.5. Then its corresponding System EfficiencyrByidn (SED) is developed by associating attribute

efficiency to the systems and interconnections aysbthe systems. SED is converted into matrix

form and permanent function is developed corresipontb the efficiency matrix. Procedure of

efficiency analysis for CGCPP is same as develdpe@CPP in section 3.1.3.

3.1.7.1 SYSTEM EFFICIENCY DIGRAPH (SED)

For the development of CGCPP system efficiencyagligr the four systems are represented
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by four nodes as shown in Figure 3.22. In thisrigh, E,, Es and & represents the inheritance of air
compressor system, combustion chamber system,ughine system and process heater system
respectivelyg; represents the interdependency of efficiencigtosystem oijith system. SED shown

in Figure 3.22 is corresponding to SSG shown inufeig3.19. The directed edges are drawn

according to the interdependence of these systemeweloped in section (3.1.5).

Figure 3.22 Digraph showing four attributes of Cogeneration IE€y®ower Plant and their

interdependencies in the system

3.1.7.2. VARIABLE PERMANENT SYSTEM EFFICIENCY MATRI X (VPSEM)

For the efficiency analysis, SED is converted imtatrix form which is known as VPSEM

and explained in section (3.1.3.2). VPSEM correspanto SED shown in Figure 3.22 is written as:
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E'=|0 E g 0
(3.36)

In matrix E*, the diagonal elements, 5, E;, E, represent the impact of different categories
of systems on the CGCPP efficiency on the bastheif design parameters angrepresents the

interdependency of the system categaigdj, represented by the edgef®mi toj in the digraph.

3.1.7.3. PERMANENT REPRESENTATION OF CGCPP SYSTEM MATRIX

Both digraph and matrix representations are n@juein nature because they are altered by
changing the labels of their nodes. Hence, to dgvalunique representation that is independent of
labeling, a permanent function of the CGCPP systatrix is proposed here. The permanent is a
standard matrix function and is used in combinatomathematics. The permanent function is
obtained in a similar manner as the determinantublike in a determinant where a negative sign
appears in the calculation, in a variable permaf@mttion positive signs replace these negative
signs.

The expression for permanent function correspandinfour-element digraph, as shown in

Figure 3.22, is written as:

Per(E)= EEEE,
tepenEBsEitese B Extenen BB
tezepEiEstesepEEsteenEl B

tep eszenEstesenenEyteneenks (3.37)
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Equation (3.37), i.e. the permanent function of @@&CPP system matrix, is a mathematical
expression in symbolic form and contains a numlbéemmns which are structure invariants. If the
values of CGCPP system matrix, i.e. equation (3aBé)substituted in equation (3.37), then, some of

the terms in various groupings are nullified argltant permanent representation is as follows:

Perl E|=[EEEE+(ee)( EB+( ad( EFF Es£R @39

To calculate this index, the values ¢fdfd g are required. Quantification of the &d ¢ can
be done on the basis of industrial data or litesaswrvey in conjunction with Tables 3.1 and 3.2.
Efficiency of four systems is dependent on manyigtesand operating parameters.
Therefore, at the system level also digraph faciefficy is developed by taking into consideration
inheritance and interdependencies of design. Pupeefbr calculating RTEI at system level is
explained in sections: from 3.1.3.4 to 3.1.3.8. iPrgparameters affecting the air compressor,
combustion chamber, gas turbine and process heggtem efficiency in CGCPP are the same as
identified for the air compressor, combustion chamigas turbine and HRSG system of CCPP.

Calculation of RTEI for the systems of CGCPP islaixgd in next section.
3.1.7.4. RTEIFOR SYSTEMS

As discussed earlier if design parameters are largeumber then efficiency index of
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CGCPP is so high that it becomes impractical tdyaeathe index. Secondly, system with higher
number of parameters will be dominating the CGCResn efficiency index irrespective of its own

inheritance in the system. For the simplificatimihmethodology a relative index called as Real
Time Efficiency Index (RTEI) at system level is dsfer each system of CGCPP. It is the ratio of
efficiency in real time [(Efficiency] to design efficiency [(Efficiency)] and for four systems is

given by following relations:

_ ( EffICIen C» RealTimeAirCompressor

RTEL, . ==
rrompresser (Eﬂ:ICIenC»DesignAirCompressor

(3.39)

RTE'C - (Eﬁ:iCienC» RealTimeCombustionChambe (3 40)
ombustionChamber Eﬁ; . )
( ICIenC)b DesignCombustionChamber

RT E loasTurbine - ( Eﬁ:iCienC» RealTimeGasTurbine (3.41)

( Eﬁ:iCienC» DesignGasTurbine

— ( EﬁlClenC» RealTimeProcessHeatel
I:QTEIProcessHeater_ Y] (3'42)
Efficiency) ..,
( DesignPr ocessHeater

Design parameters affectin,, E,, E; and E are same as foD,, D,, D, and D,
respectively an explained in section 3.1.3.4 of tthapter. Method for the quantification and
calculation is also same as explained in that @ecB®rocedure for calculating CIER for CGCPP is

also same as explained in section 3.1.4.

3.1.7.5. STEP BY STEP PROCEDURE FOR DETERMINING (RTEl cccpp)

The main steps of the methodology developed foréb@uation of are RTkkcpr as

following:
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Identify the various systems affecting the CGCRieiehcy.

Develop SED for CGCPP system. This is the digrdapgheasystem level.

Identify the various design parameters for eackesysategory of CGCPP system.

For each system category, develop a digraph amleagdésign parameters based on the
interactions among them. This is the digraph aheystem level.

Based on the above-mentioned digraphs amongstroeargmeters, develop the VPSEPM for
each system category.

Calculate the permanent function at each systeral.lévor avoiding the complexity, the
numerical values of inheritance and interactiony beused.

The value of RTEI at system level may be calculatitl the help of expressions (3.39) to
(3.42) for all four systems.

Develop the CGCPP system matrix for the CGCPP sysféciency digraph. This will be M x

M matrix with diagonal elements of; Bnd off-diagonal elements of.eThe value of the
permanent function at each system level providésdagae for inheritance (diagonal elements
of ) for each system category. The values of intevacimong these system categories (i.e.
off-diagonal elements ofjpare to be decided by the experts on the basisadé of 1-5.
Calculate the permanent function of CGCPP systertribm& his is the value of CGCPP

efficiency index which is based on the differensida parameters and their interdependence.

3.1.8. COMPOSITE INDEX FOR EFFICIENCY AND RELIABILI TY (CIER)

Complete analysis of a CGCPP needs to study teedependency of operating parameters e.g.

efficiency, reliability, pollution emission etc. the present work analysis is carried out on edficly

and reliability basis by considering inheritance @mterdependency of efficiency and reliabilityrFo

this purpose a composite index for efficiency aetiability can be calculated on the basis of
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proposed methodology in the section 3.1.4. Thiexnday be used for the performance evaluation of

CGCPP on efficiency and reliability basis.

3.2.EXERGETIC ANALYSIS

In this section, thermodynamics of a 30 MW cogeti@nacycle (Figure 3.23) is studied.
Ambient air enters the compressor (point 1) andrafompression its temperature and pressure is
increased. Compressed air (point 2) is passed dhr@u regenerator where high temperature
combustion gases coming out of gas turbine tratkégr heat to the compressed air. After gaining
heat in regenerator (point 3), compressed air camesmbustion chamber and fuel is added. After
burning with air, chemical energy of fuel is corteerinto thermal energy. Combustion products
temperature depends upon Turbine Inlet Temper&tuif@ (point 4) which is fixed by thermal stress
limit of gas turbine blade material. Combustiondguat temperature is controlled by making A/F
mixture a lean mixture. Gas coming out from gas turbinénfp®) have large amount of thermal
energy. Major part of this thermal energy is trensfd to compressed air in regenerator (point6j to
and high pressure water in process heater (pdmB3. Flue gas temperature at process heatert outle
(point 7) depends upon the dew point temperatufuefgas. Temperature below dew point causes
the corrosion of stack by flue gas.

The performance of the cogeneration cycle is ingattd at ISO day condition (15°C,
101.325 kPa, 60% relative humidity). For the préserlysis, air is considered to be a combination
of Nz (77.48%), Q (20.59%), CQ (0.03%) and KO (1.9%) and their properties are inbuilt function
of software EES. The energy balance equationsaidous parts of the gas turbine plant (Figure 3.23)

are as follows in next sections.
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Figure 3.23 Schematic diagram@dgeneration cycle with regenerator

3.2.1. AIR COMPRESSOR

Axial flow type compressor is used in the cycleeTthermodynamic losses in compressor

are incorporated in the model by introducing thacept of efficiency. For isentropic compressor

efficiency, we have

Nsac = (3.43)

For hysto calculate, isentropic temperature at compressthet is required. As the air composition is

fixed, ideal-gas mixture principles allow the igepic compression to be described as
ST )= (T p= D= (- RE=0

(3.44)

Above equation is used to find temperature at cesgar outlet. Work required for the compressor is

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Wic=m(h-h) (3.45)

3.2.2. COMBUSTION CHAMBER

Combustor model includes the consideration of lwdsecombustor and estimation of fuel
requirement for achieving specified temperaturigsagxit. The combustor losses considered are due
to incomplete fuel combustion and pressure losssldue to incomplete fuel combustion is taken
care by the use of the concept of combustion efiicy, while pressure loss is accounted by taking
percentage pressure drop of the combustor inlsspre. Fuel requirement for attaining the desired
TIT is obtained from the mass and energy balancessa the combustor.

For complete combustion of methane the chemicatéoutakes the form

ACH, +[0.7748N, + 0.205®,+ 0.0003Q,+ 0.019,]
00| +;n][xN2N2+ %, O+ %0 CQ+ X, o ng

(3.46)
Where is the fuel-air ratio on the molar basis and thelam flow rates of the fuel, air, and

combustion products are related by

/1=n—’ and iAz% (3.47)

a

Balancing carbon, hydrogen, oxygen and nitroges, rtfole fractions of the components of the

combustion products are

L 07748
a1+ A

(3.48)
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_0.2059- 2

%o, 1+ A
(3.49)
_ 0.0003+ 1
Xeo, 1+ A
(3.50)
and 0.019+ 2
(3.51)

Mass of fuel supplied can be calculated by enerdgrize between the energy supplied by
the fuel and change in enthalpy of combustion pecteddue to this heat addition. Change in enthalpy

of air after adding fuel in combustion chamberiigeg by following relationship:

mh+m LHV=m h+(@Q-7,) m LH\

(3.52)

Some of the pressure of compressed air and fluesgaslost in combustion chamber and it is

calculated as:
Poa-pp,) (3.53)

3

3.2.3. GAS TURBINE

The turbine is treated as an expander whose wa@tisnuously extract work. The objective for
the development of a gas turbine model in the pteseork is to study cogeneration cycle
performance. If we represent gas turbine efficiemgy st then actual temperatufig at the exit of

the turbine can be calculated by
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(3.54)

and S(T,, p)- €T, p= ¥ D- 4 J- m%:o (3.55)

4

And the inlet and outlet humidity ratios will beetkame. Work produced by gas turbine is used for

driving air compressor and Turbo-Generator (TG).

Wer = m (h - h) (3.56)

WNetGT = WGT_ WAC (3.57)

Mass of flue gas is dependent on the mass of diffsel, but volume is dependent on the number of

moles of molecules present in flue gas.
m, =m + m (3.58)

3.2.4. PROCESS HEATER (PH)

For regenerator and process heater simple massnimal py balance equations are used. The amount

of heat transferred to water may be calculated as

Q,=h-h=h-h (3.59)
3.2.5. REGENERATOR

Temperature of gas at regenerator outlet may kengig

_T3_T2

& =
T5_T2

(3.60)
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Applying the energy balance equation across regtoreyields

m (h-h)= ”a( h- b (3.61)

Pressure loss in regenerator is calculated byall@ning relationship:

B - @-ap) (3.62)

2

3.2.6. EXERGY ANALYSIS

The first law efficiency is a measure of the amaofrénergy transferred while second law
efficiency represents how effectively the energyasisferred. Second law analysis makes it possible
to compare many different interactions in a systand to identify the major sources of exergy
destructions/losses (Dunbar and Lior, 1994). Indhsence of nuclear, magnetic, electrical, and
surface tension effects, the total exergy deswuoctf a system can be divided into four distinct
components (Bejan et al., 1996). The two importames are the physical exerg)E?H) and
chemical exergy ECH ). In this study, the two other components whiah kinetic exergy EKN)
and potential exergyEPT) are assumed to be negligible, as the changeseim tare negligible
(Dincer, 2002). The physical exergy is definedr@srhaximum theoretical useful work obtained as a
system interacts with an equilibrium state. Thentibal exergy is associated with the departure of
the chemical composition of a system from its clamequilibrium. The chemical exergy is an
important part of exergy in combustion processd® Physical exergy of a closed system at a

specified state is given by the expression (3.63).
E™=(U-U)+p(V-V)-T(S 9 (3.63)
Where U, V, and S denote, respectively, the inteem@rgy, volume, and entropy of the
system at the specified state, ang\th, and g are the values of the same properties when therays

is in equilibrium with surrounding.

The physical exergy on a unit-of-mass basis caexpeessed as
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e =(u-y)+ R(v- Y- s 9 (3.64)

The chemical exergy on a unit-of-mass basis ofunixis given by

e => xg"+ R xn X (3.65)
For evaluation of the fuel exergy, the followindatéon is used
e =¢xLHV (3.66)

0.0698
X

where £ =1.033+ 0.016&— for the fuel C,H, . (3.67)
X

The exergy factor of process heat is the ratiexefgy of process heat to the amount of process
heat productionThe exergy factor of process heat depends on steaditions and is given by the
following relation:

£, =1- {—T"(S" _ 9} (3.68)
(h,—h)
Where g(kJ/kg°C), ly(kJ/kg) are entropy and enthalpy of saturated viapbprocess steam
pressure respectively. &J/kg°C), hy (kJ/kg) are entropy and enthalpy of condensat&rmefThe

exergetic efficiency of cogeneration cycle is agregsed by the expression (3.69).

_ (WNet + QP)

”Exergy - M. x e (3.69)
f

In this work for the exergy analysis of the plahg exergy of each line is calculated at all
states and the changes in the exergy are deternfonedach major component. The exergy
destruction rate and the exergy efficiency for eammponent in the cycle (Figure 3.23) are shown in
Table 3.5. The exergetic efficiency of a processystem is given as the ratio of useful exergy
outputs to exergy inputs.

Table 3.5 Exergy destruction rate and exergeticieficy equations for CGCPP

components
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Components Exergy Destruction Rate Exergy Efficienc

Air Compressor €oac=8- 6+ W Nex ac = %N_ g
AC
Combustion Chamber €cc=6+6- € Nes. cc :;—4ef
Gas Turbine &or =(8-8)~ W Mexor = e:NfT%
Regenerator &r = (& -8)+ (e @ [ =1 228

de

i,AP

Process Heater | e, ., = (e — ) - m, (¢~ ¢ Mooy =1 201

e

i,PH

The operating conditions for base case of the ghsne power plant such as fuel mass flow
rate and calorific value, output electrical powed &fficiencies of compressor and GT are listed in

Table 3.6.

Table 3.6 Operating conditions of cogenerationeydwer plant

Name Unit Value
Output Power MW 30
Process Heat kJ 37722
Lower Heating Value of fuel kJ/kg 50196.96
Pressure loss in regenerator air side % 5
Pressure loss in regenerator flue gas side % 3
Pressure loss in combustion chamber % 5
Pressure loss in HRSG % 5
Heat loss in combustion chamber 9 2
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3.2.7. COMPUTER SIMULATION

Mathematical modeling is done on the basis of exezgergy and mass balance across the
components and a computer program is executee isdftware Engineering Equation Solver (EES)
for a 30 MW co-generation plant. The carefully desd program does not restrict further
developments or modifications with respect to tlgstem. In Figure 3.24 a generalized design
philosophy of a simple CGCPP is shown in the fofra low chart. Information flow diagram for
the simulation of cogeneration cycle is shown igufé 3.25. Results obtained from the code
developed in this section are compared with thelteavailable in literature and are found in good

agreement with them.
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CHAPTER-IV

RESULTS AND DISCUSSIONS

In this chapter results of the GTA for the CCPHE &GCPP and thermodynamic analysis of
CGCPP are discussed. Results obtained with themamdlg modelling are found to be helpful in the
identification and quantification of design paraemst In the next section results of the GTA are

discussed.

4.1. CCPP ANALYSIS USING GTA

Methodology developed in the last chapter for thaleation of CCPP performance, RTRI
and RTEI is used in this chapter to calculate tidex and importance of these indexes is discussed

afterwards. The methodology developed is demomestraith the help of examples.

4.1.1. PERFORMANCE ANALYSIS

For the performance analysis using GTA, it is dabito develop SSG and VPSSM for the
CCPP system. In sections 3.1.1.1 and 3.1.1.2 SS& \@SSM for CCPP are developed.
Corresponding to VPSSM, a VPSSF is developed iticse8.1.1.3. For the performance assessment
values of different elements are assigned in theixng.7). Diagonal elements in expression (3.7)
are the inheritance of systems and signify the mamze of system in power plant performance. If a
system is having higher inheritance and interdepedids then any change in the performance of this
system will affect the power plant more than otbgstems. Values for the off-diagonal elements
represent interdependencies amongst systems atahatipn of quantification on the basis of Table
3.2 is as following.

In CCPP performance of combustion chamber is dégr@rnupon the ambient conditions,
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combustion chamber efficiency and air compressotlebuemperature. Performance of air
compressor has a direct effect on the performafambustion chamber and that is why
assigned a value of 5.

Compressed air from the compressor is sent todkeugbine for the cooling of gas turbine
blades. This cooling air decreases the temperafiftee gases in the gas turbine. Their effectas n
much pronounced and henggis assigned with the value of 3.

Gas turbine and air compressor are attached with ether and power to drive the
compressor comes from the turbine. But there ipawer transfer from combustion chamber to the
air compressor. Therefore, @ assigned value 0 anghas 3.

After combustion in combustion chamber flue gagetite gas turbine. As the performance
of gas turbine is dependent upon the conditiotuefdas coming out of combustion chamber and gas
turbine efficiency, a value of 5 is given tgs.cWhen the Gas Turbine operates at design basse load
with inlet guide vanes in open position, the Gasbine internal polytropic losses are at its minimum
On the other hand the Gas Turbine internal polytriysses increase when the Gas Turbine operates
at part loads with inlet guide vanes partially apgerpresent example gas turbine is considere@to b
operating at full load.

In HRSG, waste heat of flue gases is transferredater and pressurized water is converted
in to superheated steam. As HRSG is next to gaineirtherefore, its performance is more affected
by the gas turbine than combustion chamber apdsogiven a value of 4.,gis with 2 because
combustion chamber performance has weak dependerd®SG.

Steam generated in HRSG is at high temperature pressure. Its thermal energy is
converted in to mechanical energy by steam turaintefurther to electric energy by turbo-generator.
Performance of steam turbine depends upon the timmdif steam, steam turbine efficiency and
generator losses. The generator losses and efficidepend mainly on the generator cooling.
Hydrogen's low density, high specific heat and tielr conductivity make it a superior coolant for

rotating electrical machines and it lends itselatoompact, highly efficient, reliable design. e
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present analysis generator losses are considest the steam turbine losses. Due to very high
effect of steam condition on steam turbine perforcea s is assigned a value of 5.

There are water losses in the steam cycle. Tha axtiount of water comes from the water
system. Thereforeggis taken as 3. The temperature of steam entdnangteam turbine is controlled
by spraying extra amount of water. Steam turbistesy and water system affects each other equally.
Therefore g and ggare given an equal value of 3. Some amount of stedaken from the HRSG
which goes to water system and helps in water ipatibn. As this amount of steam is not very high,
Cs46iS assigned value of 2.  All other non-diagonahegnts are assigned a value of zero because it is
supposed that they are not affecting the planopednce at present.

All these values are assigned in the expressiaf) €hd inheritance of all the elements is
taken to be nine because it is supposed that thielyeaperforming to their best. Resultant expressi

is as shown below.

9 5 3 0 0 0
0 95000
P:309400
10 2 0 9 5 2 (4.1)
O 00O 9 3
0 003 39

For the assessment of relative importance of sbtesys it is desired to know the
performance index values (Pej) Rhen it is performing its best and poorest. Tfugre inheritance
of each system is varied from one to nine and inddue is calculated using a computer program
developed in language "Cand codes are attached as appendix-lll. The syskemwhich the
variance in performance index is highest, can Imsidered as the most important system of CCPP.

Results obtained for the performance index arelaéddiin Table 4.1.
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Table.4.1 Change in CCPP index with change in $hegaed values of factors

System Assigned value of factors Index Value Chandndex Value
S 1 219033 617832
S 9 836865
S 1 182385 654480
S 9 836865
S 1 187833 649032
S8 9 836865
S 1 199665 637200
S 9 836865
S 1 194985 641880
S 9 836865
S 1 237465 599400
S 9 836865

From the results it came out that combustion charspgtem is the most important system
of combined cycle power plant. Steam turbine sysiemmost important system in steam turbine
cycle. Index value for the CCPP performance is ghdrhighest for the change in assigned value to
the combustion chamber. After that gas turbineesyststeam turbine system, HRSG system, air
compressor system and water system are importatheiecreasing order. In CCPP combustion
chamber is responsible for the maximum losses.ombaistion chamber losses are due to heat
transfer and exergy destruction. These resultfoared in line with the published literature.

To face the challenges of World Trade Organizatimil ease the opportunities to remain
competitive in global business free from trade ieasr following salient features of proposed

methodology are identified:

1. It is a qualitative cum quantitative method rfinodeling CCPP performance.

2. It permits modeling of interactions/dependeneiesting between factors/subsystems.

3. CCPP performance can be represented by grapretite matrix and permanent function models.
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4. Performance is quantified by a single numericdlex representing its competitiveness and
suitability.

5. These models can easily be modified to consiter factors/subsystems emerging with
technological development.

6. Sensitivity analysis to identify the criticabatents is easily carried out.

7. The method permits to generate alternative ©PE performance improvement.

8. This is an effective tool for evaluation, compan, ranking and selection of an optimum CCPP
system.

Practical implementation of the proposed methaglplon a systematic manner will help
industry to identify, analyse and evaluate factesponsible for CCPP performance. Evaluation and
comparison will also lead to identify critical asethat are roadblocks to CCPP performance. The
CCPP performance index not only help an organimat® achieve intangible objectives- better
efficiency, reliability through continuous improvemt but also have long lasting effects on tangible
objective — profitability through productivity.

4.1.2. RELIABILITY ANALYSIS

For the demonstration of proposed methodologyrfaibf bearing lubricating oil cooler in a
combined cycle power plant is taken as an exankaesmooth revolution of turbo generator (TG),
the bearings are lubricated through the lube ailesy. The hot oil from the bearing is cooled thitoug
water cooler before feeding back into the lubetanilk. Suppose four coolers are used in series for
this purpose. In the present analysis TG is consitla part of the steam turbine system. Now if one
of the cooler is not available then the value ® TR, for the present case will be calculated as
following:

Step 1: Consider the combined cycle power planivsiia Figure 3.1.
Step 2: Block diagram of CCPP system is shown gurfé 3.2.

Step 3: System reliability digraph (SRD) correspogdo the block diagram of CCPP (Figure 3.2) is
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Step 4:

shown in Figure 3.5.

Under design conditions, it is presumetidhahe six systems and components are available
at their designed reliabilities during plant opemat Let reliability of these six systems be
(R)a (i =1, 2,...,6). Let reliability of interconnections under dgsd conditions is
denoted by () (i,j = 1, 2,. . ., 6 and#). It is also assumed that all these interconpesti
are also available during operation at designeidhiéty. Then the variable permanent
system designed reliability matrix for combinedleypower plant under consideration, i.e.

(Qc)q Will be corresponding to  matrix.Qequation 3.9).

1 2 3 4 5 6 System
Ri g fw O 0 0] 1

(4.2)

0 0 0 ry Ry Iy
0 0 0 ryy lesy R

o
b_ﬁ
=

—
N
&

Py
&

—
N
&

—
N
2

o O b 0 N

The matrices Qand (Q)q are similar and number of nodes and interconnest&mong the
nodes are same. If (R= R and ())s = r;; , then the values of Per {and Per(Qq will be
equal. Therefore, in this casBTRL.,= 1. The Per (Qq value gives the measure of
designed reliability of combined cycle power plare, under the conditions when all its
systems and subsystems, and the interconnectiomedetthem are available at their
designed reliability. This condition exists onlyriohg the performance guarantee tests,
which are conducted at the time of handing ovesvalyycommissioned power plant (Mohan
et al., 2008). Thereafter, the reliability of varsosystems and subsystems during operation
starts falling below their designed values, anceuired to be restored back by adopting

proper maintenance strategies (Mohan et al., 2004).the other hand, the Pegj&
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represents reliability function of combined cyclewgr plant under normal operating
conditions or real-time conditions when all thetegss and subsystems are available but
may not be operating at their designed reliabditie

In real time situation, if one of the four cooler® out, real-time reliability gets reduced to
three-fourth of its design value and corresponditige value of By will also get reduced to
its three-fourth. The real-time value of J& in this case will be obtained by replacing in
matrix (equation 4.2), the values ofsRnd Egq 549 @aNd Bsq by their three-fourth values:
three-fourth Ry, three-fourth g, three-fourth 444, and three-fourthggq respectively.
Since the reliability, R, of steam turbine system is getting reduced; lita@rrespondingly
limit the reliability of the interconnections corated with this system (Figure 3.5), e.gqr

resg @nd gsq. Then from the matrix, equation (4.2), the valté@)rr is

1 2 3 4 5 6 System
| Rid I‘12d rl:ti O O O ] 1
0 Ry Iy 0 0 0
(QC )RT = r3ld O R3d I‘34-d O O 3 (43)
O I‘42d I‘43d R ad I‘45d r LG ] 4
0 0 0 07R,, 07w, 0.78, 5
0 0 0 0.7%, 0.75, R 6

Step 5: Assuming that the reliability of4R and f4 is equal to unity then value for permanent
function of matrix in equation (4.2), will be equal 22 and matrix in equation (4.3) will
be equal to 13.88.

Step 6: RTRI is the ratio of real time reliability. (Reliabilitykr to the designed reliability that is

(Reliability), and is expressed as
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RTRL., = (Reliability)ey _ (VPF—T)gr

(Reliability),  (VPF-T),

(4.4)

Therefore the RTRI for this case is = 13.88/22630.0f its designed value.

Based on the value of RTRI, the operating staffadjust the process performance, e.g. reduce
the electricity generation so as to match withrfa-time reliability value. In case plant is allegito

run above the reliability index, it will lead todfficient and unsafe operations which may lead to

safety hazards or complete shut down at a latgesta

A methodology based on GTA is developed for evalgaReal Time Reliability Index for
combined cycle power plant. Using this procedure,appropriate maintenance strategy for any
combined cycle power plant can also be recommeritleel.proposed structural approach for the
evaluation of real-time reliability index for a CBMRas the following features:

* Reliability assessment of power plant is more amteuwith graph theory as quantitative measure
of interrelations among different systems is tagare of.

» Graph theoretic model is flexible enough to adddifferent systems, subsystems of and
interaction among them in reliability analysis cE@PP.

» The methodology is proficient in quantifying thdlirnce of various system, subsystems and
parameters on the reliability of power plant.

* The value of real-time reliability index is usefal designers in selecting an optimum design in
terms of reliability from available alternatives.

» The real-time reliability index enables the plarenmager to know the reliable availability of
power plant on real-time basis which will help thémtake commercial decision on real-time
basis.

» Sensitivity analysis may be carried out to identiifg critical component or system affecting the
power plant reliability.

Practical implementation of the proposed methodplioga systematic manner will help
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power generation industry to identify, categorianalyse and evaluate parameters responsible for
CCPP reliability. Thus, CCPP reliability index willelp an organization to carry out SWOT
(strength-weakness-opportunities-threats) of tlsgstem and take strategic decision to achieve

profitability through productivity.

4.1.3. EFFICIENCY ANALYSIS

In this section the value of CCPP efficiency ifcakated. For this purpose, some numerical
values of all parameters and their interdependenaie required i.e. the value of all terms of
VPMccpp(expression 3.13Y he value of diagonal elements in VRMs i.e., the value of all six
systems B, D,, D;, Dy Dsand O are evaluated by applying GTA for design paramsetd the
respective system. The methodology explained iticge8.1.3 is used to evaluate CCPP efficiency
index.

1. Various system categories affecting the CCPP efiicy are identified and presented in Figure

3.2.

2. Adigraph is developed for these six systems awsho Figure 3.7.

3. Design parameters are identified for each categbGCPP system and presented in Figure 3.9.

4. Digraphs for each system have been developed tiose®:1.3.5 and they are represented by
figures from 3.10 to 3.15.

5. At system level, Tables 3.1 and 3.2 are used terahtie numerical values for inheritance of
parameters and their interactions. The VPSEPMifosystems are corresponding to equations

from 3.16 to 3.21 and after quantification they asenritten below:
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6. The value of permanent function for each categsrgalculated using a computer programme
developed in language T The values of permanent function of differenttegss are written as

under:
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Per [E] = 1620

Per [E]=2.3882 X 10
Per [F] = 186624

Per [E'] = 4.5730 X 10
Per [E] = 3.6414 X 18

Per [E] = 27783

7. Now for example Turbine Inlet Temperature (TIT)discreased from 1300°C to 1100°C and

inheritance of is 7 in place 8, then expression)(ill become

E E E  Design Paramete
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VPM (4.11)
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and VPM will be as expression (4.7). The value of RTEI fmas turbine is

GasTurbineDesigi
calculated as expression (3.25). It is the ratipesmanent function of matrix of expression (4.11)
to (4.7). Let the permanent functions of (4.11) gAd/) are represented by (VPF-e gas
turbinekeamimeand (VPF-e gas turbingkig, then RTEI for gas turbine is represented by the

expression as following:

RTEI _ (VPF-egas turbine), ;e _ 163296 _ 875
CASTERENE ™ (VPF - egas turbing),,,, 186624

(4.12)
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8. In the plant when all the systems are working airtdesign value then RTEI for each system
will be 1. Ifitis not working at designed conditis then value for RTEI is between 0 and 1. If all
the systems of CCPP are working at their maximufigieficy, which is the ideal case, then

VPSEM for CCPP system corresponding to the expag8i.12) is:

1 2 3 4 5 6Systenr
95300 1
09500 2
VWPMppseric=| 3 0 9 4 0 3 .19
02595 4
00039 5
000 33 6

But for a practical system, it is not possiblgize 100% efficiency. In actual life power plant is
performing its best when it is operating at designditions. Design specifications for CCPP
with gas turbine V94.3 are given in appendix-IV.r@sponding to these design specifications,
the quantified values of inheritance for air conggi@ system, combustion chamber system, gas
turbine system, HRSG system, steam turbine systelmvater system is obtained iteratively and
these are 8.5, 7, 8.5, 8, 8.5 and 7 respectivelyeSponding to the design efficiency of different

systems of CCPP, VPSEM is as given below:

12 3 4 56 Syster
855 3 0 0 Q4 1
075000 2

VPMyerosg=| 3 0 85 4 0 Q 3 w1
025852 4
000383 5
000337 6
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The quantification of diagonal and non diagonah&nts in the matrices (4.13) and (4.14) are

done corresponding to the data available in tleeditre (Bolland, 1991). For the validation of

methodology, data available in literature (Bollat891) for other configuration is also used.

Efficiency for a CCPP is the ratio of permaneneqtiation (4.14) to the permanent of equation

(4.13).

Efficiencypp =

Per(VPNkCPPIsentropit)

Per(VPNkCPPDesigr) % 100

_ 598561
1118070

x100= 53.549

(4.15)

In the similar manner results obtained for theeottonfigurations are shown in the Table 4.2 and

they are found in good agreement with the reswilable in literature. The values of

inheritance for different systems are consideretherbasis of design data available in literature

(Bolland, 1991) and reproduced in appendix-IV.

Table 4.2 Comparison of results for CCPP efficiency

Type of cycle V94.3 V94.3
Neepp(%0) Neepp(%0)
(Bolland, 1991) (GTA)
Dual pressure 53.61 53.54
Dual pressure reheat 54.06 53.92
Dual pressure with supercritical reheat 54.60 54.72
Triple pressure 54.12 54.32
Triple pressure reheat 54.57 54.72
Triple pressure with supercritical reheat 55.03 185
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As calculated in step 7, for the decrease in Témf1300°C to 1100°C RTEI for gas turbine
system is 0.875 of the designed value. Therefod@M. orreamime COrresponding to

expression (4.14) is written as following:

1 2 3 4 5 ystenr
85 5 3 0 0 G 1
0 7 5 0 0Q
VPMyprrearme=| 3 0 (87% 85 4 0 0 3
0 2 5 8 5 2 4
00 0 3 85 3 5
00 0 3 37 6
(4.16)

9. Value of permanent function for the design cas@ngssion 4.14) is 1118070 and for the real
time case (expression 4.16) is 548361. Value dftnee efficiency for CCPP comes out to be
49.04%. From the GTA it came out that with decréeaddT from 1300°C to 1100°C, efficiency
is decreased from 53.54% to 49.04%. Results oltdimmen GTA are in agreement with the
results available in literature.

10. CCPP efficiency calculated with the help of GTA,pdeds upon the inheritance and
interdependencies of systems and design paramddgrearrying out similar analysis, the

efficiency index for different CCPP system can btamed.

The increasing or decreasing order of efficiencyus for ranking of power plants but
managers should mainly focus on the performancanpeters according to which some major
decision regarding power plant performance oniefiicy basis can be taken. RTEI may be used for
the following analysis.

1. Index may be used to evaluate the efficienaoaibined cycle power plant in real time situation

and it may be used to compare with the design valube index. From this weak parameters
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may be identified and improved so that plant m&hye@ design value.

2. Efficiency index may be used in combinatiotiwgther operating parameters such as reliability
and performance of power plant may be representesingle numerical index which is easy to
analyse.

3. Efficiency of two or more real life operatipgwer plants may be compared with the help of
index and they may be arranged in the descendutey of their efficiency.

4. If any suggestion is given by some manufacttoeithe improvement in the plant then some
guantitative results may be calculated to checkezahe improvement is beneficial or not.

In the era of competition, early decision with tiedp of some mathematical method with
logical reasoning is helpful to make the presenaglébal market. A complex and large system such
as CCPP require analysing large number of operpgingmeters to achieve the goal of organisation.
For this purpose the methodology developed indéigion may be helpful to take the organization
one step forward.

The RTRI and RTEI developed in the sections 4ah@ 4.1.3 are used to calculate composite
index for efficiency and reliability as given inetlexpression (3.29). For the present analysis it is
supposed that reliability and efficiency are cortgdle dependent on each other. Therefore, non
diagonal elements are assigned value of one arfiolpremce parameter permanent matrix for CIER

for design and real time situation are

Lot
Design — 1 5354 1%)

and

1 1
J =
RealTime |:1 4904:| :(8)

The value of the permanent function for CIER, whdm is changed from 1300°C to 1100°C,
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corresponding to the expression (4.17) and (4.18)1e6354 and 1.4904 respectively. The data in
expression (4.17) and (4.18) is taken only fordbenonstration of methodology. The CIER can be
used to evaluate CCPP performance in associatioafficfency and reliability for real life or

designed condition.

4.2. CGCPP ANALYSIS USING GTA

Methodology developed in the last chapter for tredeation of CGCPP performance, RTRI
and RTEl is used in this section to calculate titek followed by discussion on importance of these

indexes.

4.2.1. PERFORMANCE ANALYSIS

For demonstration of methodology developed in sec8.1.5 a CGCPP is taken as an
example. It is proposed to find the value of CG@RHormance index. For determining the index,
numerical values of inheritance of four systems it interdependencies, i.e. in equation (3.31)
are required. The value of VPSSF of expression2§3i8 calculated. It is suggested to find
hypothetical best and hypothetical worst valuendgi.

Maximum value of Per [{ in expression (3.32) is obtained when inheritamicall systems
is maximum, i.e. value taken from Table 3.1 is Be Talues of off diagonal elements are taken from
Table 3.2 as explained below:

» Performance of air compressor has a direct effeadhe performance of combustion chamber
and that is why g is assigned a value of 5.

» Compressed air from the compressor is sent to aketigbine for the cooling of gas turbine
blades. This cooling air decreases the temperafittee combustion gases in the gas turbine.

Their effect is not much pronounced and hengésassigned with the value of 3.
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* Gas turbine and air compressor is attached with edwer and power to drive the compressor
comes from the turbine. But there is no power fiemBom combustion chamber to the air
compressor. Thereforez,ds assigned value 0 ang;as 3. After combustion in combustion
chamber flue gases enter the gas turbine. As ttierpance of gas turbine is dependent upon
the condition of flue gases coming out of combusttbamber and gas turbine efficiency, a
value of 5 is given tox.

» As process heater is at the outlet of gas turbimerefore, its performance is more affected by
the gas turbine than combustion chamber apdsayiven a value of 4.4gis with 2 because
combustion chamber performance has weak dependenm®cess heater.

Thus, expression (3.31) may be written for the maxh value of Per Yas

(4.19)

V)

I
o w O ©
N O © O
o © 01 W

© » O O

The value of permanent of the above function iSS382. maximum Per [if = 8325.
Similarly CGCPP performance index is at its worétew the inheritance of all its systems is at its
worst i.e. value taken from Table 3.1 is 1.

Thus, expression (3.31) may be rewritten for theimiim value of Per [y as

20)

O = O W
P b O G

o w O Bk
N O = O
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The value of permanent of the above function is, L85minimum Per [ = 125.

The value of Per Vindicates the value of CGCPP performance indexsTthe maximum
and minimum value of performance index indicatesrdnge with in which it can vary. Experts can
use this range to decide a threshold value fovargset of similar power plant.

Monitoring at regular interval may be carried ouwt third party to assess power plant
performance. Moreover, the values may be carrié@tonegular interval for the assessment of power
plant performance. To face the challenges of Woritle Organization and ease the opportunities to
remain competitive in global business free fronddraarriers, following salient features of proposed
methodology are identified:

1. It is a qualitative cum quantitative method forodeling cogeneration cycle power plant

performance.

2. It permits modeling of interactions/dependeneiegsting between systems.

3. Performance is quantified by a single numericalex representing its competitiveness and
suitability.

4. These models can easily be modified to consiter factors/subsystems emerging with

technological development.

5. This is a tool for evaluation, comparison, raigkaind selection of an optimum cogeneration cycle

power plant.

Thus, the CGCPP performance index not only helprganization to achieve intangible

objectives- better efficiency, reliability througlntinuous improvement but also have long lasting

effects on tangible objective — profitability thighuproductivity.

4.2.2. RELIABILITY ANALYSIS

For the demonstration of the methodology develdpesection (3.1.6), reliability of gas
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turbine is taken as an example. If the reliabilityas turbine is reduced to 90% of design vahent

the value of RTRl.;.pp for the present case is calculated as following:

Step 1: Consider the cogeneration cycle power glaotvn in Figure 3.17.

Step 2: System structure graph for the reliabdft £ GCPP system will be as shown in Figure

3.18.

Step 3: System reliability digraph (SRD) correspogdo the block diagram of CGCPP

(Figure 3.18) is shown in Figure 3.21.

Step 4: Under design conditions, it is presumed #flathe four systems and components are
available at their designed reliabilities duringugl operation. Let reliability of these four
systems be (A (i =1, 2, 3, 4). Let reliability of interconnectionader designed conditions
is denoted by (gq (i,j = 1, 2, 3, 4 and4). It is also assumed that all these interconpesti
are also available during operation at designeidhiéty. Then the variable permanent
system designed reliability matrix for CGCPP undeonsideration, i.e. & is

corresponding to matrixBexpression 3.33).

1 2 3 4 System

Ay 8, ay 0 1
(Bc)d =l 0 A, a, 0 2
Ay 0 Ay 3

0 a,, 0 A, 4

(4.21)

The matrices Band (B)q4 are similar and number of nodes and interconnestéomong the
nodes are same. If (3= A and (g)q = a; , then the values of Per{Band Per(B)q is equal.

Therefore, in this casdRTRL.;.pp= 1. The Per (Bq value gives the measure of designed
reliability of CGCPP, i.e. under the conditions whal its systems, and the interconnection

between them are available at their designed iifial his condition exists only during the
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performance guarantee tests, which are conductedeatime of handing over a newly
commissioned power plant (Mohan et al., 2008). Boperation the reliability of various
systems starts falling below their designed valaesl is required to be restored back by
adopting proper maintenance strategies (Mohan .et28D4). On the other hand, the
Per(B)rt represents reliability function of CGCPP undermalr operating conditions or
real-time conditions when all the systems are albéél but may not be operating at their
designed reliabilities.

In real time situation, if gas turbine reliabilisyreduced to 90% that of its designed value,
then the value of & will also get reduced to its 90%. The real-timéueaof (Bt in this
case will be obtained by replacing in matrix (exgsien 4.21), the values offand 8,4, &4d
and ayq by their 90% values: 0.94and 0.9g4, 0.9a44 and 0.9z, respectively. Since the
reliability, Asg, of gas turbine system is getting reduced; it wiltrespondingly limit the
reliability of the interconnections connected wiltiis system (Figure 3.21), e.g1@ @44 and

ay2¢ Then from the matrix, equation (4.21), the vadtiéBo)rr is
1 2 3 4  System

Aq Qg Ay 0 1
(BC)RT = 0 Ay &g 0 2
0.9, 0 0.9, 0.9, 3

0 0.9,,, 0 Ay 4

(4.22)

Step 5: Assuming that the reliability of/&nd gq4 is equal to unity, as system is operating at
designed reliability, then value for permanent tiorcof matrix in equation (4.21), will be
equal to 4 and matrix in equation (4.22) will bequal to 3.51.

Step 6: RTRI is the ratio of real time reliability. (Reliabilitykr to the designed reliability

that is (Reliability}, and is expressed as

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



ReliabilityRTCGCPp: (VPF= 1) rrcecer

RTR =
bace Reliability,caerp  (VPF= 1) poscpp

(4.23)

Therefore the RTRI for this case is = 3.51/4 = 83Baf its designed value.

Based on the value of RTRI, the operating staff adjust the process performance, e.g.
reduce the electricity generation so as to mateh thie real-time reliability value. In case plasit i
allowed to run above the design reliability indéxwill lead to inefficient and unsafe operations
which may lead to safety hazards or complete sbhutndat a later stage. After maintenance, the
reliability of the plant will increase and it mag loperated at full load. In this way by adjustihg t
load according the value of RTRI will lead to irased availability of the plant.

The value of Per (8yis the maximum possible value or design value amused for bench
marking. The relative intensity of two or more faenditions can also be evaluated by assessing the
difference in the value of permanent function, unde or more different fault conditions.

The different values of permanent function forabllity at design condition for different
CGCPPs are helpful in the finalization of the apiate selection from the different available

designs. CGCPP with maximum value of index wilhiaering highest reliability.

4.2.3. EFFICIENCY ANALYSIS

The methodology explained in section 3.1.7 is &xgld below with the help of example.

1. Various systems affecting the CGCPP efficiencyr(itategories of system in the present case)
are identified and presented in Figure 3.18.
2. Adigraph is developed for these four system catege shown in Figure 3.22.

3. Design parameters are identified for air compressombustion chamber, gas turbine and
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process heater system are presented in Figurd®8$gn parameters for process heater are
same as for HRSG.

4. Digraphs for four systems i.e. air compressor, asstibn chamber, gas turbine and process
heater are as shown in Figure 3.10, 3.11, 3.1Bd®Irespectively.

5. Variable permanent matrix for digraphs shown irufég3.10, 3.11, 3.12 and 3.13 are also same
as expressions (4.5), (4.6), (4.7) and (4.8) reambe

6. The value of permanent function for each systeoalisulated and found to be as

Per Gircompresso— 1620
Per Gombustionchamber 2.3882 X 16
Per Gasturbine= 186624

Per Grocessteater 4.5730 X 16

7. Now for example ambient air temperature is incrédsem 5°C to 35°C and correspondingly
inheritance of IAT is 8 in place 9 then expresdiérd) for the air compressor is as given by

expression (4.24).

C/ C, C C G G DesignParamete

VPM C; (4.24)

AirCompressoRe alTime

OO O ©O o o
o O O O

O O w © O
S O o1 o1 O O
P O &~ O

w O O O N Oy
@)
NI

The value of RTEI for air compressor is calculaith the help of expression (3.39).
Let the permanent functions of (4.24) and (4.5) aepresented by (VPF-e air
compressoReatimeand (VPF-e air compresspgdign then RTEI for air compressor will be

represented by the expression as following:
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RTE] _ (VPF - e air compressofeyrime _ 1440 _ 8889 (4.25)
AIRCOMPRESSOR (VPF— e air COmpreSSQBesign 1620 .

8. If all the systems of CGCPP are working at theiximaim efficiency, which is the ideal case,
then VPSEPM for CGCPP system, can be obtained aftentification in expression (3.36)

and is as represented by expression (4.26).

1 2 3 4 Syster

(9 5 3 ( 1

VPMyopiocacr=| 0 9 5 0 2 (4.26)
30094 3
0209 4

In the plant when all the systems are working hetirt design value then VPM- Design

becomes:
1 2 3 4 Systen
8530 1
VPMyoo=|0 7 5 0 2 4.27)
30814 3
0207 4

For the increase in IAT, inheritance of air congg will also be reduced by 88.89% and

VPM- Real Time for CGCPP is as written below
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1 23 4Systen
(888%8 5 3 0 1
WMy ooms| O 7 50 2

3 084 3
0 207 4

(4.28)

9. Value of permanent function for the design caséi®2 and for the real time case is 4041.84.
Design efficiency for the CGCPP is the ratio of regsion (4.27) and (4.26) and in real time it
is the ratio of expression (4.28) and (4.26). Tinem expressions (4.25), (4.26) and (4.27), it
came out that efficiency is decreased from 53.18%48.54% with increase in ambient air
temperature from 5°C to 35°C. Results obtained By @re in good agreement with the

obtained with mathematical modelling as explaimedeéxt section.

4.3 EXERGETIC ANALYSIS FOR QUANTIFICATION

With the help of mathematical modeling in secf{8r2), effect of various design parameters on
the F'and I law efficiency of CGCPP is observed. The resuitsimed from the computer program
executed in software EES (appendix-VI) are foundirie with the results available in literature
(Bejan et al., 1996) and a comparison is giverpjreadix-VII. The results obtained can be used for

identification, quantification and validation ofsign parameters in GTA.

4.3.1. EFFECT OF CYCLE RATIO

For the present analysis CR is varied from 5 toAf&er CR-26, regenerator is not found
useful in the cycle. Exergy is consumed during peatesses, and conserved during ideal processes.
The exergy consumption during a process is prapuatito the entropy created due to process

irreversibility. Exergy destruction in the cogertara cycle is least at CR-15. Exergy destruction in
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combustion chamber, process heater and regenésatiecreased by 8.13%, 16.04% and 80.87%
respectively for increase in CR from 5 to 15 andimcompressor and gas turbine is increased by
15.38% and 58.50% respectively. Exergy destrudtiozycle is decreased by 15.92%. Combustion
chamber is the source of highegergy destruction 66.09%. After combustion chamisgrenerator,
process heater, gas turbine and air compressaharsource of exergy destruction in decreasing
order respectively

In gas turbine cycle, gas turbine is directly aetad to compressor. Gas turbine develop power
for the generator and as well as for the compressor Due to which work produced by gas turbine
is more than air compressor. This leads to moreggx@estruction in gas turbine than air compressor.
Exergy destruction in combustion chamber is relatetthe amount of fuel consumed in combustion
chamber. Most of irreversibility within the combasis due to internal heat transfer between the
products and reactants.

Heat transfer in a heat exchanger is an irreviergitocess, therefore exergy losses occur. The
total exergy losses comprise the losses from tleedrsible heat transfer and the losses due to the
friction of both fluids. In a conventional heat &anger, entropy is created (or exergy destroyed) in
four elementary processes: heat transfer from dbdldid to the wall, heat transfer from the wadl t
the cold fluid, momentum transfer (loss of mechah@mergy) by friction in both fluids. The exergy
losses due to friction for the liquid flow (smapesific volume) are relatively small (Khalig and

Kaushik, 2004).
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Figure 4.1 Effect of cycle pressure ratio on tHieiehcy of cogeneration cycle
First law efficiency of cogeneration cycle depengsn the fuel consumed in the cycle. At
CR 15 fuel consumption in cycle is least, due tactwimaximum first law efficiency is at CR 15 that
is 85.49% (Figure 4.1). With increase in CR frono515, efficiency is increased by 8.08%. Fuel
consumption after CR-15 increases to maintain embsheat transfer in regenerator which is
achieved by increasing air mass flow rate in theecy
The key performance characteristic of the gasiriarthat influences cycle performance is
specific power. Specific power is the power produbg the gas turbine per unit of airflow (kW
output per kg/s of compressor airflow). At CR 15anaum specific power of gas turbine is observed
(Figure 4.2). With increase in CR from 5 to 15, gdfie power in increased by 26.22%.
Cogeneration-cycle thermal efficiency increasegassturbine specific power increases. Gas turbine
firing temperature is the primary determinant oédfic power. Improvements in cycle thermal
efficiency have developed primarily through thergases in gas turbine firing temperature, which
have resulted from the development of high-tempeeathigh strength materials, corrosion-resistant
coatings, and improved cooling technology.
Commercial development and improvements in efficyeof cogeneration cycles have
proceeded in parallel with advances in gas turldémdnology. From the results it is found that
Turbine Outlet Temperature (TOT) of 524°C is unigusuited to efficient cogeneration cycle

because it enables the transfer of heat from exlgasto the steam cycle to take place over a
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minimal temperature difference. This temperaturgearesults in the maximum in thermodynamic

availability while operating at highest temperatang efficiency.

350 +
340 4
330 4
320 4
310 4
300 +
290 +
280 H
270 ~
260 ~
250

Specific Power (KW/Kg/s)

5 10 15 20 25 26

Cycle Pressure Ratio

Figure 4.2 Effect of cycle pressure ratio on thecsfic power of gas turbine
Exergetic efficiency calculated for the differeatingponents shows that exergetic efficiency
for gas turbine and process heater is decreas&dBYo and 0.22% respectively with increase in CR
from 5 to 25 and for air compressor, regeneratdrcambustion chamber is increased by 3%, 7.92%
and 2.42% respectively (Figure 4.3). The maximuergstic efficiency of the cycle is 50.4% at CR
of 15. Therefore, the first law efficiency and seddaw efficiency follows the same pattern with

change in CR.
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Figure 4.3 (a) Effect of cycle ratio on exergetificeency of different components of the cycle (b)

Efficiency of the cycle calculated by GTA for difeat CR

Iterative values of inheritance of CR as given abl€ 1 of appendix-V are found to be
appropriate for quantification for calculating tledficiency of CGCPP corresponding to the
methodology explained in section in 4.2.3. Resoiffsined are found in line with that of exergetic
analysis (Figure 4.3).

The first law of thermodynamics gives partial answer the performance of a
thermodynamic cycle and it is concerned only whb tonversion of energy, therefore it cannot
show how or where irreversibility in a system oogess occur. Thus, while producing the final
design result, first law analysis has to be incoapeo with second law for locating sources of
thermodynamic losses. In the next section effecinteft air temperature on the performance of

cogeneration cycle is discussed.

4.3.2. EFFECT OF INLET AIR TEMPERATURE
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The difference between the actual power generatdce#iiciency of a gas turbine and the
design rated power and efficiency tagged on thetgdsne has to be observed whenever a gas
turbine operates at site ambient conditions thay ¥@m the stipulated ISO conditions. Hot air,
being less dense, de-rates the gas turbine’s peafare. In this section effect of inlet air temperat
on the cogeneration cycle is analyzed. The IAT &ied from 5 to 50°C according to the
environmental conditions of Indian sub continentadith increase in ambient air temperature work
consumed by the compressor to compress the saneaha# is increased due to the increase in
volume of air at higher temperature. With incressBAT from 5 to 50°C, exergy destruction in the
cycle is increased by 35.94%. With increase in kergy destruction of every component is
increased except regenerator. Exergy destructicrease in combustion chamber, air compressor,
process heater and gas turbine is 31.30%, 35.63%8% and 35% respectively. In regenerator
exergy destruction is decreased by 10.11%.

First law efficiency of cogeneration cycle depengi®n the fuel consumed in the cycle
being other conditions same. As fuel consumptiareases from 1.50 kg/s to 1.68 kg/s with increase
in IAT from 5 to 50°C, first law efficiency is dezased by 12.71% (Figure 4.4). With increase in IAT
from 5 to 50°C, air-fuel ratio is increased from®®Hto 59.34 and mass of air flow is increased from

85.55 kg/s to 99.51 kg/s.
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Figure 4.4 Effect of IAT on the efficiency of cogaation cycle

Due to increase in air mass flow rate in the cyspecific power produced by gas turbine is
decreased by 14.03% with increase in IAT (FiguEg.4A lower specific power means that size of the
compressor has to be increased to maintain thedfair so that required power output and process

heat may be obtained from the cycle.

360
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320
310 A
300 -
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280 -

270 T T T T T T T 1
5 10 15 20 25 30 35 40 45 50

Specific Power (KW/Kgs)

Inlet air temperature (C)

Figure 4.5 Effect of IAT on the specific power @fsgturbine

With increase in IAT from 5 to 50°C second law &#icy of air compressor, combustion
chamber gas turbine and process heater is decrdnsetl04%, 3.18%, 0.61% and 12.83%
respectively. Second law efficiency for the regataris found to be increased by 0.64% (Figure.4.6)
Exergetic efficiency of cycle is decreased by 10.28h increase in IAT from 5 to 50°C. The
graphical representation of data presented in $kigion, demonstrate that at higher ambient
temperatures (than ISO conditions) the thermatiefiicy and specific power output tend to be lower.

Inheritance of IAT for quantification in the GTAethodology explained in section 4.2.3, is
obtained iteratively and summarized in Table 2pgfendix-V. The results obtained with GTA are in

line with the results of exergetic analysis (Figdre).
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Figure 4.6 (a) Effect of IAT on exergetic efficignof different components of CGCPP

(b) Efficiency of the cycle calculated by GTA faffdrent IAT

4.3.3. EXERGY FACTOR OF PROCESS HEAT

Performance of process heater is evaluated onabis lof exergy factor of process heat.
With increase in water pressure, exergy utilizagfficiency for process heater is improved (Figure

4.7) and found to be maximum at 16 bar that is 8%_2For the present analysis, water pressure in
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process heater is increased from 4 bar to 20 lzhitas found that water pressure of 18 bar is the
optimum pressure. This pressure may be differentdifferent operating conditions. For the

complete analysis of cogeneration cycle, watersureshas to be simulated.

42
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Exergy factor of process heat (%)
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Water pressure in HRSG (bar)

Figure 4.7 Effect of water pressure in processeneat exergy factor of process heat

4.3.4. EFFECT OF GAS TURBINE AND AIR COMPRESSOR EFHCIENCY

In the present analysis air compressor and gamuudificiency is varied from 70% to 95%
and their effect on the cogeneration cycle is olerWith increase in gas turbine efficiency, mass
flow rate of air and fuel injected in the combustichamber is decreased from 144.3 kg/s to 75.27
kg/s and 2.61 kg/s to 1.36 kg/s. In air compressargy destruction is associated with work
consumed, as discussed in previous section. Thierafdgth decrease in air mass flow rate exergy
destruction of air compressor comes down. Redudti@mombustion chamber exergy destruction is
also recorded due to decrease in air mass flonaratenass of fuel injected in combustion chamber.
But exergetic efficiency of air compressor and cuostion chamber remains unaffected after

variation in gas turbine efficiency.
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With increase in gas turbine efficiency from 70%%%, second law efficiency of gas
turbine, regenerator and process heater is foundetincreased by 9.55%, 1.28% and 12.33%
respectively (Figure 4.8). From the results itlspaobserved that 25% (70% to 95%) increase in gas
turbine efficiency, increases second law efficieatgogeneration cycle by 28.34%. This is because
of the improvement in exergetic efficiency of regextor and process heater and with reduction in
fuel consumption in the cycle. For the processédreminimum exergetic efficiency is found when
gas turbine efficiency is 80% and after that ittstencreasing again.

With increase in gas turbine efficiency from 708095%, exergy destruction in combustion
chamber, compressor, heat recovery steam generaggmerator and gas turbine is decreased by
47.84%, 47.84%, 84.06%, 68.73% and 6.12% respégthiéhile for air compressor with increase in
efficiency from 70% to 95% exergy destruction immessor, heat recovery steam generator and gas
turbine is decreased by 29.22%, 90.60%, 51.83%,28@1% respectively. Irrespective of results
obtained for gas turbine, exergy destruction ireregator is increased by 9.09% due to increase in
air compressor efficiency.

With increase in air compressor efficiency fromat 95%, second law efficiency of the cycle
is improved by 15.69% (Figure 4.9) which is les@n the efficiency improvement (28.34%)

observed with same increase in GT efficiency.
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Figure 4.8 Effect of GT efficiency on exergeticigifincy of different components
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Figure 4.9 (a) Effect of air compressor efficiemryexergetic efficiency of different

components of the cycle (b) Efficiency of the cychéculated by GTA for different air

compressor and gas turbine efficiency

With increase in air compressor efficiency, massvflrate of air and fuel injected in

combustion chamber is decreased from 117.5 k@8.i4 kg/s and 2.12 kg/s to 1.5 kg/s respectively.
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Reduction in fuel consumption and air mass flove iatmore for increase in gas turbine efficiency
than air compressor efficiency because of incr@abeat transfer in the regenerator. Although there
is reduction in fuel consumption, even then exécgefficiency for combustion chamber and gas
turbine remain constant. But due to decreased flmggate of air and fuel injected in combustion
chamber, exergy destruction in gas turbine and estitn chamber is reduced. Inheritance for air
compressor and gas turbine efficiency obtaineatitezly is given in Table 3 and 4 respectively of
appendix-V. Results obtained with GTA are represgim Figure 4.9.

Specific power of air compressor and gas turlmeesiases with improvement in efficiency. For

the air compressor and gas turbine specific posvemproved from
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Figure 4.10 Effect of gas turbine and air compres§iciency on specific power
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Figure 4.11 Effect of air compressor and GT efficigon first law efficiency
255.32 kW/kgs to 344.43 kW/kgs and 207.90 kW/kdg398.57 kwW/kgs respectively (Figure 4.10) as
efficiency is changed from 70% to 95%. Thereforghwncrease in efficiency of air compressor and
gas turbine not only fuel consumption is reducetteso the size of plant.

Effect of increase in efficiency of gas turbine hasre effect on cogeneration cycle
efficiency than air compressor efficiency. Increasgas turbine and air compressor efficiency from

70% to 95%, augment cycle first law efficiency B/31% and 15.69% respectively (Figure 4.11).

4.3.5. EFFECT OF TURBINE INLET TEMPERATURE (TIT)

The gas turbine history has been characterized bgnéinuous increase of turbine inlet
temperatures about 13°C/year (Chiesa et al., 1998), therefore, interesting to investigate how
future TIT increases could affect performance efc¢bnsidered advanced cycles.

With increase in TIT from 1000°C to 1400°C slopevafiation of fuel-air ratio is upwards.
As higher fuel-air ratio is required to achievet@gTIT, therefore, mass of fuel injected is insexh
from 1.55 kg/s to 1.69 kg/s and mass flow rateimfalecreased from 142.3 kg/s to 73.87 kg/stFirs
law efficiency is decreased from 86.80% to 80.12fh wcrease in TIT from 1000°C to 1400°C

(Figure 4.12) and specific power for cogeneratigeiesis increased by 92.64%.
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Figure 4.13 (a) Effect of TIT on exergetic efficignof different components of the cogeneration

cycle (b) Efficiency of the cycle calculated by Gfik different TIT

Exergetic efficiency of cogeneration cycle is atlewreased from 51.59% to 48.19%. With
increase in TIT from 1000°C to 1400°C, it is obsshthat air compressor efficiency remains
unaffected. Exergetic efficiency of gas turbinenigeased by 1.46% and that of combustion chamber,
regenerator and process heater is decreased by 2.5%6 and 24.02% respectively (Figure 4.13).
Increase in TIT from 1000 to 1400°C, exergy degioncis increased by 9.99%. Increased TIT
decreases exergy destruction in combustion chambecompressor and gas turbine by 6.87 %,
48.02 % and 47.88% respectively. Increased TlTemses exergy destruction in process heater and
regenerator by 469 % and 309.5 % respectively. Withease in TIT exergy destruction in cycle is
increased due to increase in exergy destructidmeaf transfer process of regenerator and process
heater.

Iterative values of TIT inheritance are given inblEa 5 of appendix-V and after
guantification in the methodology developed in gactl.2.3, results obtained with GTA are found in

line with that of exergetic analysis (Figure 4.13).
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4.3.6. EFFECT OF REGENERATOR EFFECTIVENESS

In the present analysis regenerator effectiveresacreased from 60% to 85%. Due to
which exergy destruction of air compressor and wabine is increased by 0.01% and 0.7%
respectively. It is due to increase in air massvftate in the cycle due to which higher work is
consumed in the compressor. With increase in regtareeffectiveness from 60% to 85% fuel mass
injected in combustion chamber is decreased fr@4 kg/s to 1.43 kg/s. Exergetic efficiency of
regenerator, combustion chamber and PH is increlageld13%, 2.49% and 15.15% respectively.

Net effect is that exergy destruction in the cyigereased by 22.55% (Figure 4.14).

100.00 -
S I & + 3
= 90.00 —e— Air compressor
% 80.00 1 w_ * X/Jm —=— Gas turbine
E 7000 . —m — — Regenerator
w —<«Process heater
'% 60.00 7 —x— Cogeneration cycle
=2 i .___._’_./-/. .
3 50.00 —e— Cogeneration cycle
W 40.00
60 65 70 75
Regenerator Effectiveness

Figure 4.14 Effect of regenerator effectivenesstensecond law efficiency of cogeneration cycle
and its components
With increase in regenerator effectiveness from 60%856% first and second law efficiency
is increased from 82.57% to 92.11% (Figure 4.15) fom 49.07% to 56.28% (Figure 4.16)
respectively. Specific power is decreased from @2 8W/kgs to 326.30 kW/kgs (Figure 4.16). It is
due to the increased mass flow rate of the airmfsiss flow rate is increased from 90.93 kg/s tG®1.
kg/s to maintain process heat availability in pescéeater so that steam may be had at design

condition. Due to increased mass flow rate of péc#fic power is decreased and exergy destruction
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in air compressor and gas turbine is increased.
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Figure 4.15 Effect of regenerator effectiveneséirshlaw efficiency of CGCPP
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Figure 4.16 Effect of regenerator effectivenessperific power of CGCPP

4.3.7. EFFECT OF SPECIFIC HEAT

Specific heat of air at compressor inlet is incegafom 1.1 kJ/kg°C to 1.4 kJ/kg°C by

increasing the concentration of génd HO in ambient air. For efficiency improvement of CHe;
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steam injection and exhaust gas recirculation mxg@@yed which increase concentration of &d
H,0O respectively.
Itis found that with increase in specific heastfiaw efficiency is decreased from 82.52% to

81.87% (Figure 4.17) because mass of fuel consomgiincreased from 1.64 kg/s to 1.66 kg/s.
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Specific Heat (kJ/kgT)

Figure 4.17 Effect of specific heat at constanspuee on first law efficiency of cogeneration cycle
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Figure 4.18 Effect of specific heat at constanspuee on the second law efficiency of
cogeneration cycle and its components

With increase in specific heat from 1.1 kJ/kg°Cltd kJ/kg°C exergetic efficiency of gas
turbine and process heat is found to be increased.®1% and 0.83% respectively. Exergetic

efficiency in air compressor, regenerator and castibn chamber is decreased by 0.08%, 0.18% and
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0.11% respectively (Figure 4.18). Exergy destructio the cogeneration cycle is decreased by
1.33%.
Specific power for the cycle is found to be inceshfrom 328.55 kW/kgs to 335.27kW/kgs

(Figure 4.19) due to decrease in air mass flowfrata 91.31 kg/s to 89.48 kg/s.

336.00 -
334.00 ~
332.00 ~
330.00 ~
328.00 +
326.00 ~

Specific Power (kW/kgs)

324.00
11 1.2 1.3 1.4
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Figure 4.19 Effect of regenerator effectivenessperific power of cogeneration
cycle
Exergy, the essential concept in second law arsligsalways consumed or destroyed in any
process. If less exergy is consumed, a cycle cagiuge more efficiently. Therefore, by using exergy
to evaluate the power plant cycles, a more accpetiermance of the system can be obtained.
Second law analysis gives much more meaningfuluatiain by indicating the association
of irreversibility or exergy destruction with congiion and heat transfer processes and allows
thermodynamic evaluation of energy conservationoopt in cogeneration cycle, and thereby
provides an indicator that points in the direciioahich engineers should concentrate their effarts

improve the performance of thermal power plant.
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CHAPTER-V

CONCLUSIONS AND SCOPE OF FUTURE WORK

In the present work, graph theory and matrix megtisaised to analyze efficiency and reliability
of CCPP and CGCPP. Energy and exergy analysis dERFGhas also been carried by varying
different design parameters. For the analysis, ahodelogy is developed for performance,
efficiency and reliability analysis and result camait in the form of a number called as index. For
the development of methodology, CCPP and CGCPHiaded into sub-systems in such a way that
no sub-system is independent. Digraphs for therdefeendencies of sub-systems and design
parameters are organized. Effect of design parametesub-systems is also quantified for efficiency
analysis. After quantification of inheritance amtiekrdependencies of sub-systems and parameters,
efficiency for CCPP is obtained to be 53.54% (fer tonditions as given in appendix-1V) that is in
close approximation to the results available iarditure i.e. 53.61% with the similar parameters.
Similar analysis is carried for different configtioams of CCPP. Effect of design parameters on CCPP
efficiency is also observed by changing the TIT atiter design parameters also. Results obtained
are in satisfactory proximity of the results avialiéain literature. Therefore, it is concluded tZA
can be used for calculating the efficiency andabglity of CCPP taking into consideration
interactions amongst different systems. The gr&gtoretic methodology developed for CCPP is
used for the analysis of a CGCPP. The validateglgtheory and matrix method has also been
extended to find composite index for efficiency arediability (CIER), which takes care of
inheritance and interdependency of efficiency aatidbility for CCPP and CGCPP.

For the validation of GTA and quantification afhieritance for different design parameter,
exergetic analysis of CGCPP is carried out. Froenetkergetic analysis it has been found that at CR
of 15, CGCPP has highest exergetic efficiency ofd®) The value of efficiency for different IAT, air

compressor and gas turbine efficiency and TIT Hae heen calculated with thermodynamic
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modeling. The value of efficiency for exergetic ameph theoretic analysis is found to be 50.4% and
50.12% respectively. Results, thus, obtained frath bhe approaches i.e. graph theory and exergy
analysis for these parameters are in close proximit

In the present work graph theoretic methodology tfie CCPP and CGCPP analysis is
developed with a view that power plant managerdaies early decision for selection, improvements
and comparison, amongst the various options avajlakithout having in-depth knowledge of
thermodynamics and reliability analysis. A systémand logical methodology is helpful in
convincing the financers also, so that new powantgl may be commissioned and existing may be
improved.

The proposed methodology can be extended for nag/sis of power plants for many other
tangible and intangible performance parametersciost, human factor, pollution emission etc.
Reliability analysis is base for the maintainalgiland availability of power plant, which may be
carried out in future with the help of developedtimogology in present work. In the present work,
basis of quantification is on the scale of 1-9 &kl In future some fuzzy score may be used for the

guantification of inheritance and interdependentigbe systems.
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Expansion for permanent functionf 5x5 matrix
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+ $5(S46564)(S15553S51) + S(Su6564)(S13535551) + S Ss6S65) (S14SusSs1)
+ Sy(Ss6565) (S13Sa4Su1) + S5(S12521)(SasSe6564) + S(S12522) (Su6S65s4)
+ S5(S14541)(S25556562) + S5(S$14541)(S26S65552) + S(S15551) (S24Su6S62)
+ S5(S15551)(S26564S2) + S(S16561)(S25554542) + S(S16561) (S26Su5552)
+ S5(S24542)(S16S65551) + S5(S24542)(S15556561) + S(S25S52) (S16564S1)
+ S5(S25552) (S1aSusSe1) + So(S26562)(S15554541) + S(S26562) (S14SusSs)
+ S5(Su5554)(S12526561) + So(Su5554)(S16562521) + S(Su6S64) (S1252551)
+ S5(S16564) (S15552521) + S(S56S65)(S12524541) + S(Ss6S65) (S14S42521)
+ Su(S12521)(Ss5S56563) + Su(S12521)(S36S65553) + Su(S13Ss1) (S25556562)
+ Su(S13551)(S26565552) + Su(S15561)(S26563532) + S(S15S51) (S25536562)
+ Su(S16561)(S25S35552) + Su(S16561)(S25553532) + Su(S25Ss2) (S16S65s1)
+ Su(S23532)(S15S56561) + Si(S25552)(S16563531) + S S25552) (S13S86561)
+ Su(S26562)(S15Ss5551) + Su(S26562)(S15555531) + S Ss5Ss3) (S12526561)
+ Su(S35553)(S16562521) + Si(S36563)(S12525551) + Su(Ss6S63) (S15552521)
+ Su(Ss6565) (S12525S51) + Su(S56S65)(S13532521) + S(S12521) (S34Su6Se3)
+ S5(S12521)(S36564Su3) + S5(S13551)(S24Su6562) + S(S13S81) (S26564502)

+ S5(514541)(S26563S32) + S(S14541)(S23S36562) + S(S16561) (S24543S32)
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+ S5(S16561)(S28S24S42) + (23552 (S16564Su1) + S5($23582) (S1456562)
+ S5(S24542)(S16563S51) + S5(S24542)(S13536561) + S(S26562) (S13S84Sa1)
+ S5(S26562) (S1aSusSs1) + S5(S34543)(S12526561) + S(S3aSus) (S16562521)
+ S5(S36563) (S12524S41) + S(S36563)(S14842521) + S(Su6S64) (12525531
+ S5(S6564) (S13520521) + S(S12521)(S34SusSs3) + So(S12521) (Se5554a3)
+ S6(S15S51)(S25554S2) + S(S13551)(S24Su5S52) + Se(S14541) (S23535552)
+ S6(S14541)(S25555552) + S(S15561)(S24S5S52) + Se(S5S61) (S235342)
+ S6(S25552)(S15554Su1) + (25552 (S14Su5S51) + Se(S24542) (S15555531)
+ S6(S24542)(S13S35551) + S(S25552)(S14S3S1) + So(S25552) (S135241)
+ S6(S34543) (S12525551) + S5(S34543)(S15552521) + Se(Se5Ss3) (S1252441)
+ S5(Sa5553)(S14812521) + S(Su5554)($12525531) + S(Sa5S54) ($13532521)
Group6

Subgroup?2 (144 Terms)
+ S1(S25S34S5556552) + Si(S23S54S16565552) + S(S23S35S56564542)

+ S1(S25Ss5S54546562) + Si(S23S6S6554S2) + S(S23S36564S45552)

+ S1(S24S15556563532) + S(S24SusS53S56562) + Su(S24Su6565553532)

+ S1(S24546563535552) + S1(Sp4S43S5S56562) + S(S24S43S36565552)

+ S1(S25S56564S43532) + S S25Ss6563S4S2) + SU(S25S54516563532)

+ S1(S25S54545536562) + S(S25S55S54S46552) + S(S25S55S36564542)

+ S1(S26S65S54S45552) + Si(S26S63Sa554S2) + S(S26S64545553532)

+ S1(S26564513535552) + Si(Sp6Se555584542) + S S26S6555443532)

+ S(S15534545556561) + S(S13534S16565551) + S(S13S35S565645u1)

+ S(S13S35S54546561) + S(S13S3656554S1) + S(S13S53656445551)

+ S(S14545535556561) + S(S14S45S6565551) + S(S14S45S56563531)

+ S(S14545553536561) + S(S14S4656555551) + S(S14S4656355551)

+ S)(S15553534S46561) + S(S15555S36S64S41) + S(S15554543536561)
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+ S(S15S54S46563531) + S(S15S5656443531) + S S15S56563534u1)
+ Sx(S16563534S45551) + Sp(S16S65S55554541) + S(S16564S45553531)
+ S(S16564545535551) + Sp(S16S65S54S15581) + S(S16565555534541)
+ $3($12524845556S61) + S(S12524S46S65551) + S(S12525556564541)
+ S5(S12S25554S46561) + Se(S12S26S6554S1) + So(S12S2656445551)
+ $3($14542525556561) + S(S14542526S65551) + S(S14Su5S56562521)
+ $3($14545552526561) + So(S14S46565552521) + S(S14846562525551)
+ $3($15552524546561) + S(S15552526S64541) + S(S15550546562521)
+ S3(S15S54542526561) + Se(S15S56S642S21) + So(S15S56562524541)
+ $3($16562525554541) + S(S16S6224S15551) + S(S16566S45552521)
+ $3($16564542525551) + S(S16S6555254541) +S5(S16S65S54542521)
+ Si($12523535556S61) + Si(S12525S36S65551) + Su(S12525556563531)
+ Su(S12525555536561) + S(S12S2656553531) + S S12S26563535551)
+ Si(S$13555556562520) + Si(S13S536565552521) + Si(S15562525556561)
+ Si($13536562525551) + Si(S13552526S65551) + Si(S15535552526561)
+ Si(S$1555656555221) + Si(S15S55S36562521) + Su(S15556562523531)
+ Su(S15S52525536561) + SH(S15S52526563531) + S S15S5352526561)
+ Si(S$16565555552521) + Si(S16S65S55552521) + Su(S16565552523531)
+ Si($16562525555551) + Si(S16S62525555581) + Su(S16563532525551)
+ S5($12523530546561) + S5(S12525536S64S41) + S(S12526546563531)
+ S5(S12524S45536561) + S5(S12S2656413531) + S5(S12S265655545u1)
+ S5($13552524546561) + S5(S13552526S64541) + S(S1553546562521)
+ S5($1353454256561) + S(S13536566512521) + S(S15536562524541)
+ S5($14542526563S31) + S(S1454253536561) + S(S14543532526561)
+ S5(S14S45S36562521) + S5(S14Su6563S52521) + S5(S14S46562523551)

+ S(S1656254543531) + S(S16562S23S34501) + S5(S16563532524541)
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+ S5(S16563S34S42%21) + S(S16S644352521) + S(S1656642523551)

+ S5(S125255055551) + S(S12525S8554S1) + S(S12524545553531)

+ S5(S12524545555551) + S(S12S2554543S31) + S(S12S255555345u1)

+ S5(S1555252455551) + S(S135525554Su1) + SH(S13534545552:21)

+ S5(S135345425551) + S(S13Se554542521) + S(S13565552524541)

+ S5(S1450255553531) + S(S14S54255555551) + S(S14S4555552521)

+ S5(S145435255551) + S(S14Su5S55552S21) + S(S14S4555253551)

+ S5(S1555255534Su1) + S(S15552524543531) + S(S15S55552524541)

+ S5(S15555534S42S1) + S(S15S5443552521) + S(S15S5642523551)

Group7

Subgroupl 5€20+40=145 Terms)
+ (S16561)(S25562)(Sa5S54) + (S16S61)(S2552) (S3aSua) + (S6561) (S26S42) (S35S5)
+ (S15551)(Se2523) (Su6Sea) + (S15551)(S26562) (SeaSua) + (S15551) (Se6Se3)(S24S2)
+ (S14541)(S25552) (Se665) + (S14Su1)(S25552) (S6563) + (S14Su1) (S26562) (S35553)
+ ($13551)(Ss6565)(S24S42) + (S13551)(Su6564) (S25552) + (S3551) (Su5S54)(S26562)
+ (S12521)(S34543) (Se6S65) + (S12520)(Se5S53) (Su6560) + (S12521) (S36563) (Su5Ss4)
+ (S12521)(S34S45556563) + (S12521) (S34S16S65553) + (S12521)(Sa5Ss6S64543)

+ ($12521)(Ss5S64S46563) + (S12521) (Se6S65554Su3) + (S12521)(S36564Su5559)

+ ($13551)(S24S45556562) + (S13531) (S24Su6565552) + (S13S51)(S25556564542)

+ ($13551)(S25S64S46562) + (S13581) (Se6S65554Su2) + (S13S51)(S2656445552)

+ (S14541)(S25S35556562) + (S14541) (S23S86S65552) + (S14542)(S25S53S86562)

+ ($14542)(S25S66565552) + (S14541) (S26S63S85552) + (S14S41)(S2656553532)

+ ($15551)(S25554546562) + (S15551) (S23Ss6564Su2) + (Se5S61)(S24546563532)

+ (S15551)(S24543536562) + (S15551) (S26564543552) + (Se5S61)(S26565554542)

+ (S16561)(S23S35554542) + (S16561) (S23S84Su5S52) + (S16562)(S24S45553532)

+ (56561 (S24543535552) + (S16561) (S25S54543S32) + (S16562)(S25553S342)
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+ ($23532)(S14546S65551) + ($3532) (S14Su5S66S61) + (S:35829)(S15554S16561)
+ ($523552)(S15S66S64Su1) + ($3552) (S16Se5554Su1) + (S5 (S16564Su5551)
+ ($24542)(S13S55556561) + ($4542) (S13Ss6565551) + (S4S42)(S15556563531)
+ (S24542)(S15563S36561) + (S4542) (S16S63S35551) + (S4S42)(S16565553531)
+ (S25552)(S13S34S46561) + ($5552) (S13S86S64Su1) + (S55529)(S14543S6561)
+ (S25552)(S14S46565S51) + (S5552) (S16S63S54Su1) + (S5552)(S16564S413531)
+ (S26562)(S13S54S45551) + (S6562) (S13Se5S64Su1) + (S6562)(S14S4553531)
+ (S26562)(S14543S35551) + (S6562) (S15S54543551) + (S6562)(S15555554541)
+ (S34543)(S12525556561) +(SeaSa3)(S12926565%51)  + (S4S3)(S15556562521)
+ (S54S43)(S155652526561) + (S54543) (S16562525551) + (S54S43)(S16565552521)
+ (S55S53)(S12526564Su1) + (S5553) (S12524546561) + (Se5553)($14542526561)
+ (Sg5Ss3)(S14S46562521) + (S5553) (S16562524S1) + (Se5553)(S16564S2521)
+ (S86S63)(S125255545u1) + (S6563) (S12524545551) + (S6563)($1454255551)
+ (S36S63) (S14S45552521) + (S6563) (S15552524Su1) + (S36563)(S15554&12521)
+ (S15554)(S12523536561) + (S15554) (S12526563551) + (SusS64)(S13536562520)
+ (S15554)(S15552526561) + (S15554) (S16S65552521) + (SusS64)(S1656223531)
+ (S16564)(S12523535551) + (S16564) (S1295553531) + (S16564)($1352255551)
+ (S16564)(S13555552521) + (S16564) (S15S53552521) + (Su6564)(S15552%3581)
+ (S56S65)(S12528534Su1) + (S56565) (S1224543551) + (S56565)(S13534&2521)
+ (S56S65) (S135525245u1) + (S56565) (S1aSu3Ss2521) + (S56565)($1454223581)
+ ($12523531) (Su5S56564) + (S12523581) (Su6S65554) + (512524541) (S3555663)
+ ($12524541)(S36565553) + (S12525551) (S34Su6S63) + (512525561 (S6564Su3)
+ ($12526561) (S34S45553) * (S12526561) (S35554Su3) + ($13552521) (SusS56564)
+ (515552521 (Su6S65554) + (S13S35551) (S24S46S62) + (S13535551) (S26564Su2)
+ ($13536561) (S24S455s2) + (S13536561) (S25554542) + (513534541) (S26565552)

+ (513534541) (S25556562) + (S14542521) (S35556563) + (S14542521) (S36S65553)
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+ ($14543531) (S25556562) + (S14543581) (S26565552) + (S14545551) (S2353662)
+ ($14545551) (S26565Ss2) + (S14S6561) (S25535552) + (S14546561) (S25553532)
+ (S15552521) (Sa6564Su3) + (S15552521) (S34Su6S63) + (S15554541) (S26563532)
* (S15554541) (S23536562) + (S15556561) (S24S43S52) + (S15S56561) (S23534Su2)
+ ($15553531) (S24S6562) + (S15553581) (S26564542) + (S16562521) (S34S45553)
+ (S16562521) (S35554Su3) + (S16563551) (S255545u2) + (S16563531) (S24Su55s2)
+ (S16564541) (S25553532) + (S16564541) (S25535552) + (S16565551) (S24543532)

+ (51656551) (S25S342)

Group7

Subgroup?2 (120 Terms)

+ $10523534545556561 + $12523534S46565551 + S12523535556564541
+ $105235355654S46561 + $12523536565554541 + S12523536564S45551
+ $12524545566563561 + S12524S46S65563S81 + S12524543S35556561
+ $12524546S63S35551 + S12524S43S36565561 + S12524545553S36561
+ $10525556564543561 + S12525554S46563S51 + S12525556563534541
+ $10525553564546561 + S12525553S36564541 + S12525554543536561
+ $12526565564543551 + S12526S645563S81 + S12526565563534541
+ $12526563534S45551 + S12526S63S85564Su1 + S12526564S43S35561
+ $13534u5556562521 + S13534S46565552521 + S13534542525556561
+ $135346562525561 + $13534S542526S65551 + S13534545552526561
+ $13535556564542521 + S13S35S54S46562S01 + S135355656S62524541
+ $135355652524346561 + S13585552526564Su1 + S13S35564S42526561
+ $1353656555454251 + S13536564S45552521 + S13536565552524541
+ $13536562524545561 + $1353656252555451 + S13536564542525561
+ $13532524S45556561 + 1353224656561 + S13532525556564541
+ $13532525564S46561 + S13532S26S65564Su1 + S13532526S64u5561
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+ $14345556563532521 + S14S45S53S36562S01 + S14545553532526561
+ $14345556562523581 + S14S4555252356S61 + S14545552526563551
+ $1454656555333251 + S1454656356555251 + S14S46563552525561
+ $14546565552523561 + S14546562523S35551 + S14S46562525553581
+ $14343535556562521 + S14543S36565562S01 + S1443532S25556561
+ $14343532526565551 + S14S43S36562525561 + S14543535552526561
+ $14542523S35556561 + S14542S23S36565551 + S14542525556563561
+ $14542525553536561 + S14542S26565553S81 + S14542526S63535551
+ S1555656434353251 + S155656S63534542S01 + S15556562S2443551
+ S155565635325245u1 + S155656S6442523S81 + S15556562S23534541
+ S155546563532521 + S15554546562523551 + S1555413536562521
+ S1555443532526561 + S155545412523536561 + S1555412526563551
+ S15553534S46562521 + S15563S36564542S01 + S15553532S2446561
+ S155535325265645u1 + S15563S36562524Su1 + S15553534S42526561
+ $1555254543536561 + S1555252656443551 + S15552523534546561
+ $155525353656451 + S1555054546563S51 + S15552526563534541
+ S165655654343532521 + S16S65553534542S01 + S1656556442523551
+ S16565552524543581 + S16S65553532524Su1 + S16565562S23534541
+ $16564u555353251 + S1656443S35552521 + S16564413552525561
+ $1656445552523561 + S16564S412523535551 + S1656412525555561
+ S16563535564S42521 + S16563S32525564Su1 + S16563534S45552521
+ $16563532524545551 + S16563S3552524Su1 + S16563534S42525561
+ $16562255654543561 + S16562523S35554541 + S16562524543535551
+ $165623534545561 + S16562524S545553551 + S16562525553534541
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Appendix-Ill
Code of Computer Program for Solving NXN Matrix

For the calculation of permanent function of NXNtrais given in this appendix and value of N
can be upto 50. The program is based upon Laplgzansion. Suppose B=jlbis an NXN matrix

then its determinant is given by:

=306
and G =(-1)"' M

Where M is the i, j minor matrix of B, that is, the deténamt of the (n—1) x (n—1) matrix that results
from deleting the i-th row and the j-th column of Bor the calculation of permanent function, the

cofactor G is defined as:

C =M

ij ij

Due to this all negative signs in matrix expansos converted in to positive signs

Variables Used int total Column Number of columnd eows in the matrix double matrix[50][50]
The matrix input by User int z[50]

Variable Array used for calculation of perof2

Functions Used

double per(int) Recursive function that calculdatesvalue of permanent

double perof2(); Calculates the permanent of ladethents
P ——— ok A kk Rk
int totalColumn;

double matrix[50][50];

int z[50];

double per(int);

double perof2();

s PE————————
Local Variables for main function

inti Temporary integer variable

int j Temporary integer variable

double k Double variable that stores the valuernetd by per()
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kkkkkkkkkkkkkkkkkkkkkhkkkhkkkkkkkkkhkhhkhkkkkkhkkkkkk *******************/

void main()

{

int ij;

double k;

clrscr();

printf("Enter the size of the matrix:");
scanf("%d",&totalColumn);

[*Input from user the elements of Matrix that iswnt.e., totalColumn*totalColumn?*/
printf("\n Enter the elements of matrix:\n");
for (i = O;i<=totalColumn-1;i++)

{

for(j = 0;j<=totalColumn-1;j++)

{

printf(" Element [%d][%d]: ",i+1,j+1);
scanf("%lf",&matrix[i][j]);

}

}

printf("\n\n\n\n\nPress any key to continue....");
getch();

clrscr();

/*Show to user the matrix formed or inputted*/
printf("The matrix is: \n\n");

printf("\n\t");

for(i=0;i<=totalColumn-1;i++)

{

for(j=0;j<=totalColumn-1;j++)

{

printf("%1f ", matrix[i][j]);

}

printf("\n\t");

}

k=per(totalColumn);

printf("\n\nThe final Value is %lf"k);

getch();

}

/************************************************** kkkkkkkkkkkkkkdhkkkkk

This algorithm works as follows... It calculateg tralues in a row number, i.e., firstly it will téte

value of the permanent for first element in thetfiiow, then adds the permanent of second element
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of the first row and the process continues...

z keeps the check for per2, what is to be calcdléte per2. per will make the values for all z
elements '"1' except those 2 elements whose pett® bhascalculated.

Variables used in per

inti Temporary integer variable

double res Double variable for storing the valuammeed from per()

double res2 Double variable for storing the vaktened from perof2()

double sum Variable for calculating the sum

kkkkkkkkkkkkkkkkkkkkkhkkhkkkkkkkkkhkhkkhkkkkkhkkkkkk ********************/

double per(int n)

{

int i;

double res, res2, sum=0;
if((n-2)!=0)

{

int c=0;
for(i=1;i<=totalColumn;i++)
{

if(z[i]==0)

{

z[i]=1;

z[c]=0;

c=i;

res=per(n-1);
res=(double)(res*matrix[totalColumn-n][i-1]);
sum=sum-+res;

}

}

z[c]=0;

}

else

{

res2=perof2();
return(res2);

}

return(sum);

}

/************************************************** Kkkkkkkkkkkkkkkdhkkkkk

This function calculates the value of the matri® ZFhe 2*2 matrix is defined by the array z[].
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Variables used in perof2

int i,j Temporary integer variable

int n,m Temporary integer variable

int flag Contains value 0 or 1, acts as Boolean

double res Double variable for storing the valuewdated by multiplication

kkkkkkkkkkkkkkkkkkkkkhkkhkkkkkkkkkhkhhkhkkkkkhkkkkkk ********************/

double perof2()
{

int i,j,flag=0,n,m;
double res;
for(i=1;i<=totalColumn;i++)
{

if(z[i]==0)

{

if(flag==0)

{

n=i;

flag=1,;

else
m=i;
}
}

res=(double)((matrix[totalColumn-2][n-1]*matrix[t@iColumn-1][m-1])+(matrix[totalColumn-2][m
-1]*matrix[totalColumn-1][n-1]));

return res;
}
APPENDIX-IV
Data Used for CCPP Calculations
Gas Turbine

Net power output = 189.5 MW
Net efficiency > 35%

Exhaust gas mass flow rate = 565.2 kg/s
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Exhaust gas temperature = 563.4°C

Pressure ratio = 16.0

Ambient temperature = 15°C

Ambient pressure = 1.013 bar

Relative humidity = 60 %

Inlet pressure drop = 10 mbar

Outlet (HRSG) pressure drop = 40 mbar

Auxiliary power for each gas turbine = 400 kW

HRSG

Pinch-point = 10°C

Minimum steam/exhaust approach temperature = 30°C
Economizer approach temperature = 2°C

Pressure drop live-steam pipes

Sub-critical cycles HP=5 %, RH=7 %, IP=7 %, LP=10 %
Super-critical cycles HP=4 %, RH=7 %, IP=7 %, LP%40
Heat loss live-steam pipes = 1°C

Pressure drop super-heaters =5 %

Pressure drop evaporators =5 %

Pressure drop economizers =5 %

Pressure drop feedwater pre-heater = 4 bar

Deaerator pressure = 1.2 bar

Exhaust gas due to heat loss = 2°C

Maximum steam temperature: HP=540°C, RH=560°C

Steam Turbine

Pressure drop throttle valves = 2%
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Pressure drop reheat return pipe = 3 %

Isentropic efficiencies: HP=92 %, RH=92 %, IP=921%=89 % (subcritical)
Isentropic efficiencies: HP=91 %, RH=92 %, IP=9219%8=89 % (supercritical)
Steam leakages through seals: HP=0.2 %, RH=0.P%Q).2 %, LP=0.2 %
LP section leaving loss = 30 kJ/kg

"Wiison line" quality = 0.975

Auxiliary power fraction = 0.25 % (pump work notioded)
Mechanical/generator-efficiency = 98.2 %

Condenser

Condenser pressure = 0.04 bar

Cooling water temperature = 15°C

Allowed cooling water temperature increase = 9°C

Cooling water pressure drop = 1 bar

Pumps

Mechanical efficiency = 92 %

Isentropic efficiency = 80 %
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Appendix-V

Quantification of Design Parameters

Table 1 Quantification of CR for GTA

Value of CR 5( 10| 15 20 25

3.9.8

Assigned Value of Inheritance for GTA 25 38 |4

Table 2 Quantification of inlet air temperature @&TA

Value of IAT (°C) 5| 10 15 20 25 30 35 40 45

Assigned Value of 8| 784 | 768| 752 7.36 7.12
Inheritance for GTA

Table 3 Quantification of air compressor efficigfior GTA

Value of Air Compressor Efficiency (%) 70 75

80 85 90 95
Assigned Value of

517 | 5.73| 6.30| 6.87 7.44 8

Inheritance for GTA

Table 4 Quantification of gas turbine efficienoy GTA

Value of Gas Turbine Efficiency (%) 70 75 8D

85 POS
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Code of Computer Program for Exergetic Analysis

{Inlet conditions for the compressor}

T1=25
P1=101.3
Prc=10
R=8.314
Prc=P2/P1
T3=577
T4=1247
LHV=802361
Wnet=30000

Assigned Value of 35|5 | 65 8| 9| 98
Inheritance for GTA
Table 5 Quantification of TIT for GTA
Value of TIT (°C) 1000| 1050 1100 1150 1200 1250 Q301350 | 1400
Assigned Value of 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7 6.9
Inheritance for GTA
Appendix-VI
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{HRSG Flue Gas and Steam Parameters}

P7=101.3
Phps=2000
msat=14

{Pressure losses in different components}

Plossregeneratorairside=5
Plossregeneratorgasside=3
Plosscombustionchamber=5
PlossHRSG=5

{efficiency and effectiveness parameter}

Eregenerator=0.68
effcombustion=1
effcompressor=0.86
effturbine=0.86
effelectrical=0.85

{Intial composition of air}
x1N2=0.7748
x102=0.2059
x1C02=.0003
x1H20=0.0190

{State 1- Compressor Inlet}
h1N2=Enthalpy(N2, T=T1)
h102=Enthalpy(O2, T=T1)
h1CO2=Enthalpy(CO2, T=T1)
h1H20=Enthalpy(H20, T=T1)

hltotalair=x1N2*h1N2+x102*h102+x1C02*h1CO2+x1H20#20

slrefN2=Entropy(N2, T=T1,P=P1)
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slrefO2=Entropy(O2, T=T1,P=P1)
s1lrefCO2=Entropy(CO2, T=T1,P=P1)
slrefH2O=Entropy(H20, T=T1,P=P1)

{Compressor Outlet}

s2srefN2=Entropy(N2, T=T2s,P=P1)
s2srefO2=Entropy(O2, T=T2s,P=P1)
s2srefCO2=Entropy(CO2, T=T2s,P=P1)
s2srefH20=Entropy(H20, T=T2s,P=P1)

0=x1N2*(s2srefN2-s1lrefN2-R*In(Prc))+x102*(s2sref@2refO2-R*In(Prc))+x1CO2*
(s2srefCO2-s1refCO2-R*In(Prc))+x1H20*(s2srefH20 &fH2 O-R*In(Prc))

h2sN2=Enthalpy(N2, T=T2s)
h2sO2=Enthalpy(O2, T=T25s)

h2sCO2=Enthalpy(CO2, T=T2s)
h2sH20O=Enthalpy(H20, T=T2s)

h2stotalair=x1N2*h2sN2+x102*h2s02+x1C0O2*h2sCO2+xTHR2sH20

h2totalair=h1totalair+((h2stotalair-h1totalair)dmpressor)
h2N2=Enthalpy(N2, T=T2)

h202=Enthalpy(O2, T=T2)

h2CO2=Enthalpy(CO2, T=T2)

h2H20=Enthalpy(H20, T=T2)
h2totalair=x1N2*h2N2+x102*h202+x1C0O2*h2C0O2+x1H20H20

{Combustion Chamber }

h3N2=Enthalpy(N2, T=T3)

h302=Enthalpy(O2, T=T3)

h3CO2=Enthalpy(CO2, T=T3)

h3H20=Enthalpy(H20, T=T3)
h3totalair=x1N2*h3N2+x102*h302+x1C0O2*h3CO2+x1H20H30

{Turbine Inlet}
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h4N2=Enthalpy(N2, T=T4)
h402=Enthalpy(O2, T=T4)
h4CO2=Enthalpy(CO2, T=T4)
h4H20O=Enthalpy(H20, T=T4)

dhN2=h4N2-h3N2
dhO2=h402-h302
dhC0O2=h4C0O2-h3C0O2
dhH20=h4H20-h3H20

hCH4=-74872

CombustionEfficiency=1
a=(xIN2*dhN2+x102*dhO2+x1C0O2*dhCO2+x1H20*dhH20)/(H&-.02*effcombus
tion*LHV-(-2*h402+h4C0O2+2*h4H20))

X2N2=x1N2/(1+a)
x202=(x102-2*a)/(1+a)
x2C02=(x1C0O2+a)/(1+a)
Xx2H20=(x1H20+2*a)/(1+a)

s4refN2=Entropy(N2, T=T4,P=P1)
s4refO2=Entropy(O02, T=T4,P=P1)
s4refCO2=Entropy(CO2, T=T4,P=P1)
s4refH2O=Entropy(H20, T=T4,P=P1)

{Turbine Outlet}

s5srefN2=Entropy(N2, T=T5s,P=P1)
s5srefO2=Entropy(02, T=T5s,P=P1)
s5srefCO2=Entropy(CO2, T=T5s,P=P1)
s5srefH20=Entropy(H20, T=T5s,P=P1)

P3=(1-(Plossregeneratorairside)/100)*P2
P4=(1- (Plosscombustionchamber)/100)*P3
P7=(1-(PlossHRSG)/100)*P6
P6=(1-(Plossregeneratorgasside)/100)*P5

0=x2N2*(s5srefN2-s4refN2-R*In(P5/P4))+x202*(s5srefc4refO2-R*In(P5/P4))+x2
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CO2*(s5srefCO2-s4refCO2-R*In(P5/P4))+x2H20*(s5sr2ts4refH20-R*In(P5/P4)
)

h5sN2=Enthalpy(N2, T=T5s)
h5sO2=Enthalpy(O2, T=T5s)
h5sCO2=Enthalpy(CO2, T=T5s)
h5sH20O=Enthalpy(H20, T=T5s)

h4totalair=x2N2*h4N2+x202*h402+x2C02*h4CO2+x2H20H20

h5stotalair=x2N2*h5sN2+x202*h5s02+x2C02*h5sCO2+xZHR5sH20

h5totalair=h4totalair-((h4totalair-h5stotalair)*affbine)

hSN2=Enthalpy(N2, T=T5)

h502=Enthalpy(O2, T=T5)

h5CO2=Enthalpy(CO2, T=T5)

h5H20=Enthalpy(H20, T=T5)
h5totalair=x2N2*h5N2+x202*h502+x2C0O2*h5CO2+x2H20HB30

{Net work output from the cycle}

MWair=28.649

MWfuel=16.043
ma=(MWair*Wnet )/((1+a)*(h4totalair-h5totalair)-(h&alair-h1totalair))
mf=a*(MWfuel/MWair)*ma
mp=ma+mf

na=ma/MWair

nf=(na)*a

np=(na)*(1+a)
Wcomp=na*(h2totalair-h1totalair)
Wturb=np*(h4totalair-h5totalair)
Wel=effelectrical*Wnet

{Regenerator outlet}
na*(h3totalair-h2totalair)=np*(h5totalair-h6totafpi
h6N2=Enthalpy(N2, T=T6)

h602=Enthalpy(O2, T=T6)
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h6CO2=Enthalpy(CO2, T=T6)

h6H20=Enthalpy(H20, T=T6)
h6totalair=x2N2*h6N2+x202*h602+x2C0O2*h6CO2+x2H20OHBO
Eregenerator*(T5-T2)+T2=T3actual

{HRSG Outlet}
Tsat9=T_sat(Water,P=Phps)
hgl=Enthalpy(Steam,P=Phps,x=1)
hfwhp=Enthalpy(Steam,T=T1,P=Phps)
MWwater=18

nsat=msat/18
np*(h6totalair-h7totalair)=nsat*(hgl-hfwhp)

h7N2=Enthalpy(N2, T=T7)

h702=Enthalpy(O2, T=T7)

h7CO2=Enthalpy(CO2, T=T7)

h7H20=Enthalpy(H20, T=T7)
h7totalair=x2N2*h7N2+x202*h702+x2C0O2*h7CO2+x2H20#Z0O
Qp=np*(h6totalair-h7totalair)

{physical exergy analysis at different state pdints

To=T1

Po=P1

ho=h1totalair

so=sltotalair

S1IN2=Entropy(N2, T=T1,P=x1N2*P1)

s102=Entropy(02, T=T1,P=x102*P1)

s1CO2=Entropy(CO2, T=T1,P=x1CO2*P1)
S1H20=Entropy(H20, T=T1,P=x1H20*P1)
sltotalair=x1N2*s1N2+x102*s102+x1C02*s1CO2+x1H2CHRD

E1PH=na*((h1ltotalair-ho)-(To+273)*(s1totalair-so))

{compressor outlet}

S2N2=Entropy(N2, T=T2,P=x1N2*P2)
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s202=Entropy(02, T=T2,P=x102*P2)

s2C0O2=Entropy(C0O2, T=T2,P=x1C0O2*P2)
S2H20=Entropy(H20, T=T2,P=x1H20*P2)
s2totalair=x1N2*s2N2+x102*s202+x1C02*s2CO2+x1H2CHD
E2PH=na*((h2totalair-ho)-(To+273)*(s2totalair-so))

{Combustion chamber inlet}

s3N2=Entropy(N2, T=T3,P=x1N2*P3)
s302=Entropy(02, T=T3,P=x102*P3)
s3CO2=Entropy(CO2, T=T3,P=x1CO2*P3)
s3H20=Entropy(H20, T=T3,P=x1H20*P3)

s3totalair=x1N2*s3N2+x102*s302+x1C02*s3CO2+x1H2 D

E3PH=na*((h3totalair-ho)-(To+273)*(s3totalair-so))

{Turbine Inlet}

S4N2=Entropy(N2, T=T4,P=x2N2*P4)
s402=Entropy(02, T=T4,P=x202*P4)
s4CO2=Entropy(CO2, T=T4,P=x2C0O2*P4)
s4H20=Entropy(H20, T=T4,P=x2H20*P4)

sdtotalair=x2N2*s4N2+x202*s402+x2C02*s4CO2+x2H2 4D

hodesh=hldeshtotalair
sodesh=s1deshtotalair

x2water=1-(x2N2+x202+x2C02+x2H20)

hlwater=Enthalpy(Water, T=T1,P=P1)
hldeshtotalair=x2N2*h1N2+x202*h102+x2C0O2*h1CO2+xZHA1H20+x2water*
hlwater

x2deshN2=(x2N2)/(x2N2+x202+x2C02+x2H20)
x2desh02=(x202)/(x2N2+x202+x2C0O2+x2H20)
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x2deshCO2=(x2C02)/(x2N2+x202+x2C0O2+x2H20)
x2deshH20=(x2H20)/(x2N2+x202+x2C02+x2H20)

sldeshN2=Entropy(N2, T=T1,P=x2deshN2*P1)

sldeshO2=Entropy(O2, T=T1,P=x2deshO2*P1)

s1deshCO2=Entropy(CO2, T=T1,P=x2deshCO2*P1)

sldeshH20=Entropy(H20O, T=T1,P=x2deshH20*P1)
sldeshwater=Entropy(Water, T=T1,P=P1)
sldeshtotalair=x2N2*s1deshN2+x202*s1deshO2+x2 CO#shCO2+x2H20*s1des
hH20+x2water*sldeshwater
E4PH=np*((h4totalair-hodesh)-(To+273)*(s4totalaidesh))

{Turbine Outlet}

S5N2=Entropy(N2, T=T5,P=x2N2*P5)

s502=Entropy(02, T=T5,P=x202*P5)

s5CO2=Entropy(CO2, T=T5,P=x2C0O2*P5)
S5H20=Entropy(H20, T=T5,P=x2H20*P5)
s5totalair=x2N2*s5N2+x202*s502+x2C02*s5CO2+x2H2 OB
ES5PH=np*((h5totalair-hodesh)-(To+273)*(s5totalaidesh))
{Regenerator outlet}

S6N2=Entropy(N2, T=T6,P=x2N2*P6)

s602=Entropy(02, T=T6,P=x202*P6)

s6CO2=Entropy(CO2, T=T6,P=x2C0O2*P6)
S6H20=Entropy(H20, T=T6,P=x2H20*P6)
s6totalair=x2N2*s6N2+x202*s602+x2C02*s6CO2+x2H2 CHD
E6PH=np*((h6totalair-hodesh)-(To+273)*(s6totalaidesh))
{HRSG outlet}

S7TN2=Entropy(N2, T=T7,P=x2N2*P7)

s702=Entropy(02, T=T7,P=x202*P7)
s7CO2=Entropy(CO2, T=T7,P=x2C0O2*P7)

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



S7H20=Entropy(H20, T=T7,P=x2H20*P7)
s7totalair=x2N2*s7N2+x202*s702+x2C02*s7CO2+x2H2CH0D
E7PH=np*((h7totalair-hodesh)-(To+273)*(s7totalairdesh))
{condensate inlet to HRSG}

hof=Enthalpy(Water,T=To,P=Po)
sof=Entropy(Water,T=To,P=Po)
sconhp=Entropy(Water,T=T1,P=Phps)
E8PH=nsat*((hfwhp-hof)-(To+273)*(sconhp-sof))

{steam outlet to HRSG}

sgl=Entropy(Steam, x=1,P=Phps)
E9PH=nsat*((hgl-hof)-(To+273)*(sgl-sof))

{Fuel inlet to combustion chamber}

Pf=1200

x=In(Pf/Po)
Rf=R/MWfuel
EfPH=mf*Rf*(To+273)*x

{CHEMICAL EXERGY ANALYSIS AT DIFFERENT STATE POINT$

eowater=45
eoCH4=824348
eoN2=639
e002=3951
eoH20=8636
eo0C02=14176
E1CH=0

E2CH=0

E3CH=0
{TURBINE INLET}
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B=x2deshN2*eoN2+x2deshO2*e002+x2deshCO2*eoCO2+x#d20*eoH20
p=In(x2deshN2)

g=In(x2desh02)

t=In(x2deshCO2)

s=In(x2deshH20)
C=R*(To+273)*(x2deshN2*p+x2deshO2*q+x2deshCO2*t+g2HH20*s)

D=B+C

E=(x2N2+x202+x2C02+x2H20)*D+x2water*eowater
E4CH=np*E

E5CH=E4CH
E6CH=E4CH
E7CH=E4CH
E8CH=nsat*eowater
E9CH=E8SCH
EfCH=nf*eoCH4
{Total Exergy}
E1=E1PH
E2=E2PH
E3=E3PH
E4=E4PH+E4CH
E5=E5PH+E5CH

E6=E6PH+EG6CH

E7=E7PH+E7CH
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E8=E8PH+E8CH

E9=E9PH+E9CH

Ef=EfPH+EfCH

Edcompressor=Wcomp+E1-E2

Edregenerator=E2+E5-E3-E6

Edcombustionchamber=E3+Ef-E4

Edturbine=

-Wturb+E4-E5

EdHRSG=E6-E7+ES8-E9

Validation of Exergy Analysis Results for CGCPP

Appendix-VII

State

Substance

Mass flow

rate

Temperature

Pressure

Enthalpy

Exergy
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91.01 298.15 101.1 -4713
1 Air (91.27) (298.15) (101.3) | (-4713.3) 0
91.01 611.35 101.1 27586
2 Air (91.27) (603.14) (101.3) | 4632(4596) (27538)
91.01 850 962.4 12190 41328
3 Air (91.27) (850) (962.3) (12524) (41938)
Combustion | 92.66 1520 914.2 8963 10111.3
4 Products (92.92) (1520) (914.2) | (9304.41) | (10168.9)
Combustion | 92.66 1010 -9237 38433
5 Products (92.92) (1006) 109 (109) | (-8839) (38789)
Combustion | 92.66 794 -16558 22134
6 Products (92.92) (780) 106 (106) | (-16522) | (21992)
Combustion | 92.66 430 101.1 -28061 2847
7 Products (92.92) (426) (101.3) | (-27974) (3713)
14.00 298.15 1920 61.67
8 Water (14.00) (298.15) 2000 (2000) (1884.6) (61.6)
14.00 485 50420 12842
9 Steam (14.00) (485) 2000 (2000] (50347.8) | (12810.2)
1.647 298.15 1200 -74872 85234.6
10 | Methane (1.641) (298.15) (1200) (-74872) | (84993.9)
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Appendix-VIII
Publications Out of Research work

A) Paper Accepted and Published in International Jarnal:

1. “System Modeling and Analysis of a Combined Cyabever Plarit International journal of
system assurance and management (Springer), DO00s13198-012-0112-y.

2. “Computational Analysis of Dual Pressure Non-rel@ainbined-Cycle Power Plant with
Change in Drum Pressures” International Journ&@ppflied Engineering Research, vol 5,

No.8 (2010), p. 1307-1313.

3. “Graph Theoretic Assessment of Critical ComponenCiombined-Cycle Power Plant”

International Journal of Engineering Studies, vdNé.1 (2012), p. 1-13.

4. “Exergy analysis and simulation of a 30MW cogerieratycle” Frontiers of Mechanical

Engineering (Springer) (Accepted for publication).
5. “GTA-based framework for evaluating the role ofidesparameters in cogeneration cycle
power plant efficiency” Ain Shams Engineering JalrnElsevier) (Accepted for

publication).

B) Paper Presented in Conferences:
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6. “Modeling and Analysis of Dual Pressure Non-reh€aimbined-Cycle with
Change in Drum Pressures” Proceeding of internatioonference on advances
in mechanical engineering held at SVNIT Surat, 64-Oanuary, 2010,
p-114-118.

7. “Energy and Exergy Analysis of Cogeneration Cyd#gh Change in Gas
Turbine Operating Parameters” Proceeding of intenal conference on
emerging technologies for sustainable environmefit &t AMU Aligarh, 29-30
October, 2010, p- 412-414.

8. “A Comparison of Single and Dual Pressure Steanrdgtibn from Steam Turbine of
Combined Cycle Power Plant” Proceeding of inteoratl conference on emerging trends

in Mechanical Engineering held at Thapar UniverBigifiala, 24-26 February, 2011, p-88.

9. “Mathematical modeling and exergetic analysis ajerteration cycle with change in gas
turbine parameters” Proceeding of international fe@nce on emerging trends in
Mechanical Engineering held at Thapar Universitijdta 24-26 February, 2011, p-81.

10. “A Study of Combustion Product Concentration on Gasbine Performance” Proceeding
of international conference CONIAPS-2011, held &B3, Dehradun from 14-16 June,
2011, P084, pp-172.

11. “Simulation of gas turbine combustion chamber fo,Cemission minimization”
SOCPROS-2011, Advances in Intelligent and Soft Qaimg (AISC, Springer), 2011, Vol
131, p 235-246.

12. “Mathematical Modelling and Computer Simulation afCombined Cycle Power Plant”

SOCPROS-2011, Advances in Intelligent and Soft Qaimg (AISC, Springer), 2011, Vol
131, p 341-350.

13. “Areview of combined cycle power plant thermodyriamycles” Proceedings of national
conference TAME-2012, from 19-20 October, 20128 89.

C) Papers Communicated

14. “Digraph and matrix method for assessing the rdlelesign parameters in Gas Turbine

Power Plant efficiency” Alexandria Engineering Jualr(Elsevier).
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15. “Development of reliability index for combined cgcpower plant using Graph Theoretic

Approach” Ain Shams Engineering Journal (Elsevier).

16. “System modeling and analysis of a cogeneratiofeqyower plant using Graph Theoretic

Approach” Sadhana (Springer).
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