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Abstract

                  In the present times of fast depleting fuel resource growing concern for environment and ever-increasing demand for electricity, the need for a more efficient and less polluting power plant is occurring. In this respect, the Gas turbine cogeneration system is a suitable system to present an attractive concept. Mainly three types of cogeneration systems viz. simple gas turbine cogeneration system, Gas turbine cogeneration system with regeneration and Gas turbine cogeneration system with alternative regeneration has been used in past decade offering a significant increase in cycle efficiency along with other environmental advantages. 

                 Gas turbine cogeneration systems are simple system with number of diverse components such as compressor, gas turbine, heat exchanger and combustion chamber, connected in interactive loop. In the present work attempt has been made to understand the performance of three above mentioned Gas turbine cogeneration systems based simulation by the characteristics equations of different components. 

                 The first phase of work involves concerned literature review. From these studies, it is concluded that there is opportunities to execute analysis to compare the superiority of three systems. 

                 In the second phase of work the Tables of for validations of properties of fluids with the paper value is done. For this table the calculated values differ from the book by 0.05%. The steady state simulation have been presented and developed to predict the performance of the gas turbine cogeneration systems from known performance characteristics of its main components.  In order the procedure could be validated, the simulation technique has been applied to typical systems of gas turbine cogeneration system viz. regeneration system and alternative regeneration system. It is observed that the reference values and calculated values for various important parameters are matching within 1%.

                 In the final phase of the work, graphical representation of different tables is given. First law efficiency, power output is shown varying with pressure ratio and turbine inlet temperature. The results indicated the superiority of Gas turbine cogeneration system with alternative regeneration in terms of First law efficiency etc. Furthermore, this system has economical and environmental advantages over other two systems.
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a
  Air to fuel ratio

M
  Mass flow rate, (kg/s)

T
  Temperature of the fluid, (K)

P
  Pressure of the fluid, Bar

rp
  Compression Ratio 

η
  Efficiency

cp
  Specific heat of the fluid, (kJ/kg)

H
  Enthalpy of the fluid, (kJ/kg)

h
  Specific enthalpy,(kJ/kg)

hf
  Enthalpy of formation,(kJ/kg)

I           Irreversibility, (kJ/kg)

Q
  Heat Transfer, (kW) 

R
 Universal gas constant

S          Entropy, (kJ/kgK) 

V
 Specific volume, (m3/kg) 

W
  Work, (kW)

TIT
 Turbine Inlet temperature, (K)

SC       Simple cycle gas turbine

CGC    Conventional regenerative gas turbine 

ARC    Alternative regenerative cycle

CHP    Combined heat and power

LHV    Lower heating value of fuel, (kJ/kg)

Greek letters

γ     Ratio of specific heats 

εr    Effectiveness of the regenerator
Subscript

a
Air

 f
Fuel

w        Water 

g
Gas 

t
Turbine

c
Compressor

Net
Net value

1        Compressor inlet 

2        Compressor outlet

3        Regenerator inlet

4        Turbine inlet 

5        Turbine outlet

6         Power turbine inlet

7         Power turbine outlet

exh      Exhaust

p         Product

R        Reactants

in       Incoming        
hpt     High pressure turbine

pt       Power turbine

o        Reference value
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        INTRODUCTION
    Cogeneration system may be defined as a thermal system that produces electric power and heat energy simultaneously from a single source of fuel. The use of electricity and process heat for various domestic and industrial applications is increasing rapidly. Consequently the demand for this type of energy is growing exponentially. On the other hand the fuel resources are diminishing, the fuel costs are also rising and there is a growing concern against environmental pollution by environmental norms. All these trends spell out the urgency of evolving highly efficient and economic models of power generation simultaneously a judicious and less polluting use of the limited reserves. While a long term strategy will necessitate shifting to more and more renewable resources.

      In recent years, there have been substantial improvements in the performance of the gas turbines and gas turbine cycles are becoming more viable for power generation. Nevertheless, because of high exhaust gas temperature, waste heat from these plants is very high. During last two decades, attempts to use the gas turbine as a cogeneration system through a waste heat recovery boiler for effective utilization of resources have been implemented. These power plants give step-increase in efficiency and have reduced pollution effects with some other advantages in terms of process heats.

       With ever growing demand of power for uninterrupted functioning, industries have started to concentrate on their own power plant. This power plant is mainly used for power requirement but have a significant roll in providing heat to the utilities of the industry. This heat is either available in the form of steam or hot water. Thus gas turbine cogeneration plant gains its undisputed importance in the industries.

     The era around 1970 is known to be golden for developing gas turbine cogeneration plant. As in this duration the oil and gas has a prime and profitable market. Refineries need lots of process heat as well as power for its operation. Thus in refineries, cement plants and chemical industries the gas turbine cogeneration plant have been recommended frequently by their designer. The gas turbine cogeneration plant have been developed to a new horizon as the issues are now changing towards gaining more efficiency, reduction of fuel cost and protection of environment from the combustion gases.

        Gas turbines cogeneration system are delivering the combined heat and power (CHP). CHP systems have applications both in large centralized power plants, and in distributed generation settings. Cogeneration systems have applications in centralized power plants, large industrial settings, large and medium sized commercial settings, and even smaller residential or commercial sites. The key determinant of whether or not combined heat and power technology would be of use is the nearby need or purpose for the captured waste heat. While electricity may be transferred reasonably efficiently across great distances, steam and hot water are not as transportable.

1.1 Simple gas turbine cogeneration system                                         
[image: image2]                        

Figure 1.1 shows how the gas turbine system can be utilized as a cogeneration system that can produce both power as well as process heat. In this case, the gas turbine is generating power and by utilizing the exhaust gases low-pressure steam is produced for is wide use in refining, mining and other industrial application.
1.2 Modeling and Simulation       
        A mathematical model is an abstract model that uses mathematical language to describe the behavior of a system. Mathematical models are used particularly in engineering system design and analysis. A computer simulation or a computer model is a computer program that attempts to simulate an abstract model of a particular system. Computer simulations have become a useful part of mathematical modeling of many natural systems in engineering. A simulation is an imitation of some real thing, state of affairs, or process. The act of simulating something generally entails representing certain key characteristics or behaviors of a selected physical or abstract system.

    Modeling a physical system by using experimental data in order to simulate the physical system is first step for simulation. Curve fitting techniques are used to derive mathematical equations to describe the performance of a system in terms of either its design variables or operating conditions. These equations are then programmed to run either on analogue or a digital computer in order to simulate the physical system. Although modeling by scaling down physical systems has been in use for a long time, computer modeling is relatively recent. However, it should be noted that the quality of simulation depends on the reliability of the experimental data that were used to develop the analytical model of the system. Computer models of engineering systems such as the aero and industrial gas turbine engines are developed mostly by mathematicians and computer software specialists who, quite often, may lack proper understanding of the physical characteristics of the systems they are trying to model. Such models are semi-empirical and are based on a limited amount of experimental data. The source of data quite often may not be traceable; for example, modeling the fuel system for a gas turbine engine from a single fuel delivery curve in order to develop the fuel control system.
      In present study, after reviewing various aspects of the gas turbine cogeneration systems, an attempt is made to develop simple procedures of the performance prediction to understand wide range of performance characteristics of the gas turbine cogeneration system. 
CHAPTER 2                                                                                    
                                                                                       LITERATURE REVIEW
       The interest in gas turbine cogeneration system was aroused through out the world in early 1970s. During the last three decades a number of alternatives have been developed or added to the cogeneration system. In this chapter a detailed review of the literature on gas turbine cogeneration system has been undertaken, which evaluates various gas turbine cogeneration system arrangements consisting of simple gas turbine cycle couples to heat recovery steam generator. In addition, the methods of thermodynamic analysis and simulation of these systems available in the literature have been reviewed. Gas turbine cogeneration system is an extensive area of research, in which several researchers have already made some mark and several others are indulging themselves in this direction. A brief survey of Literature review is given below. 

2.1 Summary of Literature Review 

Hwang S.H., et al [1], have analyzed design and off design characteristics of the Alternative recuperative gas turbine cycle with divided turbine expansion, In this work they have performed both design and off design analysis. In this paper two types of designs are taken single and double shafts. The part load analysis has been carried out with the aid of realistic component maps and models for off design operations. In addition to the general fuel control, a variable speed control is assumed as the part load operating strategy of the single shaft configuration. Obvious advantage with the alternative cycle is observed in the variable speed operation of the single shaft design. With this strategy, the part load efficiency of the alternative cycle is far superior to the conventional cycle. Almost constant efficiency is predicted for a whole power range in their work.  

Dellenback [2], have studied improved gas turbine efficiency through Alternative regeneration configuration. This paper considers the usefulness of cycle using the conventional regeneration. This revised modeling shows that the Alternative regenerative cycle can produce efficiency higher than conventional and simple cycle. This paper optimized the pressure ratio at all points for maximum possible efficiency. Turbine inlet temperature (TIT) is taken rather higher for current design value to examine the both current and future feasibility of cycle.

Korakianitis T., et al [3], have performed parametric analysis of combined cogeneration power plants with various power and efficiency enhancement. In this paper they have analyzed design-point performance characteristics of a wide variety of combined cogeneration power plants. They have prepared a computer program to evaluate the performance of the various power plants using standard inputs for components efficiencies, and the design point performance of these plants is computed. They have presented the result as thermal efficiency, specific powers, effectiveness and specific rate of energy in district heating. The performance of simple cycle gas turbine dominates the overall plant performance; the plant efficiency and power are mainly determined by turbine inlet temperature and compressor pressure ratio. They have also studied the performance under the condition varying steam injection and varying supplementary firing. Then a method of fuel cost allocation between electricity and hot water is recommended.

Dellenback [4], studied a reassessment of alternative regenerative cycle. This paper reconsidered the usefulness of cycle using the conventional regeneration. This revised modeling shows that the alternative regenerative cycle can produce efficiency higher than conventional only for limited set of conditions. This paper optimized the pressure ratio at all points for maximum possible efficiency. The turbine inlet temperature (TIT) is taken rather higher for current design value to examine the both current and future feasibility of cycle.

Stocker W.F. [5] has undertaken the problem of simulating a gas turbine power plant for the given characteristic curves of gas turbine and compressor. He has used these characteristics of compressor and gas turbine in the form of characteristics equations. In their work they have used seven variables with seven known equations, these equations includes the characteristics equations, mass balance equation and energy balance equations. To find the solution of the problem he has used Newton-Rapsons method for seven variables. He has shown that the solution is obtained within five iteration. The Newton Rapsons method converges very fast.

Seyedan B., et al, [6] have made a model to simulate and optimize the combined cycle power plant. In their study they have firstly analyzed various arrangements of gas turbine cycles. In addition to this computer based procedures have been developed to understand the performance of the combined cycle. After analyzing the performance of the system they have carried out the steady state simulation of to predict the performance of the combined cycle power plant from given performance characteristics of its main components. In final phase they developed procedure for optimum design of waste heat recovery boiler.

Kosman W., et al, [7], have simulated a thermal processes for performance control of CHP plant with a gas turbine unit. This paper presents a CHP plant with coal and gas fired sections. The power system consists of various units. The alteration of one of its units characteristics may significantly affects the operation of other units and of the whole system. Therefore, the performance control is very important task. The paper describes simulation modules of the flow processes as well as the suggested structure of the diagnostic investigation.
Li Y.G, et al [8], have performed an adaptation approach for the gas turbine design point simulation. In their work, they have proved that simulation and understanding of gas turbine performance is very useful for gas turbine users. They have analyzed simulated design point performance and actual measured performance, which were different. This difference may be reduced with better estimation of these unknown components parameters. In their work, a gas turbine design point performance adaptation approach has been developed to best estimate the unknown design point component parameters as compressor pressure ratio and efficiency, turbine entry temperature, turbine efficiency, mass flow rate of air, cooling flows, bypass ratio, etc.They have taken 29 MW gas turbine for the design point performance matching adaptation approach

Francisco S.B., et al, [9] have taken the cogeneration system simulation and control to      meet simultaneous power, heating and cooling demand. In their work the have simulated cogeneration system for control and storage demand dynamic model of a mid capacity system is developed, including gas and steam turbines with two heat recovery steam generators. They found that the power requirement could be generated exclusively with exhaust gases. The strategy in paper calls for fuel and steam flow rate modulation. The stability of the controlled systems and its performance are studied and simulation for different demand cases is performed
Moran [10], has established a design methodology for the Gas turbine cogeneration system. This simple system is integrated with Regenerator. A 30 MW Gas turbine is designed and air-fuel ratio is also calculated. Simultaneously the exergy and energy destruction at different points are also tabulated. From exhaust gases steam is formed at 20 bar and 14kg/sec, which is a assumption to design heat recovery steam generator.

  Rio P.J., et al [12] has performed the thermo economic analysis of gas turbine cogeneration system. In their work they have carried out the energy and exergy analysis of 20 MW gas turbine cogeneration topping cycle plant with supplementary fuel firing to meet the process heat requirements at full and half load operating conditions. They have presented the energy and exergy diagrams. They have evaluated the plant performance on the basis of fuel utilization efficiency, power-heat ratio and second law efficiency. They have shown in their analysis that the exergy losses in combustion chamber and heat recovery steam generator are significant, Further pay back period at the full load conditions is also calculated. 
Kumar and Krishna [14], has also shown the second law analysis of Gas turbine power plant with alternative regeneration. This work deals with thermodynamic analysis of a gas turbine alternative regeneration system and compares it with conventional regeneration configuration. The analysis deals with comparison of efficiency, work done and exergy loss. The results shows that, the alternative regeneration proved to be efficient than the conventional configuration.
Camporeale S., et al, [15] have created and analyzed a modular code for real time dynamic simulation of gas turbine in Mat lab- Simulink software. In their study a highly fidelity real time simulation code based on a lumped, nonlinear representation of gas turbine components is presented. The code is a general purpose simulation software environment useful for setting up and testing control of equipments. The mathematical model and the numerical procedure are specially developed in order to solve the set of algebraic and ordinary differential equation that describes the dynamic behavior of gas turbine system. They presented the model and the adopted solver procedure. They developed the code in Mat lab-Simulink using an object oriented approach, which is flexible and can be easily adapted to any kind of plant configuration. Simulation tests of the transient after load rejection have been carried out for a single shaft and double shaft gas turbine engines. Time plots of the main variables that describe the gas turbine dynamic behavior are shown and the results regarding the computation time per time step are also described.

Ramaprabhu V., et al, [16] have developed a computation model of a combined cycle power generation unit. In their study they predicted the performance of a local utility company combined cycle, by carrying out energy and exergy analysis of its components. The model is based on thermodynamic, heat transfer and psychometric principles, and includes an inlet air conditioning (fogging) system for a gas turbine cycle. In their work they compare the evaluated results and available plant tests at rated load with and without the inlet fogging system in operation.

Masumi iwai [24], have set the correlations of thermodynamic performance calculations of gas turbine engines. In his work he has taken one dimensional isentropic compressible flow function table, integrated with thermodynamic table to yield a subroutine program, which cab be utilized in the programming work relating with performance calculations in gas turbine. The table provides empirical relations of specific heat, enthalpy, entropy etc in terms of temperature for a wide range of temperature from zero to 5000K.

2.2 Review of Simulation and Computer Modeling
                             Steady state simulation is the technique of predicting the performance of the complex system at any operating point by using basic information about the system components, ambient conditions etc. In large systems involving heavy investments, where actual prototype building is not feasible, simulation provides a very potent tool for design. It is very handy in evaluating alternative concepts, alternative designs for components and part load performance characteristics at early design stage. Also it serves as pre requisite step for developing dynamic simulation for understanding the transient behavior as well as for taking up optimization studies. In context to any complex system, there are three types of simulation which serves complementary purpose, viz process or components simulation, steady state system simulation, dynamic system simulation. As the name suggests, process/components simulation involves detailed mathematical modeling of processes occurring in any components such as flow in a turbine etc. The purpose of such modeling is to gain more insight into the physical process and/or to mathematically generate component performance.

                 The system simulation requires as prerequisite performance characteristics of individual components either obtained from above modeling or correlations developed from manufactures data or empirically. Using the components characteristics developed in suitable form system compatibility equation are set up and solved simultaneously to yield overall system performance. The general procedure used for power plants steady state simulation has to be followed for simplified solutions. This includes defining a system; examine the system with the help of block diagrams, generating equations for each component characteristics, imposing the compatibility restrictions on the system carry out the simulation for various conditions using proper techniques.

Gay [25], developed a computer program written in Fortran for gas turbine evaluation, which perform detail design point analysis and steady state simulation over a wide range of a gas turbine power system combined cycle plant. This program also includes the thermodynamic analysis of heat recovery steam generator of a combined cycle plant.

Prez [26], developed a computer based method for thermodynamic power cycle calculation of conventional and advanced power plant. The program simulates various cycles by selecting components and connecting them in appropriate way.
2.3 Conclusions from Literature review
                      The researchers in the field of Gas turbine cogeneration system have already delivered a vast variety of work. However, the possibility of improving the domain of work is still there by combining different methods and methodologies of enhancing the performance of system. The main conclusions from the Literature review are pointed below.

            Simulation and dynamic modeling of the gas turbine cogeneration system has been done in previous works. Design and analysis of cogeneration system along with the effect of regeneration on performance has also been done by some researchers. In addition to these work first law and second law analysis of gas turbine system with alternative regeneration is done, however the simulation studies of alternative regeneration is still untouched. 

           Thus there is an opportunity to implement simulation studies on gas turbine cogeneration system with alternative regeneration. It’s a further advantageous to compare the three systems of cogeneration viz simple cogeneration system, cogeneration system with regeneration and cogeneration system with alternative regeneration.

          In present work the simulation of all the three cogeneration systems has been done and then after the three systems is compared. In this way the superiority of any of the three systems with respect to other two systems can be made. This serves as a reference for use of any particular system at any particular condition. 
CHAPTER 3 

                                                                         PROPERTIES OF WORKING FLUIDS 

The working fluids in cogeneration plants are air, fuel (Natural gas), water and steam. The correlation used to describe the properties of working fluids are given below.

3.1 Properties of air
       The following relation [24] gives the variation of the specific heat with the temperature.
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Air composition is taken, as it is present in the atmosphere. i.e.  79 % nitrogen, 21 % oxygen, 0.03 % carbon dioxide and 1.9% of water vapor [24]. 
Enthalpy and Entropy of air can be given as a function of temperature by following correlations.
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where Co, C1, C2, C3, C4, CF and CH are thermodynamic coefficients. The values of Co, C1, C2, C3, C4, CF and CH are taken from table given in reference [24] and are given in Appendix A. In addition, the ratio of specific heat γ varies. This value is different for the diatomic gases, monatomic gases and polyatomic gases.

4.2 Properties of Fuel                
          Fuel taken in the present simulation is Natural Gas. This is mainly comprised of methane, ethane, propane, butane and carbon dioxide. Thus, all the properties like the enthalpy of formation, lower heating value and combustion reaction are taken for methane, ethane, propane, butane and carbon dioxide [6]. The composition of natural gas is taken as 84.71 % methane, 7.7 % ethane, 2.45 % propane, 1.3 % butane and 0.52 % carbon dioxide. Lower heating value of the natural gas for the above composition is taken from [10]. Heat of formation at reference condition is -74872kJ/kmol [10]. Other properties like heat of formation of different gases are tabulated in Appendix B.
4.3 Properties of Combustion gases
       Combustion gases consist of gases like carbon dioxide, nitrogen, water vapors amd carbon monoxide. Thus, its specific heats and other properties depend on all its components. The specific heat value of a mixture of combustion gases is given as follows
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where mi is the mass of the constituent of mixture 

          Cpi is the corresponding specific heat at constant pressure of constituent of mixture
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where Cpa is the specific heat at constant pressure for air

           Cpg is the specific heat at constant pressure for combustion gas

           f is fuel-air ratio

           θcp is correction factor for specific heat at constant pressure of combustion gases

The values of enthalpy and entropy for the combustion products can be given as follows, [24]         
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where ha is the enthalpy of air

          θh is correction factor for enthalpy at constant pressure of combustion gases

          θs is correction factor for entropy at constant pressure of combustion gases

The values of 
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 Where T is temperature, K

             CPo,CP1,CP2,CP3,CP4,CP5, Ho,H1,H2,H3,H4,H5, Fo,F1,F2,F3,F4,F5 are thermodynamic coefficients given in Appendix A.. The above expression is derived from equation (3.4) on molar bases of different components in combustion gases. The value of gas constant for the combustion gases can be given as similar to the equation (3.4).

             The polynomial coefficients for generating above equations are given in Appendix A. 

CHAPTER 4

             FORMULATION AND MODELING OF 

                                        GAS TURBINE COGENERATION SYSTEMS                                                                                                                           

      The present chapter deals with formulation of the three systems of gas turbine cogeneration system. These three systems include simple gas turbine cogeneration system, gas turbine cogeneration system with regeneration and gas turbine cogeneration system with alternative regeneration.

4.1 Simple gas Turbine cogeneration System
         Simple gas turbine system includes compressor, combustion chamber, gas turbine and heat recovery steam generator. The schematic of this system is in Figure 4.1.


[image: image16]
Figure 4.1 represents the simple gas turbine cogeneration system with air enters in compressor followed by combustion chamber where fuel is inducted and finally combustion product expand in the turbine to generate power output. The cycle of operation is shown in Figure 4.2.


[image: image17]
           Figure 4.2 T-s diagram for simple gas turbine cogeneration system    

In combustion chamber the temperature can be calculated by balancing the heat of formation of all reactants and products. This is called adiabatic mean flame temperature. Combustor also causes the reduction in pressure of gas stream. The enthalpy balance in the combustor between reactants and products is given below. There is a slight drop in pressure at combustor. In Figure 4.2 process 4-5 shows the heat recovery steam generator. 

4.2 Gas Turbine Cogeneration System with regeneration and with alternative regeneration
        Regeneration in gas turbine is widely used to save the fuel in the combustion chamber. The high temperature exhaust gases from the turbine are used to preheat the compressed air before the combustion chamber. The schematic of the system is given as follows in Figure 4.3

[image: image18]
Various processes of gas turbine cogeneration system with regeneration are represented by T-s diagram in Figure 4.4.

[image: image19]
Figure 4.4  T-s diagram of gas turbine cogeneration system with regeneration

            Gas turbine cogeneration system with alternative regeneration is an advance system in which the position of regenerator is changed. The schematic of the system is as shown in Figure 4.4.The system is having a high-pressure turbine and power turbine. The purpose of high-pressure turbine is to produce the power to drive the compressor. The power turbine is meant for producing the net power. In this system air after compression enters regenerator where it is heated by exhaust gases coming out of high pressure turbine, and thus the gases are expanded in the power turbine. The cycle of operation is given in Figure 4.5 and the T-s diagram in Figure 4.6.
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Figure 4.6 T-s diagram for Gas turbine cogeneration system with alternative regeneration

4.3 Modeling of gas Turbine Cogeneration System

       Modeling is a very convenient method of testing the behavior of large engineering systems of various levels of complexity. A convenient method to overcome this difficulty is to model the complete system by using the actual performance characteristics of the compressor and the turbine to prepare lookup tables. The main components of a Gas turbine cogeneration system are compressor, regenerator, combustor, gas turbine and heat recovery steam generator. Testing of either the components or the complete gas turbine engine for the purpose of obtaining performance characteristics can be a laborious and expensive exercise. Two types of modeling techniques are widely used; these are:
a. Modeling one physical system by another physical system that is designed to satisfy   certain similarity criteria. The later is a scaled down replica of the former. The science and the art of scaling and testing of models are well developed, therefore the test data can be corrected for effects of scale, blockage, end wall boundary layer etc.
b. Modeling a physical system by using experimental data in order to simulate the physical system. Curve fitting techniques are used to derive mathematical equations to describe the performance of a system in terms of either its design variables or operating conditions.
               For the present study the models of different systems are developed by taking the characteristic equation of components. This is given in subsequent subsections.

4.3.1 Compressor

                The characteristics of a gas turbine compressor are usually in the form of graphical relationship between three dimensionless numbers, namely compressor mass parameters (CMP), compressor pressure ratio (CPR) and the compressor efficiency ((c) Fig 4.7 (a & b).These characteristics are most conveniently employed, if the mass flow rate to be handled by the compressor and the air inlet temperature and pressure are specified, as indicated in the information flow diagram Fig. 4.8, This input information enables computation of CMP, and using the characteristics curves (or the equation representing these), the compressor pressure ratio and the efficiency can be found. These can be   used to compute the work input to the compressor, the compressor discharge pressure (P2) and temperature (T2), by using basic thermodynamic relationships.
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[image: image24]

(a)                                                                   (b)

                                    Figure 4.7 Axial Compressor Characteristics
 The equation form of these two characteristics curves are given below in Equation (4.3) and (4.4).
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where MA is the mass flow rate to the compressor (kg/s)

ηc is the efficiency of the compressor 

                    CPR and CMP are dimensionless numbers and are to be calculated from characteristic equations.To1, Po1 are stagnation values of temperature and pressure and are given as follows
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where V1 is the velocity of air at compressor inlet and is calculated by V1=
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.The similar equations are applicable to turbine calculations. Pr is the pressure ratio and is given as the ratio of compressor outlet to compressor inlet pressure to compressor inlet pressure.                                                                                                                                  
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where P2 is the compressor outlet pressure kPa, P1 is compressor inlet pressure kPa.

T1 is the temperature of air at compressor inlet K 

CMP is compressor mass parameters, CPR is compressor pressure ratio

These characteristics are most conveniently employed, if the mass flow rate to be handled by the compressor and the air inlet pressure and temperature are specified, as indicated in information flow diagram in Figure (4.8).

[image: image32]
                                Figure 4.8 Information flow diagram for Compressor
Input information enables computation of CMP by using Equation (4.3). The Compressor Pressure ratio (CPR) and efficiency can be found by using Equation (4.5) and (4.7).
    These can be used, to compute the work input to the compressor, the compressor discharge pressure (P2) and compressor discharge temperature (T2), by using following thermodynamic relationship.
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where γ is the ratio of specific heat at constant pressure and constant volume

ΔT21 is the difference in compressor outlet and compressor inlet temperature K

Wc is compressor work consumed kW

4.3.2 Combustion Chamber

                 For the present study the fuel taken is natural gas composed of following constituents: Methane, Ethane, Propane, Butane, Carbon dioxide, Nitrogen, their respective percentage are 0.8451, 0.077, 0.0245, 0.0013, 0.052, 0.0001. Theoretical Air-fuel ratio is found to be 2.1, by the stochiometric equation [6]. Thus the combustion equation of reaction is

0.8451CH4 + 0.077C2H6 + 0.0245C3H8 + 0.0013C4H10 + 0.052CO2 + 0.0001N2 +   (2.1O2+2.1x3.76N2) (1.1298CO2 + 2.025H2O + (2.1x3.76 + 0.0001) N2
Thus the percent of theoretical air supplied is calculated as 
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The chemical reaction for complete combustion of natural gas with λ percent of theoretical air is written as, 
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 According to the first law of steady state flow, adiabatic combustion process, the enthalpy of products and the reactants is equal, thus,
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Combustor Pressure drop is taken as PDC. Thus the pressure at combustor outlet is given as following equation
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Adiabatic mean flame temperature is calculated iteratively so that Equation (4.11) is satisfied. The pressure drop in combustion chamber is taken as 2.5% of compressor outlet pressure. The information flow diagram of combustor is given in Figure 4.9 

[image: image40]
                                       Figure 4.9 Model of combustor

4.3.3 Gas Turbine

The characteristics of Turbine are also given by three dimensionless numbers, namely the turbine mass parameters (TMP), Turbine pressure ratio (TPR) and its efficiency (ηt) as shown in Figure 4.10.     

[image: image41]                               (a)                                                                           (b)

                                          Figure 4.10 Turbine Characteristics

The simulation of a turbine implies determination of TMP, ηt, turbine outlet temperature (T4) and the power output, for specified value of TPR and turbine inlet temperature (T3). The basic thermodynamic equation used in the turbine calculations are
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From characteristic curve (4.10a)
Or          
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where TMP is dimensionless turbine mass parameter

TPR is the dimensionless turbine pressure ratio
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From characteristic curve (4.10b)
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For calculation of turbine outlet temperature
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                          (4.17)
where ηt is the turbine isentropic efficiency

T3 is the temperature at turbine inlet K

Wt is the power output from the turbine kW
Work output of Turbine is given as
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CHAPTER 5 

Modeling of the gas turbine cogeneration system
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Table 6.1 Newton-Rapsons solution of gas turbine cogeneration system simulation 

      [Fuel flow rate=6.23 kg/s, T1= 300K, Mf = 6.23 kg/s, P1=100.302 kpa, T5 = 485.5K, T6 = 298.150K, T7 = 625.50K, P9=20bar]

	
	Mass flow

rate of air (kg/s)
	Compressor outlet temperatureT2
(K)
	Compressor discharge pressure P2 (kPa)
	Compressor work Wc 

(kW)
	Turbine inlet temperature

T3(K)
	Turbine outlet temperature

T4(K)
	Turbine power output

Et(kW)

	Trial values
	250.00
	450.00
	600.00
	50000
	900
	700.00
	120000

	Iteration 1
	332.80
	588.14
	710.00
	92000
	1189
	772.24
	161000

	Iteration 2
	345.81
	596.24
	725.01
	95200
	1201
	788.21
	164000

	Iteration 3
	347.58
	597.12
	730.87
	96310
	1207
	790.10
	165320

	Iteration 4
	347.58
	597.12
	730.87
	96310
	1207
	790.10
	165320


 Table 6.2 Data table of various operating conditions at different air fuel ratio with rated values
	Fuel Flow Rate (kg/s)
	Compressor

inlet

temperature

T1 (K)
	Compressor

Air flow rate (kg/s)
	Compressor

Pressure ratio
	Turbine inlet

Temperature  (K)
	Power Output

(kW)

	
	
	Rated
	Ref
[6]
	Computed
	Rated
	Ref
[6]
	Computed
	Rated
	Ref
[6]
	Computed
	Rated
	Ref
[6]
	Computed

	6.23
	300
	348.02
	348
	347.21
	7.34
	7.37
	7.32
	1214
	12116
	1213.02
	69620
	69530
	69250

	7.76
	300
	394.74
	401.3
	398.15
	8.59
	8.73
	8.68
	1276
	1273
	1272.34
	99600
	99900
	99390

	9.01
	323
	414.76
	412.8
	439.89
	9.41
	9.42
	9.42
	1377
	1374
	1373.25
	117800
	118450
	117350

	9.43
	300
	462.16
	458.7
	458.06
	10.24
	10.19
	10.21
	1328
	1328
	1327.09
	130200
	129950
	129890

	10.0
	300
	462.16
	478.20
	478.38
	10.39
	10.68
	10.57
	1363
	1353
	1352.29
	139500
	140500
	139080


Table 6.3 Comparison of percentage error in various computed operating conditions between present work and rated values

	Fuel Flow Rate

(kg/s)
	 Compressor  Air flow
(%)
	Compressor  Pressure 
Ratio (%)
	Turbine inlet Temperature (%)
	Power Output

(%)

	
	Computed
	Reference       [6]
	Computed
	Reference
[6]
	Computed
	Reference
[6]
	Computed
	Reference
[6]

	6.23
	0.21
	0.075
	0.27
	0.41
	0.32
	0.21
	0.53
	0.13

	7.76
	1.27
	1.50
	1.50
	1.60
	0.89
	0.86
	-0.21
	-0.30

	9.01
	0.69
	0.58
	0.11
	0.11
	-1.31
	-1.28
	-0.38
	-0.55

	9.43
	0.89
	0.78
	0.29
	0.49
	-0.50
	-0.48
	0.24
	0.19

	10
	3.32
	3.4
	1.78
	2.79
	0.93
	0.92
	-0.30
	-0.72

	
	MA (kg/s)
	T2(K)
	P2(kPa)
	T3(K)
	T4(K)
	Ec(kW)
	T8(K)
	T9(K)
	Et(kW)

	Trial value
	250.00
	450.00
	600.00
	900
	700.00
	50000
	620.00
	500.00
	120000

	Iteration 1
	308.25
	534.21
	672.24
	1092
	749.23
	83210
	701.23
	582.34
	178000

	Iteration 2
	331.25
	562.25
	708.20
	1180
	771.08
	95410
	738.53
	618.35
	190210

	Iteration 3
	348.29
	589.29
	727.20
	1248
	799.25
	101250
	772.25
	641.54
	201230

	Iteration 4
	351.27
	598.22
	732.91
	1287
	802.98
	105210
	781.58
	643.46
	206510

	Iteration 5
	351.27
	589.22
	732.91
	1287
	802.98
	102210
	781.58
	643.46
	206510


	
	MA(kg/s)
	T2(K)
	P2(kPa)
	T3(K)
	T4(K)
	Ec(kW)
	T8(K)
	T9(K)
	T10(K)
	P9(kPa)
	Et(kW)
	Ept(kW)

	Trial value
	250.00
	450.00
	500.00
	900.00
	750.00
	50000
	800.00
	600.00
	400.00
	200.00
	120000
	70000

	Iteration1
	323.23
	498.97
	681.53
	1178.3
	993.78
	71210
	897.51
	688.81
	450.51
	246.68
	97290
	85600

	Iteration
	348.327
	517.20
	711.58
	1250.1
	1034.80
	77670
	927.80
	707.35
	469.38
	258.81
	92810
	94812

	Iteration
	359.56
	526.79
	724.29
	1282.5
	1082.34
	81581
	942.71
	713.28
	479.97
	263.05
	86780
	97871

	Iteration
	364.29
	529.43
	729.90
	1297.7
	1103.79
	83982
	951.12
	717.89
	486.35
	264.77
	85120
	99820

	Iteration
	365.82
	530.37
	731.77
	1299.8
	1111.34
	84053
	955.30
	720.35
	488.39
	265.98
	84980
	101.16

	Iteration
	366.67
	531.05
	733.20
	1302
	1114.59
	84610
	958.57
	721.58
	489.02
	266.81
	84610
	102.98

	Iteration
	366.67
	531.05
	733.20
	1302
	1114.59
	84610
	958.57
	721.58
	489.02
	266.81
	94610
	102.98


Table 6.4 Newton-Rapsons solution of simulation of gas turbine cogeneration system with regeneration                 [For mass flow rate of fuel 6.23 kg/s]

Table 6.5 Data table of various computed operating conditions at different air fuel ratio with reference values for gas turbine cogeneration system with regeneration

	Fuel Flow Rate

(kg/s)
	Compressor inlet

Temperature T1 (K)
	Compressor

Air flow (kg/s)
	Compressor

Pressure ratio
	Turbine inlet

Temperature  K
	Power Output

(kW)

	6.23
	300
	351.27
	7.33
	1287
	101261

	7.76
	300
	404.58
	8.12
	1336
	129547

	9.01
	323
	416.82
	9.58
	1359
	162750

	9.43
	300
	464.83
	10.02
	1376
	192596

	10.0
	300
	483.55
	10.59
	1409
	212543


 Table 6.6 Newton-Rapsons solution of simulation for gas turbine cogeneration system with alternative regeneration 

                  [For mass flow rate of fuel 6.23 kg/s]

 Table 6.7 Data table of various computed operating conditions at different fuel flow rate with reference values for gas turbine   cogeneration system with alternative regeneration

	Fuel Flow Rate

kg/s
	Compressor inlet

Temperature T1 (K)
	Compressor

Air flow Kg/s
	Compressor

Pressure ratio
	Turbine inlet

Temperature  K
	Power Output

(kW)

	6.23
	300
	366.87
	7.34
	1302
	102587

	7.76
	300
	408.73
	8.22
	1397
	131592

	9.01
	323
	421.02
	9.53
	1426
	165831

	9.43
	300
	463.82
	10.09
	1458
	194790

	10.0
	300
	488.71
	10.63
	1487
	216356


Table 6.8 Comparison of three gas turbine cogeneration system based on same input condition (mass flow rate of fuel =6.23 kg/s) 

Input conditions are T1= 300 K, Mf = 6.23 kg/s, P1=100.302 kPa, T5 = 485.5 K, T6 = 298.150K, T7 = 625.50K, P9=20 Bar

	Fuel flow rate(kg/s)
	Power

output (MW)
	Specific Power
Output  (kJ/kg)
	Saturated Steam
Flow rate (kg/s)
[at 20 Bar]
	Cycle Efficiency
(%)

	
	SC
	CRC
	ARC
	SC
	CRC
	ARC
	SC
	CRC
	ARC
	SC
	CRC
	ARC

	6.23
	69.25
	101.26
	102.58
	187.4
	282.2
	284.4
	41.50
	18.74
	9.45
	22.25
	32.52
	33.10

	7.76
	99.39
	129.54
	131.59
	244.4
	314.4
	316.6
	45.78
	20.25
	10.52
	26.13
	33.84
	34.22

	9.01
	117.35
	162.75
	165.83
	278.2
	381.1
	385.7
	51.68
	22.65
	12.54
	26.72
	36.03
	36.80

	9.43
	129.89
	192.59
	194.79
	279.9
	404.0
	414.5
	54.98
	24.59
	13.98
	27.42
	40.78
	41.61

	10.00
	139.08
	212.54
	216.35
	285.5
	429.4
	435.7
	57.63
	26.10
	14.71
	27.87
	42.46
	44.36


[SC = Simple cycle; CRC= Conventional regeneration cycle; ARC=Alternative regeneration cycle]

          Figure 6.1 represents the power vs. fuel flow ate for three cogeneration systems. Power output is marginally higher in ARC as compared to CRC system. Power output increases with fuel flow rate. Similar trends for specific power output are shown in Figure 6.2. Variation of cycle efficiency with fuel flow rate is given in Figure 6.3. Cycle efficiency is a strong function of compression ratio. In present case the rated compression ratio varies between 7.3 to 10.56 for given range of fuel flow rate. Therefore it can be expected that ARC system will show relatively better performance with higher compressor pressure ratio.

          The cycle efficiency for simple cycle (SC), conventional regeneration (CRC) and alternative regeneration (ARC) are varying in the range of 20-27, 36-42 and 36-45 percent respectively. The Figure 6.3 indicates that the cycle efficiency is relatively higher in case of gas turbine cogeneration system with alternative regeneration. 
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Figure 6.1 Variation of power output with fuel flow rate 
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Figure 6.2 Variation in specific power output with Fuel flow rate 
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                 Figure 6.3 Variation of Cycle efficiency with Fuel flow rate
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Figure 6.4 Performance of various cycles as a function of regenerator pressure drop

            Figure 6.4 shows the variation of cycle efficiency with varying regenerator pressure drop for three systems. The regenerator effectiveness is taken as 0.9 and 0.7 in this Figure. The trend indicates that the cycle efficiency is maximum in case of gas turbine cogeneration system with alternative regeneration for the same pressure drop range. For regenerator effectiveness 0.7 the trend of graph is same. 
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Figure 6.5 Variation of Steam Generation Rate with Fuel flow rate
 Comparison of steam generation in three systems is shown in Figure 6.5. Steam generation rate is least in the ARC system which is obvious due to higher cycle efficiency. Appendix C represents the mass flow rate, temperature, and pressure and enthalpy data for three types of cogeneration system for fuel flow rate equal to 6.23 kg /s.
CHAPTER 6

CONCLUSIONS AND SUGGESTIONS 

FOR   FUTURE WORK
6.1 Conclusions
                 Above analysis based on simulation of gas turbine cogeneration system shows that alternative regeneration technique is beneficial to improve performance of the gas turbine cogeneration system. Following conclusions can be drawn for the present study

(i) For the same input condition the gas turbine cogeneration system with alternative regeneration shows better performance in terms of power output, specific power output and cycle efficiency.

(ii) Cycle efficiency is a strong function of regenerator pressure drop.

6.2 Suggestion for future work

(i) An exhaustive parametric study with economic consideration is required for gas turbine cogeneration system with alternative regeneration.

(ii) Inlet air cooling technologies should be incorporated with the system for further performance improvement.
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APPENDIX A

 Table A.1 Coefficients for thermodynamic functions used to calculate enthalpy and specific heat of substances [7]

	Symbol
	T(250-800K)
	T(800-2200K)

	Co
	1.0189
	7.98632E-1

	C1
	-1.37836E-4
	5.3392E-4

	C2
	1.9843E-7
	-2.2881E-7

	C3
	4.2399E-10
	3.37420E-11

	C4
	-3.7632E-13
	0.0000

	CH
	-1.6984
	4.7384E1

	CF
	9.1992E-1
	2.0190

	CPo
	-3.5949E-1
	1.0887

	CP1
	4.5163E-3
	-1.4158E-4

	CP2
	2.8116E-6
	1.9160E-6

	CP3
	-2.1708E-8
	-1.2400E-9

	CP4
	2.8688E-11
	3.0166E-13

	CP5
	-1.2226E-14
	-2.6117E-17

	Ho
	6.2637E1
	-1.7683E2

	H1
	-5.2903E-1
	8.3690E-1

	H2
	3.2226E-3
	3.6476E-4

	H3
	-2.1670E-4
	2.5155E-7

	H4
	2.4951E-10
	-1.2441E-10

	H5
	3.4891E-13
	1.6406E-14

	Fo
	-7.1259E-1
	-1.2645E0

	F1
	-2.2950E-4
	4.4686E-3

	F2
	1.3154E-5
	-2.8538E-6

	F3
	-2.5531E-8
	1.6403E-9

	F4
	2.2390E-11
	-5.3143E-13

	F5
	-7.6071E-15
	6.9884E-17


Table A.2 Enthalpy of formation at 298K and 1 bar pressure ideal gas enthalpy of different gas [10]
	
	Oxygen O2
hf˚298=0

kJ/kmol

M=32
	Carbondi oxide

CO2  hf˚298=

-393522

kJ/kmol

M=44
	Carbon monoxide

 CO   hf˚298=

-110529l

0kJ/kmol

M=28
	Water

H2O

hf˚298=

-241827

kJ/kmol

M=18
	Hydrogen

 H2 hf˚298= 0 kJ/kmol

M=2
	Nitrogen N2
hf˚298=

0kJ/kmol

M=28

	 T   

 K
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol
	(h˚-h˚298)

kJ/kmol

	298
	0
	0
	0
	0
	0
	0

	900
	19246
	28014
	18397
	21924
	17682
	18221

	1000
	22707
	33405
	21686
	25978
	20686
	21406

	1100
	26217
	28894
	25033
	30167
	23723
	24757

	1200
	29765
	44484
	28426
	34476
	26794
	28108

	1300
	33351
	50158
	31865
	38903
	29907
	31501

	1400
	36966
	55907
	25338
	43447
	33062
	34936


APPENDIX B

Table B.1 Mass flow rate, Temperature, Pressure and enthalpy data for gas turbine cogeneration system 
[Mass flow rate of fuel = 6.23 kg/s]
	Points
	Substance
	Mass flow rate Kg/s
	Temperature

      K
	Press            

Bar
	Enthalpy

kJ/kg

	1
	Air
	347.58
	300.00
	1.013
	299.37

	2
	Air
	347.58
	597.12
	7.301
	591.35

	3
	Combustion gases
	353.81
	1207.01
	7.117
	1288.15

	4
	Combustion gases
	353.81
	790.12
	1.038
	801.23

	5
	Combustion gases
	353.81
	421.00
	1.013
	485.20

	6
	Water
	41.50
	298.15
	1.013
	104.89

	7
	Steam
	41.50
	485.55
	20.00
	2279.5

	8
	Combustion gases
	353.81
	-
	-
	-

	9
	Combustion gases
	353.81
	-
	-
	-

	10
	Combustion gases
	353.81
	-
	-
	-


Table B.2 Mass flow rate, Temperature, Pressure and enthalpy data for gas turbine cogeneration system with regeneration
[Mass flow rate of fuel = 6.23 kg/s]
	Points
	Substance
	Mass flow rate Kg/s
	Temperature

      K
	Press            

Bar
	Enthalpy

kJ/kg

	1
	Air
	351.27
	300.00
	1.013
	299.37

	2
	Air
	351.27
	599.22
	7.329
	592.61

	3
	Combustion gases
	357.50
	1287.10
	6.969
	1460.01

	4
	Combustion gases
	357.50
	978.01
	1.064
	901.30

	5
	Combustion gases
	357.50
	421.50
	1.013
	485.20

	6
	Water
	18.74
	298.150
	1.013
	104.89

	7
	Steam
	18.74
	485.50
	20.00
	2799.21

	8
	Combustion gases
	357.50
	758.58
	7.158
	871.23

	9
	Combustion gases
	357.50
	538.36
	2.561
	626.34

	10
	Combustion gases
	-
	-
	-
	-


Table C.3 Mass flow rate, Temperature, Pressure and enthalpy data for gas turbine cogeneration system with alternative regeneration 

[Mass flow rate of fuel = 6.23 kg/s]
	Points
	Substance
	Mass flow rate Kg/s
	Temperature

      K
	Press            

Bar
	Enthalpy

kJ/kg

	1
	Air
	366.67
	300.00
	1.013
	299.37

	2
	Air
	366.67
	605.61
	7.329
	605.37

	3
	Combustion gases
	372.9
	1312.5
	6.990
	1508.90

	4
	Combustion gases
	372.9
	1036.1
	2.625
	1206.82

	5
	Combustion gases
	372.9
	421.00
	1.013
	485.20

	6
	Water
	9.45
	298.150
	1.013
	104.89

	7
	Steam
	9.45
	485.50
	20
	2799.21

	8
	Combustion gases
	372.9
	979.20
	7.158
	1146.4

	9
	Combustion gases
	372.9
	721.58
	2.561
	829.8

	10
	Combustion gases
	372.9
	489.02
	1.0383
	554.1


APPENDIX C

Newton Rapsons Methodology to solve the non linear equations

Newton method approximates any given f(x) by a linear function (linear model); solves the linear model to get a new guess.  

Derivations:  Expand f(x) using Taylor Series:  f(x) = f(xk) + f'(xk)(x-xk) 

At the solution f(x) = 0 = f(xk) + f'(xk)(x-xk) 
	Rearranging: 
	[image: image55.png]






Multi-dimensional case for Newton-Rapsons Method: 


	
	Talyor Series of m functions with n variables: 
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Advantages and Disadvantages: 

a. The method is very expensive - It needs the function evaluation and then the derivative evaluation. If the tangent is parallel or nearly parallel to the x-axis, then the method does not converge.  

b. Usually Newton method is expected to converge only near the solution. 

c. The advantage of the method is its order of convergence is quadratic. 

d. Convergence rate is one of the fastest when it does converges 

When Newton's Method does not converge:  

Rewrite as:   [image: image62.png]


  , where 
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k - is a scalar parameter which is adjusted to either less than 1 or more than 1 (=1 is the original Newton method) to force convergence. 

Nonlinear System of Equations: 

Recall that the Newton equation for nonlinear equation is: 

[image: image65.png]Ko = X —J (5




where J is the numerical Jacobian matrix calculated at every iteration using the current solution xk.  The above equation can be modified such that there is no need for an inverse (inverse costs twice as much to solve as the following)
[image: image66.png]Xt




where correction step sk is calculated by solving 
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To solve a system of nonlinear equations using Newton method, in each iteration we solve a system of linear equations using the current Jacobian matrix.

Jacobian Matrix

  A function f=f(x) of one variable is differentiable at x with derivative [image: image68.png]


if [image: image69.png]flw + k) = flz)+ [z} + Bh),
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This definition can be generalized to the case of m functions of n variables. Then x and h are [image: image71.png]n X1



matrices (n-vectors), f and R are [image: image72.png]


matrices, and one defines for example 
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 then becomes an [image: image75.png]


matrix, called the Jacobian matrix whose elements are the partial derivatives: 
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Other possible notations for [image: image77.png]


are: 
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The chain rule is valid in its usual form. If [image: image79.png]Tty s Up),




 then  [image: image80.png]df/du = (df /dz}{dz/dn)



. Note that this is a matrix product, and therefore non-commutative except in special cases. In terms of matrix elements, 

[image: image81.png]ofs/ou = Z(af 185;)(8; [ 6m)
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A coordinate transformation [image: image82.png]


is an important special case, with p=n, and with u=u(x) the inverse transformation of x=x(u). That is, u=u(x) = u(x(u)), and by the chain rule 

[image: image83.wmf]
Feed water





Saturated vapor





Regenerator





  MA, T1, P1





Compressor





Turbine





Combustor





Power output





2





   Figure 1.1 Simple gas turbine cogeneration system 
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Figure 4.1 Simple gas turbine cogeneration system
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Figure 4.5 Gas turbine cogeneration system with alternative regeneration
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Figure 6.1 Information flow diagram for Simple gas turbine cogeneration system 
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Figure 6.2 Information flow diagram for gas turbine cogeneration system with regeneration
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