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CHAPTER 5 

Exergy Analysis of an MHD-GT Combined Power Plant with Partially Ionized 

Combustion Products 

 

5.1 Introduction 

      Continuous search for a more reliable, efficient and sustainable alternative 

energy source have become a priority in energy policies and security across world 

economies [1]. Thermal systems are required for conversion of available energy 

to useful and applicable energy forms.  Many such systems are still in 

developmental stages due to insufficient technological knowhow, lack of funding 

etc. that requires attention for their realization [2]. Development of thermal 

systems seeks thorough analysis and investigation that plays a crucial role in 

estimating the overall performance of a thermal plant.  Among other  renewable 

energy sources a slightly mixed form is the MHD power in the sense that it utilizes 

natural resources such as coal, natural gas etc. in an open-cycle mode. 

 The MHD power technology has gone through various stages of development 

and its advantages as a power generation system had led to the initiation of National 

programs on MHD worldwide in various phases [3]. An MHD system allows direct 

conversion of heat to electricity without the need to transition to intermediate 

conversion to mechanical energy due to the absence of rotational parts. This has 

resulted in reaching a very high working temperature range and higher conversion 

efficiency over the conventional and other non-conventional power generation 

systems [4]. A prototype of an MHD closed-loop system for electric car propulsion 

has been developed [5]. MHD force can be used in pumping applications, such as 

thrusters for ship and spaceship propulsion [6]. The application of MHD in the 

production of x-rays or ionic beams, in nuclear fusion and plasma flows, has been 
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appreciated. Recent developments in biomedical and in clinical research applications 

have used the MHD effects. MRI, magnetic separation, MHD-based micro-pumps, 

microfluidic networks, stirrers, coolers, etc. as biomedical devices have been 

developed [7] in recent years. 

 MHD power generation is a high-temperature application process that can 

produce partially ionized species. The ionized form of product gases (plasma) can be 

thermal and non-thermal and not all particles of combustion are in an ionized state in 

plasma [8]. At higher temperatures the positive ions and electrons are of major interest 

due to the large entropy contribution to free energy in the translational part of the 

products and molecular dissociation to ions is higher over electrons production [9]. 

Higher conversion efficiency in MHD is attributed mainly to the high-temperature 

phenomenon and the associated plasma state of the combustion products. 

Investigations on non-premixed flameless oxidation [10] have reported an increase in 

the net reaction rate and entropy generation with fuel injection at an angle to the 

combustion chamber.  Another 3–D numerical analysis of the non-premixed flameless 

oxidation using large eddy simulation (LES) – partially stirred reactor (PaSR) models 

with variation in inlet conditions [11] has found an increase in the maximum flame 

temperature when there is vertical fuel injection to the combustion chamber.  

Investigating flameless oxidation characteristics again with the help of LES, it was 

observed that CO emission increases and NOx emission decreases with increase in 

inlet Reynolds number (Re) and mass fraction of fuel diluents [12]. Numerical 

investigation of the Moderate or Intense Low oxygen Dilution (MILD) combustion of 

a methane-hydrogen gas mixture [13] has been carried out to understand the effects of 

plasma injection in a combustion chamber. It was found that the presence of 

methanide (CH3) in plasma, improves MILD combustion and reduces NO emission 
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and ignition delay. Studying MILD combustion of methane-hydrogen mixture, 

subjected to different swirl velocities of hot flows, reduction in both ignition delay 

and CO emission was observed [14] with the reactive flow extending radially with a 

reduced length. In the above study, the reaction chemistry was represented by using 

the GRI-Mech 2.11 mechanism, a mechanism that contains several elementary 

reactions of a large number of species together with C-H-O reactions. 

 As far as MHD is concerned, the flow of plasma is governed by certain basic 

laws and is affected by applied electric and magnetic field forces, which are related to 

charge and applied fields [15]. Assuming the magneto-fluid (plasma) is electrically 

neutral and conductive, a stream of ionized gas that flows through a magnetic field 

generates electricity, is extracted at the electrodes kept at right angles to the flow and 

magnetic field [16]. From a flow perspective, as described in [17], the mutual 

interactions between the flow field and electro-magnetic field are usually governed by 

the Navier-Stokes equation and Maxwell’s equations of electro-magnetism.  

 Incorporation of MHD power system into conventional thermal power plants 

could improve the power generation capabilities and could also mitigate pollution by 

reducing the emission of harmful gases [18]. In MHD systems, coal can be used as 

fuel due to its long-term availability and a nuclear/MHD combination can provide 

high efficiency. MHD power generation has high efficiency and CO2 recovery 

capabilities, higher than other base-load-type fossil power technologies, and could be 

realized as a predominant topping cycle with the appropriate investigation of its 

various inherent features [19]. There have been exchanges of technical and scientific 

data among countries worldwide to tackle issues in the realization of MHD electrical 

power generation [20]. In an MHD power generation system, power extraction is done 

through electrodes attached to the walls of a flow duct called the generator. There are 
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different types of MHD generators such as Faraday linear, Faraday segmented, 

diagonal, etc. and differences exist between the plasma of combustion products and 

inert gases [21]. The inlet air to the MHD combustor when preheated using the hot 

exhaust of the generator enhances plant efficiency; has better chemical recuperation 

(increasing chemical energy and exergy of fuel) effects and thus helps in fuel-saving 

[22]. The plasma conductivity can be enhanced by using a fractional amount of 

suitable seed materials. But deposition of such materials has corrosive effects on air 

heaters [23]. Increasing seed fraction with respect to electron does not necessarily 

increase the fluid conductivity. The electrical conductivity is independent of electron 

temperature when a high seed fraction is considered for high electron temperature in 

fully ionized seed conditions [24]. The seed material can be best utilized where it can 

be recovered. Experimental results of available seed regeneration processes suggested 

the development of their critical components [25].  

  MHD systems have been analyzed to evaluate their performance under various 

conditions. The thermal efficiency of the MHD system is found to improve using 

syngas that has better heat recovery at higher temperature as compared to the use of 

direct combustion products [26]. Investigation of optimum power extraction in MHD 

generator using subsonic and supersonic inlet Mach numbers [27] shows the presence 

of an interaction parameter that influences the terminal voltage drop across the load 

while using different subsonic inlet Mach numbers. Each of the subsonic inlet Mach 

numbers possesses a particular critical value of these interaction parameters. Beyond 

the critical value, choked flow can be observed at the nozzle exit plane. For the 

supersonic inlets, no such critical interaction parameters or choked flow is observed at 

the nozzle exit plane. An MHD plant under irreversible conditions generates less 

entropy in its generator when operated at constant velocity rather than at constant 
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Mach number [28]. A study on the MHD power cycle assuming maximum power 

density for constant flow velocity has also resulted in improved thermal efficiency 

[29]. In such a case the compressor and the generator irreversibility are to be taken 

into account. Theoretical models that couple MHD systems to gas turbines have been 

developed to obtain higher power output through an increase in the magnetic field, 

fluid conductivity, and surface area of electrodes [30]. Assuming constant gas 

velocity and Mach number while studying the effects of heat transfer on MHD plant 

performance [31], it was reported that an optimum pressure ratio exists for maximum 

power and efficiency. The performance of a gas turbine topping cycle is affected by 

variation in ambient temperature, compression ratio, and turbine inlet temperature 

(TIT), and maximum exergy destruction is observed for the combustion chamber [32]. 

 The performance of thermal systems is evaluated using the laws of 

thermodynamics. Energy or the first law analysis alone fails to provide a true scenario 

of energy utilization [33]. Exergy analysis which is based upon the second law is a 

better approach as it rightly points out the amount, causes, and location of losses 

within a system [34]. Thermodynamic inefficiencies in different processes can be 

better understood by adopting the exergy approach [35]. The exergy of 

thermodynamic systems changes when there is a lack of mutual stable equilibrium 

with its surroundings [36] and the exergy method serves as a tool that can be applied 

in the use of energy resources efficiently. Optimization of exergy analysis through the 

minimization of entropy generation [37] needs a review of the fundamental concepts 

of irreversibility or the destruction of exergy.  

 In this chapter, an exergy-based study is conducted for analysis of a coal-fired 

MHD topping plant combined with a GT plant considering the effects of the partially 

ionized product species on the exergetic performance of the combined system. MHD 
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plants were not analyzed in previous studies considering this aspect. Therefore, the 

novelty of the present work lies in the determination of the thermodynamic property 

values of the combustion species in ionic and molecular forms and analysis of the 

MHD-based combined power plant through the application of the well-known exergy 

method. The present approach involves the determination of the thermodynamic 

properties of the partially ionized species and those of the un-dissociated molecular 

species in the first instance. The property values of these ions and molecules are then 

applied in the exergy model of the system for evaluation of the performance 

parameters of the MHD combined system.    

5.2. System description 

       Exergy analysis plays a significant role in evaluating a thermal system’s 

performance. Exergy analysis which requires an overall system analysis applies both 

mass and energy conservation criteria to the evaluated components and compares its 

results to exergy values. Exergy measures the energy quality and is mostly 

represented in terms of exergy destruction and exergetic efficiencies. Here, the exergy 

method is applied on an open cycle MHD-gas turbine combined plant as shown in Fig 

5.1. The system is considered for analysis together with other downstream 

components namely the air heaters, seed recovery unit, desulfurization unit, two 

process heaters, and the stack.  The open-cycle MHD power system uses proper 

seeding of the combustion process of fossil fuels to enhance the conductivity of 

product gases and lowering of ionization temperature. The ionized products are 

accelerated through a nozzle imparting a high velocity to the gas which is directed to 

the generator. This process is assumed to be isentropic and free from the influence of 

pseudo-shocks. Usually, in compressible flow through a convergent-divergent nozzle 

at a high Mach number, when the boundary layer separation occurs due to interaction 
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between a strong normal shock and the boundary layer, shock bifurcation occurs 

leading to the formation of a number of shocks (shock train) downstream of the 

bifurcated shock. The presence of shock train is accompanied by flow deceleration 

from supersonic to subsonic in the interaction region, commonly referred to as 

pseudo-shock. Although pseudo-shock waves affect the performance and efficiency of 

a flow device [38], these are beyond the scope of the present work because, in the 

present study, the system is analyzed from the thermodynamics point of view.  

The generator of the MHD is subjected to a strong magnetic field ‘B’ applied 

transversely. The applied magnetic field induces an electric field normal to both the 

direction of flow and ‘B’ that produces the necessary electric current. The produced 

current is collected through the electrodes which are attached to the generator walls.  

Contrary to an open cycle, a closed cycle MHD system uses a compressed 

seeded noble gas which is recirculated following a similar process. The MHD 

generator exhausts are considered to be composed of only the molecular combustion 

products due to the fact that the ionization temperature no longer exists towards the 

generator exit. The MHD generator exhaust remains at a higher temperature but 

below its ionization temperature as such the exhaust heat can be suitably utilized in a 

heat exchanger such as the air preheater. For the present analysis, coal and methane 

gas are selected as fuels, with the first for combustion in MHD and the later for the 

gas-turbine system. The coal-combustion products are in partially ionized state [8] 

and a proportion of 2:3 is considered here for the dissociated to un-dissociated 

combustion products. 

In the MHD-GT combined system in Fig 5.1, Two axial flow compressors 

consisting of a single stage (AC-I) and 17 stages (AC-II) and having a pressure ratio 

of 10.0 each provide the compressed air to the MHD and gas turbine combustors [49].  

The isentropic efficiency of the MHD air compressor is taken at 0.86 and a polytropic 

efficiency of 0.9 for the GT compressor. The exit temperatures of the two 

compressors are then determined using the isentropic and polytropic efficiency 

relations. The isentropic efficiency of the GT compressor is found to be 0.864. 
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Preheating of combustor inlet air is done through two air heaters (APH-I and APH-II) 

with the same air-side and gas-side pressure drops of 5% and 4% with efficiencies of 

0.95 and 0.70 respectively. The exit air temperatures for the air preheaters I and II 

have been fixed at 1800 K and 853 K respectively depending upon the fuel used in the 

two combustors as well as the GT inlet temperature of 1550 K. The inlet and exit gas 

temperatures of the air preheaters are calculated using air and gas side efficiency 

relations. Assuming constant volume combustion in the MHD and GT combustors, 

the adiabatic flame temperature is determined. 

 

Fig.  5. 1. Schematic of the MHD gas-turbine power plant 

5.3 Mathematical modeling 

      In the MHD system, the combustion stoichiometry considered for the coal and air 

reaction has been discussed in chapter 3 and 4 respectively, where the variation in 

coal and air molar compositions (in % wt) is also available. The composition of 

various types of coal found in different collieries of Assam has been described by 

[39]. Assuming the total moisture content of coal is equal to the air-dried moisture 

and using the relations in ASTM D3180/ISO 1170, the mass fraction of the 

constituents is determined on a DAF basis. Here the air-dried (as determined) part is 

found to be equal to as-received basis.  
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5.3.1. Flame temperature 

   In MHD power generation, since there is a requirement for higher temperature, 

so constant-volume combustion is assumed during coal combustion. The adiabatic 

flame temperature (       for the constant-volume process is obtained by the 

expression of [40]: 

                                             (           )                                      (5.1) 

where the product enthalpy is given by 

 

                                   ∑    ̅   ∑    [  
    ̅           ]                          (5.2) 

and the enthalpy of reaction is given by: 

                                                    ∑    ̅                                                           (5.3) 

where r, p represents the reactant and products, n is the number of moles. The 

combustor exit temperature chosen is at a lower value than      obtained. 

5.3.2. Combustion of fuel and air 

          At the high temperature augmented by excess and preheated air, the combustion 

reaction of coal with air resulted in both molecular and ionic products. Equation (5.4) 

provides the simple combustion reaction of coal and air as: 

                                                      

  

                                                             (5.4) 

The reaction mechanism in MHD combustion involves ionized products. At 

the high ionization temperature, the combustion products are partially dissociated [9] 

and form ionized species. An estimation of the type of ionic species formation during 

the high-temperature combustion reaction in MHD can be derived from the reaction 

mechanism chemistry of [41]. Thus, the overall combustion reaction can be expressed 

by equation (5.5) as: 
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   [                                                   ]  

[                                                   

              ]                                                                                                (5.5) 

In equations (5.4) and (5.5), coefficients a, b, c, d, e represents the percentage mass 

fractions (in kmol/kg) of coal constituents. 

             For the partially ionized combustion products, the thermodynamic properties 

which are dependent on the kind of ionized species and temperature, are calculated, 

and the electrical conductivity is determined from the known values of the mole 

fraction, temperature and the momentum collision cross-section with electron [42].  

The mass flow rate of air at the states 1, 2, 3 and those at the states          

are taken as constant assuming constant air properties. 

For the MHD, the fuel flow rate is first estimated considering 90% combustion 

efficiency and conversion efficiency of 0.35 and then the heat rate is calculated in 

order to obtain the coal flow rate at state 4 for the desired output. For both the plants, 

the fuel-air ratio has been computed to be 0.074.  

5.3.3. Calorific value of fuel 

            The higher heating value (HHV) for the coal is obtained on a dry and ash-free 

basis with the elemental composition (% wt) C: 79.11, H: 5.54, S-4.95, O-8.95, N-

1.45, A-4.9 (Air-dried), moisture: 2.1, and volatile matter: 45.3. The composition of 

air based on air molar analysis 

is                                            . Combustion calculations 

for the fuel-air reactions for both MHD and GT combustions are performed to obtain 

fuel-air ratios with 20% excess air. 
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                   In the present analysis, the selected fuel (coal) is from the coalfields found 

in the state of Assam, India. For solid fuels such as coal the calorific or the HHV is 

computed using the relation of [43] given in equation (5.6) as: 

                                      [              ] *
 

 
   

   

 
+                        (5.6) 

In equation (6), the letters C, H, O, N, S denotes the percentage mass fraction of 

carbon, hydrogen, oxygen, nitrogen and sulphur elements present in the coal. 

5.3.4. Chemical and physical exergy model 

                  For solid fuel such as the coal, the standard chemical exergy on a DAF 

basis and the specific chemical exergy of coal considering the ash and moisture 

content are obtained using the relation of Ref. [33]. In this study, the relations of Ref. 

[33] using the present coal composition are expressed by the Eqns.  (5.7) and (5.8) 

respectively as:     

 ̅   
  

    

   [
 ̅           ̅  

        ̅  
        ̅   

        ̅             ̅  
 

      ̅  
          ̅   

        ̅            ̅   

]

          ̅   

          ̅   
           ̅   

            ̅  

    

          ̅  

          ̅  

          ̅  

          ̅   

          ̅   
   (5.7)                                                                                                                              

 ̅        ̅        
     

  
 ̅   

                                                                          (5.8)  

For methane, the standard chemical exergy can be obtained using the relation 

available in [34]. The chemical exergies of the elements can be expressed [33] 

knowing the standard chemical exergy values of these elements [45]. Accordingly the 

rates of physical and chemical exergies of the flow streams are computed using 

relations (5.9) and (5.10) as: 

                                                  ̇   ( ̅   ̅ )      ̅   ̅                                 (5.9) 

                                                 ∑    ̅ 
      ∑                                            (5.10) 
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The chemical exergies for the undissociated combustion products given by the 

above relation remain unchanged at any state of the flow stream so long as the same 

constituents exist, having the same mole fractions. For the dissociated constituents, 

the chemical exergies differ from state to state with temperature. The chemical exergy 

of dissociated gas can be computed based on the standard molar exergies of the 

components and the Gibbs free energy change at the existing temperatures given by 

[46] as:  

                                       ̅   
    ̅       

     ̅   
     ̅       

 
                                (5.11) 

        5.3.5. Molar specific enthalpy and entropy model 

                  The dissociated constituents exist between the MHD combustor and the 

generator exits, where the products will be in a partially ionized state. In Table 5.1 

and Table 5.2, the specific molar enthalpies of the dissociated and undissociated 

species, are evaluated at the pressures and temperatures of the state points of existence 

obtained by interpolating the values of the molar specific heats given by the relations 

in [40] and JANAF Thermochemical Property Tables. These relations are given in 

equations [(5. 12)-(5. 14)]. The computed values of the total specific molar enthalpies 

are then used to determine the standard molar enthalpies at the given state points. The 

standard molar enthalpies at a given state point will help in the determination of the 

energy and exergy rates at that point using the standard relations.  

It is taken into consideration that the partially ionized gases exist up to the generator 

exit to state 8, because the power generation is a result of the ionized gases           

                 ̅   ∑    ̅                    ∑    ̅                                (5.12) 

                   ̅   ∑    ̅                      ∑    ̅                                  (5.13) 

    ̅                                ̅                           
     

    

  
             (5.14) 

In equation (5.12),  ̅   is the molar specific enthalpy and    is the fraction of 

dissociated products. In equations (5.13) and (5.14),  ̅   ̅  
   are the molar specific 

entropy and standard molar specific entropies,   is the gas constant,   and    are the 
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standard and state pressures. In the above three equations,    is the mole fraction of 

product component m. 

Table 5.1. Molar specific heats and specific molar enthalpies of dissociated MHD combustion product 

species (kJ/kmol) at the states 6 and 7 

State 
        

MHD dissociated products constituents 

                   

∑    ̅  
  ̅     ̅     ̅     ̅     ̅     ̅      ̅     ̅   

6, 7 

(

       

16.508 8.689 1.389 1.377 0.958 1.344 0.032 0.032 9042.592 

6 

        

16.883 4.433 1.377 1.442 0.958 1.869 0.039 0.034 128875.845 

7 

        

16.249 4.346 1.376 1.377 0.958 1.742 0.033 0.032 77795.245 

 

Table  5.2.  Molar specific heats and specific molar enthalpies of undissociated MHD combustion 

product species (kJ/kmol) at the states 6 and 7 

State 
        

MHD dissociated products constituents 

                   

∑    ̅  
  ̅  

   ̅  
   ̅   

   ̅   
 

 

  ̅   
 

 

6, 7 

(

       

22.589 6.139 2.459 3.474 0.062 10352.782 

6 

        

29.343 8.856 4.229 2.726 0.095 215701.649 

7 

        

28.709 8.324 4.119 2.568 0.092 130517.782 

 

Similarly, in Table 5.3 and Table 5.4, the specific molar entropies of the dissociated 

and undissociated species, are evaluated at the pressures and temperatures of the state 

points. These values are obtained by interpolating the values of the molar specific 

heats given by the relations in [40] and JANAF Thermochemical Property Tables. 

These relations are given in equations [(5. 12)-(5. 14)]. Likewise, the computed values 

of the total specific molar entropies are then used to determine the standard molar 

entropies at the given state points. Determining the standard molar entropy at a given 

state point is necessary because these data are required in the exergy rate calculation 

and without these data, conducting exergy analysis is not possible, 
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Table  5.3.  Specific molar entropies of dissociated MHD combustion product species (kJ/kmol-K) at 

the state 6 and 7 

State 
        

MHD dissociated products constituents  

 

∑    ̅  

 

                  

 ̅    ̅    ̅    ̅    ̅    ̅     ̅    ̅   

6, 7 

(       

125.580 35.108 11.737 11.757 6.202 9.605 0.337 0.324 200.649 

6 

(       

154.635 42.843 14.191 14.208 7.905 12.912 0.396 0.381 247.900 

7 

(       

160.005 44.327 15.913 15.926 8.236 12.847 0.406 0.392 258.050 

 

                 Table  5.4. Specific molar entropies of undissociated MHD combustion product  

                  species (kJ/kmol-K) at the states 6 and 7 

State 
        

MHD undissociated products constituents  

∑    ̅  

 

 

 

 ̅       ) 

 ̅  
  ̅  

  ̅   
  ̅     ̅   

 

6,7 

(       

150.255 45.596 15.653 4.404 0.468 216.376 

6 

(      

206.069 61.835 24.191 14.660 0.666 307.422 

7 

(       

 

205.549 59.617 24.597 14.193 0.649 304.605 

 

5.3.6. Energy and exergy model of MHD plant components 

            The fuel to air ratio for the coal combustion is determined using the basis 

adjustment factor of 0.93 depending upon the ash and moisture content. Computation 

of the mass flow rates of air in MHD determines the flow rate for the seeding 

material, which is 1% of the combined mass flow rates of coal and air. The mass flow 

rate for the partially ionized combustion products (plasma) of MHD is then 

determined using the expression given in equation (5.15): 

                                         ̇        ̇      ̇     ̇                                    (5.15) 

            Mathematical modeling of the combined system provides the energy and 

exergy balance equations at the inlet and exit of each component using standard 
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energy-exergy models [33]. The exergy model for the combined plant constitutes both 

energy and exergy balances for the sub-components [34].  

            For a steady-state-steady-flow (SSSF) process, the mass and energy balances 

are obtained by the following expressions [(5.16)-(5.17)]: 

                                                        ∑  ̇   ∑  ̇                                               (5.16) 

                                     ̇   ∑  ̇   ̅    ̇   ∑  ̇    ̅                                 (5.17) 

In equation (5.16),  ̇ is the mass flow rate at a given state. In equation (5.17), 

 ̅ is the specific molar enthalpy at the inlet and exit section of a component’s control 

volume (CV),  ̇        ̇   are the heat and work transfer rates measured within the 

CV. 

The exergy balance is given by: 

                             ∑    
  

  
  ̇   ∑  ̇    ̇   ̇  ∑  ̇     ̇    ̇                (5.18) 

In equation (5.18), z is the instantaneous value,  ̇ is the specific exergy rate 

and   ̇  denotes the irreversibility or the exergy destruction rate. The exergy 

destruction rate is given by the following equation: 

                                                      ̇    ̇     ̇                                              (5.19) 

The reference environment is chosen to be at temperature             and 

at pressure         . The energy transfer rate  ̇  in MW at any state ‘i’ of the 

combined plant is calculated using the following expression: 

                                                         ̇  
 ̇  ̅ 

  
                                                    (5.20) 

In equation (5.20),     is the molecular weight of the flow stream at state i. 

            The MHD plant consists of two air preheaters for preheating feed air to the 

combustors of MHD (MHDCC) and GT (GTCC) plant and are positioned after the 
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MHD generator section to utilize the heat of the high temperature exhaust gases. The 

MHD generator, a supersonic nozzle, seed recovery unit (SRU), a desulfurization unit 

and a process heater are other components in the MHD plant with a stack for final 

release of the gases. The GT plant has a compressor, combustor and turbine as the 

major components. Both MHD and the GT plant components are evaluated through 

energy and exergy balance expressions that are given in subsequent sub-sections. 

               5.3.6.1. Modeling of air compressor 

                           For the air compressor supplying air to the combustor of the MHD, 

the mass, energy and exergy balances are: 

Mass balance:     ̇   ̇  

Energy balance:  ̇   ̇   ̇   

Exergy balance:   ̇   ̇   ̇     ̇          

 5.3.6.2. MHD combustor energy-exergy model 

  In the MHD combustor, the inputs supplied are preheated air, fuel, and seed. 

Thus, the product mass flow rate is the sum of the three input mass flow rates. The 

mass, energy, and the exergy balance for the MHD combustor are given by the 

following expressions:    

Mass balance:   ̇   ̇   ̇   ̇  

Energy balance:  ̇    ̇   ̇   ̇    ̇       

Exergy balance:    ̇     ̇            

 5.3.6.3. Energy-exergy model of the nozzle  

              The partially ionized products of combustion are imparted with a high 

velocity by passing them through the nozzle. The nozzle in MHD acts as a gas 
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accelerator. The mass, energy, and exergy balances for the fluid stream through the 

nozzle are represented by the expressions given below:  

Mass balance:  ̇   ̇  

Energy balance:  ̇   ̇   ̇   ̇            

Exergy balance:   ̇   ̇   ̇            

 5.3.6.4. Energy-exergy model of the MHD generator 

             The generator in MHD is a non-conventional component for generating 

electrical power. The MHD generator receives the high-temperature partially ionized 

gases to produce power under the influence of the strong magnetic and induced 

electric field.  Nevertheless, the gas velocity, temperature, applied magnetic field, 

generator size, and type of electrodes matter in the generation of electrical current. 

Here, the balances for the mass, energy, and the exergy flows can be expressed as: 

Mass balance:  ̇   ̇  

Energy balance: ( ̇   ̇ )   ̇   ̇       

Exergy balance:  ̇    ̇   ̇    ̇         

5.3.6.5. Air-preheaters energy-exergy model  

The air-preheaters receive the high-temperature exhaust gases of the MHD 

generator to preheat the compressed air streams before entering the combustors. The 

preheated air helps to raise the combustion temperature. For the air-preheaters, the 

various balances are given as under:  

Mass balance:  ̇   ̇  ,  ̇   ̇  [for APH-I] and  ̇    ̇  ,  ̇   ̇   [for 

APH-II] 

Energy balance: {( ̇   ̇ )  ( ̇   ̇ )}                                 [for APH-I] 

and,                        ̇   ̇    ( ̇    ̇  )                              [for APH-II] 
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Exergy balance: ( ̇   ̇ )  ( ̇   ̇ )   ̇                              [for APH-I] 

and,                   (  ̇   ̇  )  ( ̇    ̇  )   ̇                           [for APH-II] 

5.3.6.6. Model for energy –exergy balance of the Seed Recovery Unit  

             The seed recovery unit or SRU plays an important role in the seed 

regeneration for reuse, thereby reducing the running cost of the MHD plant. The SRU 

is also responsible for removing sulphur compounds. In the MHD plant, the mass, 

energy, and exergy balances for the SRU are given by: 

Mass balance:  ̇   ̇    ̇    

Energy balance:  ̇   ( ̇     ̇  ) 

Exergy balance:   ̇   ̇    ̇         

5.3.6.7. Model for energy–exergy balance of the Desulphurisation Unit  

             More sulphur compounds are filtered by the desulphurization unit or DSU, 

before the gases are passed on to the downstream components or released into the 

environment. In the MHD system, the DSU receives the gases that are passed through 

the SRU with the removal of some amount of sulphur compounds. The balances for 

mass, energy, and the exergy flows in the DSU can be written as given under:  

Mass balance:  ̇    ̇     ̇   

Energy balance:  ̇    ̇     ̇   

Exergy balance:   ̇   ̇    ̇         

5.3.6.8. Energy–exergy balance of the process heater 

            The gases exiting from the DSU are at temperature sufficient for the heating 

application. The process heater acts as a heat exchange device to absorb the heat of 

the gas stream before it is released into the atmosphere through the stack. The mass, 

energy, and exergy balances for this device are expressed as given below:  
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Mass balance:  ̇    ̇  ,  ̇     ̇    

Energy balance:  ̇     ̇    ̇     ̇   

Exergy balance: ( ̇    ̇  )  ( ̇     ̇   )   ̇     

5.3.6.9. Energy–exergy balance model of the stack 

             In the MHD plant, the final equipment is the stack. The flue gases exiting to  

the atmosphere make their way through the stack. The flue gas exiting the stack 

undergoes a reduction in temperature. For the stack, the balances in mass, energy, and 

exergy flow streams are given by the following expressions:  

Mass balance:  ̇    ̇   

Energy balance:  ̇    ̇   

Exergy balance:   ̇   ̇    ̇           

5.3.7. Energy and exergy model of GT plant components 

         As discussed in the previous section, the compressed air to the GT combustor is 

preheated using the heat of the exhaust combustion gases in the air-preheater-II. The 

air-preheater for the GT plant receives the hot gases from the air-preheater used in 

preheating air for the combustor of the MHD plant. Preheating the air in GT improves 

its efficiency and improves energy savings.  

       5.3.7.1. Energy and exergy model of the GT air compressor 

                   The air compressor-II is used in the GT plant to compress the air to a high 

temperature and temperature before it is preheated in the APH-II. 

The mass, energy and exergy balances for the air compressor-II can be expressed as: 

Mass balance:  ̇    ̇   

Energy balance:  ̇    ̇    ̇   

Exergy balance:  ̇
    ̇    ̇   
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5.3.7.2. Energy and exergy balance model of the GT combustor 

            The combustion chamber in the GT plant receives pressurized methane fuel 

and preheated air.  The combustion products formed because of the chemical 

reactions inside the combustion chamber, are used in the turbine located downstream. 

The mathematical expressions showing the mass, energy, and exergy balances in the 

GTCC are given by the following expressions:     

Mass balance:  ̇    ̇    ̇   

Energy balance: ( ̇    ̇  )   ̇         ̇   

Exergy balance:  ̇
    ̇    ̇    ̇          

5.3.7.3. Energy and exergy balance model of the turbine in GT  

             The combustion gases from the GT combustor is supplied, and expanded in 

the turbine of the GT plant. Part of the energy so produced is used to drive the GT air 

compressor. The remaining portion of the energy in the turbine drives the turbine 

generator to produce electrical energy. 

Mathematically, the model balancing for mass, energy and exergy flows in the turbine 

can be expressed by the following expressions: 

Mass balance:  ̇    ̇   

Energy balance:  ̇    ( ̇     ̇       )   ̇        

Exergy balance:  ̇         ̇    ̇    ̇        

5.4 Determination of MHD-GT plant performance parameters 

      While evaluating the performance of the combined MHD-GT system, it’s 

necessary to estimate the values of different related parameters and properties. These 

include evaluation of energy and exergy rates, exergy destructions in the components, 

exergetic efficiencies, and the net electrical power output.   
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      5.4.1. Estimation of mass flow rate, temperature and pressure at the state   

               points in the MHD plant 

               In the present study, the MHD plant has 14 numbers of input streams and 13 

numbers of exit flow streams. At each of these input and exit flow stream points, the 

mass flow rate, pressure, and temperature are evaluated and are listed in Table 5.5. 

The mass flow rates, pressure, and temperatures at the given state points are evaluated 

in a similar manner as discussed in section 4.4.2 of chapter 4 with similar 

assumptions. Similarly, the evaluated values of the mass flow rate, p, T are then used 

to obtain the energy and exergy rates in the respective state points after the 

determination of the molar enthalpies and entropies. The energy and exergy rates are 

used in a similar way to obtain the energy and exergy destructions in the MHD system 

components and hence evaluate the MHD system performance. 

                  Table  5.5. Mass flow rate, temperature and pressure at various state points of the  

                  MHD plant 

State  ̇  
  

 ⁄   T (K) P (bar)  State  ̇  
  

 ⁄   T (K) P (bar) 

1 73.367 298.150 1.000 9 76.535 993.300 1.457 

2 
73.367 

621.000 10.000 10 76.535 731.470 1.385 

3 
73.367 

1800.000 9.500 11 76.535 716.840 1.357 

4 2.410 298.150 1.000 12 75.777 702.500 1.289 

5 0.758 298.150 20.000 13 75.777 328.106 1.289 

6 76.535 4767.000 12.000 12′ 144.666 298.150 1.289 

7 
76.535 

2979.000 1.565 13′ 144.666 348.150 1.289 

8 
76.535 

2050.000 1.534 14 75.777 308.070 1.000 

       5.4.2. Calculation of energy and exergy rates of the MHD plant 

                 At a given mass flow rate, the flow streams pass through different state 

points that exists at some particular pressure and temperature. It is therefore, 

convenient to estimate the rates of energy and exergies possessed by the flowing 

streams at those points, and are given in Table 5.6.  
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Table 5.6. Energy and exergy rates at various state points of the MHD plant in MW 

Stat

e 
             ̇                  ̇      Stat

e 
             ̇                  ̇     

1 22.631 0.000 9 90.016 36.734 

2 48.970 21.549 10 62.692 17.154 

3 166.949 112.750 11 61.223 16.056 

4 81.147 89.134 12 59.251 13.591 

5 0.467 6.095 13 26.926 2.42 

6 228.232 205.382 12′ 180.558 12.292 

7 141.054 105.348 13′ 211.273 15.076 

8 94.334 64.025 14 25.205 1.448 

       From the results shown at various state points of the MHD plant in Table 5.6, 

it is seen that the maximum energy and exergy rates for the MHD plant occur at the 

state 6 which is the combustor exit while the minimum exergy rate for the MHD plant 

occurs at the state 14 which is the stack outlet whereas the minimum energy rate is at 

the state 5 i.e. the seed input point to the combustor. 

5.4.3. Determination of exergy flow rates, exergy destruction rate and exergetic  

         efficiency of the  components of the MHD plant  

         As seen from Fig.5.1, each of the 10 components in the MHD plant has input 

and output exergy flow rates. Thus, the exergy destruction rate in each of these 

components and their exergetic efficiencies are evaluated as listed in Table 5.7. It can 

be noted in Table 5.7 that the exergy input to air preheater-I is higher for the obvious 

reason of computing exergy of undissociated components only beyond the MHD 

generator. 
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Table  5.7.  Component-wise exergy flow rate, exergy destruction rate and exergetic efficiencies of the 

MHD plant 

Components             ̇                   ̇                            ̇                                 

AC-I 26.339 21.549 4.790 81.823 

MHDCC 289.126 205.382 83.744 71.036 

Nozzle 100.034 87.178 12.856 87.148 

Generator 105.348 87.468 17.880 83.027 

Air preheater-I 153.875 149.484 4.391 97.149 

Air preheater-II 58.698 52.86 5.838 90.054 

SRU 17.154 16.056 1.098 93.599 

DSU 16.056 13.591 2.465 84.647 

PH 71.543 42.002 29.541 58.709 

Stack 2.420 1.448 0.972 59.835 

 

5.4.4. Estimation of mass flow rate, temperature and pressure at the state   

         points in the GT  plant 

        In the GT plant, the number of input and exit flow streams is 7 and 5 

respectively. Like in the MHD plant, the mass flow rate, pressure and temperature at 

each of these input and exit flow stream points are evaluated and are listed in Table 

5.8. Using the computed values of mass flow rate          the energy and exergy 

rates at al the state points of the GT plant are evaluated. The energy and exergy rates 

are then used for computing the energy losses and exergy destruction in the GT 

system components and also in the overall performance evaluation of the GT plant.  

The highest exergy rate as seen from  ̇Table 5.8 for the GT plant occurs for the fuel 

at state    and that of the energy rate at the GT combustor outlet at state   . The 

minimum energy and exergy rates are for the air at states    and    as shown in Table 

5.8. 
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  Table 5.8. Mass flow rate, temperature, pressure, energy and exergy rates at the various state         

   points of the GT plant 

State  ̇        T (K) P (bar)              ̇                  ̇     

   72.409 298.150 1.000 22.631 0.000 

   72.409 619.260 10.000 48.176 21.964 

   72.409 853.000 9.500 69.858 35.706 

   1.052 298.150 30.000 52.764 107.519 

   73.461 1550.000 9.025 147.547 89.302 

   73.461 975.220 1.040 85.996 26.559 

       5.4.5. Determination of exergy flow rates, exergy destruction rate and exergetic  

                efficiency of the  components of the GT plant                                   

                In the GT plant, as shown in Table 5.9, the maximum exergy destruction 

occurred in the combustor and the minimum in the turbine. It is observed that the 

turbine is the most efficient component, followed by the air compressor, with the 

combustor being the least efficient. Compared to the MHD air compressor,  as given 

in Table 5.7, the air compressor of the GT is able to operate more efficiently due to a 

higher exergy output with comparatively lesser energy input. In Tables 5.7 and 5.9, 

from a comparison between the generator of the MHD plant and the turbine in the GT 

plant, it is clear that the turbine is highly efficient with the minimum associated 

exergy destruction compared to the generator of the MHD plant with correspondingly 

higher exergy destruction rate. On similar basis, when the two combustors are 

compared, it is found that although the combustor of MHD is more efficient than the 

GT combustor, the exergy destruction in the MHD combustor is higher. The reason 

for these deviations can be accounted to the variations in fuel, temperature and 

ionization in MHD. The GT plant is also found to have a high overall efficiency in 

terms of exergy with major exergy destruction in the combustor (GTCC).  
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Table  5.9. Component-wise exergy flow rate, exergy destruction rate and exergetic efficiencies of the 

GT plant 

Components             ̇                   ̇                            ̇                                 

Air 

compressor-II 
25.545 21.964 3.581 85.982 

GT combustor 
143.225 89.302 53.923 62.351 

Turbine 
62.743 61.551 1.192 98.100 

         5.4.6. Determination of net power output and exergetic efficiency of the  

                  combined MHD-GT 

      The energy efficiencies of the air compressor and the turbine are evaluated 

thermodynamically. The compressor has 17 stages with polytropic efficiency of 0.9. 

The turbine in the present study exhausts into the atmosphere and therefore, the 

thermodynamic efficiency is obtained from the stagnation temperature difference and 

stagnation to static pressure ratios [48]. In the present case, the net power output of 

the combined plant is found to be 59.422 MW with a GT plant output of 36.002 MW 

and MHD generation of 23.416 MW.  

The overall exergetic efficiency for the combined system is 89.23 %. The 

exergetic efficiency of the MHD plant when computed alone is found to be low about 

20% (19.87%). This efficiency is added to the GT exergy efficiency of 69.36% thus 

obtaining a higher combined efficiency. 

5.5. Energy and exergy based performance analyses of the MHD-GT plant 

       The exergy method in the present work accounts for analyzing MHD power 

generation by the consideration of partially ionized combustion products which is able 

to approximate a realistic approach as practical MHD power generation is actually 

based on ionized gas flows. However, the GT power generation uses the high-

temperature MHD waste gases in the molecular state for preheating the reactant air. 
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       5.5.1. Effects of combustion product dissociation on MHD-GT system  

                performance 

                 The energy analysis and the exergy analysis of the MHD system do not 

provide a real scenario when the combustion products are considered in a molecular 

state only as could be seen in chapter 4. In Table 5.10, a comparison has been made 

between the results of exergy destructions and exergetic efficiencies of the MHD 

components contributing to MHD power. The results are based upon the calculated 

values for purely molecular and partially ionized combustion products. For the 

partially ionized products, the values of the exergetic destruction and efficiencies are 

obtained using the data of Table 5.7 whereas for the undissociated products, these 

values are evaluated considering the exergy balances of subsection 5.3.6.2 through 

5.3.6.4 and utilizing the Tables 5.2 and 5.4 respectively. Thus, from Table 5. 10 a 

comparison can be drawn on the performance of the MHD system between the two 

operating conditions. 

Table  5.10. Comparison of exergy based results with molecular and with partially ionized combustion 

products 

 

Component

s 

With molecular combustion products With partially ionised combustion products 

                    

  ̇     

 

                      

       

                     

  ̇     

                       

       

MHDCC 10.540 96.354 83.744 71.036 

Nozzle 55.434 80.101 12.856 87.148 

Generator 90.828 90.828 17.880 83.027 

  

From Table 5. 10 it is seen that when the combustion products are in the 

molecular state, then the MHD generator, nozzle and the combustion chamber are the 

components in decreasing order of exergy destruction rate. This trend is however not 

seen when partially ionized combustion products were considered. With partially 

ionized combustion products, the combustion chamber is the component with highest 

exergy destruction rate followed by the generator and the nozzle. Further, it is 

observed that the components with less exergy destruction rate also have a higher 
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exergy efficiency. Assuming the combustion products are totally in the molecular 

state, the total rate of exergy destruction in the MHD plant with the three main 

components is 156.802 MW. However, in the partially ionized state, the total exergy 

destruction is 114.48 MW. Thus, there is a reduction in the total rate of exergy 

destruction when the combustion products are in a partially ionized state. Also, the 

exergetic efficiency of the MHD with the above components shows an improvement 

of about 21.96 % with the partially ionized combustion products.  

5.5.2. Effects of ionization on net power output of MHD-GT system 

         Although the assumption of purely molecular species in MHD combustion 

products delivers a higher combined net power output but is highly unrealistic and 

cannot be achieved in practice because MHD power generation is possible with gas 

ionization. From section 5.4.6, it is seen that the net power output of the MHD with 

partially ionized gases is 23.416 MW, thereby delivering a combined power of 59.422 

MW. However, with the assumption that MHD power generation is possible with 

purely molecular species, then the deliverable net power output of the MHD, is found 

to be 103.762 MW taking the combined MHD-GT power to 136.764 MW which is 

unlikely with the current method of MHD power generation. 

5.5.3. Validation of the results of the present model 

          The present model has been validated using the GT simulation model of [47] 

analytically. Though the model of [47] examines both conventional and advanced 

form of exergy analysis, the validation has been carried out with the conventional 

results of exergy analysis. Advanced exergy analysis done in Ref. [47] is about 

splitting the exergy destruction into two parts i.e. avoidable and unavoidable which is 

beyond the scope of the present study. Therefore, the model was validated by 

comparing the conventional exergy part of Ref. [47] under identical conditions of 

pressure, temperature and mass flow rate. The specific heat has been computed as a 

function of both temperature and mole fraction of constituents and the molar specific 
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enthalpies of the constituents have been determined. The final form of the combustion 

reaction from [47] has been expressed as 

                                                         

                                                                                                (5.21) 

The molar specific entropies of the constituents have been determined at each station 

at the given temperature and pressure. The energy rates, exergy rates and the exergy 

destruction of the flow streams have been computed at each station.   

 

Fig. 5.2. Station-wise energy rates of the gas turbine in MW. 

 

Fig.5.3. Station-wise exergy rates of the gas turbine in MW. 
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The energy and exergy rates from stations 0 to 6 have been determined. The energy 

and exergy rates in both the present model and the model [47] are zero at station 0 as 

there is no mass flow rate at this station. The energy rates from station 1 to station 6 

increase in both cases as shown in Fig.5.2. The exergy rates, as shown in Fig.5.3, at 

the stations 0 and 1 are also zero in both cases  (Stations 1 to 5 in Fig.5.3 are actually 

stations 2 to 6) due to zero mass flow rates and use of air at standard reference state 

with no physical and chemical exergies. The exergy rates increase from stations 2 to 4 

and then decrease at stations 5 to 6. Thus, a similar trend is observed in the present 

model and the model [47]. The results obtained by using the present model are found 

to be very close to the model values up to station 4 and the deviations are less than   

units. However, for stations 5 and 6, the energy and exergy rates of the two models 

show a little departure. The present model computed energy rates at stations 5 and 6 

are 135.929 MW and 97.202 MW while the exergy rates are 83.915 MW and 39.9044 

MW respectively. The departure in energy and exergy rates at stations 5 and 6 with 

those of [47] may be attributed to larger variations of the molar enthalpies and 

entropies together with higher values of the mole fractions of the product constituents 

in the overall combustion reaction compared to those obtained in the model [47]. 

Another cause for these deviations could also be the variation in specific heats of the 

constituents determined on absolute temperature terms.  
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Fig.5.4. Station wise exergy destruction rates of the gas turbine in MW. 

The comparison between the exergy destruction rates obtained from the present GT 

model and the model [47] is presented in Fig.5.4.   Similar to the model [47], from the 

present model also, the gas turbine is found to have the minimum exergy destruction, 

and the maximum exergy destruction is found in the GT combustion chamber. It has 

also been observed that the present exergy destruction rates in the GT and LPAC are 

higher than those of [47] with the LPAC having a higher exergy destruction rate than 

the HPAC. Due to the deviations of energy and exergy rates at the corresponding 

states, the exergy destruction rates in the CC and HPAC are found to be lower than 

the model results of [47]. The exergy destruction rates in the GT plant components 

obtained from the present model are LPAC: 3.906 MW, HPAC: 2.465 MW, GTCC: 

36.892 MW and GT: 2.284 MW respectively.  

5.6. Summary 

         The exergy analysis of a combined MHD-GT power plant was performed to 

study the effects of ionized combustion products of MHD on the exergetic 

performance of the system. The analysis was carried out with the assumptions of an 

isentropic nozzle and the absence of pseudo-shocks on a macroscopic level. The 

thermodynamic properties of the partially ionized species and the un-dissociated 
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products in molecular forms were determined for the MHD plant. For the gas turbine 

plant, only the molecular properties were determined due to non-ionization of its 

combustion products. For the MHD an exergetic performance comparison was made 

between the effects of ionized species and the purely molecular species. The results of 

the GT were validated against proven published data analytically. The key results of 

the present work can be summarized as follows: 

 Exergy analysis of MHD or MHD-based combined systems can provide a true picture 

of the inefficiencies in components closer to actual MHD operation only when the 

effects of ionized species are taken into account.  

 When the entire MHD plant is analyzed, it shows that the exergy destruction rates and 

the exergetic efficiencies of the components of MHD as well as the net power output 

are influenced by the ionized conducting fluid from the combustor up to the generator 

of the MHD.  

 Beyond the MHD generator, due to the decrease in temperature below the ionization 

temperature the exergy destructions and the exergetic efficiencies of other MHD 

components are independent of the influence of ionization effects and their values are 

based upon the flow gas properties in the molecular states. 

 The exergy destruction rates in the MHD system components under the partial 

ionization effects can be arranged in the order of MHDCC > Generator > nozzle. 

Downstream of the MHD generator where the ionization effects are negligible due to 

low temperature, the process heater has the highest exergy destruction rate with the 

stack having the lowest exergy destruction. 

 The nozzle in the MHD power generation unit under the ionization effect possesses 

the highest exergetic efficiency with 87.148 % followed by the generator of the MHD 

with 83.027 % and the MHD combustor with 71.036 % respectively. 
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 In the gas turbine, where the products are in undissociated states, the exergy 

destruction rate is the highest in the GT combustor with 53.923 MW, the air 

compressor with 3.581 MW and the turbine with 1.192 MW to follow. The order of 

exergetic efficiencies of the GT plant components is in the reverse order of exergy 

destruction. As such, the exergetic efficiency is the lowest for the GT combustor and 

the highest in the turbine while it is intermediate in the air compressor.  

 Provided the air preheater-II is a part of MHD system, otherwise as a GT component 

it has the highest exergetic efficiency next to the turbine with an exergy destruction 

rate greater than that of the GT air compressor.  

  Evaluation of exergy destruction rates and the exergetic efficiencies of MHD power 

generation unit up to the generator, when based on purely molecular properties, is an 

unrealistic approach as MHD power output and efficiency are dependent upon the 

degree of ionization of the conducting fluid. 

Thus, the present study showed the advantages of using partial ionization in the 

exergy analysis of MHD power plants. The departure from the correct estimation of 

net power output, exergy destruction, and efficiency values of the MHD power plant 

can be immensely reduced by using the ionized species of combustion in the analysis 

and also choosing the right proportion of the ionised to non-ionized fractions of the 

combustion products. Further investigations of fuel mixture flammability and reacting 

flow momentum due to ionization behavior that may affect MHD power generation 

and MHD overall performance can be considered as a scope of study in the near 

future.  
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