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Abstract 

 

Steam methane reforming (SMR) is a dominant technology for hydrogen production. 

For the highly energy-efficient operation, robust energy analysis is crucial. In 

particular, exergy analysis has received the attention of researchers due to its 

advantage over the conventional energy analysis. In this work, an exergy analysis 

based on the computational fluid dynamics (CFD)-based method was applied to a 

monolith microreactor of SMR. Initially, a CFD model of SMR was developed using 

literature data. Then, the design and operating conditions of the microreactor were 

optimized based on the developed CFD model to achieve higher conversion efficiency 

and shorter length. Exergy analysis of the optimized microreactor was performed 

using the custom field function (CFF) integrated with the CFD environment. The 

optimized catalytic monolith microreactor of SMR achieved higher conversion 

efficiency at a smaller consumption of energy, catalyst, and material of construction 

than the reactor reported in the literature. The exergy analysis algorithm helped in 

evaluating length-wise profiles of all three types of exergy, namely, physical exergy, 

chemical exergy, and mixing exergy, in the microreactor. 

Keywords: steam methane reforming; computational fluid dynamics; monolith 

reactor; physical exergy; chemical exergy; CHEMKIN; rhodium catalyst; simple 

algorithm 
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Chapter 1 

Introduction 

 

The need for hydrogen production is growing rapidly due to its immense importance 

in the petroleum and chemical industry as shown in Figure 1.1. Hydrogen is mainly 

used for the up-gradation of fossil fuels and ammonia production. The use of 

hydrogen as a fuel has also recently increased due to its high heating value and less-

polluting nature [1]. It is used in different other applications such as fuel cells, metal 

production, and power generation [2]. 

The steam reforming of methane gas is the abundantly used method for the 

production of hydrogen. Saeidi et al. [3] estimated that 48% of all hydrogen 

production came from the steam reforming of methane as shown in Figure 1.2. 

However, steam methane reforming (SMR) has several limitations, such as heat 

transfer limitation, mass transfer limitation, and catalyst deactivation [1]. To cope 

with these limitations, conventional SMR is being transformed into micro-reforming 

technology, which overcomes the heat transfer limitation and enhances the mass 

transfer; as a result, micro-reforming technology improves the conversion efficiency 

[4]. The intensified form of SMR (i.e., micro size plant) increases profit margins 

above 70% for the same capacity of H2 production [1]. 

Since SMR is endothermic and energy intensive, a robust energy analysis of the 

micro-scale SMR is also needed [5]. The concept of exergy has attracted the 

attention of researchers and process designers because of its capability to evaluate 

the true thermodynamic potential of a process. Exergy analysis helps in the 

identification of the locations, causes, and quantification of irreversibility and 

wastages in a system [6]. 
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Figure 1.1: Annual cumulative hydrogen production by region 

 

Figure 1.2: Percentages of different sources of hydrogen production 

 

In this work, exergy analysis of a monolith microreactor of SMR was performed by 

using a computational fluid dynamics (CFD) model. Initially, the CFD model was 

developed using literature data. The monolith catalyst bed was used by considering 

its large surface area, low-pressure drop, high durability, and high mechanical 

strength. Monolith catalyst structure consists of a number of tubes in a single unit. A 

cross-sectional area of the single tube is shown in Figure 1.3 which consist of 

catalytic material wash coat at the inner side of the tube wall and exhaust gas 

channel is present in the middle of the tube. 
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The surface-based approach was used for modeling reaction rates. To incorporate 

reaction kinetics, the CHEMKIN mechanism was used. Size of the reactor and 

operation conditions were optimized to realize higher conversion efficiency and 

smaller capital and operational costs. To analyze true thermodynamic efficiency, its 

exergy analysis was performed by developing a custom field function (CFF)-based 

algorithm. The exergy analysis algorithm helps in evaluating length-wise profiles of 

all three types of exergy, namely, physical exergy, chemical exergy, and mixing 

exergy, in the microreactor. 

 

Figure 1.3: Monolith catalyst structure 

 

1.2 Thesis Outline 

The introduction are discussed in Chapter 1. Basic theoretical concepts, governing 

equations, exergy, and steam methane reforming processes are evaluated in Chapter 

2. Literature survey and objectives is illustrated in Chapter 3. The procedure for CFD 

based model development is discussed in Chapter 4. Chapter 5 illustrates the 

development of exergy quantification tool, geometry preparation, and simulation. 

Results, conclusions, and suggestions for future are described in Chapter 6.   
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Chapter 2 

Theoretical Background 

2.1 Steam Methane Reforming Process 

Hydrogen is produced mainly in four steps, i.e., natural gas pretreatment, reforming 

process, shift reaction, and purification, as shown in Figure 2.1 [7].  

In the pretreatment step, the unwanted components present in the feed gas (methane) 

are separated to prevent the catalyst from poisoning. The zinc oxide bed captures the 

sulfur-containing compounds such as hydrogen sulfide and leaves the gas with sulfur 

impurities smaller than 1 ppm [8]. 

In the reforming process, the methane–steam mixture is converted with the help of 

catalyst into H2, CO, and CO2 in the reformer according to the following reactions.  

CH4 + H2O ↔ 3H2 + CO                                   ∆H
o 
298 = +206 kJ/mole              (2.1) 

CH4 + H2O ↔ 4H2 + CO2                                 ∆H
o 
298 = +165 kJ/mole              (2.2) 

The reforming reaction is highly endothermic, therefore heat is supplied through the 

external burners to maintain the temperature and pressure at 1100-1500 
o
C and 1-5 

atm, respectively. The side burners are operated to heat the furnaces which provide 

heat to the tubes of the reformer through forced convection and radiation. The 

reformer furnace normally consists of a number of tubes, i.e., in the range of 40-400, 

calculated according to the  plant design capacity. Different structures and 

classifications of the monolith catalyst support channels are shown in Figure 2.2 [4]. 

The third step is the gas shift reaction. The syngas exiting the reformer takes part in a 

water–gas shift (WGS) reaction. It transform CO and H2O in the product gas to H2 

and CO2 by the following reaction.  
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In the fourth step, which is the purification of hydrogen stream, CO2 is removed 

through chemical absorption and unreacted methane is separated by pressure swing 

adsorption (PSA).  

In this work, a two-dimensional CFD model of a single micro reformer tube of 

monolith catalytic reactor is redesigned [9]. The single reformer tube is shown in 

Figure 2.3, and the model parameters are mentioned in Table 2.1. 

The steam and methane mixture with the ratio of three is provided to the reactor. 

Inlet velocity is maintained at 0.45 m/s and temperature at 800
o
C. The mole fraction 

of methane and steam are 0.23 and 0.77, respectively. A heating jacket surrounds the 

monolithic reactor and provides the heat of reaction to maintain the temperature 

same i.e., 1477
o
C at the walls of reactor. The inlet H2O/CH4 molar ratio is kept 

constant at 3 and the operating pressure is atmospheric. 

 

 

Figure 2.1: Process flow sheet of the SMR process [10] 
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Figure 2.2: Circular, square and trigonal shape arrangement of monolith reactors
[4]

 

 

Figure 2.3: A single tube of a monolith catalyst reformer 

 

Table 2.1: Model parameters 
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2.2 Reaction Kinetics of Steam Methane Reforming Process 

The heterogeneous reaction mechanism proposed by Karakaya et al. is used for SMR 

process with rhodium catalyst [11]. It involves 44 elementary reactions as shown in 

Table 2.2 consists of 6 gaseous and 13 species at the wall surface. The rhodium 

catalyst is exploited having surface site density ΓRh = 2.72 × 10
-9

 mole/cm
2
. The 

overall molar rate of creation of i-th species through surface reactions is according to 

the following equation [12] ; 

                                              ̇  ∑         

  

   

∏   
  

   

     

   

                                              (   ) 

where   ̇ is the overall rate expression of i-th species for gas-phase or surface phase, 

   is the number of surface elementary reactions,      and   
    are the stoichiometric 

coefficients, and    and    are the number of gas-phase and surface species, 

respectively. The concentrations    of adsorbed species are given in a mole/m
2
. 

As binding states of the adsorption of total components changing with the surface 

coverage, the temperature dependence of the reaction rate coefficients is calculated 

by employing the modified Arrhenius expression [13].  

                                        
      ( 

   

  
)  

      [
     

  
]                                (   ) 

where      is a forward rate coefficient,     is the pre-exponential factor,     is the 

temperature exponent,    
 is the activation energy of the reaction r, θi is the surface 

coverage with adsorbed species, and coefficients     and     describe the dependence 

of the rate coefficients on the surface coverage of i
th

 species.  

2.3 Components of Energy 

Energy can be subdivided into two main components, one is exergy and the other is 

anergy. Exergy can produce useful work while the anergy has no ability to do work.  
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Table 2.2: Elementary reactions and its kinetics for SMR on Rh catalyst [15] 
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The terminology of exergy itself was first reproduce by Zoran in 1956 by combining 

two Greek words, ex and ergon which means “from work”. Exergy can be stated as; 

 The paramount of possible work obtainable by bringing a matter from its initial state 

through a reversible process to a condition of thermodynamic and chemical 

equilibrium with the reference environment referred as a dead state [16]. 

Exergy is used as a standard to define the energy quality as it is the only component 

actually producing work. The energy losses due to the irreversibilities of a real 

system appear in the entropy form. The relation between exergy and entropy 

production is shown by the thermodynamics second law. Entropy generation is 

directly proportional to exergy loss which leads to degradation of exergy in a real 

process. Thus, the goal of any energy transformation process is to achieve the 

highest possible exergy out of energy input.  

 

Figure 2.4: Interaction of energy, entropy, and exergy 

2.4 Reference Environment 

Reference environment can be considered as a large thermodynamic body comprised 

of various components which are in perfect equilibrium with surrounding. All the 

components have no difference in pressure, temperature, chemical potential, kinetic 
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and potential energy. However, defining such an ideal reference environment is  

challenging. To overcome this difficulty some researchers have suggested a few 

standard reference environments for exergy analysis. Reference environment used in 

this work is related to the standard environment stated by Szargut et. al [17]. The 

model is based on the following components at the standard temperature and 

pressure i.e., T0=298.15K and P0=101.325kPa. 

 Atmospheric gaseous components: O2, N2, CO2, H2O, O2 

 Solid reference substance of the earth crust. 

 Sea substances as ionic reference. 

Exergy is emitted by a system when it is bring to a state of equilibrium with the 

environment i.e., at  dead state. The dead state requires full thermodynamic 

equilibrium i.e., mechanical, thermal and chemical equilibrium with the 

environment. 

2.5 Exergy Balances 

The Exergy study is rely on the first and second law of thermodynamics. The first 

law of thermodynamics portrays that energy can never be vanished, on the other 

hand the second law of thermodynamics states that heat energy cannot be fully 

brought into service when it is involved with the real system. The wasted energy 

appears in the form of entropy due to the irreversibilities of the process system. The 

energy, exergy and entropy relation is shown in Figure 2.5. 

The energy flowing in and out are equal in amount, as stated by the first law of 

thermodynamics; on the other hand, the quantity of entropy moving out is larger than 

the moving in according to the law of entropy increase. The quantity of exergy 

moving out is lesser than the moving in. This is due to a portion of exergy is lost 

within the system due to irreversibilities which appear in the form of entropy. 

Mathematical model of exergy is given by the following equation [18].  

                   Eex(Tot) = ΔK.E + ΔP.E + ( h - h0  ) –T( S - So ) + Eex(chem)                    (2.7) 

                  ΔE + ΔH = Work ….. 1
st
  law of thermodynamics. 
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                  Δ S = Sgen            …..  2
nd

 law of thermodynamics. 

The first three terms on the right-hand side of the equation 2.7 are the portion 

represented by the first law of thermodynamics while the fourth term is the portion 

represented by the second law of thermodynamics. The exergy equation integrates 

both the first and second law of thermodynamics to find the maximum amount of 

work that we can obtain from a system.  

 

 

Figure 2.5: Inflow and outflow of energy, exergy, and entropy through a system 

2.6 Components of Exergy 

Conventionally, the total stream exergy is distributed into three parts: physical 

exergy, chemical exergy, and mixing exergy. A general expression of exergy is 

given by the following equation:  

                                                 E=E
ph

 + E
ch

 + E
mix                                                                        

(2.8) 

where E represents total molar exergy of a stream, E
ph

 is the molar physical exergy, 

E
ch 

is the molar chemical exergy, and E
mix

 is the molar mixture exergy [16]. 

The paramount of possible work obtainable by bringing a matter from its initial state 

through a reversible process to a condition of thermodynamic and chemical 

equilibrium with the reference environment referred to as a dead state 
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Physical exergy represents the thermo-mechanical portion of the total exergy stream. 

It is paramount of possible work obtainable by bringing a matter from its initial 

states (T, P) through a reversible process to a condition of thermodynamics and 

chemical equilibrium with the dead state reference environment (To, Po).  

 On a molar basis, physical exergy is given by 

                               ∑   
  

  
  ∑    

     
   

 
   (          (

  

  
)),         (2.9) 

                                                         
  

      ∫    
   

  
  

                                           (2.10) 

                                           
(

 

     
)               

     
 ,                      (2.11) 

where ai, bi, ci, and di are heat capacity coefficients and R is the ideal gas constant 

[16]. Pi and Ti represent the partial pressure and temperature of individual 

components respectively at each point in the reactor [19]. 

Chemical exergy is the largest obtainable work from a matter by taking it from a 

condition of thermo-mechanical equilibrium to a state of thermo-mechanical and 

chemical equilibrium with the dead state of the environment [19]. Chemical exergy 

of a material stream on a molar basis is given by equation 2.12;  

                             ∑    ̅ (         )
 

   
 ∑    ̅ (        )

 

   
,             (2.12) 

                                         ̅     
    ̅ (   )    ̅ (     ) ,                                  (2.13) 

where    is the respective stoichiometric coefficients,  ̅  is the molar gibbs function 

of components i, and   
  is the molar gibbs function of formation at a reference 

temperature and pressure [20].  

Mixing exergy accounts for the mixing effect arising due to the isothermal and 

isobaric mixing of pure components at process conditions [21]. It can be calculated 

by 

                                                         ∑          
 
   ,                                         (2.14) 

where    is a mass fraction of component i. Mixing exergy is always a negative value 

because the mixing of different components decreases the exergy continuously along 
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the length of the reactor [16]. It can also be written in the form of ∑
         

  

 
    , 

where Pi is the partial pressure of each component (Pi= 𝒳i Ptotal) according to 

Dalton’s law [22]. 
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Chapter 3 

Literature Review and Objectives 

This chapter include the literature review regarding the computational fluid dynamic 

(CFD) technique to quantify exergy, a study of the hydrodynamics, microreactors, 

and objectives. 

3.1 Computational Fluid Dynamics Technique to Quantify Exergy 

Farmahini–Farahani (2012) performed an exergy analysis to study the thermal 

stratification process in a storage tank. Thermal stratification is the layering of water 

in which hot water rises to the top due to low density while high-density cold water 

stays at the bottom. Geometrical parameters of tank-like inlet and outlet position, 

inlet angle, aspect ratio, and inlet and outlet diameter can effect on the level of 

thermal stratification which can predict through exergetic trends. Thermal 

stratification is very important industrial phenomena and exergetic analysis can 

contribute to the optimum design of storage tank [23]. Alabi and Ladeinde (2007) 

performed an exergy analysis through CFD to optimize the design of aircraft. Exergy 

analysis identifies the areas of exergy destruction and provides room for the designer 

to improve the design of aircraft. The results show that exergy destruction and 

entropy generation is higher on the top part of the aircraft due to the maximum 

velocity gradient compared to the lower portion of aircraft. The CFD based results 

are compared with the lumped parametric model. CFD gives a more accurate 

prediction of exergy analysis than lumped parametric model but it takes more time 

[24]. Jafarmadar (2015) performed exergy analysis to control the combustion timing 

of the fuel blends in which fuels have different ignition properties. It is observed that 

the exergetic efficiency of compressed natural gas is higher than gasoline fuel which 

shows that CNG has higher work potential. It is also found that exergetic efficiency 

decreases when the fuel-air ratio increases. This is due to the fact that excessive 

combustion increases the percentage of carbon dioxide which has low heating value. 

Hence the overall heating value of products decreases which lower the fuel work 

potential [25]. 
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3.2 Hydrodynamics Study Through Computational Fluid Dynamics 

Approach 

To determine the flow distributions and pressure drop in packed bed (filters) CFD 

approach can be very useful. A packed bed filter has a non-uniform distribution of 

voids. Taylor, et al. (1999) developed a computational model in CFD to analyze the 

effects of pressure on the void distribution by incorporating the Mueller equation. To 

deal with turbulence in the bed, standard K-epsilon (two equations) turbulence model 

was used. A pressure loss is observed in the bed which is determined with the help of 

the Ergun equation. Through this model, an efficient bed filter can design in which 

optimum flow distribution is achieved [26]. 

Membrane reactor is the latest technology to remove nitrogen, organic materials and 

other wastewater contaminants from water. CFD is a promising approach to enhance 

the achievments of the membrane reactor. The efficiency of the membrane reactor 

relies on the mass transfer phenomena which depend upon flow patterns and flow 

velocity. A tubular hollow membrane is used and a stimulus-response approach is 

used to investigate the flow patterns. Plascencia-Jatomea, et al. (2015) developed a 

CFD based model by assuming laminar flow and solve the Navier Stokes equation 

for incompressible flow. A deviation from ideal hydrodynamic behavior is observed 

due to mixed flow and channeling effects. With the velocity flow patterns, the 

stagnant zone is determined in the membrane in which degradation reactions can 

take place [27]. This stagnant zone can provide the room for improvement of 

membrane reactor design. 

Boulenouar et al. performed CFD-based exergy analysis of flow in a supersonic 

steam ejector and analyzed that the major irreversibility is created in the nozzle. This 

is because of the high gradient of velocity and pressure respectively [28]. Mustafa et 

al. developed a CFD-based model for exergy analysis of naphtha reforming reactors 

and concluded that the total exergy of the stream increases along the reactor [19]. 

Alabi et al. studied the experimental and CFD-based exergy analysis methods for the 

design optimization of the airframe subsystem of aircraft. They observed that 

exergy-based approach has a large advantage as compared to energy-based approach 

[29]. Debnath et al. performed CFD-based exergy efficiency analysis of air hydrogen 

detonation in a pulse detonation combustor. They concluded that the deflagration 
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combustion process has larger exergy losses than the detonation combustion process 

[31]. Erguvan et al. analyzed energy and exergy of unsteady cross-flow overheated 

circular cylinders in the CFD environment. It was found that exergy efficiency can 

be increased by selecting specific pitch ratios for different Reynolds numbers [32].  

3.3 CFD Analysis in Microreactor 

Granlund et al. revealed that the micro reactor having multiple air inlets produces a 

high yield of hydrogen as compared to the conventional monolith reactor by using 

computational fluid dynamics (CFD) [33]. Bhat et al. presented a review on various 

research directions in the area of process intensification of the SMR process [34]. 

Chen et al. developed the CFD-based model of a catalytic micro combustor and 

evaluated the combustion characteristics and stability of a methane-air mixture [35]. 

Yu et al. developed the micro reactor for steam reforming of methanol and analyzed 

the outcomes of the micro reactor with optimum catalyst coating at different 

operating conditions [36]. Gahui et al. produced a hybrid system of SMR which 

transforms some part of methane to hydrogen by using the heat of exhaust gases of 

an internal combustion engine, and they showed through CFD simulation that the 

homogeneity of temperature in the longitudinal and radial directions is indispensable 

for high methane conversion efficiency [37]. Yasuki et.al compared the energy 

requirement for self-heat recuperative systems and conventional thermal processes. 

They concluded that the recuperative thermal processes have a high capability to 

save energy than the conventional thermal processes in the industries [38]. Seyed 

et.al investigated the conventional and flameless combustion in a lab scale furnace 

on the basis of exergy analysis and Figured out that the major irreversibilities were 

caused by the high temperature gradient present in the reactor chamber. [39]. An et 

al. investigated different structures of the micro reactor such as parallel, oblique pin, 

pinhole, wavy, and coil with CFD simulation to achieve a high-performance 

configuration with respect to heat transfer, reaction rates, and their flow 

characteristics. They concluded that the pinhole configuration can achieve better 

performance than the other structures [40]. Kashid et al. developed a CFD model of 

slug flow micro reactor to examine the impact of viscosity on the fluid flow 

streamlines within the slugs. They summarized that the variation in viscosity has no 

effect on the flow patterns within the slugs [41].  
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3.4 Exergy Analysis Through Different Tools and their Comparison 

with CFD 

Process design intensively involves process simulators such as Aspen 

HYSYS/PLUS, CHEMCAD, etc. However, the simulators lack in built-in robust 

methods for exergy analysis that can be applied to any process being designed. In 

order to vanish this defect, exergy analysis tools are reproduced in other 

environments such as FORTRAN, Microsoft Excel, etc., and interfaced with the 

simulators for analyzing exergy efficiency of the designed process. Querol et al. 

(2011) integrates Microsoft Excel with Aspen PLUS to calculate exergy and 

performed exergoeconomis studies of chemical processes [42]. Montelongo-Luna et 

al. (2011) developed a relative exergy array (REA) to calculate the exergetic 

efficiency of distillation column [43]. Munir et al. (2013) developed a relative 

exergy-destroyed array (REDA) to evaluate the economic efficiency of the 

monochlorobenzene (MCB) plant and a heat exchanger network (HEN) [44]. 

Hinderink et al. (1996) studied exergy analysis by developing a tool in which an 

external subroutine (Exercom) is integrated with flowsheeting simulator Aspen 

PLUS to incorporate the standard chemical exergies of components [21]. 

Bahmanpour et al. (2014) studied the conversion of methane gas to methanol and 

methanol to formaldehyde, exergy analysis is performed using Aspen HYSYS and 

Aspen PLUS [45]. 

Computational fluid dynamics (CFD) technique is the latest emerging approach to do 

an exergy analysis of a given system [23, 46]. CFD provides an internal visualization 

aid compared to other techniques, i.e. Aspen HYSYS/PLUS, CHEMCAD, etc., in 

which only inlet and outlet exergies are calculated. Huang et al. (2017) investigated 

the exergy analysis of crystalline nickel ferrite dissociation in a solar reactor and 

Figured out that physical exergy decreases with the temperature drop. It was noted 

that a high conversion rate of reaction increases the oxygen production which results 

in increase of chemical exergy of the process [48]. The space for CFD based exergy 

analysis of steam methane reforming is still vacant in research work. According to 

the best of our knowledge, no CFD based exergy analysis of steam methane 

reforming is performed yet. 
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3.5 Objectives 

In this work, exergy analysis of a monolith micro reactor of SMR was performed by 

using a computational fluid dynamics (CFD) model. Initially, the CFD model was 

developed using literature data. The monolith catalyst bed was used by considering 

its large surface area, low-pressure drop, high durability, and high mechanical 

strength. The surface based approach was used for modeling reaction rates. In order 

to incorporate reaction kinetics, the CHEMKIN mechanism was used. Size of the 

reactor and operation conditions were optimized to realize higher conversion 

efficiency and smaller capital and operational cost. In order to analyze true 

thermodynamic efficiency, its exergy analysis of the optimized micro reactor was 

performed using the custom field function (CFF) integrated with the CFD 

environment. The optimized catalytic monolith micro reactor of SMR achieved 

higher conversion efficiency at a smaller consumption of energy, catalyst, and 

material of construction than the reactor reported in the literature. The exergy 

analysis algorithm helped in evaluating length-wise profiles of all three types of 

exergy, i.e., physical exergy, chemical exergy, and mixing exergy, in the micro 

reactor. 
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Chapter 4 

Procedure of CFD Based Model Development 

 

Computational fluid dynamics (CFD) is the science of discussing fluid flow, heat 

transfer, mass transfer, chemical reactions, and the phenomena related to all, by 

solving the mathematical equations which describe these processes by using a 

numerical process. To perform the calculations, computers are required to simulate 

the gases and liquids interaction with surfaces described by boundary conditions. 

Quick solutions can be achieved through high-speed supercomputers. Various 

softwares are developed through continuous research which are highly efficient and 

accurate in solving the complex simulation problems such as turbulent and transonic 

flows. The results of CFD analyses are used in conceptual studies of new designs, 

detailed product development, trouble shooting, and redesign of processes.  

4.1 Background 

Navier-Stokes equations are the fundamental of all CFD problems and these 

equations define many single-phase fluid flow problems. To simplify these 

equations, viscous terms are removed to yield the Euler equations. To simply further 

these equations and yield potential equations, vorticity terms are removed. Finally, 

linear potential equations are obtained by removing the subsonic and supersonic flow 

terms. 

Earlier Lewis Fry Richardson divided the physical space into cells and apply finite 

different method which resembles with modern CFD calculations. Although he 

failed to get the required results, later these calculations which he mentioned in his 

book “Weather prediction for numerical process” provide the basis for modern CFD 

calculations. 
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4.2 Methodology     

4.2.1 Preprocessing 

The preprocessing consists of the following steps: 

 Computer-aided design (CAD) can be used to define the physical boundary 

and geometry of the problem. From there, the fluid volume is calculated. 

 The volume which is covered by the fluid is then divided into small cells 

(mesh). The mesh may be the same overall or non-uniform, pyramidal or 

polyhedral, tetrahedral, structure or unstructured cells. 

 Now the physical mesh is defined using fluid motion, radiation, enthalpy, and 

species conservation or non-conservation equations. 

 Boundary conditions are specified. 

4.2.2 Processing 

Simulations are processed until the convergence is reached and the different 

equations are solved as a steady state condition or a transient state. 

4.2.3 Post Processing 

Finally, the post-processing is done to observe the results visually and can analyze 

the solution. 

4.3 Simulation Environment 

4.3.1 Design Modeler 16.0 

There are many geometries making software such as Design modeler, Gambit, Solid 

Works, Auto CAD, IGES, etc. Design modeler is very basic and user-friendly 

software compares to others. Design modeler was used for making the geometry. In 

this work, two-dimensional geometry was prepared with the help of vertices. 

Vertices were connected with each other to form the edges which were further used 

to form the faces. Structured meshes were prepared and boundary conditions were 

labeled at the edges while different zones were labeled at the faces. GUI of design 

modeler is shown in Figure 4.1. 
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Figure 4.1: Geometry of monolith reactor by design modeler 

 

4.3.2 ANSYS Fluent  

Geometry was exported from design modeler to the fluent software which performs 

required simulation. Control volume method was used to solve the mass, energy, and 

species conservative equations. Mesh quality was calculated in ANSYS Fluent. The 

boundary and zone conditions which were labeled in design modeler CFD software, 

were specified one by one in Fluent. Under the solution method, pressure velocity 

coupling scheme was chosen and specified the discretization for gradient, pressure, 

momentum, turbulent kinetic energy and species. Under the solution control method, 

relaxation factors were adjusted for pressure, velocity, density, and other parameters. 

Residual monitors for absolute convergence were specified to find out the absolute 

convergence. After that initialization of solution was carried on and then iteration 

was performed at different equations until the absolute convergence was achieved. 

Figure 4.2 shows the GUI of the Fluent tool. 
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Figure 4.2: Ansys Fluent environment 

 

Four reaction models; laminar finite-rate, finite-rate/eddy-dissipation rate, eddy-

dissipation, and eddy-dissipation concept are present in the fluent to deal with 

reactions and incorporate turbulence-chemistry interactions. In laminar finite-rate, 

Arrhenius expressions are used to calculate reaction rate and turbulence effects are 

ignored. In the finite-rate/eddy-dissipation rate, both Arrhenius expression and 

mixing can influence the reaction. In eddy-dissipation model, the reaction rate is 

controlled and determined by turbulence while in the eddy dissipation concept 

model, Arrhenius expression is also incorporated in turbulent flames.  Laminar 

finite-rate model is used due to the low flow velocity i.e. 0.45 m/sec in Arrhenius 

chemical kinetics.  The values of different reaction parameters in these reaction 

models which includes pre-exponential factor, activation energy, mixing law 

constants, stoichiometric coefficients and rate exponent are required to incorporate 

different reactions as shown in Figures 4.3 and 4.4 respectively. 
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Figure 4.3: Reaction Model 

 

Figure 4.4: Reaction Parameters 
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4.3.3 Reading of Formulas Through Custom Field Function.  

Computational fluid dynamics are basically developed for aerodynamics and 

mechanical engineers to analyze the stress and strain analysis of different equipment 

under different conditions. To solve the problem of chemical engineering in CFD, 

some components, formulas, and reactions are not present in the database of Ansys 

Fluent which required the external interface through coding. In this work, we use the 

custom field function to import the exergy formulas and use the chemkin file to read 

the different reaction into fluent and this is shown in the Figures 4.5 and 4.6 

respectively. 

 

Figure 4.5 Custom field function calculator 

 

Figure 4.6 Field function definitions 
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4.3.4 Convergence Criteria 

The commonly used convergence criteria for the residuals of continuity, x-velocity, 

y-velocity, epsilon, and species equation are .001 while criteria for convergence of 

energy equations are 1e-06. To achieve convergence, the absolute convergence 

criteria need to be satisfied. To adjust the values of convergence the Figure 4.7 

shown the setting monitors.  

 

Figure 4.7: Residual monitors sittings 

The solution of my problem is converged with 2196 iteration as shown in Figure 4.8 

and 4.9 respectively. 
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Figure 4.8: Residual monitor 

 

 

 

Figure 4.9: Iteration monitor  
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Chapter 5 

Model Development 

In section 5.1, details regarding geometry and mesh preparation are provided while 

in section 5.2, identification of boundary and cell zone conditions is mentioned. A 

set of CFD based conservative equations is referred in section 5.3 and to solve these 

equations different numerical schemes are used which are given in section 5.4. 

Following are the assumptions for model development: 

 The equilibrium state is reached and the maximum yield is achieved. 

 There is a negligible loss of heat from the wall of reactors to the 

environment. 

 The catalytic wall is isothermal in condition. 

 The flow is laminar in the reactor and steady-state condition is achieved. 

 The gas mixture is incompressible and considers an ideal gas. The mixture 

density is considered constant and calculated from ideal gas law. 

5.1 Geometry and Meshing 

The ANSYS Design Modeller was used to create geometry and mesh. The reactor 

considered in this study is cylindrical in shape, with a height of 1 mm and length of 

14 mm. The reactor consists of an isothermal catalytic (Rhodium catalyst) wall as 

shown in Figure 5.1. Axisymmetric mesh is used for the simulation; for effective 

visualization, the axisymmetric mesh was mirrored around its axis. The zoomed 

version of the mesh is shown in Figure 5.2. The computational mesh consists of 

7200 cells and 7525 nodes. Three important parameters to evaluate the mesh quality 

are minimum orthogonal quality, maximum ortho-skew, and maximum aspect ratio; 

they are 1.0, 0.0, and 1.4, respectively. Table 5.1 presents the mesh properties. 
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Figure 5.1: A single tube of a monolith catalyst reformer 

 

Table 5.1: Values of different mesh properties 
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Figure 5.2: Computational grid of monolith reactor and zoom portion of the grid 

5.2 Boundary and Cell Zone Conditions 

A single tube of monolith reactor is shown in Figure 5.1 Boundary conditions were 

defined at the inlet and outlet of the reactor. The inlet boundary condition, i.e., the 

velocity, temperature, pressure, and the composition of inlet gas mixture, in each 

channel is set at uniform values. The catalytic wall of the reactor tube is kept 

isothermal. Rhodium (Rh) catalyst is pasted at the inner side of every single reformer 

tube. It facilitates the generation of hydrogen fuel from steam and methane through 

the SMR reactions. It also assists as an intermediate medium to make the heat 

transfer rates higher to the tube-side gas mixture in the simulations [7]. The flow  is 

considered as a continuous medium and therefore there is no slip conditions on the 

micro reactor walls. The mixture at the outlet is expelled to an atmospheric pressure. 

Table 5.2 shows the model boundary conditions. 

5.3 CFD Conservative Equations 

Finite volume method with cell centered configuration is used to discretize the 

species, energy, continuity and momentum equations. Computational control 

volumes are used to demonstrate the conservation laws. Conservation laws are 

executed on each control volume and across the domain using species transport, 

energy conservative, continuity, and momentum equation. 
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Table 5.2 Model boundary conditions 

 

5.3.1 Species Transport Equation 
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where    is a mass fraction,    is a diffusion coefficient,    is a mass flux of 

component i, and  ̇  is the net production rate of species through chemical reactions 

[49] 

5.3.2 Energy Conservative Equation 
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where   is the internal energy per unit mass,    is specific heat constant, k is the 

thermal conductivity.   shows the rate of dissipation energy per unit volume and s 

denotes the work done per unit volume by body forces. The first term of the RHS of 

the Equation 5.4 is the rate of work done per unit volume, and the second term is the 

rate of heat transfer per unit volume through conduction [50].  

5.3.3 Continuity Equation 
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where  ,     and    are the density, velocity in x, and y-direction respectively. Sm 

represents a mass addition to the continuous phase which is zero in this case. The 

first term of the LHS of the equation shows local derivative which is the change of 

density per unit time at the fixed point. The second and third terms show the 

convective derivative of the density of the gas mixture [51]. 

 

5.3.4 Momentum Equation: 
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where P represents the stream pressure and   is the viscosity of the gas stream. The 

first term of the RHS of each equation shows pressure forces. The second and third 

terms of the RHS of each equation show the viscous forces [49]. 

5.4 Computational Schemes 

The governing equations, i.e., momentum, energy, continuity, and species 

conservation, were discretized by using the finite volume method and were solved 

numerically by FLUENT 16.0. The second-order upwind scheme was used to 

discretize the mathematical model. The semi-implicit method for pressure linked 

equations (SIMPLE) algorithm was used. Exergy analysis was performed by 

developing a Custom Field Function (CFF) based algorithm. An under-relaxation 

factor was used to slow down the rate of change. The default reference frame was 

used for velocity initialization. The Mach number, the ratio of flow velocity to the 

speed of sound, was used to determine whether the flow is compressible or 

incompressible. The Mach number was less than 0.3 in our model due to the low 

velocity of the gas stream; consequently, compressibility effects were ignored and a 

pressure-based solver was used. Furthermore, the laminar finite rate model was used 

for calculating the rate of reactions. Computations are very intensive, and the 

convergence of CFD simulations was evaluated based on the residuals of all 

governing equations. The governing equations in our CFD model were converged at 

2196 number of iterations as shown in Figure 4.8.   

A schematic flowchart of the methodology adopted in this study is shown in Figure 

5.3. Model development starts with geometry preceded by mesh preparation and 

identification of the boundary and zone cell condition. Then, the ANSYS Fluent 

simulator reads the mesh and its properties. As temperature variations occur due to 

reaction kinetics, the energy equation was enabled in ANSYS Fluent to analyze the 
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effect of temperature. Reaction kinetics and reaction thermodynamics were imported 

through the CHEMKIN file. The formulas for physical, chemical, mixing, and total 

exergy were generated and imported to the ANSYS Fluent software through the 

CFF. Changes in a mole fraction of species and exergy profiles were evaluated. 

 

 

 

Figure 5.3: Schematic of model development process 
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Chapter 6 

Results and Discussion 

 

The results and discussion encompass contours and profiles of temperature, pressure, 

mole fractions of reactants and products, and exergy profiles of the reactor model. 

Contours of temperature, pressure, mole fractions of reactants, and products are 

shown in Figure 6.1. While the contours of three types of exergy and total exergy are 

shown in Figure 6.2. The profiles of temperature and pressure are shown in Figures 

6.3 and 6.4, respectively. While the mole fractions of methane, steam, hydrogen, and 

carbon monoxide are shown in Figure 6.5. Mixing exergy profile is demonstrated in 

Figure 6.6, followed by Physical, chemical, and total exergy profiles in Figure 6.7. 

The temperature contours and profile are shown in Figures 6.1 and 6.3, respectively, 

portrays the change in temperature in the longitudinal direction. A constant amount 

of heat is supplied through the wall of the reactor where the temperature drops in the 

first part of the reactor, i.e., up to 8mm, due to the consumption of heat in an 

endothermic reaction. On the completion of the reactions, in the later part of the 

reactor, i.e., up to 14 mm, less amount of heat is consumed and the temperature 

remains high and constant. 

Figure 6.1 and 6.4, shows the pressure contours and its graph respectively, reveals 

the decreasing trend linearly along the length of the reactor. The continues pressure 

drop is due to the increase of fluid velocity along the length of the reactor. The 

increase in velocity causes the pressure drops inversely in fluids. The same effect is 

stated by the Bernoulli equation. 

The contours and the graph of methane conversion are shown in Figure 6.1 and 6.5, 

respectively, portrays that the mole fraction is decreasing rapidly from 0.23 to 0.083, 

i.e., up to 12mm, then remains constant. Methane is limiting reactant and it is 

converted up to 63%. In a previous study reported in the literature, 60% conversion 

of methane was achieved in a monolith reactor. The conversion of excess reactant, 
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i.e., steam, is shown in Figures 6.1 and 6.5, respectively, where the mole fraction of 

steam drops from 0.77 to 0.57. 

The formation of hydrogen is shown in Figure 6.1 and 6.5, respectively, demonstrate 

that the concentration of hydrogen increases along the length of the reactor up to 

9mm. Then a slight decrease was noticed up to 12mm. The decrease in concentration 

may be caused by the formation of intermediates and reversible reactions shown in 

Table 2.2. Similarly, the concentration profile of carbon monoxide is shown in 

Figures 6.1 and 6.5, respectively, where the concentration of carbon monoxide is 

continuously increasing along the length of the reactor. 

The performance of the proposed model is compared, with a model reported by Cao 

et al. in the literature [49]; see Table 6.1. The proposed model achieved a 7.4% 

higher conversion with 76.6 % smaller surface area compared to the reported work 

[49]. The higher conversion at the shorter reactor is due to a higher wall temperature, 

i.e., 1477 
o
C, in the proposed work compared to 900 

o
C, in the reported work. 

However, total heat consumption in the proposed model is 65.0% lower than the 

reported work due to the smaller surface area. Furthermore, the reduction in the size 

of the reactor resulted in a 76.7% lesser requirement of the catalyst in comparison 

with the reported work [49]. 

The mixing exergy always has a negative value as exergy of pure components is 

higher than the components in the mixed form [16]. Decrease in total exergy due to 

mixing is demonstrated in Figure 6.2 and 6.6, respectively. The high conversion rate 

in the reactor produces new product species at a faster rate. The high-speed 

molecules intensify the mixing effects. These effects create major irreversibility and 

contribute significantly to the overall exergy destruction in the reactor. This trend of 

mixing exergy is validated by another study reported in the literature [19]. 
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Figure 6.1: Total Contours of simulation results along the length 

of the reactor (0-14mm). 

The contour and profile of physical exergy are shown in Figures 6.2 and 6.7, 

respectively. At the start of the reactor, the quantity of physical exergy is low which 

then increases rapidly up to 7 mm. The low quantity of physical exergy at the start of 

the reactor is due to the low temperature as shown in Figures 6.1 and 6.3, 

respectively. The low temperature is due to the consumption of heat by endothermic 

reactions of steam methane reforming. The temperature drop causes irreversibility 

which results in a decrease in physical exergy at the start of the reactor. The slight 

decrease in the physical exergy from 7 mm to 12 mm is noticed which is caused by 

the continued decrease of pressure from start to end of the reactor; physical exergy at 

this portion only depends on the pressure because its temperature remains constant. 
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Figure 6.2. Contours of three types of exergies and total exergy, 

along the length of the reactor (0-14mm) 

 

Figure 6.3: Temperature profile along the length of the reactor 



39 

 

The contours and profile of chemical exergy increases from left to right of the 

reactor as shown in Figures 6.2 and 6.7, respectively. Chemical reactions take place 

in catalytic bed and produce new species. These species have high chemical potential 

which increases the total chemical exergy. 

Total exergy is the summation of physical, mixing, and chemical exergy which is 

shown in Figures 6.2 and 6.7, respectively. The total exergy increases from the start 

of the reactor till the end of the reactor. The increase in total exergy is due to the 

combine increasing effect of physical and chemical exergies. The increase in total 

exergy results in higher work potential of the product, syngas. 

 

 

Figure 6.4: Pressure profile along the length of the reactor 
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Figure 6.5: Conversion profiles of the reactants and formation of the 

products along the length of the reactor 

 

Table 6.1 Comparison of the proposed model with the model 

reported in the literature
 [49]

. 

Parameters Literature data
49

 Proposed model 

data 

Feed temperature 800 
o
C 800 

o
C 

Wall temperature 900 
o
C 1477

o
C 

Pressure 1 atm 1 atm 

Steam to methane ratio 3:1 3:1 

Inlet velocity 0.45 m/s 0.45m/s 

Length 6.0 × 10
-2

m 1.4 × 10
-2

m 

Surface area 1.88 × 10
-04 

m
2 

4.4 × 10
-05

 m
2
 



41 

 

 

 

 

 

 

Figure 6.6: Mixing exergy profile along the length of the reactor 

 

Figure 6.7: Profiles of two types of exergies and total exergy along  

the length of the reactor 

Heat requirement 22.05 kW 7.7 kW 

Conversion 60 % 67.4 % 

Catalyst requirement 

per length 

5.076 × 10
-09 

moles 

1.18 × 10
-09

 moles 
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Conclusions and Recommendations 

In this work, the computational fluid dynamics (CFD) based method was adopted to 

perform exergy analysis of the monolith micro reactor of the steam methane 

reforming (SMR) process. Initially, the CFD model of SMR was developed using 

literature data. In order to incorporate reaction kinetics, CHEMKIN was used. By 

optimizing the size and the operation condition, the optimal SMR micro reactor 

achieved a 7.4% higher conversion with 76.6 % smaller surface area compared to the 

reported work. The higher conversion achieved by the shorter reactor is due to a 

higher wall temperature, i.e. 1477 
o
C, in the proposed work compared to 900 

o
C in 

the reported work. Although the temperature used in the proposed work is higher 

than the reported work, total heat consumption in the proposed work is 65.0% lower 

due to the smaller surface area. Furthermore, the reduction in the size of the reactor 

resulted in a 76.7% reduction in the catalyst requirement.  

The exergy analysis was performed by developing the custom field function (CFF) 

based algorithm. The exergy analysis helped in evaluating length-wise profiles of all 

three types of exergy, i.e., physical exergy, chemical exergy, and mixing exergy, in 

the micro reactor. The results showed that the physical and chemical exergy 

increases due to the increase in temperature and high chemical potential of product 

species, respectively. On the other hand, mixing exergy decreases due to the high 

rate of mixing effects that causes irreversibility.  

In future work, sensitivity analysis and uncertainty analysis can be performed to 

realize further optimization of the process conditions. The sensitivity analysis helps 

in evaluating the individual impact of process conditions on its outcome, while the 

uncertainty analysis is used to quantify the collective impact of variation in process 

conditions on its outcome. 
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Appendix 

Exergy Codes 

(define/custom field function)  

physical exergy = ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-

temperature)) * (molef-ch4))+ (21.725 * ( ln (total-pressure / 101325)) * (axial-

velocity / total-temperature)) * (molef-h2o))+ (21.725 * ( ln (total-pressure / 

101325)) * (axial-velocity / total-temperature))) * (molef-co)) + (21.725 * ( ln (total-

pressure / 101325)) * (axial-velocity / total-temperature))) * (molef-h2)) + (21.725 * 

( ln (total-pressure / 101325)) * (axial-velocity / total-temperature))) * (molef-co2))) 

+ (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-

temperature - 273 - (273 *  ln (total-temperature / 273)))))* (molef-ch4 * ((3.86 * 

(total-temperature - 273) - (((3.979 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 

^ 2))) + (((24.558 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((22.733 

* 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((6.963 * 10 ^ ( - 12)) / 5) 

* ((total-temperature ^ 5) - (273 ^ 5))))))) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-

velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature 

/ 273))))) * (molef-h2o * ((4.07 * (total-temperature - 273)) - (((1.108 * 10 ^ ( - 3)) / 

2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((4.152 * 10 ^ ( - 6)) / 3) * ((total-

temperature ^ 3) - (273 ^ 3))) - (((2.964 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - 

(273 ^ 4))) + (((0.807 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))) + 

(((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-

temperature - 273 - (273 *  ln (total-temperature / 273))))) * (molef-co * ((3.71 * 

(total-temperature - 273)) - (((1.619 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - 

(273 ^ 2))) + (((3.692 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - 

(((2.032 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((0.24 * 10 ^ ( - 

12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))) + (((8.314 * 9.57 * 10 ^ ( - 3)) * 

(axial-velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-

temperature / 273))))) * (molef-h2 * ((3.057 * (total-temperature - 273)) + (((2.677 * 

10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 ^ 2))) - (((5.81 * 10 ^ ( - 6)) / 3) * 

((total-temperature ^ 3) - (273 ^ 3))) + (((5.521 * 10 ^ ( - 9)) / 4) * ((total-

temperature ^ 4) - (273 ^ 4))) - (((1.812 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - 
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(273 ^ 5))))))) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * 

(total-temperature - 273 - (273 *  ln (total-temperature / 273))))) * (molef-co2 * 

((2.401 * (total-temperature - 273)) + (((8.735 * 10 ^ ( - 3)) / 2) * ((total-temperature 

^ 2) - (273 ^ 2))) - (((6.607 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) + 

(((2 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))))))) 

Total chemical exergy =  (( - 50790 * (=(9.57 * 10 ^ ( - 3) * (axial-velocity / total-

temperature))) * molef-ch4)) + ((21.725 * ( ln (total-pressure / 101325)) * (axial-

velocity / total-temperature)) * (molef-ch4)) + ((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-

velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature 

/ 273)))))* (molef-ch4 * ((3.86 * (total-temperature - 273) - (((3.979 * 10 ^ ( - 3)) / 

2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((24.558 * 10 ^ ( - 6)) / 3) * ((total-

temperature ^ 3) - (273 ^ 3))) - (((22.733 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - 

(273 ^ 4))) + (((6.963 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))))+ ( 

- 228590 * ((9.57 * 10 ^ ( - 3) * (axial-velocity / total-temperature)) * molef-h2o) + 

((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-temperature)) * 

(molef-h2o)) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * 

(total-temperature - 273 - (273 *  ln (total-temperature / 273)))) *(molef-h2o * ((4.07 

* (total-temperature - 273)) - (((1.108 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - 

(273 ^ 2))) + (((4.152 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - 

(((2.964 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((0.807 * 10 ^ ( - 

12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))))) - ( - 137150 * ((9.57 * 10 ^ ( - 3) 

* (axial-velocity / total-temperature)) * molef-co)) + ((21.725 * ( ln (total-pressure / 

101325)) * (axial-velocity / total-temperature))) * (molef-co)) + (((8.314 * 9.57 * 10 

^ ( - 3)) * (axial-velocity / total-temperature) * (total-temperature - 273 - (273 *  ln 

(total-temperature / 273)))) * (molef-co * ((3.71 * (total-temperature - 273)) - 

(((1.619 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((3.692 * 10 ^ ( - 

6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((2.032 * 10 ^ ( - 9)) / 4) * ((total-

temperature ^ 4) - (273 ^ 4))) + (((0.24 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - 

(273 ^ 5))))))) - (3 * ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / 

total-temperature))) * (molef-h2))+ (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / 

total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature / 273)))) 

* (molef-h2 * ((3.057 * (total-temperature - 273)) + (((2.677 * 10 ^ ( - 3)) / 2) * 

((total-temperature ^ 2) - (273 ^ 2))) - (((5.81 * 10 ^ ( - 6)) / 3) * ((total-temperature 
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^ 3) - (273 ^ 3))) + (((5.521 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) - 

(((1.812 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5))))))) + (( - 50790 * 

(=(9.57 * 10 ^ ( - 3) * (axial-velocity / total-temperature))) * molef-ch4)) + ((21.725 

* ( ln (total-pressure / 101325)) * (axial-velocity / total-temperature)) * (molef-ch4)) 

+ ((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-

temperature - 273 - (273 *  ln (total-temperature / 273)))))* (molef-ch4 * ((3.86 * 

(total-temperature - 273) - (((3.979 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 

^ 2))) + (((24.558 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((22.733 

* 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((6.963 * 10 ^ ( - 12)) / 5) 

* ((total-temperature ^ 5) - (273 ^ 5))))))) + (2 * ( - 228590 * ((9.57 * 10 ^ ( - 3) * 

(axial-velocity / total-temperature)) * molef-h2o) + ((21.725 * ( ln (total-pressure / 

101325)) * (axial-velocity / total-temperature)) * (molef-h2o)) + (((8.314 * 9.57 * 10 

^ ( - 3)) * (axial-velocity / total-temperature) * (total-temperature - 273 - (273 *  ln 

(total-temperature / 273)))) *(molef-h2o * ((4.07 * (total-temperature - 273)) - 

(((1.108 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((4.152 * 10 ^ ( - 

6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((2.964 * 10 ^ ( - 9)) / 4) * ((total-

temperature ^ 4) - (273 ^ 4))) + (((0.807 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) 

- (273 ^ 5))))))))) - ( - 394380 * ((9.57 * 10 ^ ( - 3) * (axial-velocity / total-

temperature)) * molef-co2)) + ((21.725 * ( ln (total-pressure / 101325)) * (axial-

velocity / total-temperature))) * (molef-co2) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-

velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature 

/ 273)))) * (molef-co2 * ((2.401 * (total-temperature - 273)) + (((8.735 * 10 ^ ( - 3)) / 

2) * ((total-temperature ^ 2) - (273 ^ 2))) - (((6.607 * 10 ^ ( - 6)) / 3) * ((total-

temperature ^ 3) - (273 ^ 3))) + (((2 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - 

(273 ^ 4))))))) - (4 * ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / 

total-temperature))) * (molef-h2))+ (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / 

total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature / 273)))) 

* (molef-h2 * ((3.057 * (total-temperature - 273)) + (((2.677 * 10 ^ ( - 3)) / 2) * 

((total-temperature ^ 2) - (273 ^ 2))) - (((5.81 * 10 ^ ( - 6)) / 3) * ((total-temperature 

^ 3) - (273 ^ 3))) + (((5.521 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) - 

(((1.812 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5))))))).) +(( - 137150 * 

((9.57 * 10 ^ ( - 3) * (axial-velocity / total-temperature)) * molef-co)) + ((21.725 * ( 

ln (total-pressure / 101325)) * (axial-velocity / total-temperature))) * (molef-co)) + 

(((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-
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temperature - 273 - (273 *  ln (total-temperature / 273)))) * (molef-co * ((3.71 * 

(total-temperature - 273)) - (((1.619 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - 

(273 ^ 2))) + (((3.692 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - 

(((2.032 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((0.24 * 10 ^ ( - 

12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5))))))) + (( - 50790 * (=(9.57 * 10 ^ ( - 3) 

* (axial-velocity / total-temperature))) * molef-ch4)) + ((21.725 * ( ln (total-pressure 

/ 101325)) * (axial-velocity / total-temperature)) * (molef-ch4)) + ((8.314 * 9.57 * 

10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-temperature - 273 - (273 *  

ln (total-temperature / 273)))))* (molef-ch4 * ((3.86 * (total-temperature - 273) - 

(((3.979 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((24.558 * 10 ^ ( 

- 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((22.733 * 10 ^ ( - 9)) / 4) * ((total-

temperature ^ 4) - (273 ^ 4))) + (((6.963 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) 

- (273 ^ 5))))))) - ( - 394380 * ((9.57 * 10 ^ ( - 3) * (axial-velocity / total-

temperature)) * molef-co2)) + ((21.725 * ( ln (total-pressure / 101325)) * (axial-

velocity / total-temperature))) * (molef-co2) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-

velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature 

/ 273)))) * (molef-co2 * ((2.401 * (total-temperature - 273)) + (((8.735 * 10 ^ ( - 3)) / 

2) * ((total-temperature ^ 2) - (273 ^ 2))) - (((6.607 * 10 ^ ( - 6)) / 3) * ((total-

temperature ^ 3) - (273 ^ 3))) + (((2 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - 

(273 ^ 4))))))) - ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-

temperature))) * (molef-h2))+ (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-

temperature) * (total-temperature - 273 - (273 *  ln (total-temperature / 273)))) * 

(molef-h2 * ((3.057 * (total-temperature - 273)) + (((2.677 * 10 ^ ( - 3)) / 2) * ((total-

temperature ^ 2) - (273 ^ 2))) - (((5.81 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - 

(273 ^ 3))) + (((5.521 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) - 

(((1.812 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))))  

Mixing exergy = a + b + c1 + d + e  ((21.725 * ( ln (total-pressure / 101325)) * 

(axial-velocity / total-temperature)) * (molef-ch4)) + ((21.725 * ( ln (total-pressure / 

101325)) * (axial-velocity / total-temperature)) * (molef-h2o))+((21.725 * ( ln (total-

pressure / 101325)) * (axial-velocity / total-temperature))) * (molef-co))+((21.725 * 

( ln (total-pressure / 101325)) * (axial-velocity / total-temperature))) * (molef-

h2))+((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-temperature))) 

* (molef-co2)). 
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Total exergy = ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-

temperature)) * (molef-ch4))+ (21.725 * ( ln (total-pressure / 101325)) * (axial-

velocity / total-temperature)) * (molef-h2o))+ (21.725 * ( ln (total-pressure / 

101325)) * (axial-velocity / total-temperature))) * (molef-co)) + (21.725 * ( ln (total-

pressure / 101325)) * (axial-velocity / total-temperature))) * (molef-h2)) + (21.725 * 

( ln (total-pressure / 101325)) * (axial-velocity / total-temperature))) * (molef-co2))) 

+ (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-

temperature - 273 - (273 *  ln (total-temperature / 273)))))* (molef-ch4 * ((3.86 * 

(total-temperature - 273) - (((3.979 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 

^ 2))) + (((24.558 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((22.733 

* 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((6.963 * 10 ^ ( - 12)) / 5) 

* ((total-temperature ^ 5) - (273 ^ 5))))))) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-

velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature 

/ 273))))) * (molef-h2o * ((4.07 * (total-temperature - 273)) - (((1.108 * 10 ^ ( - 3)) / 

2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((4.152 * 10 ^ ( - 6)) / 3) * ((total-

temperature ^ 3) - (273 ^ 3))) - (((2.964 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - 

(273 ^ 4))) + (((0.807 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))) + 

(((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-

temperature - 273 - (273 *  ln (total-temperature / 273))))) * (molef-co * ((3.71 * 

(total-temperature - 273)) - (((1.619 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - 

(273 ^ 2))) + (((3.692 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - 

(((2.032 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((0.24 * 10 ^ ( - 

12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))) + (((8.314 * 9.57 * 10 ^ ( - 3)) * 

(axial-velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-

temperature / 273))))) * (molef-h2 * ((3.057 * (total-temperature - 273)) + (((2.677 * 

10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 ^ 2))) - (((5.81 * 10 ^ ( - 6)) / 3) * 

((total-temperature ^ 3) - (273 ^ 3))) + (((5.521 * 10 ^ ( - 9)) / 4) * ((total-

temperature ^ 4) - (273 ^ 4))) - (((1.812 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - 

(273 ^ 5))))))) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * 

(total-temperature - 273 - (273 *  ln (total-temperature / 273))))) * (molef-co2 * 

((2.401 * (total-temperature - 273)) + (((8.735 * 10 ^ ( - 3)) / 2) * ((total-temperature 

^ 2) - (273 ^ 2))) - (((6.607 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) + 
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(((2 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4)))))) + (total chemical 

exergy) =  (( - 50790 * (=(9.57 * 10 ^ ( - 3) * (axial-velocity / total-temperature))) * 

molef-ch4)) + ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-

temperature)) * (molef-ch4)) + ((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-

temperature) * (total-temperature - 273 - (273 *  ln (total-temperature / 273)))))* 

(molef-ch4 * ((3.86 * (total-temperature - 273) - (((3.979 * 10 ^ ( - 3)) / 2) * ((total-

temperature ^ 2) - (273 ^ 2))) + (((24.558 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) 

- (273 ^ 3))) - (((22.733 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + 

(((6.963 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))))+ ( - 228590 * 

((9.57 * 10 ^ ( - 3) * (axial-velocity / total-temperature)) * molef-h2o) + ((21.725 * ( 

ln (total-pressure / 101325)) * (axial-velocity / total-temperature)) * (molef-h2o)) + 

(((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-

temperature - 273 - (273 *  ln (total-temperature / 273)))) *(molef-h2o * ((4.07 * 

(total-temperature - 273)) - (((1.108 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - 

(273 ^ 2))) + (((4.152 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - 

(((2.964 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((0.807 * 10 ^ ( - 

12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5)))))))) - ( - 137150 * ((9.57 * 10 ^ ( - 3) 

* (axial-velocity / total-temperature)) * molef-co)) + ((21.725 * ( ln (total-pressure / 

101325)) * (axial-velocity / total-temperature))) * (molef-co)) + (((8.314 * 9.57 * 10 

^ ( - 3)) * (axial-velocity / total-temperature) * (total-temperature - 273 - (273 *  ln 

(total-temperature / 273)))) * (molef-co * ((3.71 * (total-temperature - 273)) - 

(((1.619 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((3.692 * 10 ^ ( - 

6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((2.032 * 10 ^ ( - 9)) / 4) * ((total-

temperature ^ 4) - (273 ^ 4))) + (((0.24 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - 

(273 ^ 5))))))) - (3 * ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / 

total-temperature))) * (molef-h2))+ (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / 

total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature / 273)))) 

* (molef-h2 * ((3.057 * (total-temperature - 273)) + (((2.677 * 10 ^ ( - 3)) / 2) * 

((total-temperature ^ 2) - (273 ^ 2))) - (((5.81 * 10 ^ ( - 6)) / 3) * ((total-temperature 

^ 3) - (273 ^ 3))) + (((5.521 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) - 

(((1.812 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5))))))) + (( - 50790 * 

(=(9.57 * 10 ^ ( - 3) * (axial-velocity / total-temperature))) * molef-ch4)) + ((21.725 

* ( ln (total-pressure / 101325)) * (axial-velocity / total-temperature)) * (molef-ch4)) 

+ ((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-
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temperature - 273 - (273 *  ln (total-temperature / 273)))))* (molef-ch4 * ((3.86 * 

(total-temperature - 273) - (((3.979 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 

^ 2))) + (((24.558 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((22.733 

* 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((6.963 * 10 ^ ( - 12)) / 5) 

* ((total-temperature ^ 5) - (273 ^ 5))))))) + (2 * ( - 228590 * ((9.57 * 10 ^ ( - 3) * 

(axial-velocity / total-temperature)) * molef-h2o) + ((21.725 * ( ln (total-pressure / 

101325)) * (axial-velocity / total-temperature)) * (molef-h2o)) + (((8.314 * 9.57 * 10 

^ ( - 3)) * (axial-velocity / total-temperature) * (total-temperature - 273 - (273 *  ln 

(total-temperature / 273)))) *(molef-h2o * ((4.07 * (total-temperature - 273)) - 

(((1.108 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((4.152 * 10 ^ ( - 

6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((2.964 * 10 ^ ( - 9)) / 4) * ((total-

temperature ^ 4) - (273 ^ 4))) + (((0.807 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) 

- (273 ^ 5))))))))) - ( - 394380 * ((9.57 * 10 ^ ( - 3) * (axial-velocity / total-

temperature)) * molef-co2)) + ((21.725 * ( ln (total-pressure / 101325)) * (axial-

velocity / total-temperature))) * (molef-co2) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-

velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature 

/ 273)))) * (molef-co2 * ((2.401 * (total-temperature - 273)) + (((8.735 * 10 ^ ( - 3)) / 

2) * ((total-temperature ^ 2) - (273 ^ 2))) - (((6.607 * 10 ^ ( - 6)) / 3) * ((total-

temperature ^ 3) - (273 ^ 3))) + (((2 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - 

(273 ^ 4))))))) - (4 * ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / 

total-temperature))) * (molef-h2))+ (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / 

total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature / 273)))) 

* (molef-h2 * ((3.057 * (total-temperature - 273)) + (((2.677 * 10 ^ ( - 3)) / 2) * 

((total-temperature ^ 2) - (273 ^ 2))) - (((5.81 * 10 ^ ( - 6)) / 3) * ((total-temperature 

^ 3) - (273 ^ 3))) + (((5.521 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) - 

(((1.812 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5))))))).) +(( - 137150 * 

((9.57 * 10 ^ ( - 3) * (axial-velocity / total-temperature)) * molef-co)) + ((21.725 * ( 

ln (total-pressure / 101325)) * (axial-velocity / total-temperature))) * (molef-co)) + 

(((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-

temperature - 273 - (273 *  ln (total-temperature / 273)))) * (molef-co * ((3.71 * 

(total-temperature - 273)) - (((1.619 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - 

(273 ^ 2))) + (((3.692 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - 

(((2.032 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) + (((0.24 * 10 ^ ( - 

12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5))))))) + (( - 50790 * (=(9.57 * 10 ^ ( - 3) 
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* (axial-velocity / total-temperature))) * molef-ch4)) + ((21.725 * ( ln (total-pressure 

/ 101325)) * (axial-velocity / total-temperature)) * (molef-ch4)) + ((8.314 * 9.57 * 

10 ^ ( - 3)) * (axial-velocity / total-temperature) * (total-temperature - 273 - (273 *  

ln (total-temperature / 273)))))* (molef-ch4 * ((3.86 * (total-temperature - 273) - 

(((3.979 * 10 ^ ( - 3)) / 2) * ((total-temperature ^ 2) - (273 ^ 2))) + (((24.558 * 10 ^ ( 

- 6)) / 3) * ((total-temperature ^ 3) - (273 ^ 3))) - (((22.733 * 10 ^ ( - 9)) / 4) * ((total-

temperature ^ 4) - (273 ^ 4))) + (((6.963 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) 

- (273 ^ 5))))))) - ( - 394380 * ((9.57 * 10 ^ ( - 3) * (axial-velocity / total-

temperature)) * molef-co2)) + ((21.725 * ( ln (total-pressure / 101325)) * (axial-

velocity / total-temperature))) * (molef-co2) + (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-

velocity / total-temperature) * (total-temperature - 273 - (273 *  ln (total-temperature 

/ 273)))) * (molef-co2 * ((2.401 * (total-temperature - 273)) + (((8.735 * 10 ^ ( - 3)) / 

2) * ((total-temperature ^ 2) - (273 ^ 2))) - (((6.607 * 10 ^ ( - 6)) / 3) * ((total-

temperature ^ 3) - (273 ^ 3))) + (((2 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - 

(273 ^ 4))))))) - ((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-

temperature))) * (molef-h2))+ (((8.314 * 9.57 * 10 ^ ( - 3)) * (axial-velocity / total-

temperature) * (total-temperature - 273 - (273 *  ln (total-temperature / 273)))) * 

(molef-h2 * ((3.057 * (total-temperature - 273)) + (((2.677 * 10 ^ ( - 3)) / 2) * ((total-

temperature ^ 2) - (273 ^ 2))) - (((5.81 * 10 ^ ( - 6)) / 3) * ((total-temperature ^ 3) - 

(273 ^ 3))) + (((5.521 * 10 ^ ( - 9)) / 4) * ((total-temperature ^ 4) - (273 ^ 4))) - 

(((1.812 * 10 ^ ( - 12)) / 5) * ((total-temperature ^ 5) - (273 ^ 5))))))) + ((21.725 * ( 

ln (total-pressure / 101325)) * (axial-velocity / total-temperature)) * (molef-ch4)) + 

((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-temperature)) * 

(molef-h2o))+((21.725 * ( ln (total-pressure / 101325)) * (axial-velocity / total-

temperature))) * (molef-co))+((21.725 * ( ln (total-pressure / 101325)) * (axial-

velocity / total-temperature))) * (molef-h2))+((21.725 * ( ln (total-pressure / 

101325)) * (axial-velocity / total-temperature))) * (molef-co2)). 
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