
ABSTRACT 

REGURAMAN, SHRIRAM. Numerical Modeling of Regenerative Gas Guard Recuperator. 

(Under the direction of Dr. Alexei V. Saveliev.) 

 

A computational numerical model is developed for Regenerative Gas Guard 

Recuperator capable of recovering heat energy as well as reducing concentration of flue 

gases.  The recuperator consists of two sections, the first filled by inert alumina pellets and 

the second section by a sorbent medium.  The inert alumina serves as the thermal energy 

storage as the heat capacity of alumina is almost 1000 times that of air.  Following the heat 

transfer from the flue gas to the alumina pellets, the gases come in contact with the sorbent 

medium where chemical reactions occur.  The sorbent medium selected for the current 

purpose is Na/Ca based sorbents which provide greater capacity for chlorine retainment 

under standard operating conditions. 

The model for the recuperator is cylindrical and is essentially modeled as an 

axisymmetric geometry in COMSOL Multiphysics software.  The initial phase of modeling 

involved understanding pressure drop and velocity distribution as well as the development of 

the temperature profile in the recuperator.  Further, insulation layers were added to the model 

to realistically determine heat transfer to the surrounding.  The thickness of the insulation 

layers were varied until an optimal level of insulation for the required design specification 

was achieved.  The chemical reaction module was coupled to the existing heat transfer and 

fluid flow modules.  The reactions between flue gases and sorbent medium were modeled 

and an estimate for the capacity of the sorbent bed was determined.  Parametric analysis of 

various parameters such as velocity, particle size and concentration were conducted.  A final 

design layout and recommendations were provided based on the numerical analysis. 
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CHAPTER 1 

1 Introduction 

Flow through a channel represented by a solid matrix and having interconnected voids is 

known as Porous Media Flow.  In porous media flow, the solid matrix is assumed to be rigid 

and the flow through the matrix is only in fluid phase.  The arrangement of the pores in 

porous media is generally ordered or disordered, however structured porous media can be 

obtained depending on the arrangement shown by Kaviany [1].  Size of porous media varies 

largely from the order of millimeters to nanometers.  As such, the flow parameters change at 

every point and instantaneously throughout the flow.  When numbers of pores are large, such 

that there are numerous cavities and voids in the flow regime, it becomes extremely 

complicated to accurately determine the flow parameters at every point in the flow.  Bejan 

and Nield [2] has indicated the study of porous media can be simplified by considering the 

macro scale effect of parameters employing a volume averaging method.  The volume 

averaging method for macroscopic variables can be obtained by averaging over areas of 

pores or volumes.  Two approaches for averaging have been indicated by Bejan and Nield [2] 

as 

 Spatial Averaging 

 Statistical Averaging 

A spatial averaging approach is used and details of which are explained in Chapter 2. 
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1.1 Need for Regenerative Gas Guard Recuperator 

Over the past century, the ever increasing demand for energy has put the atmosphere at risk 

of being over polluted with harmful gases released as products during the chemical reactions.  

These gases emerge from numerous sources such as burning coal for power and gasoline in 

automobiles.  One such harmful gas which is released to the atmosphere from incineration of 

wastes and choline rich combustion is HCl.  HCl along with pollutants like NOx contribute to 

acid rain, and cause corrosion to objects that it comes in contact with.  Over the last decade, 

there have been strict regulations governing the release of HCl into the atmosphere from 

industrial processes.  The need for a Regenerative Gas Guard Recuperator is justified to meet 

the emission requirements for such a process.  The RGGR model will be able to store heat 

energy from the high temperature flue gas as it exits the furnace and will also be able to 

reduce the emission levels of HCl as it exits to the atmosphere.  The design of the recuperator 

would consider the requirements for heat recovery, pressure drop and sorbent capacity.  
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1.2 Literature Review 

Development of porous media flow began with Darcy [3].  An empirical relationship was 

introduced by Darcy to relate the porosity and permeability of the media to the flow 

variables.  Further an analytical expression for permeability was provided by Carmen and 

Kozeny [15]. 

Heat transfer in porous media is governed by transport equations for solid and fluid phase.  

The transport equations under certain circumstances studied by Carbonell and Whitaker [4] 

can be simplified into one single equation assuming local thermal equilibrium between the 

two phases.  Carbonell and Whitaker [4] also indicated the length and time scales need to be 

satisfied and developed an empirical formula for this purpose.  When local thermal 

equilibrium is employed, the effective thermal conductivity is the weighted arithmetic mean 

of the solid and fluid conductivities. A better estimate of effective thermal conductivity has 

been proposed by taking the weighted geometric mean of two conductivities by Nield [5].  

Further experiments conducted by Prasad and Chui [6] have shown that the correlations 

proposed by Nield [5] provide reasonably accurate results.  An extension of Darcy model 

with an inclusion of an additional Brinkman term was studied by Kuznetsov [13].  The study 

focused on the fluid flow between porous media and clear fluids in a channel partially filled 

with porous medium. 

Heterogeneous solid fluid reaction models were first studied by Wen [7].  Wen [7] published 

one of the earliest papers on the reaction mechanism and stages of reaction between a solid-

fluid in a porous media.  Pioneering work on the reduction of HCl as an effluent gas in the 

atmosphere was carried out by Mura and Lallai [8] in 1992 using limestone.  Mura and Lallai 
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[8] studied the effect of reaction kinetics between HCl and limestone.  The work focused on 

the identifying the critical controlling step in the reaction mechanism between solid and fluid 

porous media.  Further work was carried out by Duo et al. [9] using both calcium and sodium 

sorbents for effective treatment of HCl gas.  Duo et al. [9] found that effectiveness of the 

sorbents is dependent on temperature and is most effective between 400˚C and 500˚C.  Duo 

et al. [9] also determined that Na2CO3 based sorbents were most effective in reducing HCl 

concentration.  Kinetics and sorption capacity were studied by Weinell et al. [10].  Weinell et 

al. [10] also studied the binding capacity of HCl with slaked lime in the temperature range of  

500 - 600 ˚C.  Recently, the reaction kinetics was studied in detail by Verdone and De 

Filippis [11].  The study of a fixed bed multilayer reactor in which sodium carbonate reacts 

with HCl for varying inlet HCl concentrations were studied by Verdone and De Filippis [11].  

Verdone and De Filippis [11] also concluded HCl collection efficiency was maximum 

between 400 ˚C – 500 ˚C as indicated by previous authors and sodium carbonate efficiency 

are independent of the humidity of the gas under consideration. 
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1.3 Objective 

The objective of the thesis is to model a porous media flow through a recuperator.  The 

recuperator will be used for two main purposes, one to recover valuable hear energy and 

another to reduce the concentration of effluent gases as they exit the recuperator before being 

released to the atmosphere.  The recuperator will consist of two sections having an inert 

porous media (alumina) and sorbent media.  The flow through the recuperator will be 

governed by Darcy’s law which governs the continuity and momentum equations.  The 

permeability for the medium will need to be provided, as this is taken as an input for Darcy’s 

law.  The energy equation is added to the model, to couple fluid flow and heat transfer in the 

recuperator.  The energy equation relates the convection and conduction heat transfer in the 

porous media and will be a weighted average of the properties of the solid matrix and gas 

flowing through the porous media.  Local thermal equilibrium has been considered for the 

recuperator, as the heat transfer between the solid and gaseous phases is assumed to be 

infinitely fast on a time scale.  The last of the equations introduced in porous media is the 

flow of chemical species.  The transport equation relates convection to dispersion of 

chemical species, and the pore equation relates the diffusion of the chemical species through 

the product layer into the pore as the chemical reactions take place.  All these equations are 

coupled together and are solved simultaneously for a time dependent case using COMSOL 

Multiphysics.  The simulation is also run multiple times to obtain a quasi-steady temperature 

distribution across the bed and also to estimate the capacity of the sorbent media for this 

application.  
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1.4 Overview 

There are mainly five parts to this thesis.  Chapter 1 introduces the nature of porous media 

and the need for a regenerative gas guard recuperator.  Also Chapter 1 covers recent research 

in the field of porous media heat transfer and chemical reactions.  Chapter 2 explains about 

the theory of transport properties in porous media and their applicability to the problem at 

hand.  Chapter 3 explains in detail the development of the numerical model of a recuperator 

including assumptions, meshing and parametric study to understand the effect of various 

external and internal parameters.  Chapter 4 includes an introduction to design of a specific 

regenerative gas guard recuperator modeled along specified design specifications.  Also in 

Chapter 4 comparative study is undertaken to analyze the solution for 3-dimensional model.  

Chapter 5 of the thesis provides concluding remarks and future scope for the work.  
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CHAPTER 2 

2 Theory 

2.1 Porosity 

Fluid flow through porous domain was studied and documented by Darcy [3].  In his study 

he found that the resistance to flow of an incompressible fluid was primarily due to bulk 

shear stress offered to the flow.   

In his experiment, Darcy took uniform particles of identical size in a loosely packed random 

arrangement.  The flow through the bed of particles was steady and one dimensional in 

space.  The fluid velocity through a porous bed is identified as filtration velocity ud which is 

obtained by dividing the bulk velocity with porosity of the bed.   

We also define porosity   of the medium as the ratio of volume of void space to the volume 

of total space. 

 

   
  

  
 2-1 

 

The permeability of a porous bed Κ is defined as the measure of ability of a porous medium 

to allow fluid flow.  Darcy found the filtration velocity by calculating it using the 

conservation of mass equation.  Further, he applied a volumetric force balance and found the 

bulk resistance is related to the fluid viscosity and permeability of the medium as follows. 
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   2-2 

 

where 

1. 
  

  
 indicates pressure drop per unit length [Pa/m] 

2. µ indicates the fluid viscosity [kg/ m s] 

3. Κ indicates the permeability of the porous bed [m
2
] 

4. ud indicates the filtration velocity [m/s] 

2.2 Flow through Porous Media 

The Darcy’s law can be combined with the continuity equation to form the conservation of 

mass equation.  This equation would then be solved to obtain the pressure drop and fluid 

flow across the bed. 

The following equation illustrates the coupling between Darcy’s Law and continuity 

equation. 

 

 

 

  
(  )    (  )     2-3 

 

where the first term indicates transient fluid flow. The divergence of fluid flow is the second 

term and the mass source term is present on the right hand side of the equation.  If no new 

mass is introduced in the equation, the mass source term is taken to be zero. 

The continuity equation is coupled to the energy and species transport equation to evaluate 

other parameters such as temperature and concentration profiles. 
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2.3 Heat Transfer in Porous Media 

Heat transfer in a saturated heterogeneous porous media depends on the fluid velocity 

through the media and also the effective thermal conductivity of the medium.  The heat 

transfer governing equation represents a balance between convection due to fluid flow and 

conduction heat transfer due to the presence of solid particles.   

In porous media heat transfer, there are two different heat transfer mechanism occurring 

simultaneously.  There is heat conduction happening in the solids and there is convection 

heat transfer happening with in the fluids which are coupled together.  The two equations 

governing the dependent heat transfer are as follows 

 

2.3.1 Solid Phase Heat Transfer 

 

 (   )(  ) 

   

  
 (   )  (     )  (   )  

     (     ) 
2-4 

 

2.3.2 Fluid Phase Heat Transfer 

 

  (   ) 

   

  
 (   )          (     )     

     (     ) 
2-5 

 

 

where   represents the porosity of the medium under consideration. 

The solid phase energy equation represents an energy balance between transient temperature 

change within the solid particles and heat transfer with the fluid medium.  The liquid phase 

energy equation represents a balance between convection heat transfer due to fluid flow and 
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heat conduction of the fluid.  In both phases, there is no net heat being generated, hence the 

last term on both the energy equations can be dropped during the analysis. 

To simplify the model, the two equation model representing heat transfer in solid and fluid 

phases may be transformed in to a single energy equation model by assuming local thermal 

equilibrium existing between the solid and fluid phase.  As mentioned by Carbonell and 

Whitaker [4] the two equation model can be simplified if the following conditions are met.  

 

 

The time scales t must satisfy 

 

 
 (  )  

 

 
(

 

  
 

 

  
)    2-6 

 

and 

 

 
(   )(  )  

 

 
(

 

  
 

 

  
)    2-7 

 

The length scales must satisfy 

 

 
    

    
(

 

  
 

 

  
)    2-8 

 

and 
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(   )   

    
(

 

  
 

 

  
)    2-9 

 

where  t is time,     is the specific surface area of the pores. 

By considering the simplified model, we can set the temperature of the porous medium as  

        

When solving for temperature and fluid velocity on a macro scale, the local volume averaged 

or effective properties of heat capacity and thermal conductivity is used.  The effective 

thermal conductivity of the medium depends on the weighted average of thermal 

conductivities of the individual phase materials, structure of the solid matrix, its contact 

resistance and also on the Knudsen number. 

2.3.3 Effective Porous Media Heat Transfer 

The equation governing heat transfer in porous media is thus obtained by adding Equations 

2.4 and 2.5 is as follows: 

 

 (   )  

  

  
           (     )    

2-10 

 

where  (   ) is the equivalent volumetric heat capacity. 

The equivalent volumetric heat capacity is a weighted average based on the porosity of the 

bed and is calculated as follows: 

 

 (   )  
                   

2-11 
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where    represent the solid materials volume fraction and is related to the volume fraction 

of the liquid    as follows: 

         2-12 

 

The equivalent thermal conductivity of the solid-fluid system    , is related to the individual 

thermal conductivities is as follows: 

 

                
2-13 

 

The last term in Equation 2.10 represents volumetric heat generation within the porous media 

and is taken to be zero in this study. 

2.4 Chemical Species Transport Model 

The objective of the analysis was to develop a chemical reaction model which would be 

effective in reducing the concentration of HCl in the flue gas.  Studies have shown by Mura 

and Lallai [8] and others likewise, an efficient method of application would be to use porous 

media based sorbent particles.  These particles, due to their small size have extremely high 

surface areas which are crucial to the capacity of the sorbent bed.  Most common 

methodologies adopted for removal of HCl is the wet system.  However, dry removal of HCl 

can be a simple process with no requirement of preparation of the solid reagent and thus 

offers tactical advantages over the wet system. 

The reaction of limestone with HCl can be considered as an infinitesimally fast single step 

reaction due to the high value of    and equilibrium constant.  Studies of Mura and Lallai 
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[8] and Verdone and De Filippis [11] demonstrated that the temperature range between 500 – 

600   is the optimal operating performance for the sorbents.  They have also shown that 

below these temperatures the activation energy required for the reaction to occur is not 

sufficient and well beyond the higher limit of operating temperature, the sorbent particles 

would start to sinister and break down.  Hence it is required to design the recuperator such 

that the temperature of flue gas entering the sorbent section would be in the range specified 

previously. 

When the fluid-solid reaction takes place, there mainly four different processes occurring.  

The chemical model adopted to explain the phenomenon is known as the grain model and 

was studied by Pigford and Sliger [12].  We consider each of the porous particles as spherical 

particles with many grains present within them.  Each of these grains then acts independently 

in the reaction of the fluid and solid. The four processes are as follows: 

1. Diffusion of HCl in the gas film outside the particles. 

2. Diffusion in the pores within the particle to the grain. 

3. Solid diffusion through the product layer within the grain to the unreacted core. 

4. Chemical reaction at the surface of the unreacted core of the grain. 

The first reaction developed for the chemical reaction model is the species transport equation.  

This equation will form the balance between the convection-diffusion through the sorbent 

bed and will also relate the reaction rate. 
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Figure 2-1: Flow through porous media 

 

Shown below is the transport equation as follows: 

  
   

  
  

   

  
    

    

   
      

2-14 

 

where     is the concentration in gas phase, [mol / m
3
],     is the axial dispersion coefficient 

[m
2 

/ s],     is the reaction rate per unit volume.  

 

Figure 2-2: Numerous grains present inside a single sorbent particle 
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Figure 2-3: Reaction occurring at individual grain level 

 

Once the diffusion outside the particle happens, the gas will then diffuse through the sorbent 

particle to the grains.  Numerous grains are present in a single sorbent particle as shown in 

Fig. 2.2.  This diffusion process can be treated as very fast compared to the other processes 

and can be neglected as the critical controlling step in the entire process is solid diffusion 

through the grain to the unreacted core.  The last step is the surface reaction that happens at 

grain level is shown in Fig. 2.3.  The solid product forms around the grain and the gas needs 

to diffuse through the reaction zone for further reaction to occur as time progresses.  Shown 

below in Fig. 2.4 is a diagrammatic representation of the reaction occurring at the grain level.  

Consider the concentration of the gas phase outside the solid product layer to be    and 

within the layer as    with a thickness d. 
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Figure 2-4: Reaction occurring at the grain surface of a pore 

 

The surface reaction rate    can be evaluated from the following expression: 

          2-15 

 

If we consider the reaction at the surface to be infinitely fast, we then have, 

   
   

  
   

     

 
       

2-16 

 

We can now simplify this equation to find    in terms of the other known parameters. 

   
     

       
  

Substituting the value of    in the surface reaction rate we obtain,  

   
        

       
 

 

Now we obtain change in formation of the solid product layer as follows: 

 
  

  
    

  

  
 

  

  
 
        

       
 2-17 

 

where    and    represent the molecular weight and density of the solid product. 
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The two reactions developed will constitute the chemical reaction transport model for the 

recuperator.  These equations are solved simultaneously along with the equations developed 

for Darcy’s Flow and Heat Transfer in Porous Media.  The value of reaction rate constant Ks 

according to Duo et al. [9] was varied between 0.8 x 10
-4

 and 1.7 x 10
-4

 m/s.  However the 

experimental results indicated that the model was found to be less sensitive to variation of 

rate constant.  The diffusion coefficient Ds was determined by Duo et al. [9] by fitting the 

particle grain model to the experimental data.  Verdone and De Filippis [11] also concluded 

the value of Ds should be in the range of 7 x 10
-11

 m
2
/s for the reaction of HCl and Na2CO3 

based sorbents.  
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CHAPTER 3 

3 Modeling of Recuperator 

3.1 Model Description 

In this chapter, the study of a recuperator is undertaken to completely understand effects of 

temperature, velocity and pressure drop occurring through it.  Numerous parameters 

associated with the flow are varied including boundary conditions to develop a complete 

understanding of the physical phenomena taking place. 

In the first part of the recuperator design, we model the recuperator as a 2-D axisymmetric 

model in COMSOL Multiphysics.  

 

Figure 3-1: 2-D Axisymmetric recuperator model, lower section – alumina, top section - sorbent 

 

As shown in Fig. 3.1, the model consists of 2 sections with inert alumina in the lower section 

and sorbent material in the upper section.  The flue gases would enter from the bottom of the 
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recuperator and would initially transfer heat energy to the alumina pellets.  They would 

proceed to enter the sorbent medium above the alumina pellets, where chemical reactions 

would take place that would reduce the concentration of HCl in the flues gases before they 

exit the recuperator through the top end.  

3.2 Grid and Mesh Generation 

The objective of any commercial software is to be able to solve several coupled partial 

differential equations effectively and arrive at a converged result.  The most preferred 

methodology adopted is to initially discretize a continuum domain into smaller components 

known as elements and whose equations are written out independently yet are coupled to the 

adjacent elements for continuity.  This is the fundamental foundation on which Finite 

Element Methods [14] are based upon.  COMSOL Multiphysics takes advantage of these 

methods to solve systems of partial differential equations by the following process.  Initially 

the domain is discretized them into elements, followed by assembling of the element 

equations, solving for the unknown variable and finally post processing the data to the user 

for review and analysis.  During this entire process, user intervention is only required at the 

beginning of the process in which stage discretization takes place.  The level of breaking 

down a continuum domain into finite elements is fairly understood, but it is important to 

remember during this process not to lose any physics which may take place.  It is required to 

understand the results obtained from finite element solution technique have a certain amount 

of error associated with them and also depend on the number of elements utilized for the 

analysis.  A strong balance is required to obtain proper results as too fewer elements would 

result in solution changes and too many elements would call for greater time for 
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convergence.  A grid independent study is thus carried out to show a minimum number of 

element size is enough such that solution convergence takes place in reasonable time and the 

results obtained from such analysis is also independent on the number of elements used in the 

analysis.  

 

Figure 3-2: Free meshing of Model 

 

In COMSOL Multiphysics, it is possible to obtain free meshing which is recommended by 

the software for a given type of analysis and it is also possible to manually alter the type of 

meshing as will be shown in the Fig 3.2 and Fig 3.3. 
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Figure 3-3: Mapped Meshing of model 

 

3.3 Simulation Results 

 

The first model developed for the recuperator is an ideal model having an insulated boundary 

condition with the temperature and velocity given as boundary conditions at the inlet of the 

recuperator.  Further downstream, the choice of boundary conditions for the outlet was 

determined from Bejan and Nield [2] simulation boundary conditions and also COMSOL 

[16].  The boundary condition for the outlet region for fluid flow is atmospheric pressure and 

convective boundary condition for heat transfer, where the temperature gradient normal to 

the boundary surface is taken to be zero.  At this point, the model for chemical species 

transport is yet to be coupled with the existing fluid flow and heat transfer modules.   Shown 

below in Fig. 3.4 is the pressure drop across the recuperator at the end of the cycle of 1800 s.  
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This pressure drop corresponds to the 5 mm size particles present in the inert alumina and 

sorbent region.  A detailed discussion of the pressure drop is presented later in this chapter.  

 

Figure 3-4: Pressure distribution in recuperator (Pa) 

 

Shown in Fig. 3.5 is the temperature development across the recuperator.  It can be seen from 

the surface contour, temperature development across the bed seems to be constant and 

changes only in the axial direction.  Since in this model, the walls are thermally insulated or 

adiabatic, there is no heat transfer across the surface of the walls leading to uniform 

temperature distribution.  Also the fluid velocity which will be shown in the following pages 

is also constant across the bed.  This can be further reiterated to the fact that the inlet 

temperature and velocity are also constant across the bed and do not take a particular profile 

as one would expect in a pipe flow.  A parabolic profile as in the pipe flow is unlikely to 

happen as the interspatial voids present in the porous media are likely going to interfere 

preventing such a profile to form. 
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Figure 3-5: Temperature development at end of 300s (K) 

 

In Fig. 3.5 we can see the temperature profile starting to develop in the recuperator and it 

represents only 300 s of simulation.  At the end of the cycle, we would ideally like to extract 

as much heat energy as possible from the recuperator to be able to send it back with the cold 

air entering from the opposite end of the recuperator.  As the cycle time for the recuperator is 

1800 s, seen in Fig. 3.6 is the temperature at the end of 1
st
 cycle.  It must also be kept in 

mind, since the fluid is continuously flowing in at a high temperature, the transient 

temperature change is continuously happening and we would like to make sure the 

temperature at which the fluid is entering the sorbent media to be present at around 644 K to 

obtain maximum conversion efficiency of HCl from the flue gases.  It also assumed the 

sorbent will not store much heat energy and is likely to only have chemical reaction 

occurring within it.  Shown in Fig. 3.6 is the temperature through the recuperator at the end 

of 1800 s. 
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Figure 3-6: Temperature plot at end of 1800s (K) 

 

Another important aspect to consider is the quasi thermal equilibrium that is expected to 

reach in the recuperator after certain cycles.  If we imagine a black box type of analysis, we 

can see that the temperature at which the recuperator enters is greater than the temperature at 

which the gases exit.  It turns out some of the heat from the recuperator is lost to the 

surrounding such as the layers of insulation present on the sides of the recuperator.  The 

detailed analysis of which will be discussed in the following section.  Shown below in Fig. 

3.7 is the velocity plot for the recuperator.  The velocity is determined from Darcy’s law but 

is also coupled to the heat transfer.  Since the velocity varies proportional to the temperature, 

the drop in velocity through the recuperator is seen at the end of the cycle.   
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Figure 3-7: Velocity plot at end of forward cycle (m/s) 

 

The velocity at the end of the recuperator is almost 1/3
rd

 of the original inlet velocity due to 

the drop in temperature.   

The last of the parameter which is prime importance in the recuperator design is the pressure 

drop.  The main factor affecting pressure drop is the permeability of the medium.  The 

porosity of the medium is considered to be constant.  The permeability is thus affected by the 

effect of particle size.  According to Carmen-Kozeny equation [15], the permeability is 

proportional to the square of the particle size.  Hence as the particle size becomes smaller the 

permeability of the medium is also reduced, and the pressure drop through the recuperator 

increases tremendously from even small changes in particle size.  Ideally we would like a 

pressure drop of about 500 Pa when the flue gas is flowing through the recuperator.   



26 

 

 

 

 

 

Figure 3-8: Pressure drop at end of reverse cycle (Pa) 

 

The pressure drop is also dependent on the temperature of the flue gas entering the 

recuperator and also inlet velocity which is discussed in detail in the parametric analysis. 

3.4 Parametric Study 

A parametric study is performed on internal parameters as well as external parameters 

affecting the flow.  They include temperature, flow velocity, concentration and also external 

parameters such as grain size, particle size and also thickness of insulation surrounding the 

recuperator.  The parametric analysis provides an idea of the effect and sensitivity of 

individual parameters on the recuperator design giving an insight to control them to the 

design specification. 
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Figure 3-9: Location of study of recuperator 

 

The location of study in the recuperator is crucial to parametric analysis.  Since it is 

impossible to obtain parametric data throughout the recuperator and produce critical analysis 

out of it, the interface of inert alumina – sorbent is chosen.  This interface is crucial as we 

would like to monitor the temperature and velocity as the flue gases pass through the 

recuperator.  Shown in Fig. 3.9 is the location of study highlighted by the blue section.  In the 

first analysis the temperature at the inlet of the recuperator is varied.  Other parameters such 

as the insulation thickness and flow velocity are held constant.  The variation in temperature 

across the cross sectional area of the interface is studied for performance of the recuperator. 
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3.5 Effect of Temperature 

The temperature is plotted against the radial coordinate of the model.  Shown in Fig. 3.10 is 

the temperature vs. radial position for varying inflow temperatures.  As the inlet temperature 

increases, the temperature at the interface also increases and there is more heat energy 

accumulation in the recuperator.  The boundary condition associated with Fig. 3.10 is an 

insulated boundary condition.   

 

Figure 3-10: Temperature at alumina – sorbent interface for varying inlet temperature and insulated boundary 

condition 

 

This would mean there is no heat loss from the interior of the recuperator and we expect to 

see a constant temperature curve as shown in Fig 3.10 as the velocity profile is also constant 

across a cross section. 

However, in real life circumstances there are always heat losses to the surrounding.  These 

heat losses are modeled for the recuperator, the details of which are explained in Chapter 4.  

We consider the optimal insulation thickness to model the recuperator to understand the 
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effect of these losses.  We can see there is a temperature drop across the cross section of the 

recuperator shown in Fig 3.11.   

 

Figure 3-11: Temperature at alumina – sorbent interface for varying inflow temperature and heat losses to 

surrounding 

 

This is due to the fact that there are heat losses from the recuperator to the ambient.  This 

causes a temperature drop across the layers of insulation of the recuperator resulting in non-

uniform temperature distribution in the recuperator.  The effect of non-uniform temperature 

distribution also affects velocity is discussed in the following section. 

Changing the temperature at the inlet also causes a change in velocity at the sorbent –alumina 

interface.  This is due to the face that at the velocity at the interface is dependent on viscosity 

which is further dependent on temperature.  There is a change in temperature across the cross 

section of the recuperator.  The viscosity of air is temperature dependent and is accordingly 

modeled in COMSOL.  Thus, a lower inflow temperature causes a lower temperature at the 
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interface resulting in a decrease in viscosity.  This causes a higher velocity at the sorbent 

interface.   

 

Figure 3-12: Velocity distribution for varying inflow temperature at alumina – sorbent interface with heat losses 

to surrounding 

 

The change in velocity profile across the cross section is also explained due to the effect of 

temperature although we expect a constant velocity distribution from Darcy’s Law.  Show in 

Fig. 3.12 is the velocity vs. radial position for varying inflow temperatures of the recuperator 

with insulation material. 

3.6 Effect of Velocity 

The drop in temperature needs to be minimized as the primary objective is to recover as 

much heat as possible.  When the boundary is insulated, there are no heat losses to the 

surrounding.  As shown in Fig. 3.10, the temperature distribution would remain constant 

across the cross section.   
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Figure 3-13: Velocity distribution for varying inflow velocity at interface with insulated boundary conditions 

 

We would also hence expect to see a constant velocity profile across the recuperator as 

shown in Fig. 3.13.  Now we compare the velocity profile due to heat losses from the 

recuperator.  The temperature gradient present in the recuperator causes imbalance in heat 

recovery leading to section of a recuperator having to absorb more energy than other regions.  

This will cause some portion of the inert porous media to reach its life capability much 

earlier than other regions.  Shown in Fig. 3.14 is the parametric study for velocity profile 

through the recuperator with heat losses to the surrounding.   
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Figure 3-14: Velocity at interface for varying inlet velocity with heat losses to surrounding 

 

The variation in velocity may also be attributed to the change in viscosity of air.   This 

decrease in viscosity allows less resistance for flow near the edge of the recuperator.  Lower 

resistance near the edge of recuperator allows the fluid to accelerate and hence move faster 

than near the center of the recuperator.   

3.7 Effect of Concentration 

The last external parameter under parametric study is concentration of flue gas.  The 

concentration of flue gases is temperature dependent and we model the concentration at the 

temperature at which the flue gases enter the alumina-sorbent interface.  The concentration of 

HCl needs to be substantially reduced as it exits the recuperator.  The sorbent capacity is also 

based on the amount of Cl gas it can withhold before break through happens in the 

recuperator.  Shown in Fig. 3.15 is the concentration profile for varying influx HCl 

concentrations in ppm. 



33 

 

 

 

 

 

Figure 3-15: Concentration profile through recuperator, for varying inflow concentrations. 

 

It can be seen form the Fig. 3.15, for a higher concentration of HCl, a larger recuperator 

would probably be required as the break through concentration is would happen within 

couple of cycle runs.  The concentration is also dependent on the velocity of flow as it is 

governed by the transport equation detailed out in chapter two the thesis.  The capacity of the 

sorbent medium is also depends on the internal parameters such as the particle size of the 

sorbent medium as well as the grain size.   

3.8 Effect of Particle Size 

The grain size is important as it determines the product layer growth which eventually affects 

the sorbent capacity.  The particle size determines the permeability of the porous medium 

based on the analytical expression by Kozeny [15].  The permeability is proportional to the 

square of the particle size and can thus change considerably for small changes in size of the 

particle.  It is evident from Fig. 3.16 the pressure drop increases in the recuperator as the 
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particle size becomes smaller.  This can be understood as the flow through the recuperator is 

determined by the permeability which increases as the fluid needs to traverse through many 

layers of particles before it reaches the exit, requiring considerable pumping power. 

 

Figure 3-16: Pressure drop for varying particle size. 

 

3.9 Effect of Reaction Rate Constant 

Another important parameter which determines the reaction rate is the surface reaction rate 

constant.  Duo et al. [9] determined that the rate limiting step for the surface reaction is the 

diffusion of gas through the product layer and it would be wise to choose a large value of Ks 

to simplify the problem.  The value of reaction rate constant Ks according to Duo et al. [9] 

was varied between 0.8 x 10
-4

 and 1.7 x 10
-4

 m/s.  Shown in Fig. 3.17 is the concentration 

profile through the recuperator for varying values of Ks.  There is little difference in 

concentration levels and the effect of Ks is negligible, which concur with Duo et al. [9]. 
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Figure 3-17: Concentration of HCl in recuperator for varying Ks values 

 

Figure 3-18: Outlet concentration for varying surface reaction constant 

 

3.10 Effect of Insulation 

The last external parameter under parametric analysis is the thickness of insulation.  In the 

initial model, we try to understand the effect of temperature rise in the recuperator and 



36 

 

 

 

 

movement of the thermal wave across the recuperator.  As seen from Table. 3.1, we can 

conclude that without heat losses, the thermal wave will continue to move through the 

recuperator eventually leading to much higher temperature distribution.  In order for the 

sorbent layer to effectively work and also to realistically model heat losses to the 

surrounding, a constant value of heat transfer coefficient is specified to stabilize the thermal 

wave movement.  The effect of heat transfer coefficient and temperature is seen in Table. 3.1. 

Table 3-1: Temperature at Alumina – Sorbent interface at different cycle time for varying 

heat transfer coefficients. 

# 

Inlet  Velocity 

(m/s) 

Heat Transfer  

Coefficient (W/ m K) 

Temperature at alumina – sorbent 

interface (˚F) 

# of cycles 

1 5 10 15 20 

1 0.7 0 557 739 790 790 790 

2 0.7 5 546 698 721 724 724 

3 0.7 10 541 669 686 688 688 

4 0.7 15 532 644 655 656 656 

 

In designing a recuperator, we would require insulation material that would help stabilize the 

thermal wave.  The thickness needs to be optimal for the given flow specifications, as too 

less insulation will cause considerable heat loss from the recuperator.  Also increasing the 

insulation greatly will add to heat energy accumulation with the recuperator which is also 

undesirable.  The optimal value is determined by varying the insulation between a range of 

values to determine the critical thickness.  Since the model under consideration is cylindrical, 
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as the thickness is increased, the surface area available for heat losses also increase and it 

would be important to determine the critical radius of insulation beyond which heat losses 

can be minimized.  The critical radius of insulation for the present recuperator is quite small 

and the values of insulation thickness far exceed this.  Shown in Table. 3.2 is the temperature 

variation for many cycles at the sorbent – alumina interface.  The values of temperature can 

be seen to increase with number of cycles.  The change in temperature between every 5
th

 

cycle also reduces and can conclude the system reaches a quasi-steady state at the end of the 

25
th

 cycle.  The thickness of insulation from row 5 is chosen as the most optimal one 

considering the temperature during forward and backward flows through the recuperator. 
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Table 3-2: Insulation Thickness. 

# 

Inlet  

Velocity 

(m/s) 

Insulation (m) 

Temperature at sorbent interface (˚F) 

# of cycles 

Brick Insblok Steel 5 10 15 20 25 

1 0.6 0.0635 0.015 0.00635 505 544 558 562 563 

2 0.6 0.0635 0.015 0.00635 511 537 542 544 545 

3 0.7 0.0635 0.015 0.00635 626 667 675 678 679 

4 0.7 0.0635 0.025 0.00635 617 666 684 691 695 

5 0.7 0.0635 0.05 0.00635 620 673 694 704 709 

6 0.7 0.0635 0.1 0.00635 621 677 701 713 718 
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CHAPTER 4 

4 Design of Regenerative Gas Guard Recuperator 

The objective of the thesis as detailed in Chapter 1 is to design a recuperator capable of 

recovering valuable heat energy and also to reduce effluent concentration to values below a 

given threshold limit.   

The entire model in all its components and parameters was implemented using commercially 

available software, COMSOL Multiphysics through which a detailed analysis and parametric 

study were carried out.  The modules incorporated from COMSOL include the Darcy model, 

for the fluid flow through the recuperator and Heat Transfer in Porous Media model which 

solves the heat transfer in both solid and fluid phase.  The last module to be incorporated into 

the model was a custom PDE module in which it is possible to independently declare 

variables and constants for the given flow parameters.  All the three modules were coupled to 

each other with flow velocity and in case of heat transfer through flow velocity as well as 

temperature.  Properties of the materials for air were dependent on temperature including 

density, viscosity as well as heat capacity.  The other properties of materials that surrounded 

the recuperator such as refractory brick, insulation and the steel lining were obtained from 

tests conducted according to ASME testing methods.  The most significant part of the design 

to study the temperature at the interface of the inert alumina – sorbent medium as the 

effectiveness of the sorbent according to Mura and Lallai [8] is strongly dependent on the 

temperature at which the flue gas enters the medium.  The design also looked at the sorbent 

capacity as important parameter for the recuperator as this would decide the number of the 
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days it would be operation before a replacement for the sorbent was required.  Other 

parameters that were closely studied included the heat loss and also the pressure drop in the 

recuperator. 

Also the second part of this chapter is about modeling the recuperator as a complete 3-

Dimension model instead of an axisymmetric model to investigate complexity due to 3-D 

flow within the recuperator.  In axisymmetric model, we have neglected the variation of flow 

parameters in the 3
rd

 axis, namely the theta or angular direction.  In this study, this 

complexity is now added to the existing model to understand its implications.  Other 

parameters such as inflow temperature and velocity would be kept identical to the 

axisymmetric model to compare the results of the two types of analysis.  This would also 

provide an understanding of whether the assumptions made earlier to model the recuperator 

as a 2-Dimesnsional axisymmetric model are justified and the physics of such model captures 

completely the phenomena taking place. 
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4.1 Model Description 

 

Figure 4-1: 1 – Alumina , 2 – Sorbent, 3 – Refractory Brick, 4 – Insulation, 5 – Steel   

 

The initial model developed is axisymmetric and would thus aid in faster convergence with 

reference to a complete 3-D model.  The physics happening is independent of the direction 

with respect to angle and hence the entire recuperator being cylindrical in nature can be 

effectively modeled using axisymmetric equations.  The variation of values occurs along 

only the longitudinal or axial direction and along the radial direction of the recuperator.  Fig. 

4.1 shows the entire geometry created for an axisymmetric model in COMSOL Multiphysics.  

There are 5 different domains present in the model and each of which represent an 

independent physics that is happening within them.  The first domain is represented by ‘1’ in 
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which the inert alumina is present.  It is important to note at the moment, individual particles 

themselves are not modeled in the recuperator as the equations being solved are only at 

macro level and it wouldn’t make sense to individually model each of the porous particles.  

The domain represented by ‘2’ houses the sorbent through which the chemical reactions 

happen through the recuperator.  Domains represented by ‘3’,’4’ and ‘5’ are the materials 

such as refractory brick, insulation and steel lining present on the outside of the recuperator 

and hence only participate in heat transfer through the wall of the recuperator.  When solving 

the heat energy equation for solids, the only parameters required for heat transfer include the 

thermal conductivity of the solid, heat capacity of the solid and also density.  Some of these 

parameters such as thermal conductivity are known to be temperature dependent as with 

increasing temperature the values of thermal conductivity generally tend to rise as more 

energy is available for vibration and intra solid heat transfer. 

4.2 Properties of Insulation Materials 

Refractory bricks form the first layer of heat loss prevention.  They are capable of handling 

extremely high temperatures and also combine to provide low thermal conductivity values, 

forming efficient means of energy containment.  Another advantage with refractory bricks is 

its inherent ability to withstand thermal stresses, and thus can provide value of many cycles 

of recuperator operation where there is always a significant temperature change happening 

through the cycle. 

Table 4.1 indicates the properties of the refractory brick – Lo Abrade used for selection 

process. 

  



43 

 

 

 

 

Table 4-1: Properties of brick Lo Abrade. 

Parameters Temp (˚C) Value 

Max Temp (˚C) 

 

1425 

Density (g/ cm
3
) 

 

2.11 

Thermal Condutivity (W/m K) 205 0.81 

 

425 0.88 

 

650 0.89 

 

870 0.89 

 

1095 0.94 

Heat Capacity (J/kg K)  1000 

 

The next layer of heat loss prevention is borne by the insulation material.  The name of the 

insulation is Insblok-19 which is used widely in the utility industry as insulation material for 

heat exchangers, pipes and recuperator.  This material is made up of mineral wool and has 

high resistance to heat flow with low thermal conductivity values.  With a maximum 

operating temperature of about 1900 F, the material offers good heat loss prevention yet 

being very light in weight.  Table 4.2 indicates the properties of Insblok-19. 
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Table 4-2: Properties for Insblok-19. 

Parameters Temp (˚C) Value 

Max Temp (F) 

 

1900 

Density (g/ cm
3
) 

 

0..3 

Thermal Conductivity (W/m K) 205 0.07 

  315 0.08 

  430 0.1 

  540 0.12 

  650 0.15 

Heat Capacity(J/kg K) 

 

1030 

 

The final layer of material to be added to the recuperator is the steel lining.  The steel lining 

is present to provide two purposes, the primary purpose being able to provide the required 

structural rigidity for the recuperator.  It is also present to provide to be able to attach 

accessory components to the recuperator.  The properties of this material are listed in Table 

4.3 similar to the properties of the previous two materials used in the recuperator. 
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Table 4-3: Properties for Steel.  

Parameters Temp (˚C) Value 

Max Temp (F) 

 

800 

Density (g/ cm
3
) 

 

7.8 

Thermal Conductivity (W/m K) 392 47 

  752 40.3 

  1112 33.6 

Heat Capacity (J/kg K) 

 

1000 
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4.3 Assumption 

The following assumptions were made for the analysis carried out using COMSOL 

Multiphysics.  These assumptions were based on the literature and model description 

discussed in the previous chapters of this thesis. 

1. The fluid flow is assumed to be the laminar.  For a porous media flow, the pore 

Reynolds number is calculated based on the diameter of the pore particle. 

2. The heat transfer occurring in fluid and solid phase is assumed to be in equilibrium.  

This was discussed in detail with reference to the time and length scales by Kaviany 

[1]. 

3. The model is primarily solved using an axisymmetric approach.  Since the equations 

needed to model the phenomena are in macro scale, this approach is justified as there 

isn’t any significant physical phenomena occurring in the 3 coordinate direction. 

4. During the reverse cycle, we assume the cold air does not participate in any chemical 

reaction phenomena. 

5. We also assume at the inlet, the fluid velocity is uniform across the entire bed. 
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4.4 Preliminary Design Calculation 

The first step in recuperator design is to evaluate a preliminary design which is calculated by 

hand using analytical expressions.  This would provide a fair idea on the dimensions, 

pressure drop and volume flow rate required to be achieved.  The initial data obtained from 

the company included the volume flow rate and the desired temperature range of operation.  

Shown below in Table 4.4 is the input data received for the initial recuperator design.  This 

table was used to determine the design specification as the first step in the modeling of the 

recuperator. 

Table 4-4: Design Specification Preferences 

Max flue gas inlet temperature 1000 ˚F 810 K 

Max flue gas outlet temperature 700 ˚F 644 K 

Max flue gas flow 10,000 ft
3
/hr 0.078 m

3
/s 

Nominal flue gas inlet pressure 3 in W.C 747 Pa 

Max pressure drop in flue gas mode 2 in W.C 498 Pa 

Air inlet temperature 60 ˚F 288 K 

Max air outlet temperature 700 ˚F 644 K 

Max ambient air flow 9,000 ft
3
/hr 0.070 m

3
/s 

Nominal cold air inlet pressure 20 in W.C 4981 Pa 

Max pressure drop in air mode 4 in W.C 996 Pa 
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Table 4-5: Sorbent Specifications. 

Max sorbent and inert ceramic temperature prior to switching 699 K 

Specific heat of sorbent material 1000 J/ Kg K 

Specific heat of inert ceramic material 1000 J/ Kg K 

 

From data available in Table. 4.4 and Table. 4.5, it is possible to design the dimensions of the 

recuperator based on the analytical expressions for pressure drop from Kaviany [1].  The 

value of permeability was also calculated from the expression mentioned in the previous 

chapter indicated by Carman-Kozeny [15].  The following table was constructed as a 

preliminary design for the recuperator. 

  



49 

 

 

 

 

Table 4-6: Specification for the Inert Sorbent Bed 

Inflow Velocity Vf (m/s) 0.30 

Height of Sorbent Bed - Ht (m) 1.3 

Diameter of Pipe (m) 0.60 

Area (m
2
) 0.29 

Volume Flow Rate (m
3
/s) 0.08 

Diameter of Sorbent (m) 0.005 

Porosity 0.4 

K sorb (m
2
) 2.47E-08 

Viscosity of Air 300K (kg/ms) 1.98E-05 

Pressure Drop Sorbent (Pa) 371.10 
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Table 4-7: Specification for the Inert Alumina Bed 

Inflow Velocity Vf (m/s) 0.304 

Height of Alumina Bed - Ht (m) 0.4 

Diameter of Pipe (m) 0.609 

Area (m
2
) 0.29 

Volume Flow Rate (m
3
/s) 0.08 

Diameter of Alumina(m) 0.005 

Porosity 0.4 

Ksorb (m
2
) 2.47E-08 

Viscosity of Air 300K (kg/ms) 4.15E-05 

Pressure Drop Alumina (Pa) 204.4 

 

Following the development of preliminary design specifications, the COMSOL model was 

developed to simulate and obtain realistic results for the recuperator.  The simulation was 

carried out in modules with the initially the heat transfer and Darcy module being solved 

simultaneously.  Later the chemical transport model was developed and it was coupled to the 

existing two modules to complete the entire physics of the recuperator. 

4.5 MATLAB Implementation 

At this point, it is also important to mention the MATLAB – COMSOL interface which is 

used to run varying cycle time to achieve quasi steady equilibrium.  Using COMSOL, it is 

possible only to run a single cycle in a particular direction of flow.  There would be no 
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possibility to change the direction of flow in COMSOL Multiphysics as the simulation was 

being solved in the background.  A method was developed by using the Live link interface 

offered by COMSOL to be able to control its feature via commands from MATLAB.  A 

compatible Matlab *.m file was written for the model by COMSOL which was modified for 

the recuperator simulation.  At the end of the forward cycle simulation, the boundary 

condition for inlet and pressure for Darcy’s Law would be swapped by overwriting the 

existing boundary conditions.  Similarly the boundary conditions for Heat Transfer would 

also be changed with the corresponding values for cold air inflow temperature and inlet 

velocity.  The chemical transport module would not operate during backward cycle during 

which heat recovery would take place.  The simulation results from the first couple of cycle 

runs were compared from both MATLAB automated run and manual run using COMSOL to 

verify its accuracy.  Following successful implementation, the cycle runs were extended to an 

initial value of 25 which totals to about 25 hours of cycle time.  It was found from the values 

of temperature plot monitored throughout the simulation time, the quasi steady equilibrium 

condition tends to set in at around 25
th

 cycle beyond which the temperature change in the 

recuperator at a given location varies insignificantly.  However to estimate the capacity of the 

sorbent layer, the optimal design run was extended to 50 cycles.  The MATLAB code 

associated with this simulation is present in Appendix [A]. 

4.6 Thermal Wave Stabilization 

As seen in the previous section of the chapter, the initial model was developed to understand 

the nature of temperature movement within the recuperator.  We observe from the 

simulations that since there is no net heat loss through the walls of the recuperator, resulting 
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in the temperature profile in the recuperator continuously growth after each and every cycle.  

Shown in Fig. 4.2 is the temperature profile graph for a period of about 20 cycles 

corresponding to about 10 hours of run time.  During this phase, the axial temperature for a 

given location increases with simulation time and starts to stabilize after 15 cycles.  

 

Figure 4-2: Temperature profile for center of recuperator for varying cycles  

 

We would like to eventually stabilize the temperature at any given axial location such that 

the system runs in quasi steady state.  This is achieved by the critical balance between the 

heat loss from the walls and the heat carried away by the cold air during return cycle.  The 

heat carried away by the walls is now dependent on the material and insulation thickness 

which needs to be determined to optimally model the recuperator.  Since this is a cylindrical 

system, there might also exist a critical radius beyond which insulation may be more 

effective.  As detailed out in in this chapter, there would be three layers of material 
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surrounding the recuperator.  These three layers are the refractory brick lay which has an 

extremely low thermal conductivity value and can withstand repeated cycles of exposure to 

high temperature flue gases.  This will be surrounded by an industrial class insulation layer 

which will provide the greatest heat resistance to the recuperator and also thin layer of 

structural steel which will provide for the necessary structural stability and integrity of the 

recuperator.  It is also necessary to have this steel in order for the accessory components such 

as the entry nozzle and support bolts to be to attach to the recuperator. 

In the following pages, the results of the simulation with the insulation layers has been 

investigated and compiled together.  The results for varying thickness of insulation layers and 

temperature development across the recuperator will be discussed.  It is also important at this 

point, we discuss the details of heat loss mechanism in the insulation layer.  Heat from the 

recuperator is moves through the three surrounding layers by primarily heat conduction 

governed by Fourier’s Law.  Heat loss from the three layers to the external environment is 

from three locations which include the top and bottom of the recuperator where the entry and 

exit are located.  Third location of heat loss to the environment is the long side of the wall 

covered by steel.  The most appropriate boundary condition is selected which would most 

closely match what would occur at real would situations.  The location near the entry of the 

recuperator has two boundary conditions.  The first being convective boundary condition 

with a natural convection being specified with the length of the plate.  The second boundary 

condition is radiation boundary condition which is determined by the emissivity of the 

particular material.  Emissivity of steel and refractory brick were taken as 0.9 and for 

insulation material used in the recuperator is also 0.9.  The ambient temperature considered 
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for the radiation heat losses is 300 K which is the approximate room temperature.  For the 

natural convection boundary condition, it is not necessary to model the ambient air, however 

the length of the plate is required so as to calculate heat transfer coefficient.  Similar to the 

first set of results discussed, the following results will also focus on the temperature 

variation, pressure drop and concentration of chlorides through the recuperator.  The critical 

insulation thickness is also determined at which we would have optimal heat retainment 

within the recuperator. 
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4.7 Results with Insulation Layers 

Shown in Fig. 4.3 is the temperature profile in the recuperator at quasi steady conditions.  

This figure represents the temperature at end of 25 cycles when heat transfer to and from the 

system has reached equilibrium state.  As we can see from the surface plot, the temperature 

near the edge of the recuperator seems to drop compared to the center.  This is true because 

there are heat losses occur through the side vertical walls and through the locations  

 

Figure 4-3: Temperature plot for forward cycle at end of 1800s (K) 

 

at the bottom of the recuperator.  Near the edge of the recuperator, the fluid temperature is 

conducted through the brick wall and to the insulation.  Both of these materials have a low 

conductivity value and the contour plot shows there is relatively less heat moving away from 

the recuperator.  The results of the effect of temperature distribution on the velocity contours 

will be discussed in the following pages.  The temperature of the flue gases just before it 
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enters the sorbent medium is around 500 ˚C, which is the ideal temperature at which the 

sorbent functions most effectively according to Kirkby et al. [9]. 

The following Fig. 4.4 shows the temperature profile of the recuperator at the end of the 

reverse cycle of 1800 s.  It is interesting to see that the temperature is highest not near the end 

of the recuperator but actually at a location within the refractory brick. 

 

Figure 4-4: Temperature for reverse cycle at end of 1800s (K) 

 

This is because of the heat energy, although being dissipated out of the recuperator may have 

started to return to the recuperator somewhere in the middle of the reverse cycle as the 

temperature inside had become lower than the temperature of the brick.  However the 

temperature at the exit is of concern as this determines the amount of heat that is extracted 

from the recuperator.  The surface plot shows a temperature of about 650 K, which is slightly 

about 20% heat loss from the temperature at which the gases flowed in with.  The objective is 

to maximize the heat recovery, but in the realistic situations, there will always be heat losses 
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to the environment which need to be considered and also it would be unwise to store huge 

heat energy as this would affect the sorbent medium which starts to incinerate above 750 F. 

 

Figure 4-5: Velocity Profile at end of forward cycle (m/s) 

 

The second most important parameter to consider is the velocity profile through the 

recuperator.  According to the preliminary estimations, it is necessary to have a flow of 

10000 SCFH which corresponds to approximately a 0.3 m/s flow rate for a given diameter of 

pipe size 0.6 m.  It order to achieve this, the fluid inflow rate needs to be at least 2.5 times the 

original fluid flow rate as the temperature drop would cause the velocity to drop 

proportionally in the recuperator.  When we take the average flow rate through the 

recuperator, it should amount to a value of about 0.3 m/s.  Shown below in Fig. 4.5 is the 

fluid velocity profile through the recuperator.  It is not much different from the one discussed 

earlier, but shows that there are some variations in the velocity profile for a given cross 

section of the recuperator.  When solving for the velocity field based on Darcy’s law we 
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expect to see a constant velocity profile through the recuperator, however we see that the 

velocity seems to drop near the edge of the recuperator similar to temperature.  As velocity is 

coupled to temperature, we would expect to see variations due to change in density and 

viscosity values as they are temperature dependent. 

Shown in Fig. 4.6 is the pressure distribution within the recuperator.  The pressure drop 

during the return cycle is to be kept below a value of 4 in of WC and 2 in WC for forward 

cycle.  This corresponds to a value of 1000 Pa for reverse cycle and 500 Pa for forward cycle.  

As we can see from the pressure drop across the recuperator, the value of pressure drop in 

our model is just below the threshold limit.  The pressure drop is also dependent on the 

particle size as we have mentioned earlier.  We consider the particle size of the porous media 

to be of the order of 5 mm diameter.   
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Figure 4-6: Pressure distribution for forward cycle (Pa) 

 

So far the results regarding the temperature, velocity and pressure drop have been discussed 

in detail with two different case scenarios.  The next critical component of the recuperator is 

its ability to reduce toxic gases like HCl to values below a limit upon which it is safe to 

release the gas into the atmosphere.  The importance of HCl as toxic gas and its effect on the 

environment have been detailed out in the previous chapters of the thesis.  Shown in Fig. 4.7 

is the concentration curve for the recuperator at the end of 50 cycles of run.  Since there are 

no reactions happening in the reverse direction during which cold air flows in through the 

exit, there is only chemical reaction happening for one part of an entire cycle.  The curve in 

Fig. 4.7 is the concentration distribution through the axial length of the recuperator.  As we 

can see from the concentration curve, near the end of the recuperator the concentration of 



60 

 

 

 

 

HCl is nearly zero.   As the number of cycle is increased we would expect the concentration 

to break through indicating the life expectancy of the recuperator.  

 

Figure 4-7: Concentration profile at end of 50 cycles 

 

The concentration here indicates the Hydrogen Chloride concentration through the 

recuperator.  We would like to monitor the chloride concentration for many cycles to 

determine the sorbent capacity.  During the reaction, as mentioned in the earlier chapter, the 

product is formed continuously on the surface of the porous particles.  This would mean, 

during every subsequent cycle it would be a little more resistance that needs to be overcome 

by the gaseous particles to be able to reach inner core of the sorbent material for a reaction to 

take place.  The reaction rate would thus tend to drop as the number of cycles increases and 

we expect the reaction to slowdown.  This would essentially indicate the time at which the 

some amount of HCl would eventually reach the exit of the recuperator without having 
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reacted at all with the sorbent.  This graph shows that at the location near the exit of the 

recuperator for a higher concentration of 900 ppm, the HCl concentration at exit is almost 

15% of the inlet concentration revealing the sorbent layer is unable to hold further HCl.  

 

Figure 4-8: Concentration when break through would happen after 50 cycles. 

 

Shown in Fig. 4.8 is the time at which the concentration breakthrough has started to happen.  

The last important aspect to analyze is the thickness up to which the sorbent layer is able to 

allow HCl to reach its inner core for reaction to occur.  As the product layer is formed on the 

surface, the reaction rate falls as the number of cycles increases. 
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Figure 4-9: Growth of the product layer during 50 cycles.  

 

Essentially the rate of growth of the product layer, which directly relates to the reaction rate 

is also changing with every cycle.  As with reaction rate, the rate of growth of product layer 

also decreases eventually flattening out near the point of breakthrough.  Shown in Fig. 4.9 is 

the graph of product layer thickness plotted against time.  As it can be seen from graph, the 

curve starts to flatten out as the number of cycles increase and would essentially cease to 

grow after a certain point when the break through happens.  

0

0.05

0.1

0.15

0.2

0.25

0.3

0

1
.2

5

2
.5

3
.7

5 5

6
.2

5

7
.5

8
.7

5

10

1
1

.2
5

1
2

.5

1
3

.7
5

15

1
6

.2
5

1
7

.5

1
8

.7
5

20

2
1

.2
5

2
2

.5

2
3

.7
5

25

P
ro

d
u

ct
 L

ay
er

 T
h

ic
kn

es
s 

(μ
m

) 

Time (hrs) 

Thickness



63 

 

 

 

 

4.8 3-Dimensional Model 

 

Figure 4-10: 3-D Geometry of Recuperator 

 

The 3-Dimensional model was created to analyze the effect of flow in due the third axis, 

angular or theta direction as it was included in the axisymmetric analysis.  Only a half 

portion of the model has been developed in 3-D.   The reason to restrict the model to a half 

section is to reduce the time required for solution yet be able to analyze a 3-D model for 

solution comparison.   Should there have been a considerable change in solution, a complete 

3-D model would have been prepared.  Fig. 4.10 shows a half 3-D model developed in 

COMSOL.   The boundary conditions for flow are identical to the axisymmetric model, with 

an exception to adding symmetric boundary conditions for the 3-D model.  The symmetry 

ensures that the physics is identical in both the XY planes as the model is only a half of the 

original.  
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As shown in Fig. 4.11, the elements created for the flow domain are quite sparse compared to 

the dense mesh created for the steel layer around the recuperator.  This would result in mesh 

dependence error.  In Fig. 4.12 is the mesh recreated with more elements in the fluid domain, 

yet retaining the original number of elements for the steel layer.  This would ensure greater 

solution accuracy to the axisymmetric model.  The denser mesh has been calibrated to ensure 

elements are specifically created for fluid dynamic simulation with a total of more than 1.6 

million elements created for the domain. 

 

 

Figure 4-11: Sparse Mesh 
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Figure 4-12: Dense mesh specific for fluid dynamic simulations 

  

 

Figure 4-13: Pressure Drop from 3-D model of recuperator (Pa) 
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Figure 4-14: Pressure plot from axisymmetric analysis (Pa) 

 

In Fig. 4.13 is the pressure drop shown from the 3-D model.  The pressure drop is similar to 

the result obtained from axisymmetric analysis shown in Fig.4.14. The difference in the value 

of pressure obtained from either of the approaches indicates only a marginal difference in 

pressure drop in the recuperator.   

When analyzing the temperature profile, the insulation layers which were earlier modeled in 

2-D analysis are also modeled for the 3-D analysis.  This would ensure similar physics is 

obtained in both cases and would be possible to compare one to another.  The temperature 

difference from both analyses indicates marginal variation.  Shown in Fig. 4.15 is the 

temperature plot from 3-D analysis.  The temperature distribution in the recuperator is similar 

to the previous 2-D analysis.   The temperature plot is nearly identical to the one obtained 

from axisymmetric analysis.  The temperature at the interface is around 500 F which steadily 

rises until the recuperator has reached a quasi steady equilibrium state. 
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Figure 4-15: Temperature plot of recuperator (K) 
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CHAPTER 5 

5 Summary 

5.1 Conclusions 

In this thesis, the concept of gas guard recuperator has been proposed and studied 

numerically.  It is shown that heat transfer in porous media can be used to retain thermal 

energy from flow of hot gases by using high heat capacity solid porous materials.  A thermal 

wave is set up when hot flue gases flow through a recuperator and is followed by cold fluid 

flow from the opposite end.  The stabilization of the thermal wave is essential in maintaining 

a constant temperature profile in the recuperator.  The simulations were run for numerous 

cycles to let the recuperator reach a quasi-steady equilibrium state.  The temperature profile 

determined the amount of heat energy which can be recovered and also the temperature at 

which flue gases enter the sorbent medium.  This was critical to the effectiveness of the 

sorbent medium, as the chemical reactions which take place reducing the concentration of 

HCl happen within a range of temperatures, outside which they are ineffective.  The fluid 

flow, heat transfer and chemical reaction phenomena have been studied for a porous medium 

and a pilot scale recuperator was designed based on the understanding of these processes.  

The recuperator design was optimized according to the specified requirements.  A design 

specification with the details of the recuperator along with an engineering drawing indicating 

the dimensions of the all the components were developed for further experimental tests.  
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5.2 Future Work 

The current work can be further be developed in the following paths: 

 A two temperature model may be created for the Heat Transfer in Porous Media and 

the effect of solid and fluid phase may be studied independently. 

 A more complicated model for chemical transport in Porous Media may be 

implemented.  Some experimental work will also provide key indicators to develop 

such a model as the complete kinetics are not available.  
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7.1 Appendix A 

function out = model 

% 

% everything_insu_2.m 

% 

% Model exported on Apr 5 2012, 14:00 by COMSOL 4.2.0.150. 

  

import com.comsol.model.* 

import com.comsol.model.util.* 

  

model = ModelUtil.create('Model'); 

  

model.modelPath('C:\Users\shriram\Downloads\comsol project\conc_coupled'); 

  

model.name('conc_coupled_3_pde_insulation_parametric_visc_ananlysis_2.mph'); 

  

model.param.set('temp', '810[K]', 'inlet temp'); 

model.param.set('ro', '250e-6[m]', 'outer radius'); 

model.param.set('ds', '7e-11[m^2/s]', 'diffusion constant'); 

model.param.set('ks', '1e-4[m/s]', 'surface constant'); 

model.param.set('vel', '0.7[m/s]', 'inflow velocity'); 

model.param.set('p', '0.4'); 

model.param.set('dia', '3e-3'); 

model.param.set('perm', '(p^3)*(dia^2)/(180*((1-p)^2))'); 

  

model.modelNode.create('mod1'); 

  

model.geom.create('geom1', 2); 

model.geom('geom1').axisymmetric(true); 

model.geom('geom1').feature.create('r1', 'Rectangle'); 

model.geom('geom1').feature.create('r2', 'Rectangle'); 

model.geom('geom1').feature.create('r3', 'Rectangle'); 

model.geom('geom1').feature.create('r4', 'Rectangle'); 

model.geom('geom1').feature.create('r5', 'Rectangle'); 

model.geom('geom1').feature.create('co1', 'Compose'); 

model.geom('geom1').feature('r1').set('size', {'.3' '.4'}); 

model.geom('geom1').feature('r2').set('pos', {'0' '.4'}); 

model.geom('geom1').feature('r2').set('size', {'.3' '1.3'}); 

model.geom('geom1').feature('r3').set('pos', {'0.3' '0'}); 

model.geom('geom1').feature('r3').set('size', {'.0635' '1.7'}); 

model.geom('geom1').feature('r4').set('pos', {'0.3635' '0'}); 

model.geom('geom1').feature('r4').set('size', {'.05' '1.7'}); 

model.geom('geom1').feature('r5').set('pos', {'0.4135' '0'}); 

model.geom('geom1').feature('r5').set('size', {'.00635' '1.7'}); 

model.geom('geom1').feature('co1').set('formula', 'r1+r2+r3+r4+r5'); 

model.geom('geom1').feature('fin').name('Form Assembly'); 

model.geom('geom1').feature('fin').set('action', 'assembly'); 

model.geom('geom1').run; 

  

model.view.create('view2', 3); 

model.view('view2').light.create('lgt4', 'DirectionalLight'); 

model.view.create('view3', 3); 
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model.view.create('view4', 3); 

model.view.create('view5', 3); 

model.view.create('view6', 3); 

model.view.create('view7', 3); 

model.view.create('view8', 3); 

  

model.material.create('mat1'); 

model.material('mat1').propertyGroup('def').func.create('eta', 'Piecewise'); 

model.material('mat1').propertyGroup('def').func.create('Cp', 'Piecewise'); 

model.material('mat1').propertyGroup('def').func.create('k', 'Piecewise'); 

model.material('mat1').propertyGroup('def').func.create('rho', 'Analytic'); 

model.material('mat1').propertyGroup('def').func.create('cs', 'Analytic'); 

model.material('mat1').selection.set([1 2]); 

model.material.create('mat2'); 

model.material('mat2').propertyGroup.create('Enu', 'Young''s modulus and Poisson''s ratio'); 

model.material.create('mat3'); 

model.material('mat3').propertyGroup.create('Enu', 'Young''s modulus and Poisson''s ratio'); 

model.material.create('mat4'); 

model.material('mat4').propertyGroup('def').func.create('k_solid_101_kPa_1', 'Piecewise'); 

model.material('mat4').propertyGroup('def').func.create('C_solid_101_kPa_1', 'Piecewise'); 

model.material('mat4').propertyGroup('def').func.create('rho', 'Piecewise'); 

model.material('mat4').propertyGroup('def').func.create('TD_solid_101_kPa_1', 'Piecewise'); 

model.material('mat4').selection.set([4]); 

model.material.create('mat6'); 

model.material('mat6').propertyGroup.create('Enu', 'Young''s modulus and Poisson''s ratio'); 

model.material('mat6').selection.set([3]); 

model.material.create('mat7'); 

model.material('mat7').propertyGroup.create('Enu', 'Young''s modulus and Poisson''s ratio'); 

model.material('mat7').propertyGroup.create('Murnaghan', 'Murnaghan'); 

model.material('mat7').propertyGroup.create('Lame', ['Lam' native2unicode(hex2dec('00e9'), 'Cp1252') ' 

constants']); 

model.material('mat7').propertyGroup.create('NeoHookean', 'Neo-Hookean'); 

model.material('mat7').selection.set([5]); 

  

model.physics.create('dl', 'DarcysLaw', 'geom1'); 

model.physics('dl').selection.set([1 2]); 

  

model.physics('dl').feature.create('dlm2', 'DarcysLawModel', 2); 

model.physics('dl').feature('dlm2').selection.set([2]); 

model.physics.create('ht', 'PorousMediaHeat', 'geom1'); 

  

model.physics('ht').feature.create('pm2', 'PorousMatrix', 2); 

model.physics('ht').feature('pm2').selection.set([2]); 

  

model.physics('ht').feature.create('solid1', 'SolidHeatTransferModel', 2); 

model.physics('ht').feature('solid1').selection.set([3]); 

model.physics('ht').feature.create('solid2', 'SolidHeatTransferModel', 2); 

model.physics('ht').feature('solid2').selection.set([4]); 

model.physics('ht').feature.create('solid3', 'SolidHeatTransferModel', 2); 

model.physics('ht').feature('solid3').selection.set([5]); 

model.physics('ht').feature.create('cc1', 'ConvectiveCooling', 1); 

model.physics('ht').feature('cc1').selection.set([16]); 

model.physics('ht').feature.create('cc2', 'ConvectiveCooling', 1); 
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model.physics('ht').feature('cc2').selection.set([7 9 11 12 14 15]); 

model.physics('ht').feature.create('sar1', 'SurfaceToAmbientRadiation', 1); 

model.physics('ht').feature('sar1').selection.set([7 11 14 16]); 

model.physics.create('c', 'CoefficientFormPDE', 'geom1'); 

model.physics('c').selection.set([2]); 

model.physics('c').feature.create('dir1', 'DirichletBoundary', 1); 

model.physics('c').feature('dir1').selection.set([4]); 

  

model.mesh.create('mesh1', 'geom1'); 

model.mesh('mesh1').feature.create('ftri1', 'FreeTri'); 

  

model.cpl.create('aveop1', 'Average', 'geom1'); 

model.cpl('aveop1').selection.geom('geom1', 1); 

model.cpl('aveop1').selection.set([2]); 

model.cpl.create('maxop1', 'Maximum', 'geom1'); 

model.cpl('maxop1').selection.geom('geom1', 1); 

model.cpl('maxop1').selection.set([4]); 

  

model.result.table.create('evl2', 'Table'); 

  

model.view('view1').set('showlabels', true); 

model.view('view1').axis.set('xmin', '-0.8057205677032471'); 

model.view('view1').axis.set('xmax', '1.6433801651000977'); 

model.view('view1').axis.set('ymin', '-0.24073517322540283'); 

model.view('view1').axis.set('ymax', '1.9157055616378784'); 

model.view('view1').axis.set('xextra', {}); 

model.view('view1').axis.set('yextra', {}); 

model.view('view2').light('lgt1').set('intensity', '0.5'); 

model.view('view2').light('lgt1').set('cameracoord', false); 

model.view('view2').light('lgt1').set('lightdirection', '-(-1) -(1) -(-1) '); 

model.view('view2').light('lgt2').set('intensity', '0.5'); 

model.view('view2').light('lgt2').set('cameracoord', false); 

model.view('view2').light('lgt2').set('lightdirection', '-(1) -(-1) -(1) '); 

model.view('view2').light('lgt3').set('intensity', '0.5'); 

model.view('view2').light('lgt3').set('cameracoord', false); 

model.view('view2').light('lgt3').set('lightdirection', '-(1) -(1) -(-1) '); 

model.view('view2').light('lgt4').set('lightdirection', '-(-1) -(-1) -(1) '); 

  

model.material('mat1').name('Air'); 

model.material('mat1').propertyGroup('def').func('eta').set('arg', 'T'); 

model.material('mat1').propertyGroup('def').func('eta').set('pieces', {'200.0' '1600.0' '-8.38278E-7+8.35717342E-

8*T^1-7.69429583E-11*T^2+4.6437266E-14*T^3-1.06585607E-17*T^4'}); 

model.material('mat1').propertyGroup('def').func('Cp').name('Piecewise 1'); 

model.material('mat1').propertyGroup('def').func('Cp').set('arg', 'T'); 

model.material('mat1').propertyGroup('def').func('Cp').set('pieces', {'200.0' '1600.0' '1047.63657-

0.372589265*T^1+9.45304214E-4*T^2-6.02409443E-7*T^3+1.2858961E-10*T^4'}); 

model.material('mat1').propertyGroup('def').func('k').name('Piecewise 2'); 

model.material('mat1').propertyGroup('def').func('k').set('arg', 'T'); 

model.material('mat1').propertyGroup('def').func('k').set('pieces', {'200.0' '1600.0' '-

0.00227583562+1.15480022E-4*T^1-7.90252856E-8*T^2+4.11702505E-11*T^3-7.43864331E-15*T^4'}); 

model.material('mat1').propertyGroup('def').func('rho').set('expr', 'pA*0.02897/8.314/T'); 

model.material('mat1').propertyGroup('def').func('rho').set('args', {'pA' 'T'}); 

model.material('mat1').propertyGroup('def').func('rho').set('dermethod', 'manual'); 
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model.material('mat1').propertyGroup('def').func('rho').set('argders', {'pA' 'd(pA*0.02897/8.314/T,pA)'; 'T' 

'd(pA*0.02897/8.314/T,T)'}); 

model.material('mat1').propertyGroup('def').func('rho').set('plotargs', {}); 

model.material('mat1').propertyGroup('def').func('cs').name('Analytic 1'); 

model.material('mat1').propertyGroup('def').func('cs').set('expr', 'sqrt(1.4*287*T)'); 

model.material('mat1').propertyGroup('def').func('cs').set('args', {'T'}); 

model.material('mat1').propertyGroup('def').func('cs').set('dermethod', 'manual'); 

model.material('mat1').propertyGroup('def').func('cs').set('argders', {'T' 'd(sqrt(1.4*287*T),T)'}); 

model.material('mat1').propertyGroup('def').func('cs').set('plotargs', {}); 

model.material('mat1').propertyGroup('def').set('density', 'rho(pA,T)'); 

model.material('mat1').propertyGroup('def').set('heatcapacity', 'Cp(T)'); 

model.material('mat1').propertyGroup('def').set('soundspeed', 'cs(T)'); 

model.material('mat1').propertyGroup('def').set('ratioofspecificheat', '1.4'); 

model.material('mat1').propertyGroup('def').set('relpermeability', {'1' '0' '0' '0' '1' '0' '0' '0' '1'}); 

model.material('mat1').propertyGroup('def').set('relpermittivity', {'1' '0' '0' '0' '1' '0' '0' '0' '1'}); 

model.material('mat1').propertyGroup('def').set('electricconductivity', {'0' '0' '0' '0' '0' '0' '0' '0' '0'}); 

model.material('mat1').propertyGroup('def').set('thermalconductivity', {'k(T)' '0' '0' '0' 'k(T)' '0' '0' '0' 'k(T)'}); 

model.material('mat1').propertyGroup('def').set('dynamicviscosity', 'eta(T)'); 

model.material('mat1').propertyGroup('def').addInput('pressure'); 

model.material('mat1').propertyGroup('def').addInput('temperature'); 

model.material('mat2').name('Alumina'); 

model.material('mat2').propertyGroup('def').set('density', '3900'); 

model.material('mat2').propertyGroup('def').set('thermalexpansioncoefficient', {'8e-6' '0' '0' '0' '8e-6' '0' '0' '0' '8e-

6'}); 

model.material('mat2').propertyGroup('def').set('heatcapacity', '900'); 

model.material('mat2').propertyGroup('def').set('thermalconductivity', {'27' '0' '0' '0' '27' '0' '0' '0' '27'}); 

model.material('mat2').propertyGroup('Enu').set('youngsmodulus', '300e9'); 

model.material('mat2').propertyGroup('Enu').set('poissonsratio', '0.222'); 

model.material('mat3').name('Granite'); 

model.material('mat3').propertyGroup('def').set('density', '2600'); 

model.material('mat3').propertyGroup('def').set('thermalexpansioncoefficient', {'7e-6' '0' '0' '0' '7e-6' '0' '0' '0' '7e-

6'}); 

model.material('mat3').propertyGroup('def').set('heatcapacity', '850'); 

model.material('mat3').propertyGroup('def').set('thermalconductivity', {'25' '0' '0' '0' '25' '0' '0' '0' '25'}); 

model.material('mat3').propertyGroup('Enu').set('youngsmodulus', '60e9'); 

model.material('mat3').propertyGroup('Enu').set('poissonsratio', '0.25'); 

model.material('mat4').name('Foam [solid,101 kPa]'); 

model.material('mat4').propertyGroup('def').func('k_solid_101_kPa_1').set('arg', 'T'); 

model.material('mat4').propertyGroup('def').func('k_solid_101_kPa_1').set('pieces', {'293.0' '414.0' '-

2.141225+0.01870613*T^1-5.30077E-5*T^2+4.945551E-8*T^3'}); 

model.material('mat4').propertyGroup('def').func('C_solid_101_kPa_1').set('arg', 'T'); 

model.material('mat4').propertyGroup('def').func('C_solid_101_kPa_1').set('pieces', {'293.0' '414.0' '-

118.0383+0.9702269*T^1-0.002568576*T^2+2.23378E-6*T^3'}); 

model.material('mat4').propertyGroup('def').func('rho').set('arg', 'T'); 

model.material('mat4').propertyGroup('def').func('rho').set('pieces', {'293.0' '303.0' '23.99'}); 

model.material('mat4').propertyGroup('def').func('TD_solid_101_kPa_1').set('arg', 'T'); 

model.material('mat4').propertyGroup('def').func('TD_solid_101_kPa_1').set('pieces', {'293.0' '414.0' 

'5.066252E-7+1.111498E-9*T^1-3.968496E-12*T^2+4.51448E-15*T^3'}); 

model.material('mat4').propertyGroup('def').set('thermalconductivity', {'.1' '0' '0' '0' '.1' '0' '0' '0' '.1'}); 

model.material('mat4').propertyGroup('def').set('heatcapacity', '1030'); 

model.material('mat4').propertyGroup('def').set('density', '300'); 

model.material('mat4').propertyGroup('def').set('TD', 'TD_solid_101_kPa_1(T[1/K])[m^2/s]'); 

model.material('mat4').propertyGroup('def').set('ratioofspecificheat', '1.4'); 
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model.material('mat4').propertyGroup('def').addInput('temperature'); 

model.material('mat6').name('Brick'); 

model.material('mat6').propertyGroup('def').set('thermalexpansioncoefficient', {'6e-6[1/K]' '0' '0' '0' '6e-6[1/K]' 

'0' '0' '0' '6e-6[1/K]'}); 

model.material('mat6').propertyGroup('def').set('density', '2150'); 

model.material('mat6').propertyGroup('def').set('heatcapacity', '1000'); 

model.material('mat6').propertyGroup('def').set('thermalconductivity', {'.85' '0' '0' '0' '.85' '0' '0' '0' '.85'}); 

model.material('mat6').propertyGroup('Enu').set('youngsmodulus', '17e9[Pa]'); 

model.material('mat6').propertyGroup('Enu').set('poissonsratio', '0.3'); 

model.material('mat7').name('Structural steel'); 

model.material('mat7').propertyGroup('def').set('relpermeability', {'1' '0' '0' '0' '1' '0' '0' '0' '1'}); 

model.material('mat7').propertyGroup('def').set('heatcapacity', '490'); 

model.material('mat7').propertyGroup('def').set('thermalconductivity', {'43.26' '0' '0' '0' '43.26' '0' '0' '0' '43.26'}); 

model.material('mat7').propertyGroup('def').set('electricconductivity', {'4.032e6[S/m]' '0' '0' '0' '4.032e6[S/m]' '0' 

'0' '0' '4.032e6[S/m]'}); 

model.material('mat7').propertyGroup('def').set('relpermittivity', {'1' '0' '0' '0' '1' '0' '0' '0' '1'}); 

model.material('mat7').propertyGroup('def').set('thermalexpansioncoefficient', {'12.3e-6[1/K]' '0' '0' '0' '12.3e-

6[1/K]' '0' '0' '0' '12.3e-6[1/K]'}); 

model.material('mat7').propertyGroup('def').set('density', '7850[kg/m^3]'); 

model.material('mat7').propertyGroup('Enu').set('youngsmodulus', '200e9[Pa]'); 

model.material('mat7').propertyGroup('Enu').set('poissonsratio', '0.33'); 

model.material('mat7').propertyGroup('Murnaghan').set('l', '-3.0e11[Pa]'); 

model.material('mat7').propertyGroup('Murnaghan').set('m', '-6.2e11[Pa]'); 

model.material('mat7').propertyGroup('Murnaghan').set('n', '-7.2e11[Pa]'); 

model.material('mat7').propertyGroup('Murnaghan').set('lambLame', '1.5e11[Pa]'); 

model.material('mat7').propertyGroup('Murnaghan').set('muLame', '7.5e10[Pa]'); 

model.material('mat7').propertyGroup('Lame').set('lambLame', '1.5e11[Pa]'); 

model.material('mat7').propertyGroup('Lame').set('muLame', '7.5e10[Pa]'); 

model.material('mat7').propertyGroup('NeoHookean').set('mu', '7.5e10[Pa]'); 

model.material('mat7').propertyGroup('NeoHookean').set('lambda', '1.5e11[Pa]'); 

  

model.physics('dl').prop('EquationForm').set('showAllModelInputs', '1'); 

model.physics('dl').feature('dlm1').set('K', {'2.94e-4'; '0'; '0'; '0'; '2.94e-4'; '0'; '0'; '0'; '2.94e-4'}); 

model.physics('dl').feature('dlm1').set('epsilon', '0.4'); 

model.physics('dl').feature('dlm1').set('kappa', {'2.9e-8'; '0'; '0'; '0'; '2.9e-8'; '0'; '0'; '0'; '2.9e-8'}); 

model.physics('dl').feature('dlm1').set('minput_temperature_src', 'root.mod1.T'); 

model.physics('dl').feature('dlm1').set('minput_pressure_src', 'root.mod1.p'); 

model.physics('dl').feature('dlm1').set('minput_pressure', '101325'); 

model.physics('dl').feature('dlm1').set('RefPressureCheck', '0'); 

model.physics('dl').feature('dlm1').set('PorousMaterial', 'mat2'); 

model.physics('dl').feature('dlm1').name('Darcy''s Law Material Model 1'); 

model.physics('dl').feature('init1').set('p', '101325'); 

  

model.physics('dl').feature('dlm2').set('K', {'2.94e-4'; '0'; '0'; '0'; '2.94e-4'; '0'; '0'; '0'; '2.94e-4'}); 

model.physics('dl').feature('dlm2').set('epsilon', '0.4'); 

model.physics('dl').feature('dlm2').set('kappa', {'5e-8'; '0'; '0'; '0'; '5e-8'; '0'; '0'; '0'; '5e-8'}); 

model.physics('dl').feature('dlm2').set('minput_temperature_src', 'root.mod1.T'); 

model.physics('dl').feature('dlm2').set('minput_pressure_src', 'root.mod1.p'); 

model.physics('dl').feature('dlm2').set('RefPressureCheck', '0'); 

model.physics('dl').feature('dlm2').set('PorousMaterial', 'mat3'); 

model.physics('dl').feature('dlm2').set('FluidMaterial', 'mat1'); 

model.physics('dl').feature('dlm2').name('Darcy''s Law Material Model 2'); 

model.physics('ht').prop('ShapeProperty').set('order_temperature', '2'); 
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model.physics('ht').feature('pm1').set('theta_p', '0.6'); 

model.physics('ht').feature('pm1').set('SolidMaterial', 'mat2'); 

model.physics('ht').feature('pm1').set('minput_pressure_src', 'root.mod1.p'); 

model.physics('ht').feature('pm1').set('RefPressureCheck', '0'); 

model.physics('ht').feature('fluid1').set('minput_pressure_src', 'root.mod1.p'); 

model.physics('ht').feature('fluid1').set('minput_velocity_src', 'root.mod1.dl.u'); 

model.physics('ht').feature('fluid1').set('minput_velocity', {'0'; '0'; '1'}); 

model.physics('ht').feature('fluid1').set('RefPressureCheck', '0'); 

model.physics('ht').feature('init1').set('T', '300'); 

  

model.physics('ht').feature('pm2').set('theta_p', '0.6'); 

model.physics('ht').feature('pm2').set('SolidMaterial', 'mat3'); 

model.physics('ht').feature('pm2').set('minput_pressure_src', 'root.mod1.p'); 

model.physics('ht').feature('pm2').set('RefPressureCheck', '0'); 

model.physics('ht').feature('solid1').set('minput_pressure_src', 'root.mod1.p'); 

model.physics('ht').feature('solid1').set('RefPressureCheck', '0'); 

model.physics('ht').feature('solid2').set('minput_pressure_src', 'root.mod1.p'); 

model.physics('ht').feature('solid2').set('RefPressureCheck', '0'); 

model.physics('ht').feature('solid3').set('minput_pressure_src', 'root.mod1.p'); 

model.physics('ht').feature('solid3').set('RefPressureCheck', '0'); 

model.physics('ht').feature('cc1').set('Lwall', '1.7'); 

model.physics('ht').feature('cc1').set('HeatTransferCoefficientType', 'ExtNaturalConvection'); 

model.physics('ht').feature('cc2').set('h', '4'); 

model.physics('ht').feature('cc2').set('Text', '300[K]'); 

model.physics('ht').feature('cc2').set('Lwall', '.12'); 

model.physics('ht').feature('cc2').set('HeatTransferCoefficientType', 'ExtNaturalConvection'); 

model.physics('ht').feature('sar1').set('Tamb', '300'); 

model.physics('ht').feature('sar1').set('epsilon_rad_mat', 'userdef'); 

model.physics('ht').feature('sar1').set('epsilon_rad', '0.9'); 

model.physics('c').field('dimensionless').component({'ci' 'R'}); 

model.physics('c').field('dimensionless').field('d'); 

model.physics('c').prop('EquationForm').set('form', 'Transient'); 

model.physics('c').feature('cfeq1').set('c', {'.00018' '0' '0' '.00018'; '0' '0' '0' '0'; '0' '0' '0' '0'; '0' '0' '0' '0'}); 

model.physics('c').feature('cfeq1').set('f', {'-(1.333e-3)*R*R*ci/((ks*(ro-R))+ds)'; '-(2.893e-19)*ci/((ks*(ro-

R))+ds)'}); 

model.physics('c').feature('cfeq1').set('da', {'0.4'; '0'; '0'; '1'}); 

model.physics('c').feature('cfeq1').set('be', {'0' 'dl.w'; '0' '0'; '0' '0'; '0' '0'}); 

model.physics('c').feature('init1').set('R', 'ro'); 

model.physics('c').feature('dir1').set('r', {'9.054e-4'; '0'}); 

model.physics('c').feature('dir1').set('useDirichletCondition', {'1'; '0'}); 

  

model.mesh('mesh1').feature('size').set('hauto', 1); 

model.mesh('mesh1').run; 

  

model.result.table('evl2').comments('Interactive 2D values'); 

  

model.coordSystem('sys1').set('coord', {'t1' 'n' 'to'}); 

  

model.study.create('std3'); 

model.study('std3').feature.create('time', 'Transient'); 

model.study('std3').feature.create('time2', 'Transient'); 

  

model.sol.create('sol1'); 
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model.sol('sol1').study('std3'); 

model.sol.create('sol2'); 

model.sol('sol2').study('std3'); 

model.sol.create('sol3'); 

model.sol('sol3').study('std3'); 

  

model.sol('sol1').feature.create('st1', 'StudyStep'); 

model.sol('sol1').feature.create('v1', 'Variables'); 

model.sol('sol1').feature.create('t1', 'Time'); 

model.sol('sol1').feature('t1').feature.create('fc1', 'FullyCoupled'); 

model.sol('sol1').feature('t1').feature.create('d1', 'Direct'); 

model.sol('sol1').feature('t1').feature.remove('fcDef'); 

model.sol('sol2').feature.create('st1', 'StudyStep'); 

model.sol('sol2').feature.create('v1', 'Variables'); 

model.sol('sol2').feature.create('t1', 'Time'); 

model.sol('sol2').feature('t1').feature.create('fc1', 'FullyCoupled'); 

model.sol('sol2').feature('t1').feature.create('d1', 'Direct'); 

model.sol('sol2').feature('t1').feature.remove('fcDef'); 

model.sol('sol3').feature.create('st1', 'StudyStep'); 

model.sol('sol3').feature.create('v1', 'Variables'); 

model.sol('sol3').feature.create('t1', 'Time'); 

model.sol('sol3').feature('t1').feature.create('fc1', 'FullyCoupled'); 

model.sol('sol3').feature('t1').feature.create('d1', 'Direct'); 

model.sol('sol3').feature('t1').feature.remove('fcDef'); 

  

model.result.dataset.create('rev1', 'Revolve2D'); 

model.result.create('pg1', 'PlotGroup2D'); 

model.result('pg1').feature.create('surf1', 'Surface'); 

model.result.create('pg3', 'PlotGroup2D'); 

model.result('pg3').feature.create('surf3', 'Surface'); 

model.result.create('pg2', 'PlotGroup1D'); 

model.result('pg2').set('probetag', 'none'); 

model.result('pg2').feature.create('glob1', 'Global'); 

model.result.create('pg15', 'PlotGroup1D'); 

model.result('pg15').set('probetag', 'none'); 

model.result('pg15').feature.create('lngr1', 'LineGraph'); 

model.result('pg15').feature('lngr1').selection.set([1 3]); 

data1=model.result.export.create('data1', 'Data'); 

  

model.result.create('pg9', 'PlotGroup1D'); 

model.result('pg9').set('probetag', 'none'); 

model.result('pg9').feature.create('lngr1', 'LineGraph'); 

model.result('pg9').feature('lngr1').selection.set([3]); 

  

model.result.create('pg16', 'PlotGroup1D'); 

model.result('pg16').set('probetag', 'none'); 

model.result('pg16').feature.create('ptgr1', 'PointGraph'); 

model.result('pg16').feature('ptgr1').selection.set([5]); 

  

model.result.create('pg7', 'PlotGroup1D'); 

model.result('pg7').set('probetag', 'none'); 

model.result('pg7').feature.create('ptgr1', 'PointGraph'); 

model.result('pg7').feature('ptgr1').selection.set([2]); 
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data2=model.result.export.create('data2', 'Data'); 

  

  

model.study('std3').feature('time').set('tlist', '0 1 2 5 10 18 25 50 100 300 600 900 1200 1500 1800'); 

model.study('std3').feature('time2').set('activate', {'dl' 'on' 'ht' 'on' 'c' 'off'}); 

model.study('std3').feature('time2').set('usesol', 'on'); 

model.study('std3').feature('time2').set('notsolmethod', 'sol'); 

model.study('std3').feature('time2').set('notstudy', 'std3'); 

model.study('std3').feature('time2').set('tlist', '0 1 2 5 10 18 25 50 100 300 600 900 1200 1500 1800'); 

%First solution run 

model.physics('dl').feature.create('in1', 'Inflow', 1); 

model.physics('dl').feature.create('pr1', 'Pressure', 1); 

model.physics('ht').feature.create('temp1', 'TemperatureBoundary', 1); 

model.physics('ht').feature.create('ofl1', 'ConvectiveOutflow', 1); 

  

model.physics('dl').feature('in1').selection.set([2]); 

model.physics('dl').feature('pr1').selection.set([5]); 

model.physics('ht').feature('temp1').selection.set([2]); 

model.physics('ht').feature('ofl1').selection.set([5]); 

model.physics('dl').feature('in1').set('U0', 'vel'); 

model.physics('dl').feature('pr1').set('p0', '101325'); 

model.physics('ht').feature('temp1').set('T0', 'temp'); 

  

model.sol('sol1').attach('std3'); 

model.sol('sol1').feature('st1').name('Compile Equations: Time Dependent'); 

model.sol('sol1').feature('st1').set('studystep', 'time'); 

model.sol('sol1').feature('v1').set('control', 'time'); 

model.sol('sol1').feature('t1').set('control', 'time'); 

model.sol('sol1').feature('t1').set('tlist', '0 1 2 5 10 18 25 50 100 300 600 900 1200 1500 1800'); 

model.sol('sol1').feature('t1').set('maxorder', '2'); 

model.sol('sol1').runAll; 

model.result('pg1').set('data', 'dset1'); 

  

for i=1:50 

model.physics('dl').feature('in1').selection.set([5]); 

model.physics('dl').feature('pr1').selection.set([2]); 

model.physics('ht').feature('temp1').selection.set([5]); 

model.physics('ht').feature('ofl1').selection.set([2]); 

model.physics('dl').feature('in1').set('U0', '.30'); 

model.physics('dl').feature('pr1').set('p0', '101325'); 

model.physics('ht').feature('temp1').set('T0', '300'); 

model.sol('sol2').attach('std3'); 

model.sol('sol2').feature('st1').name('Compile Equations: Time Dependent 2'); 

model.sol('sol2').feature('st1').set('studystep', 'time2'); 

model.sol('sol2').feature('v1').set('initmethod', 'sol'); 

model.sol('sol2').feature('v1').set('initsol', 'sol1'); 

model.sol('sol2').feature('v1').set('notsolmethod', 'sol'); 

model.sol('sol2').feature('v1').set('notsol', 'sol1'); 

model.sol('sol2').feature('v1').feature('mod1_R').set('solvefor', false); 

model.sol('sol2').feature('v1').feature('mod1_ci').set('solvefor', false); 

model.sol('sol2').feature('t1').set('control', 'time2'); 

model.sol('sol2').feature('t1').set('tlist', '0 1 2 5 10 18 25 50 100 300 600 900 1200 1500 1800'); 

model.sol('sol2').feature('t1').set('maxorder', '2'); 
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model.sol('sol2').runAll; 

model.result('pg3').set('data', 'dset2'); 

  

model.physics('dl').feature('in1').selection.set([2]); 

model.physics('dl').feature('pr1').selection.set([5]); 

model.physics('ht').feature('temp1').selection.set([2]); 

model.physics('ht').feature('ofl1').selection.set([5]); 

model.physics('dl').feature('in1').set('U0', 'vel'); 

model.physics('dl').feature('pr1').set('p0', '101325'); 

model.physics('ht').feature('temp1').set('T0', 'temp'); 

model.sol('sol1').attach('std3'); 

model.sol('sol1').feature('st1').name('Compile Equations: Time Dependent'); 

model.sol('sol1').feature('st1').set('studystep', 'time'); 

model.sol('sol1').feature('v1').set('initmethod', 'sol'); 

model.sol('sol1').feature('v1').set('initsol', 'sol2'); 

  

model.sol('sol1').feature('t1').set('control', 'time'); 

model.sol('sol1').feature('t1').set('tlist', '0 1 2 5 10 18 25 50 100 300 600 900 1200 1500 1800'); 

model.sol('sol1').feature('t1').set('maxorder', '2'); 

model.sol('sol1').runAll; 

model.result('pg1').set('data', 'dset1'); 

  

model.result.export('data1').set('solnum', {'15'}); 

model.result.export('data1').set('expr', {'T'}); 

model.result.export('data1').set('unit', {'degF'}); 

model.result.export('data1').set('descr', {'Temperature'}); 

model.result.export('data1').set('filename', 'C:\Users\sregura\Porous files\Analysis Comsol\conc\temp.csv'); 

model.result.export('data1').set('location', 'grid'); 

model.result.export('data1').set('gridstruct', 'grid'); 

model.result.export('data1').set('gridx2', '0'); 

model.result.export('data1').set('gridy2', 'range(0,0.1,1.7)'); 

model.result.export('data1').set('regulargridx2', '1'); 

model.result.export('data1').set('header', false); 

model.result.export('data1').set('fullprec', false); 

  

data1.run; 

  

model.result('pg7').set('xlabel', 'Time'); 

model.result('pg7').set('ylabel', 'ro-R'); 

model.result('pg7').set('xlabelactive', false); 

model.result('pg7').set('ylabelactive', false); 

model.result('pg7').feature('ptgr1').set('data', 'dset1'); 

model.result('pg7').feature('ptgr1').set('expr', 'ro-R'); 

model.result('pg7').feature('ptgr1').set('unit', ''); 

model.result('pg7').feature('ptgr1').set('descr', 'ro-R'); 

model.result.export('data2').set('solnum', {'10' '11' '12' '13' '14' '15'}); 

model.result.export('data2').set('expr', {'ro-R'}); 

model.result.export('data2').set('unit', {''}); 

model.result.export('data2').set('descr', {''}); 

model.result.export('data2').set('filename', 'C:\Users\sregura\Porous files\Analysis Comsol\conc\rad.csv'); 

model.result.export('data2').set('location', 'grid'); 

model.result.export('data2').set('gridx2', '0.3'); 

model.result.export('data2').set('gridy2', '0.4001'); 
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data2.run; 

  

disp(i); 

end 

model.result.dataset('rev1').set('startangle', '-90'); 

model.result.dataset('rev1').set('revangle', '225'); 

  

model.result('pg1').name('Pressure (dl)'); 

model.result('pg1').set('title', 'Surface: Temperature (K) '); 

model.result('pg1').set('titleactive', false); 

model.result('pg1').feature('surf1').set('data', 'dset1'); 

model.result('pg1').feature('surf1').set('solnum', '15'); 

model.result('pg1').feature('surf1').set('expr', 'T'); 

model.result('pg1').feature('surf1').set('unit', 'K'); 

model.result('pg1').feature('surf1').set('descr', 'Temperature'); 

  

model.result('pg3').name('Pressure (dl) 1'); 

model.result('pg3').set('title', 'Surface: Temperature (K) '); 

model.result('pg3').set('titleactive', false); 

model.result('pg3').feature('surf3').set('data', 'dset2'); 

model.result('pg3').feature('surf3').set('solnum', '4'); 

model.result('pg3').feature('surf3').set('expr', 'T'); 

model.result('pg3').feature('surf3').set('unit', 'K'); 

model.result('pg3').feature('surf3').set('descr', 'Temperature'); 

  

model.result('pg2').set('title', 'Global:  (K) '); 

model.result('pg2').set('xlabel', 'Time'); 

model.result('pg2').set('titleactive', false); 

model.result('pg2').set('xlabelactive', false); 

model.result('pg2').feature('glob1').set('data', 'dset1'); 

model.result('pg2').feature('glob1').set('expr', {'((aveop1(T)-273)*9/5)+32'}); 

model.result('pg2').feature('glob1').set('unit', {'K'}); 

model.result('pg2').feature('glob1').set('descr', {''}); 

  

out = model; 


