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ABSTRACT 
Porous burners offer potential for ultra-lean methane 
emission mitigation by combustion. In these systems heat 
recirculation between the porous medium and the fuel 
stream leads to enhanced combustion behaviour. In this 
research convective and radiative heat transfer models 
were added to the commercial computational fluid 
dynamics (CFD) code ANSYS CFX, to describe the 
interaction between the porous solid and the fluid. In 
addition a relatively detailed skeletal chemistry 
mechanism was incorporated and a stiff chemistry solver 
was used to provide an accurate assessment of the 
combustion behaviour. This paper describes the model 
basis, the skeletal kinetic mechanism and presents 
example results. The strategy used to obtain converged 
results from this highly coupled system is also discussed. 
The methodology used to include heat transfer within a 
porous matrix in ANSYS CFX provides a useful basis for 
the examination of porous burner technology and also has 
wider applicability in the minerals and process industries.  

NOMENCLATURE 
Av surface area density [m-1] 
cp specific heat capacity [J kg-1 K-1] 
dh hydraulic diameter [m] 
Dkm binary diffusion coefficient [m2 s-1] 
E blackbody intensity [W m-2] 
h heat transfer coefficient [W m-2 K-1] 
hs surface heat transfer coefficient [W m-2 K-1] 
hv volumetric heat transfer coefficient, hAv [W m-3 K-1] 
H enthalpy [J kg-1] 
I′ radiative intensity [W m-2] 
I forward radiation flux [W m-2] 
J backward radiation flux [W m-2] 
n coordinate, normal direction [m] 
Ns number of chemical species 
Nu Nusselt number 
Re Reynolds number 
S source term 
t time [s] 
T temperature [K] 
q nett radiant heat flux [W m-2] 
v  gas velocity [m s-1] 
W molecular weight [kg mole-1] 
x axial coordinate [m] 
Y mass fraction 
 
Γ diffusivity [m2 s-1] 
ε emissivity 
φ porosity 
λ thermal conductivity [W m-1 K-1] 

μ viscosity [kg m-1 s-1] 
θ solid angle [rad] 
ρ density [kg m-3] 
σ Stefan-Boltzmann constant [W m-2

 K-4] 
 
σa absorption coefficient [m-1] 
σs scattering coefficient [m-1] 
τ optical distance [m] 
ϕ radiation flux sum [W m-2] 
Ψ diffusive variable [K] 
ω molar rate of reaction [mole m-3 s-1] 
 
Subscripts: 
f fluid phase 
i vector component 
in inlet 
inf infinity 
k k-th species 
m m-th species 
s solid phase 
Ts solid temperature component 
ϕ radiation flux sum component 
Ψ diffusive variable 

INTRODUCTION 
An increased focus on fugitive emissions has been created 
recently by concerns over global warming. Anthropogenic 
methane (CH4) emissions, such as those from coal mine 
ventilation air, are the second highest contributor to the 
greenhouse effect after carbon dioxide (CO2) (IPCC, 
2007). The high global warming potential of CH4 is an 
important factor in its contribution to worldwide 
greenhouse gas emissions. In fact, CH4 has 25 times the 
global warming potential of CO2, due to its long life and 
indirect influences (Forster et al., 2007). One method of 
reducing the impact of these fugitive emissions is to 
convert the CH4 to CO2 via combustion (ACARP, 2007), 
so as to generate an overall reduction of approximately 
89% in global warming potential. Unfortunately, fugitive 
CH4 emissions are extremely difficult to combust stably 
and efficiently, due to the lean CH4 concentrations and 
large gas volumes typical of these sources. For example, 
coal mine ventilation air generally has concentrations of 
less than 1-vol% CH4 (US EPA, 2000), which is far below 
the normal flammability limit, of 5-vol% in air (Glassman, 
1996). New combustion techniques for mitigating 
greenhouse gases from ultra-lean sources are therefore 
highly desirable.  
 
Porous burners are an exciting development in combustion 
engineering. These systems no longer rely on traditional 
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free flames, but contain the combustion reaction within the 
pores of an inert solid matrix (refer to Figure 1). This 
innovation produces improved efficiencies, reduced 
pollutant emissions, an enlarged stable operating power 
range and, importantly, the ability to operate at 
concentrations near or below the lower flammability limit 
(< 5-vol%) (Mossbauer et al., 1999, Trimis and Durst, 
1996, Trimis et al., 1997). The properties of the porous 
materials are crucial to the combustion performance, as 
they directly influence the degree of heat recirculation 
occurring in the burner. An improved knowledge of 
porous burner materials design is necessary to extend the 
operating range to ultra-lean concentrations.  
 

 
Figure 1: The heated surface of a porous burner. 

Numerical analysis of porous burner technology is 
required to improve the understanding of the complex 
interaction of fluid dynamics, chemical reactions and 
thermal transport within the porous structure. A 
comprehensive model would augment experimental 
research, which is limited by restricted measurement 
techniques and the complexity of the interactions 
occurring within the burner (Howell et al., 1996, Kiefer et 
al., 2009). The majority of previous numerical porous 
burner studies are based upon CHEMKIN (Reaction 
Design, 2006) and have included examinations of thermal 
transport (Hackert et al., 1999), material properties (Barra 
et al., 2003, Kulkarni and Peck, 1996) and the importance 
of combustion chemistry (Zhou and Pereira, 1998). In 
other porous burner research, the FASTEST-3D 
computational fluid dynamics (CFD) software, developed 
at the University of Erlangen, was used to study 
hydrocarbon partial oxidation (Al-Hamamre et al., 2007) 
and the influence of ceramic foam structures upon 
dispersion (Steven et al., 2007). In other recent work, the 
ANSYS FLUENT code was used by Liu et al. (2009) to 
model a porous burner, but this research was limited by 
the use of a global mechanism and diffusive radiant 
transport. \ 

In our research, a one-dimensional, computational 
fluid dynamics model was developed using ANSYS CFX 
12.0 (2009), which incorporated the Navier-Stokes 
equations, solid and fluid energy equations and chemical 
species transport equations. Separate energy equations 
were implemented within the porous solid domain, to 
model heat transport between the phases. A skeletal CH4 
combustion mechanism was incorporated into the model 
and solved using a coupled chemistry solver. Profiles of 
temperature and chemical species evolution generated by 
the model are examined briefly in this paper. The long-
term objective of this research is to develop a numerical 

model for the analysis of materials design in ultra-lean 
porous burners.  

PROBLEM DESCRIPTION 
Governing Equations 
Conservation equations for mass, momentum, gas phase 
energy, solid phase energy and species were solved in this 
problem. Steady, laminar and Newtonian flow was 
assumed and the porous media was assumed to be 
homogeneous and inert. The governing equations are 
given below. 
Continuity equation: 

∇. φfρfv( )= 0          (1) 
Momentum equation:  

∇. φfρf v ⊗ v( )= −φf∇p + ∇.(φfμ∇v)     (2) 
Gas phase energy equation: 

∇. φfρfHfv( )= ∇.(φf λf∇Tf ) + hv (Ts − Tf )

−φf ωkHk
k=1

Ns

∑ Wk

  (3) 

Solid phase energy equation: 
q.)TT(h)T.(0 sfvsss ∇−−+∇∇= λφ    (4) 

Species conservation equation: 
∇.(ρf Ykv) = ∇.(ρfDkm∇Yk ) + ωkWk,
k ∈ 1,Ns[ ]

   (5) 

 
Separate solid and fluid energy equations were 

considered to accurately model local temperature 
differences between the solid and gas. The energy 
equations were coupled through the convective heat 
transfer term. This term was estimated by Fend et al. 
(2005) for a silicon carbide foam with 81% porosity and 
10 pores per inch, using the expressions:  

35.0Re95.0Nu =           (6) 

f

hdhNu
λ

=            (7) 

  
Re =

ρφf vdh

μ
           (8) 

where Re is the Reynolds number and Nu is the Nusselt 
number. The hydraulic diameter (dh) was approximated 
using the strut diameter of a tetrakaidecahedron-based unit 
cell, in accordance with Gibson and Ashby (1997). The 
volumetric heat transfer equation was calculated from: 

hAh vv =          (9) 
Pressure loss due to the presence of the porous matrix was 
incorporated through the Ergun correlation, as modified by 
Macdonald (1979): 
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The inclusion of radiation absorption by the solid is 
important for accurate numerical analysis of porous 
burners (Zhou and Pereira, 1997, Malico and Pereira, 
2001). Radiative transfer within the solid matrix was 
included in the analysis, but gas phase radiation was 
neglected due to the comparatively low emissivity of the 
gas. The solid was assumed to be a grey, diffuse and 
homogeneous medium. The equation of radiative transfer 
for isotropic scattering is (Viskanta et al., 1966): 
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where the change in radiation intensity is given on the left 
hand side of equation (11) and the contributions to this 
change (emission, absorption and scattering, respectively) 
are given on the right hand side. The Schuster-
Schwarzchild approximation (refer to Modest’s (2003) 
description for example) was used to solve the radiative 
transfer equation, as it leads to a relatively simple, 
computationally efficient radiation model. The 
implementation of this method is described in detail in the 
following sections. 

NUMERICAL MODEL DESCRIPTION 
Computational Domain and Material Properties 
The laboratory-scale porous burner system shown in 
Figure 1 provided the physical basis for the model. 
Accordingly, the one-dimensional model consisted of a 
240 mm long domain. This entity was created as a ‘porous 
domain’, and was therefore assumed to be a homogenous 
porous body. The material properties of the porous domain 
given in Table 1 are representative of a silicon carbide 
ceramic foam of 81% porosity and 10 pores per inch (Al-
Hamamre et al., 2007, Fend et al., 2005, Trimis et al., 
2005).  

Porosity (φf) 81%   
Hydraulic diameter (dh) 0.83 × 10-3 m   
Area density (Av) 500 m-1   
Thermal conductivity (λs) 35 W m-1 K-1   
Heat capacity (cps) 800 J kg-1 K-1   
Absorption coefficient (σa) 46 m-1   
Scattering coefficient (σs) 224 m-1   
Emissivity 0.9   

Table 1 Material properties of the SiC foam modelled  

The computational domain was meshed using a uniform 
1D stack of 240 hexahedral elements of 1×10-3 m height 
and 1×10-4 m2 cross-sectional area (refer to Figure 2). 

 
Figure 2: Mesh unit cell  

The following boundary conditions were applied: i) 
gas inlet at the base of the domain, ii) gas outlet at the top 
surface of the domain, and iii) symmetry boundaries on all 
other walls.  

No additional domain was included to consider the 
burner outlet surface. It may be necessary to include such 
a domain in future research to accurately model surface 
flames that can occur at very low concentrations. 

Gas Mixture Properties 
A range of ultra-lean mixtures of CH4 and air were 
modelled in the burner at 10 atm, using an inlet 
temperature of 700 K. The four representative cases 
examined are given in Table 2. 

 

Case Methane Content 
(volume %) 

Firing Rate 
(kW/m2) 

1 2.00 150 
2 2.00 200 
3 2.25 150 
4 2.25 200 

Table 2 Four representative gas mixture inputs 

The firing rate was calculated by multiplying the inlet 
methane flow rate by its calorific value (39.82×106  
J m-3) and then dividing this heat release rate by the cross-
sectional area of the laboratory scale burner (7.85×10-3 
m2). 

The mass flow rate and velocity at the inlet for each 
case is given in Table 3. 

Case Mass Flow Rate  
(kg s-1) 

Velocity 
(m s-1) 

1 2.20×10-5 5.58×10-3 

2 2.94×10-5 7.39×10-3 
3 1.96×10-5 5.03×10-3 
4 2.61×10-5 6.67×10-3 

Table 3 Inlet flow conditions for the four cases 

Individual species’ thermal conductivity and viscosity 
values were incorporated into the model using polynomial 
temperature dependant expressions (Kee et al., 1986). 
Binary diffusion coefficients were included as temperature 
and pressure dependant polynomial expressions (Kee et 
al., 1986). The polynomial inputs were derived from the 
transport information provided by the GRI3.0 mechanism 
(Smith et al.).  

Numerical Implementation of the Governing Equations 
ANSYS CFX 12.0 (2009) does not support heat transfer 
within the solid and between the phases in a porous 
domain. Therefore, a number of additional equations were 
required to incorporate the heat transfer mechanisms 
within the porous domain. 

Modelling Conduction and Convective Transfer within 
the Porous Domain 
Separate solid and fluid energy equations were required in 
the model, to incorporate solid conduction and convective 
transfer between the solid and the fluid.  
 

In CFX, the steady-state conservation equation of a 
diffusive additional variable (Ψ), with units of [K], can be 
expressed as: 

∇.(φf ρfΓ∇Ψ) + φfSΨ = 0           (12) 
where Sψ is the source term and Γ is the diffusivity  
[m2 s-1]. Therefore, in comparison with equation (4), 
conductive transport within a porous solid can be included 
by setting the diffusive variable to be the solid 
temperature. The conservation equation becomes: 

∇⋅ (φfρfΓs∇Ts) + φfSΨ = 0          (13) 
where the solid thermal diffusivity of the solid is given by: 

Γs =
λsφs

φf ρfcps

             (14) 

Equation (14) was incorporated into the model as a 
kinematic diffusive transport coefficient for the solid 
temperature (Ts) additional variable.  
 
The source term (SΨ) in the conservation equation is 
related to the heat transfer source (S) by the equation: 
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SΨ =
S

(φ fcps)
             (15) 

where the source term for convective transport is: 
S= hAv(Tf −Ts)            (16) 

Therefore, the following source terms was added to the 
CFD model in the fluid energy equation and the solid 
temperature additional variable equations, respectively: 

Sf =
hAv(Ts − Tf )

φf

            (17) 

STs =
hAv(Tf − Ts)

φfcps

            (18) 

Source coefficients were set for improved model stability.  

Modelling Radiant Transfer within the Porous Domain 
Thermal radiation was also included in the domain 
through the use of a separate additional equation and 
appropriate source terms. The equation of radiative 
transfer for isotropic scattering (Equation 11) was solved 
using the Schuster-Schwarzchild approximation. This 
method is commonly known as the two flux model when 
applied in one-dimensional problems. The two flux model 
is based on the approximation that the radiative intensity 
(I′) over the solid angle range can be divided into the 
forward hemisphere and the backward hemisphere, such 
that:  

cosθ ′ I (cosθ,τ ) dcosθ
0

1

∫ ≈
1
2

′ I (cosθ,τ)d
0

1

∫ (cosθ) = I
 
(19) 

cosθ ′ I (cosθ,τ ) dcosθ
−1

0

∫ ≈
1
2

′ I (cosθ,τ )d
−1

0

∫ (cosθ) = J
 
(20) 

where I is the forward radiation flux and J is the backward 
radiation flux. The approximation creates two separate 
radiative transfer equations for the forward and backward 
fluxes, which when substituted into the equation of 
radiative transfer give: 

dI
dx

= −(σ a + σ s)I + σ aE +
σ s

2
(I + J)

 
     

(21) 

dJ
dx

= (σ a + σ s)J −σ aE −
σ s

2
(I + J)

    
(22) 

Using the radiation flux sum (ϕ = I+J) these equations can 
be added to give: 

dϕ
dx

= (σ a + σ s)(J − I)
      

(23) 

where the radiative flux sum (ϕ) is related to the net 
radiant heat flux (q) in the model by: 

q = ˆ i ϕ
          

(24) 
Again, a diffusive scalar equation was used to represent 
the flux sum ϕ: 

d
dx

1
σ a + σ s

dϕ
dx

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ =

d
dx

J − I( )
     

(25) 

which gives upon eliminating J-I: 
d

dx
1

σ a + σ s

dϕ
dx

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ = σ aϕ − 2σ aE

    
(26) 

This gives rise to the following source terms, which were 
implemented in the CFD model in the solid temperature 
equation and the radiation flux sum equation, respectively: 

STs =
σ aϕ − 2σ aE

φfcps        
(27) 

Sϕ = −
σ aϕ − 2σ aE

φf

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

      
(28) 

Source coefficients were again set for improved model 
stability.  

Boundary Conditions 
The following boundary conditions were applied in the 
CFD model, at the inlet: 

v = v in ; Tf = Tf,in ; Yk = Yk,in ; P = Pin       (29) 
and, at the outlet: 

∂Ts

∂n
=

∂Tf

∂n
=

∂Yk

∂n
=

∂P
∂n

= 0         (30) 

At the symmetry boundaries the following conditions were 
applied: 

0
n

Y
n
T

n
T, kfs =

∂
∂

=
∂
∂

=
∂
∂

= 0vn         (31) 

The solid temperature and radiation flux sum 
boundary conditions were implemented as specified 
fluxes, to prevent circular referencing of the solid 
temperature variable when a heat transfer coefficient was 
used. The solid temperature boundary condition at the 
inlet was: 

0)T(Th)T(T
n
T

sinf,s
4
s

4
inf,

s
ss =−+−+

∂
∂

− εσλφ   (32) 

and at the outlet: 

0)T(Th)T(T
n
T

sinfs
4
s

4
inf

s
ss =−+−+

∂
∂

− εσλφ   (33) 

The radiation flux sum boundary condition at the inlet is: 
I − J = εσ(Ts

4 − Tf,in
4 )        (34) 

and, at the outlet: 
I − J = εσ(Ts

4 − Tinf
4 )        (35) 

 
In previous porous burner research (Rumminger, 1996, 
Shardlow, 1999), the radiation boundary conditions 
implemented with a two-flux radiation model did not 
relate logically to the solid temperature boundary 
conditions. In contrast, the expressions used here are self-
consistent. 

Chemical Kinetics 
The combustion within the porous burner was described 
by the skeletal mechanism developed by Jazbec et al. 
(2000), which comprises 28 reactions and 12 species. This 
mechanism was derived from the full mechanism of 
Bromly et al. (1996) at 10 atm, 1000 K and 1-vol% CH4 in 
moist air. No other skeletal mechanism is currently 
available for ultra-lean methane combustion. The Jazbec et 
al. (2000) mechanism was developed specifically for use 
in CFD analysis and enabled the viability of the porous 
domain thermal transport model to be demonstrated. A 
separate low pressure, lean methane combustion 
mechanism will be developed and implemented in the 
CFD model in future research.  

Solution Method 
The commercial CFD code ANSYS CFX 12.0 was used to 
solve the porous burner model using equations 1-5, 13, 17-
18, 24, and 27-28. In order to account for the fast chemical 
rates, it was necessary to use the stiff chemistry solver, as 
described by Holm-Christensen et al. (2001). In summary, 
this approach decouples the chemistry and the fluid flow 
allowing the appropriate solver to be used at each step. 
Different timescales can also be applied to each solver. 

The initial conditions and start-up method were 
crucial to the successful use of the skeletal mechanism in 
the model. Initially, a high inlet temperature was used to 
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cause ignition in the model. The inlet temperature was 
slowly ramped down to the required value using the 
iteration number. A converged solution was easily 
obtained for stable flames. In contrast, mixtures 
approaching the flammability limits of the burner required 
additional iterations, based upon an appropriate initial 
guess. 

MODEL VALIDATION 
An analytical validation of the heat transfer equations was 
performed using fixed flux boundary conditions. The 
analytical temperature distribution coincided with the 
numerical results exactly. In addition, the validity of the 
chemical mechanism in the numerical model was 
confirmed using CHEMKIN (Reaction Design, 2006). 
This validation was accomplished by imposing a CFD 
fluid temperature output profile onto a plug flow reactor in 
CHEMKIN under the same inlet conditions. The CFD 
profile was obtained without gas transport in accordance 
with the plug flow reactor conditions. Comparisons of the 
concentration profiles from CHEMKIN with those from 
the CFD verified the correct implementation of the 
chemical mechanism within the CFD model. 

RESULTS AND DISCUSSION 
The temperature distribution along the burner length, for 
the gas mixtures examined, is given in Figure 3 and  
Figure 4. The adiabatic fluid temperature, for the 
corresponding CH4 concentration, is also shown.  

 
Figure 3: Fluid and solid temperature distributions within 
the burner model for gas mixtures 1 and 2 

 
Figure 4: Fluid and solid temperature distributions within 
the model for gas mixtures 3 and 4 

All four gas mixtures have similar temperature 
profiles. The fluid temperature exhibits a definite peak that 
coincides with the release of energy from the combustion 
reaction. It is important to note that the solid phase is 
hotter than the fluid phase in the entry zone because of 
internal heat recirculation from the combustion zone.  

The fluid temperature is observed to peak at values higher 
than the adiabatic flame temperature when the firing rate 
is 200 kW/m2 (cases 2 and 4). This superadiabatic 
behaviour is typical of efficient lean combustion in porous 
burners, and occurs when there is a condition of ‘excess 
enthalpy’ (Hardesty and Weinberg, 1973). This situation 
occurs when heat is recirculated from the combustion 
reaction zone via the solid matrix and acts to preheat the 
incoming gas mixture through convective transfer. 
Interestingly, the 150 kW/m2 gas mixtures (cases 1 and 3) 
operate subadiabatically, indicating that heat loss at the 
system boundaries exceeds the energy recirculation.  

The combustion behaviour within the porous burner 
can be investigated by examining the hydrogen radical 
mole fraction, as this species is associated with carbon 
dioxide formation in the Jazbec et al. (2000) low 
temperature mechanism. The influence of firing rate and 
CH4 concentration upon the hydrogen radical distribution 
within the burner is shown in Figure 5. The radical 
distribution profiles are shown in the flame front region 
(over a shortened length-scale) for clarity. 

 
Figure 5: The hydrogen radical molar fraction for the four 
gas mixture compositions near the flame front 

In this research, the combustion zone was observed to 
relocate downstream (towards the outlet) and be of lower 
intensity for the 2.00% CH4 concentration mixtures (cases 
1 and 2). The relatively low energy density and higher 
inlet velocities of the leaner mixtures altered the energy 
balance within the burner, thereby leading to an altered 
flame speed and combustion zone location. The peak 
hydrogen radical concentration was also observed to move 
further downstream at a firing rate of 200 kW/m2 (case 2). 
In this case, the carbon dioxide conversion occurred over a 
broader reaction zone, as indicated by the corresponding 
high temperatures observed in the solid temperature 
profile in Figure 3.  

The 200 kW/m2 mixtures (cases 2 and 4) were 
observed to have increased intensity combustion 
behaviour (higher temperatures and hydrogen radical 
concentrations) compared with the 150 kW/m2 mixtures 
(cases 1 and 3). This trend supports the superadiabatic 
fluid temperatures observed in Figure 3 and Figure 4. In 
summary, the combustion behaviour observed was directly 
affected by the energy balance within the system and 
exhibited behaviour characteristic of porous burners.  

CONCLUSIONS AND FUTURE RESEARCH 
A rigorous numerical model has been developed that 
represents the thermal transport occurring within and 
between the solid and fluid phases of a porous burner. The 
burner was modelled as a ‘porous domain’ in ANSYS 
CFX 12.0 using separate solid and fluid energy equations. 
Additional equations were included to represent the 
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thermal transport mechanisms. In particular, conduction 
within the solid phase, convection between the solid and 
fluid and solid radiative transfer based on the two-flux 
approximation were included.  
 Ultra-lean CH4/air mixtures were examined using this 
model with a 10 atm skeletal chemical mechanism. 
Superadiabatic combustion was observed at a firing rate of 
200 kW/m2 for CH4 concentrations of 2.00% and 2.25%. 
The model results indicated that the energy balance of the 
system determined the combustion performance and flame 
location. This balance was directly influenced by heat 
recirculation within the solid matrix and by solid to fluid 
convective transport. 

The successful incorporation of internal heat transfer 
mechanisms within a porous domain in ANSYS CFX is an 
important step towards an accurate representation of 
porous burners. This numerical approach will be used to 
improve the design of porous burners for ultra-lean 
combustion and has applicability in a wide range of 
situations that involve thermal transport in porous media. 
In the future, the numerical model will be refined through 
the inclusion of an appropriate atmospheric pressure 
chemical mechanism and by validation with experimental 
results. The type and number of materials examined within 
the burner will also be extended and an exhaust gas 
domain will be incorporated.  
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