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Modelization of a microreactor for the catalytic partial oxidation of methane

 

The aim of this project work is to create a CFD model of microreactor in order to simulate 

the catalytic partial oxidation of methane. It is about finding the characteristics in order to 

have a physically feasible reactor with optimized amount of component

catalytic partial oxidation of methane 

synthesis gas (syngas) 

production processes will be presented and compared to the o

Then the different tools and data that was necessary for the work

The big part of the project is based on the CFD Fluent model that will predict the behavior of 

the reaction and allow us to analyz

model has been created for this reason.

reactive gas and tubes for the cooling fluid.

model; so many different tests have been done. 

also been fixed due to the principal aim. 

has been analyzed in the reactive tubes and cooling tubes.

methane/oxygen ratio, 

analyzed.  

Temperatures from 300K to 1000K were tried for the reactive tubes, the cooling tube stayed 

at 300K in overall. Simulations without carbon dioxide in inlet and simulations with carbon 

dioxide in inlet appear to drastically change the behavior of the temperature. Carbon dioxide 

is always produced and not consumed so it has not been managed finding a way to 

revalorized it, which is also an answer to an important issue which is greenhouse gases 

emission. 

It has been seen that the temperature could bring a physical feasibility iss

some simulations there are too elevated temperature reached.

important characteristic but

conversion rates were reached

with difficulty allow a reactor that is optimized and at the same time physically feasible. 

appears that many other factors can be studied and could be 

industrial application of 
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Abstract 

The aim of this project work is to create a CFD model of microreactor in order to simulate 

the catalytic partial oxidation of methane. It is about finding the characteristics in order to 

have a physically feasible reactor with optimized amount of component

catalytic partial oxidation of methane (CPOM) is a process allowing the production of 

 which is primordial for the energy industry. First the main syngas 

production processes will be presented and compared to the one that is willing to be model.  

Then the different tools and data that was necessary for the work.  

The big part of the project is based on the CFD Fluent model that will predict the behavior of 

reaction and allow us to analyze and understand the chemistry in the reactor. A 3

model has been created for this reason. A multilubular reactor 

reactive gas and tubes for the cooling fluid. Many characteristics are important for this 

so many different tests have been done. The fact is that some characteristics have 

also been fixed due to the principal aim. First the influence of the temperature 

has been analyzed in the reactive tubes and cooling tubes. Then the influence of th

methane/oxygen ratio, and at the end the influence of the oxygen/carbon dioxide ratio

Temperatures from 300K to 1000K were tried for the reactive tubes, the cooling tube stayed 

at 300K in overall. Simulations without carbon dioxide in inlet and simulations with carbon 

nlet appear to drastically change the behavior of the temperature. Carbon dioxide 

is always produced and not consumed so it has not been managed finding a way to 

revalorized it, which is also an answer to an important issue which is greenhouse gases 

It has been seen that the temperature could bring a physical feasibility iss

some simulations there are too elevated temperature reached. 

characteristic but difficult to control through the simulations

conversion rates were reached. These simulations have shown to have a limit. These findings 

with difficulty allow a reactor that is optimized and at the same time physically feasible. 

appears that many other factors can be studied and could be at the end 

industrial application of the microreactor for the CPOM. 

1 

The aim of this project work is to create a CFD model of microreactor in order to simulate 

the catalytic partial oxidation of methane. It is about finding the characteristics in order to 

have a physically feasible reactor with optimized amount of component at its outlet. The 

is a process allowing the production of 

for the energy industry. First the main syngas 

ne that is willing to be model.  

The big part of the project is based on the CFD Fluent model that will predict the behavior of 

istry in the reactor. A 3-D 

A multilubular reactor made by tubes for the 

Many characteristics are important for this 

ct is that some characteristics have 

First the influence of the temperature in the tubes 

Then the influence of the 

influence of the oxygen/carbon dioxide ratio was 

Temperatures from 300K to 1000K were tried for the reactive tubes, the cooling tube stayed 

at 300K in overall. Simulations without carbon dioxide in inlet and simulations with carbon 

nlet appear to drastically change the behavior of the temperature. Carbon dioxide 

is always produced and not consumed so it has not been managed finding a way to 

revalorized it, which is also an answer to an important issue which is greenhouse gases 

It has been seen that the temperature could bring a physical feasibility issue because in 

 The H2/CO ratio is an 

difficult to control through the simulations. Good methane 

These simulations have shown to have a limit. These findings 

with difficulty allow a reactor that is optimized and at the same time physically feasible. It 

at the end a big help for the 
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1.1 Origin of work/Motivations

I’m a student of a French engineering school called ENSIC

process engineering and chemistry.

Erasmus student and during my last year of engineering studying in France; I was willing to 

do the research project called “development and research project” (PRD). 

 My wish is to work after my graduation 

industry or oil and gas. I am sensitive to the energy challenge of nowadays and want to be 

part of the transition between the energy of today and the energy of tomorrow. 

I have been interested by this project proposed by the IREC (“Institut de 

de Cataluña”) because it fits w

component that often takes part in many projects and works that I have 

recent research center which is specialized in energy, it’s a place in which I could learn and 

improve my scientific background. 
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1.PREFACE 

Origin of work/Motivations 

I’m a student of a French engineering school called ENSIC located in Nancy,

process engineering and chemistry. During my 6 months experience in Barcelona as an 

Erasmus student and during my last year of engineering studying in France; I was willing to 

do the research project called “development and research project” (PRD). 

is to work after my graduation in the energy industry most specifically 

industry or oil and gas. I am sensitive to the energy challenge of nowadays and want to be 

part of the transition between the energy of today and the energy of tomorrow. 

I have been interested by this project proposed by the IREC (“Institut de 

”) because it fits with my professional project. Besides 

component that often takes part in many projects and works that I have 

recent research center which is specialized in energy, it’s a place in which I could learn and 

improve my scientific background.  

3 

located in Nancy, specialized in 

During my 6 months experience in Barcelona as an 

Erasmus student and during my last year of engineering studying in France; I was willing to 

do the research project called “development and research project” (PRD).  

rgy industry most specifically petrol 

industry or oil and gas. I am sensitive to the energy challenge of nowadays and want to be 

part of the transition between the energy of today and the energy of tomorrow.  

I have been interested by this project proposed by the IREC (“Institut de Recerca en Energia 

 the carbon dioxide is a 

component that often takes part in many projects and works that I have done. The IREC is a 

recent research center which is specialized in energy, it’s a place in which I could learn and 
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2.1 Introduction 

The energy demand is continuously increasing due to demographic, economi

environmental factors. Indeed the world population increasing and the developing countries 

emergence motivate researchers and engineers to find ways to produce better energy and 

with good yields. Besides finding a way to improve the yields of product

of the products, the energy industry has another challenge nowadays which is the 

sustainable development. Indeed, the green house gases concentrations have been 

increasing a lot because of wastes and processes of the industry. This is 

global warming and especially carbon dioxide emissions which is the most present 

greenhouse gas. The vast majority of primary energy supply comes from the fossil fuels, 

which are used in different energy sectors. It comes that the Synth

Syngas which is a mixture composed of carbon monoxide and hydrogen (CO/H

important component in the industry [1].  This mixture may be an alternative to fossil fuels 

in generating electricity or for the production of e

Dimethyl Ether, Ammonia, and Methanol [2].

while being aware of the challenges of the energy industry. 

 

 

 

 

 

 

Figure 1:  General overview of the routes fro
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The energy demand is continuously increasing due to demographic, economi

environmental factors. Indeed the world population increasing and the developing countries 

emergence motivate researchers and engineers to find ways to produce better energy and 

with good yields. Besides finding a way to improve the yields of productions and the quality 

of the products, the energy industry has another challenge nowadays which is the 

sustainable development. Indeed, the green house gases concentrations have been 

increasing a lot because of wastes and processes of the industry. This is an issue related to 

global warming and especially carbon dioxide emissions which is the most present 

greenhouse gas. The vast majority of primary energy supply comes from the fossil fuels, 

which are used in different energy sectors. It comes that the Synthesis natural gas also called 

Syngas which is a mixture composed of carbon monoxide and hydrogen (CO/H

important component in the industry [1].  This mixture may be an alternative to fossil fuels 

in generating electricity or for the production of essential chemicals and liquid fuels as 

yl Ether, Ammonia, and Methanol [2]. The work focuses on this syngas production 

while being aware of the challenges of the energy industry.  
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Figure 1 shows the global routes from natural gas to chemicals, it allows highlightin

synthesis gas production

The most common process for 

represented by the reacti

Steam reforming reaction

• CH4 + H2O  ↔  

  

Natural gas shift reaction 

• CO+ H2O  ↔ CO

The conventional steam reforming process involves 

requires a large amount of external heating by use of natural gas resources and additionally 

it release a non negligible amount

The catalytic partial oxidation of methane CPOM is another way to product synthesis 

from methane. The interest for this reaction has been growing in the industry because of the 

efficiency and the selectivity it can reach.  It’s represented by the global reaction following: 

CPOM global reaction 

• CH4 + 1/2O2  ↔

The fact is that this global reaction is a combination of three other reactions known as 

primary techniques in the industry to produce synthesis 

Methane combustion  

- CH4 + 2O2 →

Steam reforming  

- CH4 + H2O ↔

Dry reforming 

- CH4 + CO2  ↔
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shows the global routes from natural gas to chemicals, it allows highlightin

synthesis gas production in the industry.  

The most common process for this syngas production is the Steam R

represented by the reactions bellow:  

Steam reforming reaction 

  CO + 3H2   ΔH° = + 206 kJ/mol

shift reaction  

CO2 + H2   ΔH° = -41,2 kJ/mol

The conventional steam reforming process involves highly endothermic reaction and 

requires a large amount of external heating by use of natural gas resources and additionally 

release a non negligible amount of CO2 to the environment. 

The catalytic partial oxidation of methane CPOM is another way to product synthesis 

The interest for this reaction has been growing in the industry because of the 

efficiency and the selectivity it can reach.  It’s represented by the global reaction following: 

 

↔  CO + 2H2   ΔH° = -36kJ/mol

The fact is that this global reaction is a combination of three other reactions known as 

primary techniques in the industry to produce synthesis gas.  

 

→CO2 + 2H2O  (MC)      ΔH°(298K) = - 803 kJ/mol

↔  CO + 3H2   (SR)     ΔH°(298K) = + 206 kJ/mol

↔ 2CO +2H2  (DR)     ΔH°(298K) = + 247 kJ/mol

5 

shows the global routes from natural gas to chemicals, it allows highlighting the 

production is the Steam Reforming process 

H° = + 206 kJ/mol  (1) 

41,2 kJ/mol  (2)  

highly endothermic reaction and 

requires a large amount of external heating by use of natural gas resources and additionally 

The catalytic partial oxidation of methane CPOM is another way to product synthesis gas 

The interest for this reaction has been growing in the industry because of the 

efficiency and the selectivity it can reach.  It’s represented by the global reaction following:  

36kJ/mol  (3) 

The fact is that this global reaction is a combination of three other reactions known as 

803 kJ/mol (4) 

H°(298K) = + 206 kJ/mol (1) 

H°(298K) = + 247 kJ/mol (5) 



Pág. 6 

6 

 

The interaction between these reactions allows us to evaluate the potential of the carbon 

dioxide utilization [1]. What can be the effect of its adding over the whole reaction? The fact 

that carbon dioxide may have an impact on the reaction raises the po

loops which could be added in the process. This could lead to a carbon dioxide emission 

decreasing on the atmosphere in addition to a process optimization

better process able to fit in the industry scale is what some engineers a

working for and recently it is the microreact

mixing and have accurate thermal and reaction time control. 

facilitates the safe and easy handling of hazardous or instable mat

exothermic reactions (as the methane combustion). Fast and easy parameter screening 

makes Microreactor Technology an ideal tool for process development. Some recent 

examples of catalytic technologies that are receiving increased emphasis 

produce cleaner energy sources; create higher quality petroleum

control, and utilize greenhouse gases, such as CO

methane gas to chemicals and fuels; minimize environmental 

environmental footprint; transform biomass to liquids or hydrogen; gasify biomass for 

production of either hydrogen or synthesis

technology [9]. Therefore, as a next generation catalysts and multi

technologies these types of reactors can match well with CPOM reaction, hence the purpose 

of this work. 

Finally the aim of this work is to model, simulate and optimize the partial catalytic oxidation 

of methane CPOM in a catalytic r

were carried out by ANSYS® Student V.19 software, by means of the ANSYS® Fluent 

platform, which applies a mathematical model for dynamic fluids (CFD).

 

 

 

 

reactions allows us to evaluate the potential of the carbon 

dioxide utilization [1]. What can be the effect of its adding over the whole reaction? The fact 

that carbon dioxide may have an impact on the reaction raises the potential idea of recycling 

which could be added in the process. This could lead to a carbon dioxide emission 

decreasing on the atmosphere in addition to a process optimization. A way to implement the 

better process able to fit in the industry scale is what some engineers and researchers are 

working for and recently it is the microreactors technology. Microreactors provide fast 

mixing and have accurate thermal and reaction time control. The small reactor volume 

facilitates the safe and easy handling of hazardous or instable materials and highly 

exothermic reactions (as the methane combustion). Fast and easy parameter screening 

an ideal tool for process development. Some recent 

examples of catalytic technologies that are receiving increased emphasis include those that: 

produce cleaner energy sources; create higher quality petroleum-based lubricants; capture, 

control, and utilize greenhouse gases, such as CO2;  convert natural gas or bio

methane gas to chemicals and fuels; minimize environmental impact or reduce the 

environmental footprint; transform biomass to liquids or hydrogen; gasify biomass for 

production of either hydrogen or synthesis gas and generate power using fuel

Therefore, as a next generation catalysts and multiphase catalytic process 

of reactors can match well with CPOM reaction, hence the purpose 

Finally the aim of this work is to model, simulate and optimize the partial catalytic oxidation 

of methane CPOM in a catalytic reactor over a Rhodium based catalyst. The simulations 

were carried out by ANSYS® Student V.19 software, by means of the ANSYS® Fluent 

platform, which applies a mathematical model for dynamic fluids (CFD). 

 

 

 

 

Memoria 

 

reactions allows us to evaluate the potential of the carbon 

dioxide utilization [1]. What can be the effect of its adding over the whole reaction? The fact 
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which could be added in the process. This could lead to a carbon dioxide emission 

A way to implement the 

researchers are 

Microreactors provide fast 

The small reactor volume 

erials and highly 

exothermic reactions (as the methane combustion). Fast and easy parameter screening 

an ideal tool for process development. Some recent 

include those that: 

based lubricants; capture, 

;  convert natural gas or bio-based 

impact or reduce the 

environmental footprint; transform biomass to liquids or hydrogen; gasify biomass for 

gas and generate power using fuel-cell 

phase catalytic process 

of reactors can match well with CPOM reaction, hence the purpose 

Finally the aim of this work is to model, simulate and optimize the partial catalytic oxidation 

eactor over a Rhodium based catalyst. The simulations 

were carried out by ANSYS® Student V.19 software, by means of the ANSYS® Fluent 
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3. Main syngas production processes 

 

3.1 Steam reforming 
 

The steam reforming process is used for light hydrocarbons (from natural gas to naphtha) 

without impurity (sulphur components). The most used stream is natural 

competitive costs with 

The global balance for the reaction is the following. It includes steps of H

and CO’s conversion thanks to the natural 

 

CH4 + 2H2O ↔ CO2 + 4H

 

CO+ H2O ↔ CO2 + H2 

 

The reaction is processed at

pressures (1.5-3 MPa). 

It is very endothermic: the process yet includes supply heat. Reaction is processed in a 

multitube reactor with a nickel

 

Figure 2 depicts the steam reforming process. In order to produce 

section called pressure swing absorption (PSA) is added (it is the most widespread process 

in the case if we want to produce pure hydrogen) 
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Main syngas production processes 

Steam reforming  

The steam reforming process is used for light hydrocarbons (from natural gas to naphtha) 

without impurity (sulphur components). The most used stream is natural 

competitive costs with a 74% pure hydrogen if the aim is only to produce it pure

The global balance for the reaction is the following. It includes steps of H

and CO’s conversion thanks to the natural gas shift reaction.  

+ 4H2 (SR)      (1) 

 (GSR)   (2) 

The reaction is processed at high temperatures (800-950°C) and under moderated 

3 MPa).  

It is very endothermic: the process yet includes supply heat. Reaction is processed in a 

multitube reactor with a nickel-based catalyst, heated by burners [5].

depicts the steam reforming process. In order to produce syngas

section called pressure swing absorption (PSA) is added (it is the most widespread process 

in the case if we want to produce pure hydrogen) [7]. 

Figure 2: Figure of a steam reforming process [7]. 
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Main syngas production processes  

The steam reforming process is used for light hydrocarbons (from natural gas to naphtha) 

without impurity (sulphur components). The most used stream is natural gas that allows 

% pure hydrogen if the aim is only to produce it pure.  

The global balance for the reaction is the following. It includes steps of H2’s production 

nd under moderated 

It is very endothermic: the process yet includes supply heat. Reaction is processed in a 

based catalyst, heated by burners [5]. 

syngas, a purification 

section called pressure swing absorption (PSA) is added (it is the most widespread process 
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3.2 Partial oxidation 
   
Partial oxidation of hydrocarbons is a non

produced with H2/CO ratio of about 2. This is considered as the optimal ratio for gas

liquids plants [7]. 

 

The catalytic version of partial oxidation (CPO), based on short

methane, hydrocarbons or biomass on e.g. rhodium catalysts, is suitable for small

applications and is the one that is being studied in our case [5].

oxidation can be seen in Figure 3. 

The associate reactions are the following:

 

CnHm + �/2 O2 → nCO + �/2 H2 Δ

nCO + nH2O → nCO2 + nH2 ΔH = -41 kJ.mol

 

 

 

 

Figure 3: Figure of a reactor

 

 

 

 

 

 

Partial oxidation  

Partial oxidation of hydrocarbons is a non-catalytic, large-scale process. Syngas can be 

/CO ratio of about 2. This is considered as the optimal ratio for gas

catalytic version of partial oxidation (CPO), based on short-contact time conversion of 

methane, hydrocarbons or biomass on e.g. rhodium catalysts, is suitable for small

applications and is the one that is being studied in our case [5]. A reactor used for partial 

 

The associate reactions are the following: 

ΔH = -36 kJ.mol-1 for n=1 et m=4  (6) 

41 kJ.mol-1for n=1    (7) 

 

 

 

: Figure of a reactor used for partial oxidation [7]. 
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/CO ratio of about 2. This is considered as the optimal ratio for gas-to-

contact time conversion of 
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3.3  Auto thermal reforming 
 

The auto thermal reforming is an interesting pro

combination between the two previous processes within an auto thermal reactor (ATR), 

allowing the exothermic reaction to bring energy necessary to the steam reforming. This 

results in an energetic optimization of the process 

The partial oxidation (exothermic) is processed in the homogenous burning area, in the 

entrance of the reactors. Hot gases produced are then directed to the catalytic area of the 

reactor for the syngas production. Catalyst is mostly nickel

MPa and temperature from 900 to 1100°C 

can be seen in Figure 4.

Figure 4
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Auto thermal reforming  

The auto thermal reforming is an interesting process from an energy

combination between the two previous processes within an auto thermal reactor (ATR), 

allowing the exothermic reaction to bring energy necessary to the steam reforming. This 

results in an energetic optimization of the process [5]. 

rtial oxidation (exothermic) is processed in the homogenous burning area, in the 

entrance of the reactors. Hot gases produced are then directed to the catalytic area of the 

reactor for the syngas production. Catalyst is mostly nickel-based. Pressure is fro

MPa and temperature from 900 to 1100°C [7]. A reactor used for auto thermal reforming 

can be seen in Figure 4. 

Figure 4: Figure of a reactor used for auto thermal reforming [7].
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cess from an energy viewpoint. It is a 

combination between the two previous processes within an auto thermal reactor (ATR), 

allowing the exothermic reaction to bring energy necessary to the steam reforming. This 

rtial oxidation (exothermic) is processed in the homogenous burning area, in the 

entrance of the reactors. Hot gases produced are then directed to the catalytic area of the 

based. Pressure is from 2 to 6 

A reactor used for auto thermal reforming 

 

: Figure of a reactor used for auto thermal reforming [7]. 
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3.4 Catalytic partial oxidation

 

CnHm + �/2 O2 → nCO + �/2 H2 Δ

As it is written above, it is the combination between the methane Combustion (MC), the 

Steam Methane Reforming (SR) and the dry reforming (DR) [

catalyst bed multichannel reactor as shows the Figure 5

are in most of the cases containing transition metals belonging to group VIII in the 

classification, such as rhodium, ruthenium, platinum, palladium, nickel and cobalt. The small

scale production of synthesis gas 

studied here.  

Figure 5: Figure of a reactor used for catalytic partial oxidation 

Many catalysts are more or less effective in the partial oxidation case [8]. 

based has been chosen in this work because of its efficiency and is supposed to increase the 

yield of the production of syngas. [1]

 

 

Catalytic partial oxidation 

ΔH = -36 kJ.mol-1 for n=1 et m=4 (8) 

As it is written above, it is the combination between the methane Combustion (MC), the 

Steam Methane Reforming (SR) and the dry reforming (DR) [2]. The reaction takes place in a 

as shows the Figure 5. The catalysts used for this reaction 

are in most of the cases containing transition metals belonging to group VIII in the 

classification, such as rhodium, ruthenium, platinum, palladium, nickel and cobalt. The small

 from the catalytic partial oxidation of methane is being 

 

: Figure of a reactor used for catalytic partial oxidation [7]. 

or less effective in the partial oxidation case [8].  The rhodium 

based has been chosen in this work because of its efficiency and is supposed to increase the 

yield of the production of syngas. [1] 
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4.1 Computational fluid dynamics (CFD)

A tool for optimization of reaction temperature profiles is the compu

(CFD). It simulates the systems behavior

other related physical processes. It works by solving the equations of fluid flow (in a special 

form) over a region of interest, with specifi

region. The solution method is based on 

technique. In this technique, the region of interest is divided into small sub

control volumes. The equations a

volume. As a result, an approximation of the value of each variable at specific points 

throughout the domain can be obtained. In this way, one derives a full picture of the fluid 

behavior. CFD simulations over a Fluent code can be performed on ANSYS® software. 

ANSYS® is an engineering

behaves in real-world environments. This software has four suites where it is possible to 

analyze fluid dynamics, structural mechanics, electromagnetic and systems & multiphysics. 

In CFD, the simulations are realized through the software ANSYS® Fluent. 

The modeling of each case involves 5 important steps: 

1. Geometry (DesignModeler

2. Mesh (According to geometry) 

3. Model Settings (Establish the boundary conditions) 

4. Solver (Solving method) 

5. Results (Visualization and analysis)
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4. Methodology 

Computational fluid dynamics (CFD) 

tool for optimization of reaction temperature profiles is the compu

(CFD). It simulates the systems behavior, which can include fluid flow, heat transfer, and 

other related physical processes. It works by solving the equations of fluid flow (in a special 

form) over a region of interest, with specified (known) conditions on the boundary of that 

region. The solution method is based on Fluent code, is known as the finite volume 

technique. In this technique, the region of interest is divided into small sub

control volumes. The equations are discredited and solved iteratively for each control 

volume. As a result, an approximation of the value of each variable at specific points 

throughout the domain can be obtained. In this way, one derives a full picture of the fluid 

ons over a Fluent code can be performed on ANSYS® software. 

an engineering simulation software used to predict how the design of a product 

world environments. This software has four suites where it is possible to 

namics, structural mechanics, electromagnetic and systems & multiphysics. 

In CFD, the simulations are realized through the software ANSYS® Fluent. 

of each case involves 5 important steps:  

Modeler)  

2. Mesh (According to geometry)  

3. Model Settings (Establish the boundary conditions)  

4. Solver (Solving method)  

5. Results (Visualization and analysis) 
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which can include fluid flow, heat transfer, and 

other related physical processes. It works by solving the equations of fluid flow (in a special 

ed (known) conditions on the boundary of that 

code, is known as the finite volume 

technique. In this technique, the region of interest is divided into small sub-regions, called 

ed and solved iteratively for each control 

volume. As a result, an approximation of the value of each variable at specific points 

throughout the domain can be obtained. In this way, one derives a full picture of the fluid 

ons over a Fluent code can be performed on ANSYS® software.  

simulation software used to predict how the design of a product 

world environments. This software has four suites where it is possible to 

namics, structural mechanics, electromagnetic and systems & multiphysics. 

In CFD, the simulations are realized through the software ANSYS® Fluent.  
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4.2 Models 

 

• The energy equation is primary in this case. 

the simulation [2]. 
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• Viscous model: The standard k

more the systems turbulence. 

The turbulence energy kinetic k and its rate 

transport equations:  
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 �� represents the generation of turbulence kinetic energy due to the mean velocity 

gradients.  ��  is the generation of turbulence kinetic energy due to buoyancy. 

 ! represents the contribution of the fluctua

turbulence to the overall dissipation rate.

C1, C2 and C3 are constants.

for k and " , respectively. 

turbulence viscosity [11]. 

 

• Species model: To simulate the reactions the model chosen has been the species 

transport model with the volumetric reactions. The diffusion (inlet, energy source, 

thermal and multicomponent) has also been added. The solver used is the Stiff

Chemistry Solver because it is more willing to be performing well with the involving 

of very rapid reaction rates. 

 

 

The energy equation is primary in this case. It is an important one, which governs in 
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Viscous model: The standard k-epsilon model has been chosen because it reflects the 

more the systems turbulence.  

The turbulence energy kinetic k and its rate ε, are obtained from the following 
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the generation of turbulence kinetic energy due to the mean velocity 

is the generation of turbulence kinetic energy due to buoyancy. 

the contribution of the fluctuating dilatation in compressible 

turbulence to the overall dissipation rate. 

are constants.  6�  and  6"  are the turbulent Prandtl numbers 

 5�  and 7"  are user-defined source terms. 

To simulate the reactions the model chosen has been the species 

transport model with the volumetric reactions. The diffusion (inlet, energy source, 

multicomponent) has also been added. The solver used is the Stiff

Chemistry Solver because it is more willing to be performing well with the involving 

of very rapid reaction rates. 

Memoria 

 

which governs in 
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epsilon model has been chosen because it reflects the 

ε, are obtained from the following 

� 7"  (10) 

       (11) 

     

the generation of turbulence kinetic energy due to the mean velocity 

is the generation of turbulence kinetic energy due to buoyancy. 

ting dilatation in compressible 

are the turbulent Prandtl numbers 

defined source terms. +8  is the 

To simulate the reactions the model chosen has been the species 

transport model with the volumetric reactions. The diffusion (inlet, energy source, 

multicomponent) has also been added. The solver used is the Stiff 

Chemistry Solver because it is more willing to be performing well with the involving 
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4.3 Reactor design 

The ANSYS FLUENT software allows designing the reactor 

DesignModeler part. The reactor

Table 1: Characteristics of the reactor designed. 

  

number 

height (mm) 

width (mm) 

length(mm) 

unit volume (mm3) 

unit volume (mL) 

total volume (mL) 

The reactive gas enters by a channel while the cooling fluid enters by another one by 

alternating. This is one factor allowing the temperature control over the process. 

    

Reactive gas 

Cooling fluid   

Reactive gas 

Figure 6: Routes of the different 

 

The reactive gas is basically a mix of methane and air. The methane has to react with the 

oxygen in the air, during the simulation only oxygen is taken an account and carbon dioxide 
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The ANSYS FLUENT software allows designing the reactor we want to work in thanks to the 

DesignModeler part. The reactor, which has been designed has the characteristics following. 

: Characteristics of the reactor designed.  

reactive intern wall cooling extern wall

10 20 11 

40 40 40 

1 0,5 1 

100 100 100 100

4000 2000 4000 400

4 2 4 

40 40 44 

enters by a channel while the cooling fluid enters by another one by 

alternating. This is one factor allowing the temperature control over the process. 

      

      

 

 

: Routes of the different fluids through the tubes. 

The reactive gas is basically a mix of methane and air. The methane has to react with the 

oxygen in the air, during the simulation only oxygen is taken an account and carbon dioxide 
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we want to work in thanks to the 

the characteristics following.  

extern wall total 

2 1 

2 44 

2 35 

100 100 

400 154000 

0,4 154 

0,8 154 

enters by a channel while the cooling fluid enters by another one by 

alternating. This is one factor allowing the temperature control over the process.  

         

The reactive gas is basically a mix of methane and air. The methane has to react with the 

oxygen in the air, during the simulation only oxygen is taken an account and carbon dioxide 
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has also been used to study its effect. The coo

through the Z axis.  

 

 

 

 

 

     

Figure 7: Reactor 

 

 

   

 

 

      

 

Figure 8: The cooling inlets.  

 

Symmetry plans have been added in order to have a better sight of the phenomena in the 

tubes. One plan cutting in the middle of a reactive tube and one plan cutting in the middle of 

a cooling tube nearby. The model has been simplified thanks to that.  

 

 

 

 

has also been used to study its effect. The cooling fluid used is water. These fluids will go 

       

: Reactor geometry on DesignModeler. 

    Figure 9: The fluid inlets

Symmetry plans have been added in order to have a better sight of the phenomena in the 

tubes. One plan cutting in the middle of a reactive tube and one plan cutting in the middle of 

a cooling tube nearby. The model has been simplified thanks to that.   
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ling fluid used is water. These fluids will go 

  

: The fluid inlets. 

Symmetry plans have been added in order to have a better sight of the phenomena in the 

tubes. One plan cutting in the middle of a reactive tube and one plan cutting in the middle of 
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Figure 10: Final geometry 
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: Final geometry with symmetry plans. 
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4.3 Meshing 

In order to work on this complex issue it is necessary to create the most appropriate 

mesh for our reactor and allowing the simulation of the reactions. 

aware of the type of solutions that will be used

available. At the end a certain number of nodes and number of elements are 

determined thanks to the meshing section and this can be one factor of the 

simulations efficiency. The more 

will be done with precision cell by cell in the different elements but this also can, 

depending the tool you are using, make 

 

 

 

 

 

   Figure 11

 The different cells representing a volume dV 

The simulation will be done depending relative cells. 

 

 

 

 

     

 

Figure 12: Final m

 

 

In order to work on this complex issue it is necessary to create the most appropriate 

mesh for our reactor and allowing the simulation of the reactions. ANSYS Meshing is 

the type of solutions that will be used, and different types of mesh are 

available. At the end a certain number of nodes and number of elements are 

determined thanks to the meshing section and this can be one factor of the 

simulations efficiency. The more number of nodes we have the more the simulation 

will be done with precision cell by cell in the different elements but this also can, 

depending the tool you are using, make your work and simulation slower

Figure 11: Meshing of the reactor.    

he different cells representing a volume dV can be seen on Figure 11 and Figure 12. 

simulation will be done depending relative cells.  

       

: Final meshing with the symmetry plans. 
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In order to work on this complex issue it is necessary to create the most appropriate 

ANSYS Meshing is 

, and different types of mesh are 

available. At the end a certain number of nodes and number of elements are 

determined thanks to the meshing section and this can be one factor of the 

number of nodes we have the more the simulation 

will be done with precision cell by cell in the different elements but this also can, 

your work and simulation slower [10]. 

 

on Figure 11 and Figure 12. 
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4.4 Reaction model

The best way to simulate the 

thanks to the three reactions (MC, SR, DR).

Methane combustion  

- CH4 + 2O2 →

Steam reforming  

- CH4 + H2O ↔

Dry reforming 

- CH4 + CO2  ↔

“The kinetic laws are based on experimental data including the rhodium

found by Horn and Al” [1

 

9!: � 2.119 ∗ 10>?

                              

9@A � 1.0 ∗ 10BCTE

  

9FA � 7.0 ∗ 10BHT
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Reaction model 

The best way to simulate the CPOM is of course to simulate all the indirect mechanism 

he three reactions (MC, SR, DR). 

 

→CO2 + 2H2O  (MC)      ΔH°(298K) = - 803 kJ/mol

↔  CO + 3H2   (SR)     ΔH°(298K) = + 206 

↔ 2CO +2H2  (DR)     ΔH°(298K) = + 247 kJ/mol

“The kinetic laws are based on experimental data including the rhodium

[1].  

>?exp �#AL
M? N:OPNQR (12)  

                                

Eexp �#AL
PH.SN:OPNORQ # TUVWX,@A

B> N:OP

TPexp �#AL
SR N:OPN:QR # TUVWX,FA

B> N:OPN
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CPOM is of course to simulate all the indirect mechanism 

803 kJ/mol (4) 

H°(298K) = + 206 kJ/mol (1) 

H°(298K) = + 247 kJ/mol (5) 

“The kinetic laws are based on experimental data including the rhodium-based catalyst 

   

    

PNORQ  (13) 

N:QR  (14) 
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4.5 Boundary conditions  

Boundary conditions consist of flow inlets and exit boundaries, wall, repeating, and pole 

boundaries, and internal face boundaries.

zone (previously named when the mesh was designed) were specified.

 

• Gas mixture inlet: the boundary was the velocity

In this zone, the principal conditions were specified such as the velocity magnitude: 0.8 

(m/s); turbulent kinetic energy: 10000 (m2 /s2); turbulent dissipation rate: 1 (m2 /s3 ).The 

temperature and the mole fraction of components is the only thing that is varying through 

the different simulations. From 300 K to 1000K simulations have been done concerning the 

temperature. The components fractions have been changed through the simulations for the 

methane, the oxygen and the carbon dioxide.

• Gas Mixture Outlet: the boundary was the pressure

In this zone, the principal conditions were specified such as the gauge pressure: atmospheric 

pressure; turbulent kinetic energy: 10000 (m2 /s2

The temperature is the same than the one that have been put for the inlet. No fractions 

have been specified, the fractions coming out from the simulation is a part of the main 

purpose of the work and what is anal

• The boundary condition for the symmetry plane and the Interface were specified by 

the software. 

• For the tube, the boundary was the wall. In this zone, the principal conditions were 

specified such as the wall motion: stationary wall; shear condition:

roughness; models: standard; material: steel;

• The walls aren’t adiabatic so a condition over the heat flux is that it must not be zero. 

• Cooling tube inlet and outlet (Velocity inlet, pressure outlet): 

The velocity of the inlet cooling fluid:

cooling of the reaction tube is the same for the inlet and outlet most of the time 300 (K) or 

500 (K) for an atmospheric pressure. 

Some physical properties as the thermal capacity of the gas (C

gas conductivity (Z̅ �[5U5 = 5753.79 W/m 

Andreina [12]. 

 

 

 

ions consist of flow inlets and exit boundaries, wall, repeating, and pole 

boundaries, and internal face boundaries. The boundary conditions of our base case for each 

zone (previously named when the mesh was designed) were specified. 

Gas mixture inlet: the boundary was the velocity-inlet.  

In this zone, the principal conditions were specified such as the velocity magnitude: 0.8 

(m/s); turbulent kinetic energy: 10000 (m2 /s2); turbulent dissipation rate: 1 (m2 /s3 ).The 

the mole fraction of components is the only thing that is varying through 

the different simulations. From 300 K to 1000K simulations have been done concerning the 

temperature. The components fractions have been changed through the simulations for the 

ne, the oxygen and the carbon dioxide. 

Gas Mixture Outlet: the boundary was the pressure-outlet.  

In this zone, the principal conditions were specified such as the gauge pressure: atmospheric 

t kinetic energy: 10000 (m2 /s2); turbulent dissipation rate: 1 (m2 /s3 ); 

emperature is the same than the one that have been put for the inlet. No fractions 

have been specified, the fractions coming out from the simulation is a part of the main 

purpose of the work and what is analyzed.  

The boundary condition for the symmetry plane and the Interface were specified by 

For the tube, the boundary was the wall. In this zone, the principal conditions were 

specified such as the wall motion: stationary wall; shear condition: 

roughness; models: standard; material: steel; 

The walls aren’t adiabatic so a condition over the heat flux is that it must not be zero. 

Cooling tube inlet and outlet (Velocity inlet, pressure outlet):  

The velocity of the inlet cooling fluid: 0.1 (m/s) and the temperature necessary for the 

cooling of the reaction tube is the same for the inlet and outlet most of the time 300 (K) or 

500 (K) for an atmospheric pressure.  

Some physical properties as the thermal capacity of the gas (Cp Gases = 0.53 J/kg 

= 5753.79 W/m ∙ K) are based on experimental data found by Alarcon 
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ions consist of flow inlets and exit boundaries, wall, repeating, and pole 

The boundary conditions of our base case for each 

In this zone, the principal conditions were specified such as the velocity magnitude: 0.8 

(m/s); turbulent kinetic energy: 10000 (m2 /s2); turbulent dissipation rate: 1 (m2 /s3 ).The 

the mole fraction of components is the only thing that is varying through 

the different simulations. From 300 K to 1000K simulations have been done concerning the 

temperature. The components fractions have been changed through the simulations for the 

In this zone, the principal conditions were specified such as the gauge pressure: atmospheric 

); turbulent dissipation rate: 1 (m2 /s3 ); 

emperature is the same than the one that have been put for the inlet. No fractions 

have been specified, the fractions coming out from the simulation is a part of the main 

The boundary condition for the symmetry plane and the Interface were specified by 

For the tube, the boundary was the wall. In this zone, the principal conditions were 

 no slip and 

The walls aren’t adiabatic so a condition over the heat flux is that it must not be zero.  

0.1 (m/s) and the temperature necessary for the 

cooling of the reaction tube is the same for the inlet and outlet most of the time 300 (K) or 

53 J/kg ∙ K) and the 

are based on experimental data found by Alarcon 
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Table 3: Resume of the boundary conditions.

Solid: Steel 

Zone reactive : gas mixture (CH

Gas mixture inlet (velocity

Velocity magnitude: 0.8 (m/s)

Turbulent kinetic energy: 10000 (m2/s2)

Turbulent dissipation rate : 1 (m2/s2)

Temperature: from 300 to 1000 K

Usually 800k 

Species mole fraction: variable

 

Figure 13 shows an illustrative example of successful iterative simulation 

The proposed model goes steady to a stable solution; otherw

The iteration process typically lasted about 30

 

 

 

 

 

 

 

 

 

 

Figure 13: Scaled resi
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: Resume of the boundary conditions. 

Materials 

Zone reactive : gas mixture (CH4, O2, CO2, H2O, H2,CO)  

Boundary conditions 

Gas mixture inlet (velocity-inlet) 

Velocity magnitude: 0.8 (m/s) 

Turbulent kinetic energy: 10000 (m2/s2) 

Turbulent dissipation rate : 1 (m2/s2) 

Temperature: from 300 to 1000 K 

Species mole fraction: variable 

Gas mixture outlet (pressure

Gauge pressure: atmospheric pressure

Turbulent kinetic energy: 10000 (m2/s2)

Turbulent dissipation rate : 1 (m2/s2)

Temperature: from 300 to 1000 K

Species mole fraction: No specifications

an illustrative example of successful iterative simulation 

proposed model goes steady to a stable solution; otherwise, the results were rejected.

rocess typically lasted about 30 minutes. 

: Scaled residuals of simulation at 800K (0.7 CH4, 0.3 O2). 
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mixture outlet (pressure-outlet) 

Gauge pressure: atmospheric pressure 

Turbulent kinetic energy: 10000 (m2/s2) 

Turbulent dissipation rate : 1 (m2/s2) 

from 300 to 1000 K 

Species mole fraction: No specifications 

an illustrative example of successful iterative simulation  

ise, the results were rejected. 
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4.6  Calculations 

Through the different simulations some values are fixed in order to observe and analyze the 

behavior of some characteristics. The main objectives are simple. First, the methane 

conversion’s rate must be important. It is necessary that most of the methane react. This 

conversion rate is a characteristic that is being observed through the simulations and is 

expressed by: 

XCH4 (%) = (1- (nCH4outlet/nCH4inlet)) x 100

Then, as it is Syngas that is willing

between the hydrogen and the monoxide carbon is the one mainly used in the industry. It is 

true that this one can be adjusted after the reactor thanks to other processes but having a 

good product directly after the reactor is an objective, so the H

outlet.  

As we want to valorize the CO2 utilization it’s important to be aware about its conversion. 

The CO2 conversion in this case is defined by:

XCO2 (%) = (1-(nCO2outlet-n°CO2outlet

“Where n°CO2outlet is the number of mole of CO

condition of without CO2 addition” [1]. It means that the reactor must be in the same 

conditions but without the CO2 with the same number o

  

 

 

 

Through the different simulations some values are fixed in order to observe and analyze the 

behavior of some characteristics. The main objectives are simple. First, the methane 

important. It is necessary that most of the methane react. This 

conversion rate is a characteristic that is being observed through the simulations and is 

)) x 100  (15) 

Then, as it is Syngas that is willing to be produced, it would be great if the outlet ratio 

between the hydrogen and the monoxide carbon is the one mainly used in the industry. It is 

true that this one can be adjusted after the reactor thanks to other processes but having a 

tly after the reactor is an objective, so the H2/CO ratio is important at the 

utilization it’s important to be aware about its conversion. 

The CO2 conversion in this case is defined by: 

2outlet)/nCO2inlet) x 100  (16) 

outlet is the number of mole of CO2 at the exit of the reactor under the 

addition” [1]. It means that the reactor must be in the same 

with the same number of moles of methane. 
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Through the different simulations some values are fixed in order to observe and analyze the 

behavior of some characteristics. The main objectives are simple. First, the methane 

important. It is necessary that most of the methane react. This 

conversion rate is a characteristic that is being observed through the simulations and is 

to be produced, it would be great if the outlet ratio 

between the hydrogen and the monoxide carbon is the one mainly used in the industry. It is 

true that this one can be adjusted after the reactor thanks to other processes but having a 

/CO ratio is important at the 

utilization it’s important to be aware about its conversion. 

at the exit of the reactor under the 

addition” [1]. It means that the reactor must be in the same 
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5.1 Reactive conditions

 

a) Temperature 

The methane combustion (MC) is a really exothermic reaction compared to the 

reactions, steam reforming (SM) or the dry reform

means that the temperature of our reactive stream is important to

happening. Thus, it occurs that depending the temperature one reaction can predominate 

over the others. Moreover

temperature through the cooling tubes

taking place in the reactor for temperature equals or inferiors than 700K. 

The fact is that in our system the reaction rate of the first reaction (Metha

way higher than the others. 

temperature increase rapidly. When the temperature of the gas increases the temperature 

of the cooling fluid also, but this is on a small p

the outlet, the outlet temperature is almost the same of the cooling temperature. 

The more the temperature will be high the more the combustion will predominate and at 

the end hydrogen and carbon dioxide are obta

The more the inlet mole fraction of oxygen is important the more the methane combustions 

rate can be high.  

The main objective is to obtain the best conditions for producing syngas in our reactor; it 

means an acceptable hydrogen/Carbo

These words can be traduced by the table bellow, representing the maximum kinetic rates 

of the different reactions for three different temperatures and the same inlet reactive and 

cooling temperatures.  
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5. Results and discussion 

Reactive conditions 

Temperature  

The methane combustion (MC) is a really exothermic reaction compared to the 

steam reforming (SM) or the dry reforming (DR) that are endothermic. 

means that the temperature of our reactive stream is important to

it occurs that depending the temperature one reaction can predominate 

over the others. Moreover, in our case we worked at high inlet temperatures. 

temperature through the cooling tubes was set at 300K. It appears that the reaction 

taking place in the reactor for temperature equals or inferiors than 700K. 

The fact is that in our system the reaction rate of the first reaction (Metha

way higher than the others. Therefore, it is specifically of this reaction that will make the 

temperature increase rapidly. When the temperature of the gas increases the temperature 

of the cooling fluid also, but this is on a small part of the reactor, then the

the outlet, the outlet temperature is almost the same of the cooling temperature. 

The more the temperature will be high the more the combustion will predominate and at 

the end hydrogen and carbon dioxide are obtained in majority but no carbon monoxide. 

The more the inlet mole fraction of oxygen is important the more the methane combustions 

The main objective is to obtain the best conditions for producing syngas in our reactor; it 

table hydrogen/Carbon-monoxide ratio at the outlet.

These words can be traduced by the table bellow, representing the maximum kinetic rates 

of the different reactions for three different temperatures and the same inlet reactive and 
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The methane combustion (MC) is a really exothermic reaction compared to the other two 

ing (DR) that are endothermic. That 

means that the temperature of our reactive stream is important to make the reaction 

it occurs that depending the temperature one reaction can predominate 

at high inlet temperatures. Cooling water 

t appears that the reaction was not 

taking place in the reactor for temperature equals or inferiors than 700K.  

The fact is that in our system the reaction rate of the first reaction (Methane Combustion) is 

this reaction that will make the 

temperature increase rapidly. When the temperature of the gas increases the temperature 

f the reactor, then the gas is cooled till 

the outlet, the outlet temperature is almost the same of the cooling temperature.  

The more the temperature will be high the more the combustion will predominate and at 

ined in majority but no carbon monoxide.  

The more the inlet mole fraction of oxygen is important the more the methane combustions 

The main objective is to obtain the best conditions for producing syngas in our reactor; it 

monoxide ratio at the outlet. 

These words can be traduced by the table bellow, representing the maximum kinetic rates 

of the different reactions for three different temperatures and the same inlet reactive and 
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Table 4: Table of reactions kinetic rates (0.7CH

Depending the inlet characteristics, a certain temperature needs to be reached by the fluid 

to activate the reaction. By changing the cooling water temperature a balance can also be 

found and the reaction can be activated at a higher reactive tube temperat

fluid is higher for example.  

The temperature profiles were plotted

through the tubes. The inlet to the outlet goes from the left to the right. 

 

 

 

 

 

 

 

Figure 14: Temperature profile 

 

 

Temperature 

(K) 

Kinetic rate MC 

(kmol/m3-s) 

700 

800 

1000 

 

 

le of reactions kinetic rates (0.7CH4 0.3O2 300K cooling water)

Depending the inlet characteristics, a certain temperature needs to be reached by the fluid 

to activate the reaction. By changing the cooling water temperature a balance can also be 

found and the reaction can be activated at a higher reactive tube temperature if the cooling 

plotted in order to have a better sight of its distribution 

The inlet to the outlet goes from the left to the right.  

 

Temperature profile in the reactive tube and cooling tube (800k 0.5 CH4

rate MC Kinetic rate SR (kmol/m3-

s) 

Kinetic rate DR (kmol/m3

s) 

0,66 0,007 

66,9 0,73 

154,6 1,64 

Memoria 

 

300K cooling water). 

Depending the inlet characteristics, a certain temperature needs to be reached by the fluid 

to activate the reaction. By changing the cooling water temperature a balance can also be 

ure if the cooling 

in order to have a better sight of its distribution 

4, 0.5 O2) 

Kinetic rate DR (kmol/m3-

0,0056 

0,78 

1,8 
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Figure 15: Temperature profile in the cooling tube (800k 0.5 CH

 

Figure 14 and figure 15 show

from the inlet to the outlet. The cooling temperature is increasing because of the reactive 

gas temperature but does not reach the same peak. The reactive tube is 

the cooling temperature which is 30

oxygen the reactive tube is cooled but the fact is that the overpresence of methane makes 

the methane combustion 

the temperature which can

temperature profiles allow highlight two issues. First, the temperature is really high in the 

reactive tube. In fact, the temperature is higher than 

materials used in the industry, so the reactor 

temperatures (more than 2000K).

elevated values. Therefore, this type of reactor can’t exist because of the mater

and an unavailable cooling fluid
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Temperature profile in the cooling tube (800k 0.5 CH4, 0.5 O2) 

and figure 15 show from the left to the right the temperature profile in the reactor 

from the inlet to the outlet. The cooling temperature is increasing because of the reactive 

gas temperature but does not reach the same peak. The reactive tube is 

the cooling temperature which is 300K. In the case where there is more methane than 

he reactive tube is cooled but the fact is that the overpresence of methane makes 

the methane combustion keeping on through the reactor, and brings a second increasing 

the temperature which can be higher than the other cases as it is shown in Figure 16.

temperature profiles allow highlight two issues. First, the temperature is really high in the 

reactive tube. In fact, the temperature is higher than melting temperature of the stee

used in the industry, so the reactor would certainly melt, no alloy can resist such 

temperatures (more than 2000K). Then, the temperature of the cooling water can’t reach so 

. Therefore, this type of reactor can’t exist because of the mater

and an unavailable cooling fluid in those circumstances.  
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the temperature profile in the reactor 

from the inlet to the outlet. The cooling temperature is increasing because of the reactive 

gas temperature but does not reach the same peak. The reactive tube is then cooled until 

In the case where there is more methane than 

he reactive tube is cooled but the fact is that the overpresence of methane makes 

, and brings a second increasing of 

higher than the other cases as it is shown in Figure 16.  These 

temperature profiles allow highlight two issues. First, the temperature is really high in the 

melting temperature of the steel 

would certainly melt, no alloy can resist such 

Then, the temperature of the cooling water can’t reach so 

. Therefore, this type of reactor can’t exist because of the material properties 
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Figure 16: Temperature profile

Figure 16 shows temperature profile

methane, the methane combustion is favored,

 

 

 

 

 

 

 

 

Figure 17: Scaled resi

 

 

 

: Temperature profile in reactive tube (800K 0.6 CH4 0.4 O2) 

temperature profile in the reactor in a case when there is more o

the methane combustion is favored, higher temperature peaks are reached

: Scaled residuals of simulation at 1000K (0.7 CH4, 0.3 O2). 
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more oxygen than 

higher temperature peaks are reached. 
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It is noticeable that the 

temperature. There are more peaks at higher temperature while the convergence is reached 

earlier at a lower temperature

 

b) Methane/Oxygen ratio

In addition to the temperature, the molar ratio between the methane and 

inlet fluid is also important. The CH

reaction was not taking place

fluid is not really relevant because the methane is the base of

the oxygen that is supposed to be used is the one that the air contains. The oxygen in the air 

reacts with the methane, an over presence of oxygen can also lead to increase the methane 

combustion kinetic rate and only this rea

decrease, the more the maximum temperature 

peak is always except some cases the highest point in the reactive tube.

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Graph of the 
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It is noticeable that the scaled residuals comportment is different depending the 

are more peaks at higher temperature while the convergence is reached 

earlier at a lower temperature the difference between the figures 14 and 15 

Methane/Oxygen ratio 

In addition to the temperature, the molar ratio between the methane and 

inlet fluid is also important. The CH4/O2 molar ratio must not be superior than 2.33 or the 

was not taking place. Therefore, adding more oxygen than methane in the inlet 

fluid is not really relevant because the methane is the base of our process; in the industry 

the oxygen that is supposed to be used is the one that the air contains. The oxygen in the air 

reacts with the methane, an over presence of oxygen can also lead to increase the methane 

combustion kinetic rate and only this reaction could be seen in this case. The more this ratio 

decrease, the more the maximum temperature peak reached in the reactor is high. 

peak is always except some cases the highest point in the reactive tube.

: Graph of the maximum temperature in the reactor over CH
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different depending the 

are more peaks at higher temperature while the convergence is reached 

the difference between the figures 14 and 15 illustrate it.  

In addition to the temperature, the molar ratio between the methane and oxygen in the 

molar ratio must not be superior than 2.33 or the 

. Therefore, adding more oxygen than methane in the inlet 

our process; in the industry 

the oxygen that is supposed to be used is the one that the air contains. The oxygen in the air 

reacts with the methane, an over presence of oxygen can also lead to increase the methane 

ction could be seen in this case. The more this ratio 

in the reactor is high. The first 

peak is always except some cases the highest point in the reactive tube. 

maximum temperature in the reactor over CH4/O2 ratio. 
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Figure 19: Graph of the kinetic rate of reactions 

 

Figure 20: Graph of the kinetic rate of reactions (SR and DR) 
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: Graph of the kinetic rate of reactions (MC) over the CH4/O2 ratio

f the kinetic rate of reactions (SR and DR) over the CH4/O2 ratio
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Methane/Oxygen molar ratio

Kinetic rates of reaction over the CH4/O2
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Kinetic rate SR

Kinetic rate DR
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The evolution of the molar fractions of component through the tubes can

thanks to their contours. 

the end the outlet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Contours

 

 

 

 

 

   

 

 

 

         Figure 22: Contours 
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molar fractions of component through the tubes can

to their contours. The reaction goes from the right to the left, at the right the inlet, at 

Contours of mole fraction of h2 (800k 0.5 CH4 0.5 O2). 

Contours of mole fraction of CO (800 k 0.5 CH4 0.5 O2). 
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molar fractions of component through the tubes can also be seen 

goes from the right to the left, at the right the inlet, at 
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Figure 23: Contours of mo

 

 

 

 

 

 

 

 

Figure 24: Contours of mole fraction of CO (800 k 0.7 CH

With these examples it can be seen 

that the conversion of the reactants to products was

feed gas was also less important. It allows to validate the explanation of the evolution of the 

kinetic rates depending the oxygen feed gas molar fraction.

 

 

 

Contours of mole fraction of h2 (800k 0.7 CH4 0.3 O2) 

of mole fraction of CO (800 k 0.7 CH4, 0.3 O2). 

With these examples it can be seen thanks to Figure 21, Figure 22, Figure 23 and Figure 2

of the reactants to products was slower if the amount of oxygen in the 

also less important. It allows to validate the explanation of the evolution of the 

kinetic rates depending the oxygen feed gas molar fraction. 
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and Figure 24 

unt of oxygen in the 

also less important. It allows to validate the explanation of the evolution of the 
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5.2 Addition of carbon dioxide

 

a) The O2/CO

 

By taking a look to the reaction it can be seen that carbon

combustion but is consumed in the dry reforming. According the the LeChatelier’s law, the 

reaction equilibrium of reaction can change if a component (reactant of product) is added. If 

CO2 is added, the methane combustion’s e

is non reversible whereas for the dry reforming, it favors the consumption of the methane 

and carbon dioxide (the reactants). The equilibrium moves more rapidly until the formation 

of the products. To summar

that the methane combustion’s one is high, it means that the steam reforming should be 

disadvantaged compared to the other reactions. Adding carbon dioxide in the inlet fluid 

retards the steam reforming reaction and intensifies the dry reforming. The 

important factor that has its impact on the reactions characteristics. 

 

i) The methane conversion

 

For a fixed molar fraction of methane entering and at a fixed temperature it is

see the evolution of the conversion rate of methane in our tubes.

Through the simulations it had

increase of the molar fraction of CO

methane fraction at 800 Kelvin.

Table 5: Table of outlet characteristics depending the inlet mole fraction of components.

 

 

 

Temperature (K) Inlet mole fraction of components

800 0,4 CH4 /0,2 O2/0,4 CO2

800 0,4 CH4 / 0,25 O2/ 0,35 CO2

800 0,4 CH4 / 0,3 O2 / 0,3 CO2

800 0,4 CH4 /0,4 O2 / 0,2 CO2

800 0,4 CH4/ 0,5 O2/ 0,1 CO2

800 0,4 CH4 / 0,6 O2 
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Addition of carbon dioxide 

/CO2 ratio  

By taking a look to the reaction it can be seen that carbon dioxide appears in the methane 

combustion but is consumed in the dry reforming. According the the LeChatelier’s law, the 

reaction equilibrium of reaction can change if a component (reactant of product) is added. If 

is added, the methane combustion’s equilibrium does not change because this reaction 

is non reversible whereas for the dry reforming, it favors the consumption of the methane 

and carbon dioxide (the reactants). The equilibrium moves more rapidly until the formation 

of the products. To summarize, the kinetic rate of the dry reforming will increase. Knowing 

that the methane combustion’s one is high, it means that the steam reforming should be 

disadvantaged compared to the other reactions. Adding carbon dioxide in the inlet fluid 

am reforming reaction and intensifies the dry reforming. The 

important factor that has its impact on the reactions characteristics.  

The methane conversion 

For a fixed molar fraction of methane entering and at a fixed temperature it is

see the evolution of the conversion rate of methane in our tubes. 

Through the simulations it had been seen that the methane conversion decreased

increase of the molar fraction of CO2 in the inlet. Bellow a table showing results for a 

methane fraction at 800 Kelvin. 

: Table of outlet characteristics depending the inlet mole fraction of components.

Inlet mole fraction of components CH4 conversion (%) Outlet Ratio H2/CO

0,4 CH4 /0,2 O2/0,4 CO2 100

0,4 CH4 / 0,25 O2/ 0,35 CO2 32,5

0,4 CH4 / 0,3 O2 / 0,3 CO2 52,5

0,4 CH4 /0,4 O2 / 0,2 CO2 67,5

0,4 CH4/ 0,5 O2/ 0,1 CO2 95

0,4 CH4 / 0,6 O2 100
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dioxide appears in the methane 

combustion but is consumed in the dry reforming. According the the LeChatelier’s law, the 

reaction equilibrium of reaction can change if a component (reactant of product) is added. If 

quilibrium does not change because this reaction 

is non reversible whereas for the dry reforming, it favors the consumption of the methane 

and carbon dioxide (the reactants). The equilibrium moves more rapidly until the formation 

ize, the kinetic rate of the dry reforming will increase. Knowing 

that the methane combustion’s one is high, it means that the steam reforming should be 

disadvantaged compared to the other reactions. Adding carbon dioxide in the inlet fluid 

am reforming reaction and intensifies the dry reforming. The O2/CO2 ratio is an 

 

For a fixed molar fraction of methane entering and at a fixed temperature it is important to 

e conversion decreased as the 

a table showing results for a 0.4 

: Table of outlet characteristics depending the inlet mole fraction of components. 

Outlet Ratio H2/CO Inlet ratio O2/CO2

0 0,5

1,67 0,71

1,33 1

1,14 2

1,11 5

2,14 0
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The first line of the Table 5 represents a case in which the conversion is total but there is no 

carbon monoxide in the outlet.  

It became difficult to control the conversion by adding more carbon dioxide in the feed gas.

In this case the most interesting result is the one without carbon dioxide in the inlet. 

Moreover the hydrogen/carbon monoxide ratio at the end is also the bes

this case.  

 

ii) Carbon dioxide conversion

 

For all the simulations there had always been an increase of the molar fraction of CO

reactive gas whatever the temperature. The simulat

carbon dioxide in the in inlet feed; the more its molar fraction was

the right to the left) 

 

 

 

 

 

 

 

 

 

Figure 25: Mole fraction of carbon diox

 

 

 

represents a case in which the conversion is total but there is no 

difficult to control the conversion by adding more carbon dioxide in the feed gas.

In this case the most interesting result is the one without carbon dioxide in the inlet. 

Moreover the hydrogen/carbon monoxide ratio at the end is also the best for the industry in 

Carbon dioxide conversion 

always been an increase of the molar fraction of CO

reactive gas whatever the temperature. The simulation showed that the more there was

feed; the more its molar fraction was high in the outlet. (From 

 

: Mole fraction of carbon dioxide through the reactor (800k 0.6 CH4, 0.4 O2

Memoria 

 

represents a case in which the conversion is total but there is no 

difficult to control the conversion by adding more carbon dioxide in the feed gas. 

In this case the most interesting result is the one without carbon dioxide in the inlet. 

t for the industry in 

always been an increase of the molar fraction of CO2 in the 

ion showed that the more there was 

high in the outlet. (From 

2). 
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Carbon dioxide appeared 

being converted plus or less slowly through the tube, till

practically constant after that the first reaction was

Figure 26: Mole fraction of carbon dioxide through the reactor 

 

 

 

 

Figure 27: Mole fraction of carbon dioxide through the reactor 

It is noticeable by analyzing Figure 

inlet, the conversion through the reactor is slower. It c

slowing the reactions through the tubes. 
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Carbon dioxide appeared rapidly in the reactor and reached a maximum amount before 

being converted plus or less slowly through the tube, till the outlet. In this case it was 

after that the first reaction was done.  

 

 

 

 

 

 

 

 

 

 

 

: Mole fraction of carbon dioxide through the reactor (800k 0.55CH

 

 

 

 

: Mole fraction of carbon dioxide through the reactor (800k 0.6CH

It is noticeable by analyzing Figure 26 and Figure 27 that for a higher fraction of CO

the conversion through the reactor is slower. It confirms that its addition allowed

slowing the reactions through the tubes.  
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a maximum amount before 

the outlet. In this case it was 

800k 0.55CH4 0.3O2 0.15CO2). 

800k 0.6CH4 0.25O2 0.35CO2) 

higher fraction of CO2 in the 

onfirms that its addition allowed 



 

32 

Given the experimental results it was

over the O2/CO2 ratio: 

 

 

 

 

 

 

 

 

 

 

Figure 28: Graph of the CO

Except the case when the ratio is equal to 1, 

above.  

iii) Temperature profile 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: Temperature profiles in reactive tube (blue) and in cooling tube (red) with the addition of CO

 

 

was possible to plot a curb representing the CO

Graph of the CO2 conversion over the O2/Co2 ratio. 

Except the case when the ratio is equal to 1, the Figure 28 represents the behavio

Temperature profiles in reactive tube (blue) and in cooling tube (red) with the addition of CO

(0.4CH4 0.3 O2 0.3 CO2) 
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possible to plot a curb representing the CO2 conversion 

behavior analyzed 

Temperature profiles in reactive tube (blue) and in cooling tube (red) with the addition of CO2   



Modelization of a microreactor for the catalytic partial oxidation of methane

 

Thanks to Figure 29 it can be seen that the temperature allows to understand that by adding 

carbon dioxide the steam reforming reactio

getting slowed down the fact is that as carbon dioxide is more created than consumed and 

because of the fact that the reactor works at high temperature, the met

will still be dominating. This explains

in the reactor. Globally the tempe

oxygen in the inlet. A carbon dioxide addition allows having a certain control on the 

temperature on the reactor in order not to reach too high temperatures. 

Hastelloy is one of the most resista

maximum temperature up to 1400K for the reactor. 

b) Optimized conditions

Through the simulations many results allowing studying the comportment and dependency 

of different characteristics/

combustion is the most

more or less a balance between the reactions but not only on carbon dioxide it depends but 

also in the different molar ratios; CH

produced and never consumed, no matter the initial molar fraction of components or 

temperature. High conversion was achieved in the reactor and the average of the H

ratio obtained through all the simulations is 1.87 which is quite low. 

 The best result that was 

Despite the fact that the H

the reactor to obtain those of the industry reaching 2:1 or 3:1 [3]. The methane conversion is 

almost total and compared to the inlet fraction, the outlet fraction of carbon dioxide is 

acceptable; no much carbon dioxide is produced. 

reactor was 1107K which is acceptable for the reactors material. Still the problem is that the 

cooling fluid reached too elevated temperatures.

Temperature (K) Inlet mole fraction

800 0,55CH4 / 0,3O2 / 0,15 CO
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it can be seen that the temperature allows to understand that by adding 

carbon dioxide the steam reforming reaction (1) and the methane combustion (4) are 

getting slowed down the fact is that as carbon dioxide is more created than consumed and 

because of the fact that the reactor works at high temperature, the met

will still be dominating. This explains the second less sudden increasing of the temperature 

Globally the temperature is lower than if there were

A carbon dioxide addition allows having a certain control on the 

temperature on the reactor in order not to reach too high temperatures. 

Hastelloy is one of the most resistant to temperature, up to 1150°C [13]. So we are fixing a 

emperature up to 1400K for the reactor.  

Optimized conditions 

Through the simulations many results allowing studying the comportment and dependency 

f different characteristics/parameters have been taken in consideration. The 

the most dominating reaction this is why by adding CO

or less a balance between the reactions but not only on carbon dioxide it depends but 

also in the different molar ratios; CH4/O2, O2/CO2 and the temperature

d never consumed, no matter the initial molar fraction of components or 

temperature. High conversion was achieved in the reactor and the average of the H

ratio obtained through all the simulations is 1.87 which is quite low.  

that was obtained is the following: 

Table 6: Most appropriate result obtained. 

Despite the fact that the H2/CO ratio of the syngas is too high, that one can be adjusted after 

the reactor to obtain those of the industry reaching 2:1 or 3:1 [3]. The methane conversion is 

almost total and compared to the inlet fraction, the outlet fraction of carbon dioxide is 

able; no much carbon dioxide is produced. The maximum temperature reached in the 

reactor was 1107K which is acceptable for the reactors material. Still the problem is that the 

cooling fluid reached too elevated temperatures. 

Inlet mole fraction Conversion CH4 Ratio H2/CO 

/ 0,15 CO2 93,82 
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it can be seen that the temperature allows to understand that by adding 

n (1) and the methane combustion (4) are 

getting slowed down the fact is that as carbon dioxide is more created than consumed and 

because of the fact that the reactor works at high temperature, the methane combustion 

the second less sudden increasing of the temperature 

rature is lower than if there were only methane and 

A carbon dioxide addition allows having a certain control on the 

temperature on the reactor in order not to reach too high temperatures. Between steels, 

nt to temperature, up to 1150°C [13]. So we are fixing a 

Through the simulations many results allowing studying the comportment and dependency 

parameters have been taken in consideration. The methane 

by adding CO2 the aim was to create 

or less a balance between the reactions but not only on carbon dioxide it depends but 

and the temperature.CO2 is always 

d never consumed, no matter the initial molar fraction of components or 

temperature. High conversion was achieved in the reactor and the average of the H2/CO 

 

ratio of the syngas is too high, that one can be adjusted after 

the reactor to obtain those of the industry reaching 2:1 or 3:1 [3]. The methane conversion is 

almost total and compared to the inlet fraction, the outlet fraction of carbon dioxide is 

The maximum temperature reached in the 

reactor was 1107K which is acceptable for the reactors material. Still the problem is that the 

Outlet mole 

fraction of 

CO2 

5,4 0,25 
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It is still complicated to recycle the carbon dioxide given that more is produced after the 

reactor but other factors can be taken in consideration as the catalyst for example

cooling fluid. Further research is needed to be able one day to use this process to a large 

extend. 

 

 

cle the carbon dioxide given that more is produced after the 

but other factors can be taken in consideration as the catalyst for example

. Further research is needed to be able one day to use this process to a large 
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There are three big steps in the work that I have done. First

modelization and the meshing. 

was a multitube reactor composed of 22 channels, 10 for the 

cooling. The material used was the steel and the cooling fluid was the water. 

The second step was to make the reaction happen

that I used in ANSYS Fluent and to be realated to justified d

And the last step was to make simulations depending what I wanted to observe, analyse the 

results and optimizing parameters. The situation made that I had to be patient in order to 

reach a result and I received good help 

The catalytic partial oxidation of methane composed of three reactions; methane 

combustion (MC), steam reforming (SR) and dry reforming (DR)

dominated by the methane combustion due to its high exothermic 

temperature must not be too elevated that is the reason a cooling section is necessary. 

The CH4/O2 molar ratio must not be superior than 2.33 or the reaction will not happen. The 

more oxygen there is in the inlet the more the MC will be fav

reactions. By adding CO

and try to find a balance to optimize the H

reached but the O2/CO

carbon dioxide is never consumed, so maybe it is better to talk about a yield and not a 

conversion for the moment, even if what is wanted is to have less carbon dioxide at the 

outlet.  

Some simulations are reaching temperatures that make the reactor concretely impossible to 

reproduce. If it is more than 1400K the risk is to melt our process. Therefore the cooling fluid 

is also a problem, reaching impossible temperatures for it make it unavailable.

The simulations didn’t managed to make an optimized reactor and also physically feasible in 

the reality. It can be said that for the moment it has not be managed to find a way to valorize 

the carbon dioxide but the results are encouraging. 
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Conclusions 

three big steps in the work that I have done. First, I buildt the reactor, 

modelization and the meshing. For that I have build a a model for the microreactor which 

was a multitube reactor composed of 22 channels, 10 for the reactions and 12 for the 

cooling. The material used was the steel and the cooling fluid was the water. 

was to make the reaction happend in the reactor. It means that every datas 

that I used in ANSYS Fluent and to be realated to justified datas and with the rights units. 

And the last step was to make simulations depending what I wanted to observe, analyse the 

results and optimizing parameters. The situation made that I had to be patient in order to 

reach a result and I received good help when I needed by my tutors. 

The catalytic partial oxidation of methane composed of three reactions; methane 

combustion (MC), steam reforming (SR) and dry reforming (DR) 

dominated by the methane combustion due to its high exothermic 

temperature must not be too elevated that is the reason a cooling section is necessary. 

molar ratio must not be superior than 2.33 or the reaction will not happen. The 

more oxygen there is in the inlet the more the MC will be favored compared to the other 

reactions. By adding CO2 in the reactive gas it is possible to make the other reactions slower 

and try to find a balance to optimize the H2/CO ratio. Good conversion rate of methane are 

/CO2 ratio has also its impact when CO2 is added. The fact is that the 

dioxide is never consumed, so maybe it is better to talk about a yield and not a 

conversion for the moment, even if what is wanted is to have less carbon dioxide at the 

reaching temperatures that make the reactor concretely impossible to 

reproduce. If it is more than 1400K the risk is to melt our process. Therefore the cooling fluid 

is also a problem, reaching impossible temperatures for it make it unavailable.

tions didn’t managed to make an optimized reactor and also physically feasible in 

It can be said that for the moment it has not be managed to find a way to valorize 

the carbon dioxide but the results are encouraging.  
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the reactor, by doing the 

For that I have build a a model for the microreactor which 

reactions and 12 for the 

cooling. The material used was the steel and the cooling fluid was the water.  

It means that every datas 

atas and with the rights units.  

And the last step was to make simulations depending what I wanted to observe, analyse the 

results and optimizing parameters. The situation made that I had to be patient in order to 

 

The catalytic partial oxidation of methane composed of three reactions; methane 

 is at high temperature 

dominated by the methane combustion due to its high exothermic behaviour. The 

temperature must not be too elevated that is the reason a cooling section is necessary.  

molar ratio must not be superior than 2.33 or the reaction will not happen. The 

ored compared to the other 

it is possible to make the other reactions slower 

/CO ratio. Good conversion rate of methane are 

is added. The fact is that the 

dioxide is never consumed, so maybe it is better to talk about a yield and not a 

conversion for the moment, even if what is wanted is to have less carbon dioxide at the 

reaching temperatures that make the reactor concretely impossible to 

reproduce. If it is more than 1400K the risk is to melt our process. Therefore the cooling fluid 

is also a problem, reaching impossible temperatures for it make it unavailable. 

tions didn’t managed to make an optimized reactor and also physically feasible in 

It can be said that for the moment it has not be managed to find a way to valorize 
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It is clear that due time limitations this work is not complete. Some points could have been 

studied more in depth and even if many simulations were done

precise with more values. 

The temperature is important and it have been seen that the cooling 

be studied more. In fact when increasing the reactive gas temperature and also the cooling 

one something totally different happens in the reactor, the difference between the gas 

temperature and the cooling fluids one is a

same with the choice of the cooling fluid, water was choosed but can it be different with air?

It has been decided to work at an inlet gas velocity of 0.8 m/s. What can be the impact of its 

increasing ? Can also the cooling fluid velocity have an impact in the reactor?

that the fluid dynamic is important for the reaction and for the physical feasibility of the 

process. So Studiying parameters as the Reynolds number 

effect can be an outcome.  

It is sure that working at an atmospheric pressure is the most simple way for an industrial set 

up but it should not be forgotten that as the number of mole, pressure take a part in the 

LeChatelier’s law. Chen. J and AL [2] are also studiying the impact of

different components selectivity and mole fractions through the reactor. 

These energy and carbon dioxid emission issues that engineer and researchers are trying to 

fix with the CPOM is a work that deserves interest.

 

 

 

 

 

 

 

 

Outlook 

due time limitations this work is not complete. Some points could have been 

studied more in depth and even if many simulations were done, the work could be more 

he temperature is important and it have been seen that the cooling temperature intake can 

be studied more. In fact when increasing the reactive gas temperature and also the cooling 

one something totally different happens in the reactor, the difference between the gas 

temperature and the cooling fluids one is a parameter that must be studied. This is also the 

same with the choice of the cooling fluid, water was choosed but can it be different with air?

It has been decided to work at an inlet gas velocity of 0.8 m/s. What can be the impact of its 

oling fluid velocity have an impact in the reactor? It is true to say 

that the fluid dynamic is important for the reaction and for the physical feasibility of the 

process. So Studiying parameters as the Reynolds number depending the velocity and see its 

It is sure that working at an atmospheric pressure is the most simple way for an industrial set 

up but it should not be forgotten that as the number of mole, pressure take a part in the 

LeChatelier’s law. Chen. J and AL [2] are also studiying the impact of the pressure over the 

different components selectivity and mole fractions through the reactor.  

These energy and carbon dioxid emission issues that engineer and researchers are trying to 

fix with the CPOM is a work that deserves interest. 
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the work could be more 
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be studied more. In fact when increasing the reactive gas temperature and also the cooling 
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same with the choice of the cooling fluid, water was choosed but can it be different with air? 

It has been decided to work at an inlet gas velocity of 0.8 m/s. What can be the impact of its 

It is true to say 

that the fluid dynamic is important for the reaction and for the physical feasibility of the 

depending the velocity and see its 

It is sure that working at an atmospheric pressure is the most simple way for an industrial set 

up but it should not be forgotten that as the number of mole, pressure take a part in the 

the pressure over the 

These energy and carbon dioxid emission issues that engineer and researchers are trying to 
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The work that I have done can be summarize in different steps. First I had to familiarize 

myself with the ANSYS FLUENT software and all the tools that I had to control. After that I 

built a methodology to simulate my reactor and follow the path to 

CPOM reaction. This certainly was the most difficult step because ANSYS is a complex 

software, as a beginner, it was a little frustrating for me to spend time on the sizing and the 

meshing without forgetting that sometimes when a pro

where the problem is. 

As a future chemical process engineer this project allowed me to learn how to use the ANSYS 

software and also to learn more about catalytical reactions as CPOM that are promising for 
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ECONOMIC 

 

I have been working on the student version 

project. It is true that with a full license there are more tools at our disposal and nothing is 

restricted. For example the maximum number of Nodes that I could reach due to the 

meshing was 1 million 4 and the max

CFD pack of ANSYS, the price is near 1500

 

 

ECONOMIC POINT OF VIEW 

I have been working on the student version of ANSYS so no budget was needed for this 

project. It is true that with a full license there are more tools at our disposal and nothing is 

restricted. For example the maximum number of Nodes that I could reach due to the 

and the maximum number of elements was 512 000.  For the all 

CFD pack of ANSYS, the price is near 1500€ per month [13].
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Figure 30: Details of “Mesh” in Ansys Fluent Meshing

 

Table 7: Example of 

 

 

 

 

 

 

 

 

 

Annex 

 

: Details of “Mesh” in Ansys Fluent Meshing. 

: Example of catalysts for partial oxidation of methane1 [8]. 
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Temperature (K) Inlet mole fraction of components

800 0,4 CH4 /0,2 O2/0,4 CO2

800 0,4 CH4 / 0,25 O2/ 0,35 CO2

800 0,4 CH4 / 0,3 O2 / 0,3 CO2

800 0,4 CH4 /0,4 O2 / 0,2 CO2

800 0,4 CH4/ 0,5 O2/ 0,1 CO2

800 0,4 CH4 / 0,6 O2 

800 0,6 CH4 /0,2 O2 / 0,2 CO2

800 0,6 CH4/ 0,3 O2 / 0,1 CO2

800 0,6 CH4 / 0,4 O2 

Temperature (K) Inlet mole fraction of components Outlet concentration H2 (mol/m3)

800 0,4 CH4 /0,2 O2/0,4 CO2

800 0,4 CH4 / 0,25 O2/ 0,35 CO2

800 0,4 CH4 / 0,3 O2 / 0,3 CO2

800 0,4 CH4 /0,4 O2 / 0,2 CO2

800 0,4 CH4/ 0,5 O2/ 0,1 CO2

800 0,4 CH4 / 0,6 O2 

800 0,6 CH4 /0,2 O2 / 0,2 CO2 No reaction 

800 0,6 CH4/ 0,3 O2 / 0,1 CO2

800 0,6 CH4 / 0,4 O2 
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Table 8:  Example of some simulations result. 

Table 9: Example of some simulations results 2. 

Outlet x  H2 Outlet x  CO Outlet x CO2 Outlet x  H2O

0,99 0 0

0,03 0,018 0,45

0,06 0,045 0,39

0,08 0,07 0,36

0,1 0,09 0,3

0,15 0,07 0,26

no reaction CH4/O2 ratio too low

0,074 0,067 0,21

0,15 0,096 0,16

Outlet concentration H2 (mol/m3) Outlet  concentration Co (mol/m3)

26 x

1,2

2,2

3,8

4,7

6,12

No reaction 

2,88

5,9
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Outlet x  H2O Outlet x CH4 Outlet x O2

0 0 0

0,21 0,27 0,025

0,28 0,19 0

0,37 0,13 0

0,47 0,02 0

0,5 0 0

0,27 0,37 0

0,3 0,22 0,074

Outlet  concentration Co (mol/m3) Outlet concentration co2 (mol/m3)

x

0,7 17

1 16

2,8 13

3,3 11

2,6 10

2,6 8,7

3,69 6,1
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Figure 31: Temperature profile in the 

 

 

Temperature profile in the cooling tube (800k 0.6 CH4, 0.4 O2).
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