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Nomenclature 
 

  
Acronyms 

CFD Computational Fluid Dynamics 

ENSTA Ecole Nationale Supérieure de Techniques Avancées 

GCM Grid Convergence Method 

IR InfraRed 

LIF Laser Induced Fluorescence 

NCKU National Cheng-Kung University 

ODE Ordinary Differential Equation 

PV PhotoVoltaic 

RTE Radiative Transfer Equation 

SCCM Standard cm3.minute-1 

SCTP Standard Conditions for Temperature and Pressure 

SLPM Standard liter.minute-1 

TPV Thermophotovoltaic 

ZAP Lab Zic and Partners laboratory 

Greek notations 

𝛽𝜆(𝑟) Extinction coefficient (1) 

Γ Surface site density (mol.m-2) 

∇ Differential operator Nabla *** 

𝜂 Lamé’s coefficient n°1 (Pa) 

𝜅𝜆(𝑟) Absorption coefficient (1) 

𝜆 Thermal conductivity coefficient (W.m-1.K-1) 

𝜆 Wavelength (m) 

𝜇 Lamé’s coefficient n°2 (Pa) 

𝜎𝑚 Surface site occupancy (part.m-2) 

𝜌 Density (kg.m-3) 

�̿� Deviatoric stresses tensor (Pa.s-1) 

𝜎𝜆(𝑟) Scattering coefficient (1) 

𝜑 Equivalence Ratio (1) 

𝜔𝑘 Volume rate of production of the kth species (mol.m-3.s-1) 

Notations 

�̿� Strain rate tensor (1) 

𝐷𝑘 Thermal diffusivity coefficient of the kth species (m2.s-1) 

𝑓𝑘⃗⃗  ⃗ External body force (N.m-3) 

ℎ Enthalpy (J) 

𝐼𝜆 The radiant intensity in the Ω direction for a specific 

wavelength 𝜆 

(W.sr-1) 

𝑃 Static pressure (Pa) 

𝑅𝑒 Reynolds number (1) 

�̇�𝑚 Catalytic molar production rate of the mth species (mole.s-1) 

𝑇 Temperature (K) 

𝑇𝐼𝑛𝑙𝑒𝑡 Inlet temperature velocity (K) 

𝑡 Time (s) 

𝑈𝐼𝑛𝑙𝑒𝑡 Inlet flow velocity (m.s-1) 

𝑣  Flow velocity vector field (m.s-1) 

𝑋𝑘 Mole fraction of the kth species (1) 

𝑌𝑘 Mass fraction of the kth species (1) 
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Abstract 
The main objective of this research project was to build a reliable numerical model of a new 

micro-combustor embedding a platinum plate as a catalyst in the middle. The catalytic and the gas-phase 

combustion reactions of the 𝐻2/𝐶𝑂/𝑂2/𝑁2  mixture were investigated numerically using the CFD 

calculation software StarCCM+® while a micro-combustor was designed. Furthermore, the platinum 

plate was pierced in the middle in order to investigate the influence of the gas-exchanges between the 

two channels. The presence of a hole on the platinum plate allows the stabilisation of the flame acting 

as a flame hanger. 

 

The combustion reactions within the micro-combustor involve simultaneously homogeneous 

phase reactions in the channels as well as heterogeneous phase reactions over the platinum plate. 

Therefore, prior to build the micro-combustor numerical model, a literature review as well as a study of 

the main existing mechanisms was pursued in order to identify the more relevant ones as well as the 

appropriate set of parameters. First, the selected homogeneous phase reaction mechanism was validated 

reproducing the experimental results extracted from the Mrs. Ouimette Ph.D. Thesis in which different 

mechanisms for the 𝐻2/𝐶𝑂 homogeneous phase combustion reactions were evaluated and compared. 

Then, the selected heterogeneous phase reaction mechanism was validated reproducing the experimental 

results extracted from the Zheng et al. (2013) paper in which the catalytic oxidation of carbon monoxide 

over platinum was experimentally and numerically investigated. An ultimate validation of the two 

previous mechanisms was carried out by reproducing the experimental results extracted from the 

Ghermay et al. (2011) and the Schultze et al. (2015) paper about the oxidation reaction of CO in the 

presence of a H2/O2/N2 mixture under different conditions of equivalence ratio and pressure. The micro-

combustor numerical model was finally built using the previously defined and validated mechanisms 

for the homogeneous and heterogeneous phase reactions as well as the associated hypothesis and 

parameters. The final model as well as the mesh convergence were finally detailed whereas the influence 

of the inlet mixture composition was numerically investigated. 

 

Along with this numerical study, a new micro-combustor based on the previously engineered one 

was designed and manufactured in order to solve the sealing defects encountered on the previous model. 

This new micro-combustor would then be submitted to experiments in order to determine its range of 

application as well as its efficiency.  

 

 

 

Keywords: Micro-combustor, H2/CO/Air mixture, heterogeneous phase combustion reaction, 

homogeneous phase combustion reaction, platinum catalysed combustion reaction, Numerical 

simulation, StarCCM+® 

 

 

A French and Chinese version of the abstract can be found in appendix n°2. 
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Introduction 
As part of my second year of Master of mechanical and pyrotechnic engineering at ENSTA 

Bretagne, I carried out my final year project within the combustion and propulsion laboratory of the 

Aeronautics and astronautics department of the National Cheng-Kung University (NCKU) of Tainan in 

Taiwan. This final year internship was supervised by Pr. Yueh-Heng Li (李約亨) and took place 

between the 26th of March 2018 and the 17th of August 2018. The main objective of this final year project 

was to allow engineering students to lead a true engineering or science project in relative autonomy 

while having the financial, material and human resources of a company or a research laboratory in order 

to prepare a future career in the world of engineering and research. 

Personally, this final year project was also an opportunity to discover the world of research and therefore 

to define more deeply my professional project before entering the labour market. It was also a unique 

opportunity to work in a highly international and multicultural environment since I had the opportunity 

to interact with people from many different countries with as much different cultural background. In 

that respect, I trained to converse in English by giving professional oral presentations and courses as 

well as in Chinese in daily life. In that respect, this final year internship taught me to cope on my own 

in a country where the culture is very different from the European one while enhancing my language 

comprehension and speaking skills. Finally, this internship was also the occasion to discover the Chinese 

culture which was something I wanted to do for a while. 

 

I carried out my final year project within the sub-laboratory “Zic and Partners Laboratory” (ZAP 

lab) which belongs to the combustion and propulsion laboratory quoted previously. This laboratory is 

led by the Professor Yueh-Heng Li (李約亨) and focuses its researches on micro-combustion systems, 

thermophotovoltaic power systems, clean coal combustion technology, biomass energy and electric 

propulsion. My research project involves the development, testing and simulation of a new concept of 

micro-combustor embedding a platinum plate for bio-syngas combustion driven thermophotovoltaic 

power systems. In that respect, I created an associated CFD model using the StarCCM+® calculation 

software to examine the combustion features under various conditions. This research project belongs to 

two of the five fields of study of the laboratory: micro-combustion systems and thermophotovoltaic 

power systems. Moreover, it involves two NCKU second year master students: Davy Sawadogo and 

Chien-Chun Kao (高建鈞) from Burkina-Faso and Taiwan respectively with whom I collaborated 

actively during experiments especially but also during numerical calculations and project management. 

 

First, the research project was introduced by a brief state-of-the-art of the micro 

thermophotovoltaic devices and their interests for a future use in portable and maintenance-free long 

term off grid power generation systems. Then, the selected homogeneous and heterogeneous phase 

mechanisms were presented and validated using various numerical models extracted from the literature. 

This preliminary study was also used to define the most efficient models and set of parameters which 

need to be used to build a reliable numerical model for the micro-combustor. Finally, the building of the 

micro-combustor CFD model as well as the associated mesh convergence were detailed. A simple 

numerical study should have been led varying the inlet gas composition while a campaign of 

experiments was prepared to determine the range of application of the newly designed micro-combustor. 
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1. State-of-the-art 
Thermophotovoltaics (TPVs) are a highly promising approach to convert heat into electricity via 

thermal infrared radiation. The heat to electricity conversion process is very close to the usual solar 

radiation to electricity one. The main difference between both processes relies on the fact that radiation 

is emitted from a heated body embedding in the TPV device in TPVs’ case [Cel – 2011] whereas 

radiation is emitted by the Sun in the case of a solar power generation device. In the case of TPVs, the 

emitter is placed very close to the photovoltaic (PV) cells so that the incoming radiation flux density 

and therefore the power density is close to that of solar PV cells [Zen – 1999] [Yan – 2002]. A scheme 

of the basic TPV conversion process is shown in figure n°1. 

 
Figure 1: Schematic representation of a TPV device 

A basic TPV device is made of:  

• A micro-combustor / micro-burner which produces heat via fuel combustion, 

• A thermal emitter which receives heat from the micro-combustor and converts it into radiation, 

• A photovoltaic diode cell which receives radiation coming from the thermal emitter and 

converts it into electricity. 

The band-pass filter showed in the figure n°1 is not compulsory to the proper functioning of the TPV 

device. However, it is highly recommended if a high TPV efficiency is to be reached. The IR band-pass 

filter transmits the useful radiant infrared energy that is in-band (~1.7 µm to ~0.65 µm) [Hor – 2002] 

emitted from the incandescent emitter to the PV-cells and reflects the remaining out-of-band radiation 

to the emitter which will then re-absorb it. The more the IR band-pass filter is efficient, the more it will 

reflect out-of-band radiation back to the thermal emitter. It is also compulsory to adapt the IR band-pass 

filter to the characteristics of the PV cells. In that respect, the PV cells only receive radiation whose 

wavelengths are distributed around the PV cell’s peak response which increases PV cells efficiency and 

deeply decreases energy losses by recycling radiation that PV cells cannot convert into electricity [Hor 

– 2002]. The use of a well appropriate IR band-pass filter as well as of an efficient design can 

considerably increase the TPV system efficiency till around 30 % yield which make them highly 

competitive power generation systems [Hor – 2002]. 

 

The thermal emitter can be heated from several different ways. The most common and the one 

which is studied in this paper is the combustion of fossil fuels or syngas and bio-syngas. These fuels are 

easy of supply and allow stable and controllable heat sources with a very high energy density which also 

allow the conception of small-size devices [Kai – 2012] [Wu – 2016] [Yan – 2002]. Solar radiation and 

radioisotopes [Gri – 1965] can also act as heat-sources for the thermal emitter [Cel – 2011] [Zen – 1999] 

but they will not be considered here. 

 

 

 

Emitter IR Filter PV Cells 

Heat 

Electric 

Energy 

Non usable radiation Usable radiation 
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However, TPVs’ efficiency-cost properties are still pretty weak compared to other power-

generating technologies. TPVs are limited in their conversion efficiency by the Carnot efficiency law 

established in appendix n°6 but mostly by significant heat losses and radical terminations to the walls 

due to their high surface to volume ratio [Hor – 2002] [NPT – 2018] [Kim – 2006] [Li – 2012] [Yil – 

2017]. Indeed, according to the cube-square law, as the size of the combustor is reduced by a factor 100, 

the surface and the volume will decrease respectively by four and six orders of magnitude respectively. 

Therefore, the surface to volume ratio will increase by a factor 100 which will considerably increase 

heat losses and thus the appearance of the quenching phenomenon [Yan – 2002]. In that respect, their 

fields of use are still limited to the world of research for an application to small-scale power generation 

systems for portable devices or to solar maintenance-free long term off grid power generation systems 

[Cel – 2011]. Moreover, usual thermal engines remain far more efficient than TPVs for the power supply 

of larger devices thanks to their low surface to volume ratio and therefore lower heat losses [Cel – 2011]. 

 

The efficiency of a whole very simple TPV device without IR band-pass filter ranges from around 

0.5 % to 2.2 % depending of the design of the TPVs as well as of the used materials, TPV cells, the 

presence of a catalyst… [Cel – 2011]. The performance of such a device relies heavily on the efficiency 

of the conversion of the radiative energy emitted by the thermal emitter into electricity via the use of PV 

cells. Usually, it is considered that the electrical conversion efficiency can reach 30 % for solar radiation 

whereas it only reaches 15% to 20% for the use of natural gas within a TPV device [Hor – 2002]. In that 

respect, George D. Cody et al. (1999) shows via fundamental calculations that for a black body thermal 

emitter temperature of 1200 K to 2500 K and 𝐺𝑎𝑆𝑏 TPV cells, the maximum conversion efficiency 

varies from 30 % to 35 % and the power density from 5 to 80 W.cm-2. However, these results are 

overstated, and more reliable numerical models show that the efficiency as well as the power density 

should be around half of those got with the fundamental calculations [Cod – 1999]. These numerical 

results are corroborated by Matthias Zenker et al. (1999) for a black body thermal emitter at 1500 K and 

𝐺𝑎𝑆𝑏 TPV cells. In this study, an idealised model shows that the radiation conversion efficiency and 

the power density are 34 % and 2.2 W.cm-2 while a more realistic and reliable model shows that the 

radiation conversion efficiency and the power density value is 9.1 % and 1.2 W.cm-2 respectively [Zen 

– 1999]. In the same way, Lewis Fraas et al. (1999) shows via experiments that for a 𝑆𝑖𝐶 (Syralmic 

2000) thermal emitter temperature of 1723.15 K and 𝐺𝑎𝑆𝑏  TPV cells, the radiation conversion 

efficiency and the power density reach 16.4 % and 2.5 W.cm-2 [Fra – 1999]. By the way, it was shown 

that the efficiency can be enhanced by increasing the temperature to reach about 21 % [Cel – 2011]. 

However, increasing the temperature also raises thermal stress and can lead to accelerated aging and 

then to the failure of the TPV device. These results are summarised in the table n°1. 

Table 1: Theoretical conversion efficiency and power density for different type of thermal emitter 

 

Black body thermal emitter 

1200 K – 2500 K 

𝑮𝒂𝑺𝒃 TPV cells 

[Cod – 1999] 

𝑺𝒊𝑪 thermal emitter 

1723.15 K 

𝑮𝒂𝑺𝒃 TPV cells 

[Fra – 1999] 

Black body thermal emitter 

1500 K 

𝑮𝒂𝑺𝒃 cells 

[Zen – 1999] 

Fundamental 

calculations 

Numerical 

models 
Experiments 

Idealised 

numerical 

model 

Realistic 

model 

Conversion 

efficiency 

(%) 

30 - 35 15 – 17.5 16.4 34 9.1 

Power 

density 

(W.cm-2) 

5 - 80 2.5 - 40 2.5 2.2 1.2 
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These power densities must be compared with the current state of art of batteries. The table n°2 

shows power densities of batteries assuming that they are functioning for one hour and that one of their 

dimensions (Length, width, depth) is 1 cm. It appears that TPVs have a power density about twice as 

large than the best Li-ion batteries. 

Table 2: Power density of the main existing type of batteries 

 
Lead Acid NiCd NiMH Li-Ion 

Min Max Min Max Min Max Min Max 

Energy Density (Wh/cm3) 0.06 0.11 0.05 0.15 0.14 0.3 0.25 0.7 

Power Density (W/cm2) 0.06 0.11 0.05 0.15 0.14 0.3 0.25 0.7 

 

Moreover, batteries are also very bulky and heavy which make them quite inappropriate or 

inconvenient for many applications as low size batteries are not sufficient to supply small-scale devices 

with long time high density energy power. It can be added that batteries recharging time is pretty long 

while their operation time between recharging is quite small. In that respect, other sources of power 

need to be found and, in this context, the use of hydrocarbon fuels or syngas in combustion driven micro-

power generation systems such as TPVs devices appears to be very promising [Yan – 2002] [Yan – 

2010]. These latter can supply power while maintaining relatively small dimensions and are also easily 

and quickly refillable by changing the gas cartridges while their operation time remains comparable to 

that of batteries [Yan – 2010] [Kai – 2012]. From an ecological perspective, although batteries do not 

reject directly any green-house gases, they often do not last enough and are very difficult to recycle as 

they are made of heavy metals such as lithium or lead. 

 

By the way, TPVs appear to be very efficient for several classes of problem where standard 

engines are not usable because they are too expensive to be maintained in operation or not enough 

reliable [Cel – 2011]. In that respect, they are very interesting devices for long remote missions where 

highly reliable systems are necessary and in the same way, they are very encouraging devices for 

portable power-generation systems thanks to their high energy density and therefore their reduced 

weight and volume [Kai – 2012]. Furthermore, TPVs do not have moving parts [Li – 2013] [Wu – 2016] 

[Kai – 2012] [Li – 2009] [Yan – 2002] which make them relatively easy to manufacture and very quiet. 

Then, it also prevents the development of vibrations within the system, preserves the structural integrity 

and minimises heat dissipation through mechanical friction. In that respect, it considerably decreases 

the need of maintenance operations [Li – 2009] [Wu – 2016] [Kai – 2012]. Finally, although the 

electrical conversion of the radiative energy emitted from a thermal emitter heated by the combustion 

of methane, syngas or bio-syngas is lagged behind the electrical conversion of solar radiation (15-20% 

using gas combustion / 30% using solar radiation), TPV devices allow 24-hour operation which leads 

to better efficiency as well as extreme flexibility compared with the usual solar PV cells [Hor – 2002]. 

 

In combustion-driven micro-power generation systems, the micro-combustor is with the thermal 

emitter and the PV cells, one of the main component of a micro-TPV device. In that respect, the 

efficiency of a TPV device is directly linked to the efficiency of the associated micro-combustor. 

However, considering the reduced size of the latter, several peculiar issues can appear and need to be 

solved in order to make micro-combustors and so on TPVs competitive [Lee – 2003]. Among others, 

the wall effects on the homogeneous phase mechanism are more pronounced due to heterogeneous 

reactions at the surface and the heat losses to the surrounding walls can also considerably decrease the 

efficiency of the micro-combustor leading to flame instability and then to thermal quenching [Lee – 

2003]. 
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In that respect, considering the major issues that are ecology and power supply, the development, 

and the application of a micro-combustor for bio-syngas combustion driven portable thermophotovoltaic 

power system is a very interesting and relevant topic. Nowadays, it prevails to use biomass and urban 

waste to produce bio-syngas through gasification process as explain in appendix n°5. 𝐻2 and 𝐶𝑂 are the 

two main components of bio-syngas far beyond 𝐶𝐻4 but these gases have inherently low heating value 

compared with the traditional 𝐶𝐻4 [Wal – 2001]. In that respect, the use of catalytic reactions is a 

feasible solution to enhance the efficiency of such gases and make them competitive with respect to 

traditional fuels and combustible gases.  

 

In this research project, the combustion characteristics, the flame behaviour as well as the 

contribution of the catalytic reaction within a micro-combustor embedding a platinum plate as a catalyst 

in the middle need to be experimentally and numerically studied. The platinum plate allows both 

heterogeneous and homogeneous combustion reactions and therefore the employment of syngas and 

bio-syngas for producing thermal energy for TPVs [Kai – 2012] [Sui – 2017]. It also has a hole in order 

to allow radical exchanges between both channels and then the flame stabilisation. Experimentally, the 

deployment of a 𝐶𝑂 𝐻2⁄ /𝐴𝑖𝑟 mixture within the micro-combustor is done varying the composition as 

well as the flow rate to study the combustion process using a direct optical method. 

 

The cylindrical micro-combustor for cylindrical thermophotovoltaic power generation devices 

was already studied extensively in previous years [Yan – 2002] [Yan – 2010] [Li – 2005] [Li – 2008] 

[Li – 2013]. This cylindrical design shows to be very limited in terms of modulization and the 

manufacturing as well as the assembly of the surrounding IR filter and PV cells face some difficulties 

[Yan – 2010]. In that respect, it is relevant to look after a more convenient design to decrease 

manufacturing costs and increase efficiency by enhancing modulization. A simplified scheme of a 

cylindrical micro-combustor is shown on the figure n°2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To solve the issues and difficulties encountered with a cylindrical micro-combustor, a rectangular 

design embedding a platinum plate as a catalyst in the middle was imagined and engineered by the “ZAP 

Lab” combustion laboratory of Tainan, Taiwan. 

 

IR Filter + PV Cells 
Flue Gases 

Fuel + Oxidiser 

Quartz Cylinder 

Thermal Emitter 

(Catalyst ?) 

Figure 2: Schematic representation of a cylindrical TPV device 
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• From a pure scientific point of view, this new model of micro-combustor allows to study the 

efficiency of the rectangular design in comparison with the cylindrical one. As the rectangular 

design is easier to manufacture than the cylindrical one [Yan – 2010], it allows firstly to reduce 

manufacturing costs and thus operation costs. Then, it was also shown that rectangle micro-

combustor has a much higher radiation efficiency than the micro-cylindrical combustor [Lee – 

2003] [Yan – 2010]. This model of micro-combustor would allow to study the combustion 

reaction and its characteristics as well as the participation of the heterogeneous reactions and 

the influence of the radical exchanges through the hole on the central platinum plate. 

 

• From a technical point of view, this micro-combustor is intended to be used in series as showed 

in the figure n°4 to produce enough energy to power a complex mechanical system. This 

configuration consists in a series of rectangular micro-combustors, planar emitters, filters and 

PV cells and allows a maximum efficiency as each micro-combustor contributes to the heating 

of their neighbours, which considerably decreases the risk of flame instabilities as well as 

thermal quenching by slashing heat losses. The addition of the catalytic combustion as well as 

a heat recirculation system could also contribute to the enhancement of the micro-combustor 

performance by limiting the issues previously quoted. A simplified scheme of a rectangular 

micro-combustor is shown on the figure n°3. This design simplifies greatly the fabrication and 

assembly process of the whole TPV device while enhancing its efficiency and its flexibility as 

the adjustment to power requirements only necessitate the addition or the removal of some 

micro-TPV units.  
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Figure 3: Schematic representation of a modular TPV device 

Figure 4: Schematic representation of a series assembly of TPV devices 
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2. Experimental apparatus 

2.1. State-of-the-art on the design of a micro-combustor 

Two of the major challenges when designing a micro-combustor for a combustion driven 

thermophotovoltaic power system is the sustainability of the reaction as well as the maximisation of the 

radiation output emitted from the thermal emitter [Wu – 2016]. The first challenge stems from the fact 

that the risk of extinction due to the thermal quenching phenomenon is particularly high in micro-

combustor due to their inherent small dimensions. On the one hand, a high surface-to-volume ratio (S/V) 

is very favourable for output power density per unit of volume but on the other hand, a high heat output 

may compromise stable combustion. The high heat losses do not only decrease the chemical efficiency 

of the combustion, but also deactivate chemical reactions by lowering the flame temperature. This 

phenomenon is explained in detail in appendix n°4. The second challenge depends of course on the 

efficiency of the thermal emitter but also on the amount of energy released during the combustion 

process. The design for a new concept of a micro-combustor embedding a drilled platinum plate as a 

catalyst is proposed herein in order to enhance the energy released using heterogeneous phase reactions 

in addition to the usual homogeneous phase reactions. It was indeed shown that catalytic micro-

combustors have superior stability than homogeneous ones [Kai – 2012]. 

 

The following micro-combustor is empirically designed so that it overcomes critical heat loss and 

prevent thermal quenching as well as flame instabilities. It is used to determine the influence of the 

heterogeneous combustion reactions stemming from the addition of a platinum plate on the combustion 

process as well as to study the gas exchanges between the two channels via the hole on the platinum 

plate. The first objective of this experimental study is to determine the range of application of the newly 

designed micro-combustor. As explained in the part n°1, micro-combustor requires high power density 

which can be obtained by increasing the inlet flow rate and thus the inlet velocity. If low flow velocities 

allow to reach high fuel conversion thanks to high residence time, it was shown that low flow velocities 

result in insufficient energy input and then to low temperatures due to heat losses and finally to possible 

extinction due to the thermal quenching phenomenon. On the contrary, high flow velocities result in low 

residence times whereby the fuel has no sufficient time to react which is called the blowout effect [Li – 

2012] [Yil – 2017]. In that respect, the difficulty lies in the design of a micro-combustor balanced 

between heat losses and small dimensions. 

 

The current design of the micro-combustor is pretty simple, and its efficiency could be slightly 

enhanced by adding some simple elements to its structure. For instance, the addition of cavities in the 

flow area can provide recirculation zones and then enhance the flame stability [Yil – 2017]. It was shown 

through numerical studies that catalyst segmentations and cavities can enhance heterogeneous and 

homogeneous reactions and more generally extend the stable operating range of catalytic combustion in 

small-scale combustor for a wide range of inlet flow velocity [Li – 2012]. These latter can also act as 

heat and radical sources to stabilise the flame and enhance the reaction. In that respect, it solves the issue 

of short residence time for high velocity flows and compensates the lack of heat in low velocity flows 

[Li – 2012]. In the same way, a simple backward facing step can be set up at the inlet in order to improve 

the mixing of the inlet gases by providing a recirculation zone and to enhance the residence time of 

gases within the micro-combustor [Yil – 2017]. It also allows to control the flame position acting as a 

flame hanger. The hole on the platinum plate will play a similar role. 
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2.2. The micro-combustor 

The micro-combustor is a major component in the conception of micro-power systems like TPVs. 

The device used during the campaign of experiments is the micro-combustor V2 whose a 3D view is 

shown on the table n°3. The use of stainless steel for the design of each sub-parts is compulsory to 

prevent oxidation due to the combustion process. The platinum is a noble metal and is not concerned by 

this issue. The micro-combustor (V2) sub-parts are shown and described in appendix n°11. Their 

detailed blueprints are shown in appendix n°12-13-14-15-16-17-18-19 and 20. 

 

Table 3: 3D view of the micro-combustor V1 and of the micro-combustor V2 (CATIA V5) 

 

There are two very similar versions for the micro-combustor design. The 1st version (V1) was 

previously designed by the laboratory but the latter malfunctioned because of a small design error. On 

the V1 design, the Teflon® seals were in contact with the flame during the combustion process which 

led to their melt and then their destruction. In that respect, leaks appeared at the junctions between the 

main body of the micro-combustor and the quartz-plates which then compromised the continuation of 

the experiments. 

 

To solve this issue, the use of machined carbon graphite plates highly resistant to extreme 

temperature (> 3000 K) were considered to replace the Teflon® seals. Unfortunately, these latter were 

brittle and friable which made them impossible to be cut manually to the appropriate dimensions.  

The use of a high resistant temperature copper-based silicone (600 K - 800 K) was then considered. But 

the viscosity of the latter made it very difficult to apply on the very thin slots at the quartz-plates / main 

body interfaces and the quality of the resulting seals was very approximative. Furthermore, the latter 

was not resistant enough to the flame temperature and burned slowly dispersing burned silicone powder 

within the micro-combustor and creating leaks at the quartz-plates / main body interfaces.  

 

 

 

  

Micro-combustor V1 and V2 assembly 

Micro-Combustor V1 Micro-Combustor V2 
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Finally, a 2nd version of the micro-combustor (V2) was designed to solve definitively the issue of 

the flame in contact with the seals inherent to the 1st version of the micro-combustor (V1). The flame 

temperature of the H2/CO/Air combustion reaction can reach around 2300 K [Oui – 2012] on the flame 

axis but this one decreases quickly due to convection and heat losses. By preventing the flame to be in 

contact with the seals, the use of Teflon® whose melting temperature is about 330 °C [IFA – 2018] can 

be considered as it was shown empirically that the latter can resist the temperature [Wu – 2016] in 

similar experimental cases. In that respect, the objective was to design a new micro-combustor whose 

design should prevent any contact between the flame and the Teflon® seals. The platinum plate had to 

be kept considering the price of such a metal (platinum price ~2/3 gold price) and the dimensions of the 

channels of the new micro-combustor should match with the dimensions of the previously designed one. 

 

The decision was taken to replace the two quartz plates and the upper bracket by a unique quartz 

plate embedding a slot in the middle to maintain the upper side of the platinum plate and therefore to 

replace the upper bracket function. This choice allowed to reduce the number of interfaces and thus, to 

remove the risk of leaks on the platinum plate sides. The removal of the upper bracket also greatly 

improved the visibility of the combustion reaction process near the platinum plate where heterogeneous 

reactions are predominant as the latter was covering the central part of the channels by about 2 

millimeters. The presence of a rectangular staircase shaped location on the top of the main body of the 

micro-combustor associated with the design of the new quartz-plate prevents any contact between the 

flame and the seals. In that respect, although the Teflon® melting temperature is around 330 °C [IFA – 

2018], the latter can be used as it can be set-up sufficiently far from the flame and protected by stainless 

steel from the micro-combustor main body and quartz from the quartz plate. The dimension of the seals 

was doubled which also contributed to enhance its resistance to high temperature. 

 

• Body – 1: 

The 1st part of the body of the micro combustor is made of stainless steel to avoid oxidation 

due to the combustion process. It allows the positioning and the fixation of the other sub-parts 

of the micro-combustor. 
 

 

• Pre-chamber: 

The pre-chamber is made of stainless steel and is maintained inside the micro-combustor body 

via a same-dimension machined slot. The inside is filled with hollow small copper tubes in 

order to prevent the flashback hazard using the thermal quenching phenomenon. Furthermore, 

copper is a very cheap and efficient thermal spreader. The use of such a metal ensures a uniform 

inlet gas temperature on both side of the platinum plate at lower cost [Cop – 2018]. Its thermal 

characteristics compared to other metals thermal characteristics are given in appendix n°3. 

 

 

• Body – 2: 

The 2nd part of the body is made of stainless steel and is fixed to the micro-combustor body 

using screw fasteners. For machining reason, it was compulsory to manufacture the main body 

in two separate parts. It suits perfectly with the 1st part of the body and allows to close the 

micro-combustor. It can be removed to disassemble the device.  

 

• Bottom bracket: 

The bottom bracket is made of stainless steel. Its role consists in keeping the platinum plate 

straight within the micro-combustor. An upper bracket made of stainless steel / a slot in the 

quartz plate for the micro-combustor V1 / V2 respectively allows to maintain the upper side of 

the platinum plate as well as to definitively separates the two channels.  
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• Platinum plate: 

The platinum plate role consists in catalysing the combustion reaction by involving 

heterogenous phase reactions with the 𝐻2 𝐶𝑂⁄  fuel mixture. There are two different platinum 

plates. The first one is a full rectangle platinum plate of 50mm*5mm*1mm dimensions whereas 

the second one involves a 1mm diameter hole located at 5 mm of the plate extremity at half the 

width of the plate. 
 

 

• Quartz plate: 

The quartz plate is maintained to the micro-combustor main body using a same dimension 

Teflon® seal. It allows the observation of the combustion process within the micro-combustor 

and to maintain the platinum straight via a thin slot machined to fit the platinum plate 

dimensions. On the micro-combustor V1, the quartz plate was replaced by two separate 

rectangular quartz-plates. 
 

 

• Teflon/Carbon seal: 

The seal surrounding the upper quartz plate prevents leaks between the outside environment 

and the inside of the micro-combustor at the quartz plate/micro-combustor body junction. It is 

made of Teflon® to fit inside the slot machined on the micro-combustor main body and is 

maintained by the upper cover plate which is used to close the upper side of the micro-

combustor. The Teflon® is not highly resistant to high temperature so it is compulsory to 

prevent any contact between the latter and the flame. 

 

 

• Upper cover plate: 

The upper cover plate is made of stainless steel and is used to close and seal the micro-

combustor body as well as the micro-combustor sub-parts using screw fasteners. 

 
 

2.3. The experimental setup 

A scheme of the simple preliminary experimental setup is displayed on the figure n°5. During the 

experiments, high purity H2, CO and Air gases were supplied from pressurised tanks via airtight pipes 

and connectors. The tightness of the driving device was checked with soapy water which allowed bubble 

appearance in the presence of gas-leaks. Their flow-rates were monitored via three / four pre-calibrated 

flow controllers whose reference is given in appendix n°7 and n°8. The calibration method of the flow-

controllers is of paramount importance to realise very 

accurate and reliable experiments. The calibration 

method is described in detail in appendix n°9. 

 

The micro-combustor used in experiments is the 

version V2 of the table n°3. In order to ease catalytic 

ignition and reaction, the micro-combustor was pre-

heated to 500 K in an electric hoven [Sui – 2017] 

before each experiment. The scheme showed on the 

figure n°5 is there as an example. The configuration 

can be modified depending on the study to be 

conducted. 

  

𝐴
𝑖𝑟

 

Flow-controller 

𝐻
2

 

𝐻
2

 

Figure 5: Scheme of the preliminary 

experimental setup for micro-

combustor related experiments 

Pipe 
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3. Chemical mechanisms 
This brief literature review introduces and presents the main existing mechanisms for the 

𝐻2 𝐶𝑂⁄ 𝐴𝑖𝑟⁄  homogeneous and heterogeneous combustion reactions. This is by no means an exhaustive 

list and the reader should be aware that it exists many others different mechanisms for the homogeneous 

combustion reaction of the 𝐻2 𝐶𝑂⁄ 𝐴𝑖𝑟⁄  mixture, each with their own field of application and 

specificities. For more information about the 𝐻2 𝐶𝑂⁄ 𝐴𝑖𝑟⁄  homogeneous mechanisms, the reader is 

asked to refer to the Mrs. Ouimette PhD. Thesis [Oui – 2012] (In French) in which many different 

mechanisms for the homogeneous combustion reaction are presented and detailed or to the associated 

references. The main homogeneous mechanisms are numerically compared to evaluate the influence of 

their differences on the numerical results in the case of a steady state, simple laminar, partially-premixed 

flame. 

 

The first efficient and comprehensive kinetic mechanism for the 𝐻2 𝐶𝑂⁄ 𝑂2⁄  homogeneous 

combustion reaction was developed and published by Yetter et al. (1991) [Yet – 1991] and hold 13 

different species as well as 28 reactions. This first mechanism was already efficient to describe the 

combustion process on a wide range of temperature, mixture composition and pressure. Then, this 

homogeneous combustion mechanism was regularly updated by new mechanisms enhancing step by 

step the elementary chemical reactions as well as the related Arrhenius kinetic constants. Mueller et al. 

(1999) [Mue – 1999] upgraded the Yetter et al. (1991) mechanism by including the chemical reactions 

for the formation of 𝑁𝑂𝑥 whereas Li et al. (2007) [Li – 2007] extended the mechanism to C1 species 

such as 𝐶𝑂, 𝐶𝐻2𝑂  and 𝐶𝐻2𝑂𝐻 . These two mechanisms hold respectively 21 different species, 66 

reactions and 13 different species, 36 reactions. Afterwards, Davis et al. (2005) [Dav – 2005] published 

an optimised mechanism based on the Mueller et al. (1999) one holding 14 different species and 38 

reactions. This simpler optimised mechanism was then enhanced by Sun et al. (2007) [Sun – 2007], Li 

et al. (2007) and Sung et al. (2008) [Sung – 2008] whose mechanisms hold respectively 33, 36 and 30 

reactions. These three mechanisms are now considered as references for the numerical study of the 

𝐻2 𝐶𝑂⁄ 𝐴𝑖𝑟⁄  homogeneous combustion reaction. Finally, Boivin et al. (2011) [Boi – 2011] published a 

highly reduced mechanism holding 12 different species (14 including 𝐻𝑒 and 𝐴𝑟) as well as 16 reactions. 

Although greatly reduced, this mechanism allowed to decrease the calculation time while keeping the 

quality of the predictions got with more sophisticated and complete mechanism [Oui – 2012]. 

The GRI-Mech 3.0 [Smi – 2018] is another very complete kinetic mechanism designed to model the 

homogeneous reaction of the 𝐶𝐻4 𝐻2⁄  mixture. It was designed by the combustion department of the 

Berkeley university and included the 𝑁𝑂𝑥 as well as other pollutants formation kinetic mechanisms. 

Although it applies preferentially to the combustion reaction of natural gas, it can also be used with a 

very good accuracy to model the reaction of syngas made of 𝐻2 𝐶𝑂⁄ . However, considering the low 

computing power, the complexity of the mechanism and the fact that simpler efficient mechanisms for 

the 𝐻2 𝐶𝑂⁄ 𝐴𝑖𝑟⁄  combustion reaction were developed, it is not studied there. 

 

The literature review showed that although many different mechanisms for the homogeneous 

phase combustion reaction of the 𝐻2 𝐶𝑂⁄ 𝐴𝑖𝑟⁄  syngas mixture were developed, the opportunity to 

enhance the combustion characteristics of such a mixture using platinum (𝑃𝑡 ) as a catalyst was 

somewhat left out by researchers. Pr. Mantzaras is one of those who pursued experimental and numerical 

studies on the catalytic combustion of syngas/air mixtures over platinum enhancing the heterogeneous 

mechanism of Deutschmann et al. (2000) developed to model the heterogeneous reaction of the 

𝐻2 𝐶𝑂⁄ 𝐶𝐻4⁄  mixture on 𝑃𝑡. He ran numerical calculations about the platinum catalysed combustion 

reaction of the 𝐻2 𝐶𝑂⁄ 𝐴𝑖𝑟⁄  mixture representative of the syngas composition using streamlined 
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chemical mechanisms for the homogeneous and heterogeneous phase combustion reactions [Man – 

2008]. 

 

Whatever it might be and for every mechanism mentioned above, the reaction rate kinetic 

parameters were mainly extracted from Warnatz et al. (1984) [War1 – 1984] [War2 – 2006]. However, 

most of them were modified and upgraded to consider the publication of more recent papers and studies. 

Their evolution is not detailed here. The main studied homogeneous mechanisms are detailed in the 

table n°4. 

 

Table 4: Synthesis of the main existing mechanisms for the CO/H2/Air homogeneous combustion reaction 

Main Homogeneous Phase Mechanisms 

 Number of species Number of reactions 

GRI-Mech 3.0 [Smi – 2018] 53 (Including Ar) 325 

Davis et al. (2005) [Dav – 2005] 14 (Including Ar and He) 38 

Mantzaras (2008) [Man – 2008] 13 33 

Boivin et al. (2011) [Boi – 2011] 14 (Including Ar and He) 16 

 

The selected homogeneous mechanism was extracted from the Mantzaras et al. (2008) paper [Man 

– 2008] and adapted from the Sun et al. (2007) [Sun – 2007] and Davis et al. (2005) [Dav – 2005] 

mechanisms. Several minor duplicate reactions as well as the less predominant reactions were removed 

to simplify the mechanism as showed in appendix n°27. Furthermore, if the kinetic parameters were 

mainly extracted from Warnatz et al. [War1 – 1984] [War2 – 2006], several minor changes on the 

Arrhenius coefficients were made to consider the removal of the least predominant reactions 

aforementioned. To sum up, the Pr. Mantzaras homogeneous mechanism is a streamlined version of the 

reference homogeneous mechanisms of Sun et al. (2007). and Davis et al. (2005) and would allow to 

lead precise calculation while saving some computing time as showed thereafter. 

 

The selected heterogeneous phase mechanism was extracted from the Mantzaras et al. (2008) 

paper [Man – 2008] and adapted from the Deutschmann et al. (2000) heterogeneous mechanism [Deu – 

2000] which reproduces precisely the ignition and the steady combustion reaction of the 𝐻2 𝐶𝑂⁄ 𝐶𝐻4⁄  

mixture on 𝑃𝑡. Methane related reactions were removed as they were not relevant for the current study. 

As well as for the homogeneous phase reaction mechanism, the surface thermodynamic data were 

mainly extracted from Warnatz et al. [War1 – 1984] [War2 – 2006] and then modified using more recent 

papers [Zhe – 2013]. The reactions involving the 𝐻𝐶𝑂𝑂(𝑠) species highlighted in the table n°5 were 

added as it was shown that these latter can have a significant impact on the numerical results for some 

specific conditions of temperature and pressure. The surface site density was fixed to Γ = 2.7 ∗ 10−9 

mol.cm-2 [Deu – 2000] [Man – 2008] [Zhe – 2013]. 

 

Table 5: The HCOO(s) related reactions and their Arrhenius kinetic coefficients [Zhe - 2013] 

The HCOO(s) related reactions and their Arrhenius kinetic coefficients [Zhe – 2013] 

 A n Ea (J.mol-1) 

𝑂𝐻(𝑠) + 𝐶𝑂(𝑠) ⟶ 𝐻𝐶𝑂𝑂(𝑠) + 𝑃𝑡(𝑠) 3.70E+21 0.0 94,200 

𝐻𝐶𝑂𝑂(𝑠) + 𝑃𝑡(𝑠) ⟶ 𝑂𝐻(𝑠) + 𝐶𝑂(𝑠) 1.33E+21 0.0 870 

𝐻𝐶𝑂𝑂(𝑠) + 𝑂(𝑠) ⟶ 𝑂𝐻(𝑠) + 𝐶𝑂2(𝑠) 3.70E+21 0.0 0.0 

𝑂𝐻(𝑠) + 𝐶𝑂2(𝑠) ⟶ 𝐻𝐶𝑂𝑂(𝑠) + 𝑂(𝑠) 2.79E+21 0.0 151,050 

𝐻𝐶𝑂𝑂(𝑠) + 𝑃𝑡(𝑠) ⟶ 𝐶𝑂2(𝑠) + 𝐻(𝑠) 3.7E+21 0.0 0.0 

𝐶𝑂2(𝑠) + 𝐻(𝑠) ⟶ 𝐻𝐶𝑂𝑂(𝑠) + 𝑃𝑡(𝑠) 2.79E+21 0.0 90,050 
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It is shown in appendix n°27 that the numerical results got with the Davis et al. (2005), Mantzaras 

et al. (2008) and Boivin et al. (2001) homogeneous mechanisms were very close whether on the 

temperature radial profile or on the species mole fraction profile. However, the time calculation required 

to compute these results varies significantly due to the number of elementary steps as well as to the used 

model. In that respect, the Davis et al. (2005) mechanism is the longest one. It is followed by the 

Mantzaras et al. (2008) mechanism which is 14 % / 27 % faster using the Mass-Weighted Mixture / 

Mathur-Saxena Averaging model respectively and then by the Boivin et al. (2011) mechanism which is 

26 % / 28 % faster using the Mass-Weighted Mixture / Mathur-Saxena Averaging model respectively. 

The Total Solver CPU Time values are summed-up in the table n°6. 

 

Table 6: Total solver CPU time for the Davis, Mantzaras and Boivin's mechanism 

Total solver CPU time for the Davis, Mantzaras and Boivin’s mechanism 

 Mass-Weighted Mixture Mathur-Saxena Averaging 

Davis et al. (2005) 1 1 

Mantzaras et al. (2008) 0.86 0.73 

Boivin et al. (2011) 0.75 0.72 

 

Finally, considering the very close results got for the temperature and the species mole fraction 

profiles with the three different mechanisms, their associated computing time as well as for purposes of 

consistency, the Pr. Mantzaras’ mechanisms for the homogeneous and heterogeneous combustion 

reactions were selected to be used in the following numerical calculations. The selected homogeneous 

mechanism is a good streamlined gas-phase mechanism whereas the heterogeneous mechanism is an 

adapted version of the heterogeneous reference mechanism for the 𝐻2 𝐶𝑂⁄ 𝐶𝐻4⁄  on 𝑃𝑡 published by 

Deutschmann et al. (2000). Both would produce very precise results within a reasonable time. These 

two mechanisms are summed up in the table n°7 and detailed in appendix n°24 and n°26. 

 

Table 7: Description of the Mantzaras' homo-/heterogeneous phase combustion mechanism 

Description of the Mantzaras’ homo-/heterogeneous phase combustion mechanism 

Homogeneous phase 

Mechanism [Man – 2008] 
13 species 33 reactions 

Heterogeneous phase 

Mechanism [Zhe – 2013] 
13 species 27 reactions 

 

It is important to note that even with a large catalytic platinum surface, the homogeneous reactions 

cannot be neglected especially at high pressure and temperature [Man – 2008]. In that respect, the 

modelling of the catalytic combustion of syngas at standard temperature and pressure would involve 

both homogeneous and heterogeneous reactions. An exception can be made if the equivalence ratio of 

the mixture is too low to support homogeneous phase reactions [Zhe – 2013]. The Davis et al. (2005), 

the Mantzaras et al. (2008) as well as the Boivin et al. (2011), homogeneous/heterogeneous mechanisms 

are shown in appendix n°23-24 and 25. 
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4. Numerical model 
In the whole following numerical study, numerical calculations were run using the commercial 

fluid dynamics computation software StarCCM+® (2010) based on the finite volume method [Sta – 

2016]. The final objectives of the works presented here were to study the behaviour of the flame within 

the micro-combustor as well as different parameters such as the flame temperature, the gas-flow velocity 

and the radicals rate of presence under the assumption of steady state in order to improve the micro-

combustor design. 

 

4.1. Fundamental reactive Navier-Stokes equations 

In order to model and compute the combustion phenomenon of a premixed flame of 𝐻2/𝐶𝑂/ 𝐴𝑖𝑟 

for a laminar or a turbulent flow, the conservative equations of mass, momentum, energy and chemical 

species should be solved. These equations are presented thereafter [Ker – 2018]. 

 

• The mass conservation equation 
𝜕𝜌

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝑣 ) = 0      [1] 

𝜌: Fluid density (kg.m-3); 

𝑣 : Flow velocity vector field (m.s-1); 

𝑡: Time (s). 

 

• The momentum conservation equation 

𝜌
𝜕�⃗� 

𝜕𝑡
+ 𝜌𝑔𝑟𝑎𝑑̿̿ ̿̿ ̿̿ ̿(𝑣 )𝑣 + 𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑃) − 𝑑𝑖𝑣(𝜂𝑑𝑖𝑣(𝑣 )𝐼 ̿ + 2𝜇�̿�) = ∑ 𝜌𝑌𝑘𝑓𝑘⃗⃗  ⃗

𝑛
𝑘=1   [2] 

𝑃: Static pressure (Pa); 

�̿� = 𝜂𝑑𝑖𝑣(𝑣 )𝐼 ̿ + 2𝜇�̿�: Deviatoric stresses tensor (~Viscosity); 

 �̿� =
1

2
(𝑔𝑟𝑎𝑑̿̿ ̿̿ ̿̿ ̿(𝑣 ) + 𝑔𝑟𝑎𝑑𝑇

̿̿ ̿̿ ̿̿ ̿̿ ̿(𝑣 )): Strain rate tensor 

𝜅 = 𝜂 +
2

3
𝜇 = 0: Stokes hypothesis 

𝜇: First coefficient of viscosity - 𝜂: Second coefficient of viscosity ⟹ Lamé’s coefficients (Pa); 

 {
𝜇 = 0
𝜂 = 0

 ⟺ Inviscid fluid 

𝑌𝑘: Mass fraction; 

𝑓𝑘⃗⃗  ⃗: External body forces (N.m-3). 

 

• The energy conservation equation 

𝜌
𝐷ℎ

𝐷𝑡
+ 𝑑𝑖𝑣 (𝜌∑ 𝑌𝑘ℎ𝑘𝑣𝑑,𝑘⃗⃗ ⃗⃗ ⃗⃗  ⃗𝑘 − 𝜆𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑇)) =

𝐷𝑃

𝐷𝑡
+ 𝜏̿: 𝑔𝑟𝑎𝑑̿̿ ̿̿ ̿̿ ̿(𝑣 )   [3] 

ℎ: Enthalpy (J); 

−𝜆𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑇): Fourier heat conduction equation; 

𝜆: Thermal conductivity coefficient (W.m-1.K-1) 

𝑌𝑘ℎ𝑘𝑣𝑑,𝑘⃗⃗ ⃗⃗ ⃗⃗  ⃗ = −ℎ𝑘𝐷𝑘∇𝑌𝑘: Diffusive laminar flow of the kth species enthalpy; 

𝐷𝑘: Thermal diffusivity coefficient of the kth species (m2.s-1) 

∇: Differential operator Nabla 

𝑌𝑘: Mass fraction of the kth species (1). 

 

• The species conservation equation 

𝜌
𝜕𝑌𝑘

𝜕𝑡
+ 𝜌𝑣 . 𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑌𝑘) + 𝑑𝑖𝑣(𝜌𝑌𝑘𝑣 𝑑,𝑘) = 𝜔𝑘     [4] 
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𝜌𝑌𝑘𝑣𝑑,𝑘⃗⃗ ⃗⃗ ⃗⃗  ⃗ = −𝜌𝐷𝑘𝑔𝑟𝑎𝑑⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (𝑌𝑘): Diffusive laminar flow of the kth species; 

𝜔𝑘: Volume rate of production of the kth species (Algebraic value) (mol.m-3.s-1). 

 

• The surface species coverage 

𝜎𝑚
�̇�𝑚

Γ
= 0  𝑚 = 1,… ,𝑀𝑠      [5] 

𝜎𝑚: Surface species site occupancy (particule.m-2); 

�̇�𝑚: Catalytic molar production rate of the mth species (mol.s-1); 

Γ = 2.7 ∗ 10−9: Surface site density (mol.cm-2). 

 

• The radiative transfer equation 

In order to simplify the problem, the radiation properties of the media as well as of the surrounding 

surfaces were considered invariant with wavelength. In that respect, the radiation was said to be grey 

and was modelled by the Grey Thermal Radiation model which means that only a single radiative 

transfer solution was required for the full thermal spectrum. The model used to compute the radiant 

intensity was the Participating Media Radiation whose the formulation using the radiative transfer 

equation (RTE) is detailed thereafter [Sta – 2016]. The surface properties of emissivity, reflectivity and 

transmittivity are set to 1, 0 and 0 respectively for the boundaries. 

 
d𝐼𝜆(𝑟,𝑠)

d𝑠
= −𝛽𝜆(𝑟)𝐼𝜆(𝑟, 𝑠) + 𝜅𝜆(𝑟)𝐼𝑏𝜆(𝑟) +

𝜎𝜆(𝑟)

4𝜋
∫ 𝐼𝜆(Ω)

4𝜋

0
dΩ   [6] 

 

 

 

 

 

Where, 

𝐼𝜆: The radiant intensity in the Ω direction for a specific wavelength 𝜆. 

 

𝐼𝑏𝜆 =
2𝐶1

𝑛2𝜆5(𝑒𝐶2 𝑛𝜆𝑇⁄ −1)
  {

𝐶1 = 0.595522 ∗ 10−16 𝑊.𝑚2. 𝑠−1

𝐶2 = 0.01439 𝑚.𝐾                              
 

 

𝛽𝜆(𝑟) = 𝜅𝜆(𝑟) + 𝜎𝜆(𝑟)  {

𝛽𝜆(𝑟) ∶ The extinction coefficient 

𝜅𝜆(𝑟) ∶ The absorption coefficient

𝜎𝜆(𝑟) ∶ The scattering coefficient
 

𝜅𝑎𝜆 = ∑ 𝜅𝑎𝜆𝑖𝑖  with 𝑖 a gas component 

 

𝑠 = sin(𝜃) cos(𝜙) 𝑖 + sin(𝜃) sin(𝜙) 𝑗 + cos(𝜃) �⃗�  

𝑑Ω = sin(𝜃)𝑑𝜃𝑑𝜙 

 

The in-scattering coefficient was there assumed to be isotropic. The absorption, the scattering 

coefficients as well as the refractive index of the medium were there independent of wavelength as the 

Grey Thermal Radiation model was considered. 

 

4.2. Computing power 

Numerical calculations were run using a computer embedding four logical quad-core processors 

Intel® Core™ i5-7500 CPU with 3.40 GHz frequency each.  

The change in 𝐼𝜆(𝑟, 𝑠) 

over a differential 

distance in the 𝑠 direction 

The loss to the medium 

due to absorption or 

scattering 

The local 

emission 

The contribution to the 

intensity in the 𝑠 direction 

resulting from the scattering of 

intensity in other direction 
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5. Validation of the chemical mechanisms 
Before to set up a complete numerical model of the micro-combustor embedding a platinum plate 

and run simulations, it is necessary to validate independently the selected mechanisms for the 

homogeneous phase reaction as well as for the heterogeneous phase reaction. In that respect, preliminary 

combustion simulations of numerical models extracted from pre-selected papers were firstly run and the 

associated experimental results were compared to the numerical results. For coherence and efficiency 

purposes, the selected homogeneous and heterogeneous phase mechanisms are those published by Pr. 

Mantzaras [Man – 2008] [Zhe – 2013] and inspired by the Davis et al. [Dav – 2005] and the 

Deutschmann et al. (2000) mechanism [Deu – 2000] respectively as explained in the part n°3. 

 

5.1. Validation of the homogeneous phase mechanism 

The numerical model as well as the mesh were extracted from the Mrs. Ouimette Ph.D. thesis 

[Oui – 2012] in which different combustion mechanisms for the 𝐻2/𝐶𝑂/𝐴𝑖𝑟 reaction usually used in 

the literature were presented, studied and compared. In this paper, Mrs. Ouimette developed a simple 

2D-numerical model of the partially-premixed laminar flame (𝑅𝑒 = 522) for a mixture of 50% 𝐻2 / 50% 

𝐶𝑂  with an equivalence ratio 𝜑 = 3  with air as oxidizer (𝑌𝐻2
= 0.0266, 𝑌𝐶𝑂 = 0.3694, 𝑌𝑂2

=

0.1407, 𝑌𝑁2
= 0.4633). This study showed that a reduced mechanism allowed to reduce considerably 

time calculation while preserving the quality and the reliability of predictions got with more complex 

mechanisms. Mrs Ouimette’s simulations was processed using FLUENT® 6.3. 

 

In order to allow relevant and reliable comparison between the numerical results and those 

extracted from the Ph.D. thesis of Mrs. Ouimette, the geometry design, the boundaries, the initial 

conditions, the mesh as well as the physical model and the hypothesis were reproduced as far as possible. 

The complete description of the model and underlying assumptions is displayed in appendix n°21. The 

homogeneous phase mechanism applied consists of an improved version of the Davis et al. (2005) 

homogeneous phase mechanism for the CO/H2/Air combustion reactions [Dav – 2005] and was 

published in the Mantzaras et al. (2008) paper [Man – 2008]. The results are considered convergent as 

soon as the residuals for each solved equation decrease under 1. 10−4 which match with about 20 000 

iterations. 

 

5.1.1. Geometry and boundary conditions 

The geometry used is described in the figure n°6. Assuming that in the steady state, the flame 

shape is axisymmetric in relation to its longitudinal axis, the geometry can be reduced to a simple 

rectangle geometry representing a half of the whole physical fluid domain to slash time calculation. The 

domain is 25.4 mm width which corresponds to twice the burner radius and 100 mm long which 

represents approximately twice the height of the flame [Oui – 2012]. The fluid domain is split in nine 

parts which represent nine different levels of refinement of the mesh. 
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The boundaries of the fluid domain defined previously are described in the figure n°7. The central 

line of the fluid domain (Dotted line) corresponds to a symmetry axis which means that a zero-gradient 

value (
𝜕𝜙

𝜕𝑟
) is applied for all variables. The boundaries with the outside domain (Dashed line) were 

chosen to “Pressure Outlet” with a pressure, a temperature and a gas composition which matched with 

the standard atmospheric conditions. Then, the boundary of the burner wall (Continuous line) was 

chosen to “Wall” with the adiabatic, impermeable and no-slip specifications for the thermal, the species 

gradient and the shear stress specification respectively. Finally, the boundary of the injector was chosen 

to “Velocity Inlet” and the flow specification was defined as follows: the mixture composition is 50% 

𝐻2 / 50% 𝐶𝑂 with an equivalence ratio 𝜑 = 3 with air as oxidizer (𝑌𝐻2
= 0.0266, 𝑌𝐶𝑂 = 0.3694, 𝑌𝑂2

=

0.1407, 𝑌𝑁2
= 0.4633). The flow velocity was fixed to an axial average velocity 𝑢𝑍⃗⃗ ⃗⃗ ≅ 3.2 m.s-1 with a 

fully-developed profile and a radial velocity 𝑢𝑟⃗⃗⃗⃗ =  0 m.s-1 as detailed in appendix n°10. 

 

The initial conditions within and outside the domain matches with the standard atmospheric conditions: 

• P = 101325 Pa 

• T = 300 K 

• 𝑌𝑘= {
𝑂2 = 0.2321

𝑁2 = 0.7679
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�⃗�  

�⃗�  

○2  ○3  ○1  
○4  ○5  ○6  

○7  ○8  ○9  

50 

75 

100 

25.4 

12.7 

1.5875 

P = 101325 Pa 

T = 300 K° 

𝑂2 = 0.2321 − 𝑁2 = 0.7679  

�⃗�  

�⃗�  

P = 101325 Pa 

T = 300 K° 

𝑂2 = 0.2321 − 𝑁2 = 0.7679  

Axis 

Pressure Outlet 

Wall 
- Adiabatic 

- Impermeable 

- No-Slip 

Velocity Inlet 

T = 300 K° 

𝑌𝑘 = {
𝑂2 = 0.1407 − 𝑁2 = 0.4633 
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⟹  𝜑 = 3 - 50% 𝐻2 / 50% 𝐶𝑂 

𝑢𝑍⃗⃗ ⃗⃗ = 3.2 m.s-1 

Figure 6: Geometry of the fluid domain used for the validation of the homogeneous phase combustion mechanism [Oui – 2012] 

Figure 7: Boundary conditions of the fluid domain used for the validation of the homogeneous phase combustion mechanism 

[Oui – 2012] 
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5.1.2. Mesh 

The mesh applied on the fluid domain is described in the figure n°8. The fluid domain was split 

into nine divisions as showed in the figure n°6. The mesh convergence was realised by Mrs. Ouimette 

in her Ph.D. thesis and therefore, it is not studied here. The cell size for each different section is a 

constant and fixed by the grid refinement. 

The first section is divided using a 15 segments grid on the 𝑟  axis and a 475 segments grid on the 𝑧  axis. 

In this section, cells are squares each one 0.1 mm in size. 

• The sections n°2 and n°3 are divided using the same 15 segments grid on the 𝑟  axis and a 150 

segments grid on the 𝑧  axis for the section n°2 and a 75 segments grid on the 𝑧  axis for the 

section n°3. 

• The sections from n°4 to n°9 are divided using the same grid on the 𝑧  axis than the one used for 

sections n°1, n°2 and n°3. On the 𝑟  axis, the sections n°4, n°5 and n°6 are divided using a 75 

segments grid whereas the sections n°7, n°8 and n°9 are divided using a 50 segments grid. 

 

To sum up, the fluid domain was divided into 140 ∗ 700 cells. In the 𝑟  (Radial) direction, the 

minimum size of the mesh is 0.1 mm next to the burner whereas the maximum size is 0.25 mm at the 

border of the domain. In the 𝑧  (Axial) direction, the minimum size of the mesh is 0.1 mm next to the 

burner whereas the maximum size is 0.33 mm at the border of the domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

I 

5.1.3. Ignition method 

Combustion simulations of the 𝐻2/𝐶𝑂/𝐴𝑖𝑟 mixture were triggered by igniting the mixture using 

the “ignitors” option. A temperature of 1500 K is attributed to a 100 mm² square area of the fluid domain 

located at 1 mm from the burner outlet as illustrated in the figure n°8. This ignitor operates as a “pulse”. 

It is triggered at the 20th iteration and remains active till the 40th iteration. The ignition is instantaneous, 

and the combustion is then auto-sustained by the elevate temperature and the presence of active radicals 

once the ignitor turned off. 

 

5.1.4. Results 

Cold flow validation 

In this part, the inlet flow mixture was not ignited and just flowed out of the burner outlet. The 

numerical axial flow velocity profile got via the StarCCM+® simulation was compared to the numerical 

and experimental results displayed in the Mrs. Ouimette’s Ph.D. thesis in order to run the following 

reactive simulations with an appropriate fully developed flow velocity profile. The calculation of the 

fully developed flow velocity profile is detailed in appendix n°10 [Unk - 2004]. 

�⃗�  

�⃗�  

475 150 75 

75 

50 

15 

10 mm² 

Figure 8: Mesh and ignitor position of the fluid domain used for the validation of the homogeneous phase combustion mechanism 

[Oui – 2012] 
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Table 8: Validation of the axial cold-flow velocity profile 

 Axial flow velocity profile - Mechanism of Mantzaras 

  
 

  
Mrs. Ouimette [Oui – 2012] cold flow axial velocity 

profile 

○: Experimental Results 

-: Numerical Results 

Pr. Mantzaras [Man – 2008] cold flow axial velocity profile 

             Mantzaras mechanism numerical results 

             Mrs. Ouimette numerical results 

 

The numerical results for the axial flow velocity profile match very accurately with the numerical 

results got with FLUENT® 6.3 and published in the Mrs. Ouimette Ph.D. thesis [Oui – 2012]. In that 

respect, the numerical results also match with the associated experimental measurements of the axial 

cold flow velocity showed in the table n°8. This validates the use of the equation n°D.1 for the 

description of the fully-developed velocity profile. 

 

Ignited flow validation 

The validation of the ignited flow model was achieved focusing on three physical properties: the 

flame height, the temperature profile and the species mole fraction profiles. The numerical temperature 

and the species mole fraction profiles were compared to the Mrs. Ouimette’s Ph.D. thesis experimental 

results. These latter are shown in appendix n°28 and n°29. The numerical model for the validation of 

the homogeneous combustion reactions mechanism was built step by step as summed-up in the figure 

n°9. 

 

It is shown in appendix n°28 that the use of the mass-weighted mixture model for the dynamic 

viscosity as well as for the thermal conductivity is far less efficient than the use of the Mathur-Saxena 

Averaging model to simulate the homogeneous combustion reaction of the CO/H2 mixture. This result 

is not so surprising as it is not so common that a mixture physical property stems from the weighted 

average of the physical property of its components. 

- The Mathur-Saxena Averaging model is used in the following simulations. 

 

Then, it is shown in appendix n°28 and n°29 that the influence of the radiation on the 

homogeneous combustion reaction is not neglectable as it allows to reduce the maximum temperature 

by about 11 % and to get closer to the experimental results. If the effect of radiation is not neglectable 

in the case of the homogeneous phase combustion reaction in an open environment, its effect is greatly 

reduced when the homogeneous reaction takes place in a micro-channel like the ones which can be 

found in a micro-combustor for instance. The reflection coefficient is indeed no more equal to zero in 

these cases. Moreover, as the radiation effect is neglectable in papers dealing with homogeneous reaction 

in small-ducts [Zhe – 2013] [Ghe – 2011] [Sch – 2015], the latter is not primarily set up in the micro-

combustor CFD model. However, it could probably be added later to improve the model. 
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- The radiation model is not used in the micro-combustor simulations but could maybe be 

added later according to the experimental results. 

 

Finally, it is shown in appendix n°21 and n°29 that the consideration of the temperature for the 

calculation of the dynamic viscosity is very important. The latter slightly increases the maximum flame 

temperature by about 3 % but also redraws the shape of the flame making it more accurate and making 

the temperature profile closer to the experimental results. 

- The consideration of the temperature using the Sutherland’s law is used in the following 

simulations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 9: Enhancement of the numerical model for the validation of the homogeneous phase combustion reaction mechanism (Temperature profile) 
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The flame height 

The flame height is defined by the height of the OH mole fraction profile whose figure is shown 

in appendix n°29. The numerical height of the OH mole fraction profile fits accurately the one got by 

Mrs. Ouimette in her Ph.D. thesis with approximately 66 mm. The experimental value for the flame 

height is 68 mm which gives a deviation of about 3 %. The height for the CO, H2 and O2 numerical 

mole fraction profiles are slightly superior to the numerical results got by Mrs. Ouimette with a deviation 

of about 17 %, 32 % and 23 % respectively. 

 

The temperature profile 

The numerical results for the temperature profile are shown in appendix n°29. These latter 

overestimate the experimental results as showed in the table n°9. The difference between the numerical 

and the experimental results is maximum around the experimental value n°9 with a deviation between 

93 % (6mm) and 165 % (38mm). The deviation is less important at the very beginning from the 

experimental value n°1 to the experimental value n°5 with a deviation between 5 and 20 % 

approximately. At the very end, the deviation increases with the axial distance from 0 % (6mm) to 70 % 

(38mm) as the shape of the temperature profile grows faster in the simulations than in the reality. 

Nevertheless, the general shape of the temperature profile remains accurate and the main observed 

deviations can be linked to the wide spread of the temperature within the fluid domain. It seems that this 

phenomenon could be reduced by decreasing the dynamic viscosity value, but the analysis is not pursued 

further in this paper. 

 

Table 9: Experimental / Numerical deviations for the temperature profile [Oui – 2012] 

Experimental / Numerical deviations for the temperature profile [Oui – 2012] 

Radial distance  Exp. point n°5 (Max) Exp. point n°9 (Avg) Exp. point n°13 (End) 

10 % - 6mm 2146 K 635 K 313 K 

 1816 K 328 K 310 K 

𝜺𝟏𝟎% 18.2 % 93.6 % 0.97 % 

20 % - 13mm 2197 K 1002 K 371 K 

 1939 K 410 K 297 K 

𝜺𝟐𝟎% 13,3 % 144.4 % 24.9 % 

40 % - 25mm 2102 K 1148 K 468 K 

 1930 K 467 K 293 K 

𝜺𝟒𝟎% 8.9 % 145.8 % 59.7 % 

60 % - 38mm 1878 K 1154 K 533 K 

 1738 K 437 K 322 K 

𝜺𝟔𝟎% 8.1 % 164.1 % 65.5 % 

 

The species mole fraction profile 

The numerical results for the species mole fraction profiles are shown in appendix n°29. These 

latter fit very accurately the experimental values for the N2, CO, O2, H2 and H2O species regardless the 

axial position studied (6mm, 13mm, 25mm and 38mm). However, although the shape of the profile is 

preserved, a large deviation is observed between the numerical and the experimental values for the CO2 

mole fraction profile with experimental values more than twice greater than numerical results as showed 

in the table n°10. This deviation tends to decrease as the axial distance increases. In that respect, the 

CO2 deviation is smaller for x=38mm than for x=6mm with experimental values which can reach ~ +85% 

/ ~ +350% deviation with the respective numerical values.  
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Table 10: Deviation between numerical (-) and experimental (*) results for the CO2 species [Oui – 2012] 

Deviation between numerical (-) and experimental (*) results for the CO2 species [Oui – 2012] 

6mm 13mm 

  
25mm 38mm 

  
 

Conclusion 

The axial flow velocity was perfectly validated running a cold flow simulation involving the 

associated H2/CO/Air mixture as well as a fully-developed velocity profile calculated using the equation 

n°D.1 showed in appendix n°10. The validation of the ignited flow model was achieved focusing on 

three physical properties: the flame height, the temperature profile and the species mole fraction profiles. 

The flame height matches very accurately with the associated experimental value with a deviation of 

about 3 %. The species mole fraction profiles match pretty accurately with the associated experimental 

values regardless the axial position at the exception of the CO2 whose the numerical concentration is far 

below the expected experimental concentration. Finally, although the numerical model overestimates 

greatly the temperature value especially for the average radial distances, the general shape of the 

temperature profile remains conserved. Furthermore, the deviation observed can be explained by a 

miscalculation of the mixture dynamic viscosity at high temperatures as the Sutherland’s law is 

especially reliable for temperature between 300 K and 1200 K. By the way, it seems that the deviation 

decreases while the dynamic viscosity increases. The ideal gas hypothesis could also be a source of error.  
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5.2. Validation of the heterogeneous phase mechanism 

The numerical model as well as the mesh were extracted from the Zheng et al. (2013) paper 

focused on the effect of hydrogen addition on the catalytic oxidation of carbon monoxide over platinum 

at power generation relevant temperatures [Zhe – 2013]. More generally, this study focused on the 

𝐻2/𝐶𝑂 syngas mixture catalytic combustion within a narrow Pt-coated channel representative of the 

micro-combustor dimensions. In this paper, Zheng et al. (2013) developed a very simple 2D-numerical 

model in order to model their experiments and get numerical data for the species distribution as well as 

for the 𝐶𝑂 and 𝐻2 conversion rate near the Pt-coated walls. In this part, the numerical values were 

attempted to be matched with the experimental results extracted from the Zheng et al. (2013) paper [Zhe 

– 2013]. The experimental cases n°3 and n°6 showed in the table n°11 were specifically investigated. 

The Zheng et al. (2013) computations were performed using a 2-D steady elliptic CFD code. The 

associated CFD software was not specified. 

 

Table 11: Experimental conditions for the case n°3 and n°6 about the validation of the heterogeneous phase combustion 

mechanism [Zhe – 2013] 

Experimental conditions of the case n°3 and n°6 [Zhe – 2013] 

 𝜑 𝐶𝑂 (% 𝑉𝑜𝑙. ) 𝐻2 (% 𝑉𝑜𝑙. ) 𝑇𝐼𝑛𝑙𝑒𝑡 (𝐾) 𝑈𝐼𝑛𝑙𝑒𝑡  (𝑚. 𝑠−1) 

Case n°3 0.10 6.0 0.0 303 0.93 

Case n°6 0.12 6.0 1.0 313 0.97 

 

In order to allow relevant and reliable comparisons between the numerical results and those 

extracted from the Zheng et al. (2013) paper, the geometry design, the boundaries, the initial conditions, 

the mesh as well as the physical model and the associated hypothesis were reproduced as far as possible. 

Radiation was not considered in the following numerical model. The complete description of the model 

and underlying assumptions is displayed in appendix n°21. 

 

The heterogeneous mechanism used by Zheng et al. (2013) was extracted from Deutschmann et 

al (2000) [Deu – 2000] whose mechanism is a reference for the modelling of the heterogeneous reaction 

of the 𝐶𝐻4/𝐻2/𝐶𝑂 mixture on 𝑃𝑡. Since the considered mixture does not include methane, the 𝐶𝐻4 

reactions were removed as they were not relevant for the modelling of the heterogeneous reaction of 

𝐻2/𝐶𝑂 on 𝑃𝑡. Several Arrhenius kinetic coefficients were also modified in order to take into account 

more recent paper [Koo – 2009]. Likewise, the HCOO(S) related reactions were added to the initial 

Deutschmann mechanism as their influence on the numerical results was shown to be significant in some 

specific cases. The homogeneous reactions were modelled using the Mantzaras et al. (2008) mechanism 

[Man – 2008] as it showed very good efficiency to model the homogeneous phase reaction in the part 

n°3. However, considering the very low equivalence ratio of the mixture (0.1 < 𝜑 < 0.13), the gas-

phase chemistry is of negligible importance compared with the heterogeneous phase chemistry as the 

flammability limit of the mixture is not reached. In that respect, the choice of the latter appears to be 

less important [Zhe – 2013] [Che – 2017]. The results are considered convergent as soon as the residuals 

for each solved equation decrease under 1. 10−4 which match with approximately 7500 iterations. 

 

5.2.1. Geometry and boundary conditions 

The geometry used is described in the figure n°10. The fluid domain is a simple 2D-rectangle 100 

mm long per 7 mm wide. The Pt-coated channel used in the experiments was actually 200 mm long but 

since only the early oxidation of CO on the Platinum is of interest, the fluid domain was restricted to 

100 mm long [Zhe – 2013]. 
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The geometry represents a widely used experimental configuration for the study of micro-

combustion in narrow channels as it is very simple and ease to implementation [Zhe – 2013] [Li – 2012] 

[Sch – 2015]. The boundaries of the previously described domain for the case n°6 are defined in the 

figure n°11. The upper and lower solid lines represent the two reactive walls. Their boundaries were 

chosen to “wall” with temperature, impermeable, and no-slip specification for the thermal, the species 

gradient as well as the shear stress specification respectively. The upper and lower wall temperature 

were constructed by fitting polynomials to thermocouple measurements. The left arrows represent a 

“Velocity Inlet” boundary condition whereas the right dashed line represents a “Pressure Outlet” 

boundary condition. The pressure, the temperature as well as the initial composition were chosen using 

the experimental values got for the case n°3 and n°6. The pressure of 5 bar and the walls temperature 

(600 K – 800 K) are relevant to describe the operating conditions of large and micro-turbine-based 

power generation devices [Zhe – 2013]. 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2. Mesh 

The mesh applied on the fluid domain is very simple and described on the figure n°12. The mesh 

refinement is realised by Zheng et al. (2013), therefore it is not developed there. The fluid domain is 

divided into 280*80 cells constantly distributed. In that respect, the size of an element is 0.357 mm long 

and 0.875 mm large. The cell size is constant on the whole fluid domain. 

 

 

 

 

 

 

5.2.3. Ignition method 

Considering that the channel is initially filled with the reactive 𝐻2/𝐶𝑂 mixture in the appropriate 

proportion and at a pressure of 5 bar, the heterogeneous combustion reaction of the 𝐻2/𝐶𝑂 mixture on 

𝑃𝑡 is triggered due to the high temperature of the Pt-coated walls of the channel. The heterogeneous 

phase reaction starts instantaneously and evolves till reaching the steady state. The gas-phase 

contribution to syngas oxidation can be ignored in the range of operating conditions considered here 

[Zhe – 2013] [Che – 2017].  

280 

80 

Wall 
- Reactive (Catalyst) 

- Temperature:𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙𝑠 

- Impermeable 

- No-Slip 

P = 500 000 Pa 

T = 300 K° 

𝑂2 = 0.3 − 𝑁2 = 0.63  

𝐶𝑂 = 0.06 − 𝐻2 = 0.01  

Pressure Outlet 
- P = 500 000 Pa 

- T = 313 K 

- 𝑂2 = 0.3 − 𝑁2 = 0.63  

- 𝐶𝑂 = 0.06 −  𝐻2 = 0.01  

T = 313 K 

{
𝑂2 = 0.3 − 𝑁2 = 0.63 
𝐻2 = 0.01 − 𝐶𝑂 = 0.06

⟹  𝜑 = 0.12 

𝑢𝑍⃗⃗⃗⃗ = 0.97 m.s-1 

�⃗�  

�⃗�  

Velocity Inlet 

 

Figure 10: Geometry of the fluid domain for the validation of the heterogeneous phase combustion mechanism [Zhe – 2013] 

100 

7 

Figure 11: Boundary conditions of the fluid domain for the validation of the heterogeneous phase combustion mechanism 

Case n°6 - [Zhe – 2013] 

Figure 12: Mesh of the fluid domain for the validation of the heterogeneous phase combustion mechanism [Zhe – 2013] 



Development, measurements and simulation of a micro-combustor for bio-syngas combustion 

driven thermophotovoltaic power systems 

31 

Guillaume Thiriet – Pr. Yueh-Heng Li 

 

5.2.4. Results 

The heterogeneous numerical validation was carried out in two steps. First, the experimental 

results for the case n°3 involving a CO/O2/N2 mixture were reproduced in order to find the appropriate 

set of parameters for the reactivity of CO on platinum. Then, the experimental results for the case n°6 

involving a CO/H2/O2/N2 mixture were reproduced reusing the previously defined set of parameters to 

validate definitely the selected heterogenous combustion reaction mechanism as well as the choice of 

the modified Arrhenius coefficient. The experimental measured transverse profiles of CO and H2 mole 

fraction were got via Raman and OH-LIF measurements. 

 

Case n°3: Heterogeneous reaction of a pure CO mixture 

As a reminder, the experimental conditions of the case n°3 are described in the table n°11. The 

validation of the heterogeneous reaction of CO on platinum was done using the original modified 

heterogeneous mechanism of Zheng et al. (2013) [Zhe – 2013] as explained in the part n°3. The first 

numerical results got with such a mechanism were greatly overestimated the reactivity of CO on 

platinum leading to an inaccurate CO mole fraction profile for case n°3 and then for case n°6 with the 

H2 species. To solve this problem, the decision was made to modify an Arrhenius coefficient of a critical 

step involving the CO species within the heterogeneous mechanism. In that respect, the pre-exponential 

Arrhenius coefficient in the step CO + PT(S) => CO(S) was decreased from 0.84 to 0.60 as showed in 

the figure n°13 using a dichotomy method briefly illustrated in the table n°12. The choice of the 0.6 

value for the pre-exponential Arrhenius coefficient improved greatly the numerical results for the mole 

fraction profile of the CO and H2 species. 

 

 

 

 

 

Table 12: Influence of the Arrhenius pre-exponential coefficient on the CO mole fraction profile (50mm) 

Influence of the Arrhenius pre-exponential coefficient on the CO mole fraction profile (50mm) 

0.45 0.55 0.60 0.84 

    
 

The appendix n°30 shows the numerical and the experimental superimposed results for the CO 

mole fraction at different axial position (8mm, 35mm and 50mm) for the case n°3. For each axial 

position, the numerical CO mole fraction values fit very accurately with the associated experimental 

results. The small resulting deviations are of the order of magnitude of the errors related to the 

experiments. This result is true in the middle of the channel where the heterogeneous reaction does not 

have any influence but also alongside the reactive Pt-coated walls where heterogeneous reactions were 

prominent. 

  

0,04 0,045 0,05 0,055 0,06 0,065 0,04 0,045 0,05 0,055 0,06 0,065 0,035 0,04 0,045 0,05 0,055 0,06 0,065 0,02 0,025 0,03 0,035 0,04 0,045 0,05 0,055 0,06 0,065

0.84 Figure 13: Modification of the pre-exponential Arrhenius 

coefficient in the CO+PT(S)=>CO(S) step 
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Case n°6: Heterogeneous reaction of a CO / H2 mixture 

As a reminder, the experimental conditions of the case n°6 are described in the table n°11. The 

appendix n°31 shows the numerical and the experimental superimposed results for the CO and H2 mole 

fraction at different axial position (8mm, 20mm and 35mm) for the case n°6. Similar to the previous 

case, the numerical results for the CO and the H2 mole fraction profile fit very accurately with the 

associated experimental values. The small resulting deviations are of the order of magnitude of the errors 

related to the experiment. This result is especially valid at the 8mm and 20mm axial position. For the 

50mm axial position, the numerical results seem to slightly overestimate the reactivity of H2 and CO on 

platinum. The presence of unexplained small numerical instabilities for the 50mm axial position has 

also to be highlighted. Nevertheless, the numerical results for the CO and H2 mole fraction profiles 

remain very accurate especially in the middle of the channel but also alongside the reactive walls where 

heterogeneous reactions are prominent. This general result is valid on a wide range of axial position. 

This study validates the choice of the Zheng et al. (2013) heterogeneous mechanism but highlights the 

importance of modifying an Arrhenius coefficient on a critical step to greatly enhance the accuracy. 

 

Conclusion 

The selected heterogeneous mechanism was extracted from the Zheng et al. (2013) paper and 

modified decreasing the pre-exponential Arrhenius coefficient in the step CO + PT(S) => CO(S) from 

0.84 to 0.60. This small modification allowed the numerical CO and H2 mole fraction profiles to fit very 

accurately with the associated experimental profiles extracted from the Zheng et al. paper (2013) 

whatever the axial distance considered. It can be noticed that for the case n°6, at the axial distance x=35 

mm, the numerical H2 mole fraction profile slightly overestimates the reactivity of the latter and thus, 

returns numerical H2 mole fraction values smaller than the experimental ones. Some numerical 

imperfections can also be noticed. 
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5.3. Validation of the mechanism of the homogeneous reaction coupled with the 

heterogeneous reaction 

The numerical model as well as the mesh were extracted from the Ghermay et al. (2011) paper 

[Ghe – 2011] as well as from the Schultze et al. (2015) paper [Sch – 2015] focused on the study of the 

hetero-/homogeneous combustion reaction of syngas mixture involving 𝐶𝑂, 𝐻2 as well as 𝑂2 and 𝑁2 

over platinum at fuel-lean [Ghe – 2011] / fuel-rich [Sch – 2015] stoichiometries and pressures up to 5 

bar [Ghe – 2011] / 14 bar [Sch – 2015]. These two studies took over the experimental apparatus as well 

as the model studied in the previous part n°5.2. In that respect, the dimensions as well as the 2D-

numerical model of the narrow Pt-coated channel used in these papers were very similar to the 

previously described one. In this part, the numerical data were attempted to be match with the 

experimental and numerical results extracted from the Ghermay et al (2011) paper via the case n°8 and 

from the Schultze et al. (2015) paper via the case n°13. The experimental conditions related with these 

two cases are shown in the table n°13 and n°14. The case n°1 and n°3 as well as the case n°2 and n°4 

from the Ghermay et al. (2011) and Schultze et al. (2015) respectively were also investigated regarding 

the shape of the flame only. The experimental conditions related with these cases are shown in appendix 

n°21. For both papers, computations were performed using a 2-D steady elliptic CFD code. The 

associated CFD software was not specified. 

 

Table 13: Experimental conditions of the case n°8 for the validation of the homo-/heterogeneous phase coupled combustion 

mechanism with a fuel lean mixture [Ghe – 2011] 

Experimental conditions of the case n°8 [Ghe – 2011] – (Fuel-lean) 

Case n°8 𝜑 𝑃 (𝐵𝑎𝑟) 𝑟 = 𝐻2 𝐶𝑂 ⁄  𝑇𝐼𝑛𝑙𝑒𝑡 (𝐾) 𝑈𝐼𝑛𝑙𝑒𝑡  (𝑚. 𝑠−1) 

 

0.33 5 1:2 426 1.1 

 𝐶𝑂 (% 𝑉𝑜𝑙. ) 𝐻2 (% 𝑉𝑜𝑙. ) 𝑂2 (% 𝑉𝑜𝑙. ) 𝑁2 (% 𝑉𝑜𝑙. ) 

 0.078 0.039 0.177 0.706 

 

Table 14: Experimental conditions of the case n°13 for the validation of the homo-/heterogeneous phase coupled combustion 

mechanism with a fuel-rich mixture [Sch – 2015] 

Experimental conditions of the case n°13 [Sch – 2015] – (Fuel-rich) 

Case n°13 𝜑 𝑃 (𝐵𝑎𝑟) 𝑟 = 𝐻2 𝐶𝑂 ⁄  𝑇𝐼𝑛𝑙𝑒𝑡 (𝐾) 𝑈𝐼𝑛𝑙𝑒𝑡  (𝑚. 𝑠−1) 

 

7 7 5:1 336 0.9 

 𝐶𝑂 (% 𝑉𝑜𝑙. ) 𝐻2 (% 𝑉𝑜𝑙. ) 𝑂2 (% 𝑉𝑜𝑙. ) 𝑁2 (% 𝑉𝑜𝑙. ) 

 0.1246 0.623 0.053 0.1994 

 

As previously, in order to allow relevant and reliable comparison between the numerical results 

and those extracted from the Ghermay et al. (2011) and Schultze et al. (2015) papers, the geometry 

design, the boundaries, the initial conditions, the mesh as well as the physical model and the associated 

hypothesis were reproduced as far as possible. Radiation was not considered in the following numerical 

model. The heterogeneous mechanism used was identical to the one used in the part n°5.3 and was 

extracted from the Zheng et al. (2013) paper. The homogeneous reactions were modelled using the 

Mantzaras et al. (2008) mechanism [Man – 2008]. The results are considered convergent as soon as the 

residuals for each solved equation decrease under 1. 10−4  which match with approximately 7500 

iterations. 

 

  



Development, measurements and simulation of a micro-combustor for bio-syngas combustion 

driven thermophotovoltaic power systems 

34 

Guillaume Thiriet – Pr. Yueh-Heng Li 

 

5.3.1. Geometry and boundary conditions 

The geometry used is described in the figure n°14. The fluid domain is a simple 2D-rectangle 300 

mm long per 7 mm wide. The depth of the channel which is 104 mm long is not represented there as a 

2D model is used. 

 

 

 

 

 

 

The boundaries of the previously described domain are defined in the figure n°15. The upper and 

lower solid lines represent the two reactive walls. Their boundaries were chosen to “wall” with 

temperature, impermeable, and no-slip specification for the thermal, the species gradient as well as the 

shear stress specification respectively. The upper and lower walls temperature profiles were constructed 

by fitting polynomials to thermocouple measurements. The left arrows represent a “Velocity Inlet” 

boundary condition whereas the right dashed line represents a “Pressure Outlet” boundary condition. 

The pressure, the temperature as well as the initial composition were chosen using the experimental 

values got from the selected cases. The pressure between 1 and 14 bar and the walls temperature (750 

K – 1250 K) are relevant to describe the operating conditions of a wide range of combustion driven 

power generation systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.2. Mesh 

The mesh applied on the fluid domain is very simple and described on the figure n°16. The mesh 

refinement is realised by Ghermay et al (2011) / Schultze et al. (2015), therefore it is not developed here. 

The fluid domain is divided into 480*100 cells constantly distributed. In that respect, the size of an 

element is 0.625 mm long and 0.8 mm large. The cell size is constant on the whole fluid domain. 
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Figure 14: Geometry of the fluid domain for the validation of the homo-/heterogeneous phase coupled combustion 

mechanism [Ghe – 2011] [Sch – 2015] 

Figure 15: Boundary conditions of the fluid domain for the validation of the homo-/heterogeneous phase coupled combustion mechanism 

Case n°13 - [Sch – 2015] 

Figure 16: Mesh of the fluid domain for the validation of the homo-/heterogeneous phase coupled combustion mechanism 

[Ghe – 2011] [Sch – 2015] 
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5.3.3. Ignition method 

The channel was initially filled with the reactive 𝐻2/𝐶𝑂 mixture in the appropriate proportion, 

temperature and pressure. In that respect, the heterogeneous combustion reaction of the 𝐻2/𝐶𝑂 mixture 

on 𝑃𝑡 and the homogeneous combustion reaction were triggered thanks to the high walls temperature 

set up via the wall temperature boundary condition [Ghe – 2011] [Sch – 2015]. 

 

5.3.4. Results 

The experimental mole fraction profiles for the 𝐻2, 𝐶𝑂, 𝑂2, 𝐶𝑂2 and 𝐻2𝑂 species got via Raman-

measurements were reproduced numerically. The associated flame height got via OH-LIF measurement 

was also tried to be found to definitely validate the use of the Mantzaras et al. (2008) and Zheng et al. 

(2013) mechanisms as well as the use of the previously quoted model. The cases n°2 and n°4 as well as 

the cases n°1 and n°3 for the fuel-rich / fuel-lean condition respectively were investigated in appendix 

n°32 and n°33. 

 

Case n°8: CO/H2/Air fuel-lean mixture 

The experimental results were extracted from the Ghermay et al. (2011) paper [Ghe – 2011]. 

Table 15: Experimental (8A) and numerical (8B) OH mole fraction for the case n°8 [Ghe - 2011] 

Experimental (8A) and numerical (8B) OH mole fraction for the case n°8 [Ghe – 2011] 

 

 

 

 

 

 

The table n°15 presents the numerical OH mole fraction and temperature associated with the 

experimental OH-LIF measurements picture on the figure (8A) for the case n°8. Similar tables for the 

case n°1 and n°3 are shown in appendix n°32. For each fuel-lean case, the flame height is smaller than 

the experimental one. In the case n°8 showed in the table n°15, the experimental flame height is about 

33 % higher than the numerical one. For the case n°1 and n°3, the experimental flame height is 

respectively about 1.5 % lower and 45 % higher than the numerical one. However, the numerical 

position of the flame ignition for each of the three cases is pretty accurate as the deviation between 

experimental and numerical position is only 13mm, 7.5mm and 12mm respectively which matches with 

4.3 %, 2.5 % and 4 % of the whole channel length. These results are summed up in the table n°16. 
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Table 16: Comparison between experimental and numerical position of the flame in the case of a fuel lean-mixture 

 
Flame height 

(mm) 

𝑭𝒍𝒂𝒎𝒆𝑯𝒆𝒊𝒈𝒉𝒕𝑬𝒙𝒑

𝑭𝒍𝒂𝒎𝒆𝑯𝒆𝒊𝒈𝒉𝒕𝑵𝒖𝒎
  Flame ignition 

distance (mm) 

𝑭𝒍𝒂𝒎𝒆𝑰𝒈𝒏𝑫𝒊𝒔𝑬𝒙𝒑

𝑭𝒍𝒂𝒎𝒆𝑰𝒈𝒏𝑫𝒊𝒔𝑵𝒖𝒎
  

Case n°8 – Experimental Results 182 
1.49 

37 
1.54 

Case n°8 – Numerical Results 122 24 

Case n°1 – Experimental Results 244 
0.99 

15 
0.67 

Case n°1 – Numerical Results 247.5 22.5 

Case n°3 – Experimental Results 141 
1.83 

28 
1.75 

Case n°3 – Numerical Results 77 16 

 

The numerical CO, CO2, H2 and H2O mole fraction profiles for the case n°8 were taken at 10mm, 

25mm and 40mm from the channel entrance. They are shown in appendix n°32. These latter fit 

accurately the experimental mole fraction profiles in particular at the very beginning (10mm – 25mm) 

and in the middle of the micro-channel. The deviations observed are of the order of magnitude of 

measurement uncertainties. As going further down the channel (40mm), the homogeneous phase 

combustion begins to impact the species mole fraction profiles and therefore, the numerical results for 

the studied species slightly underestimate / overestimate the mole fraction of the consumed / created 

species. This result is due to the fact that for the case n°8, the flame ignition position appears slightly 

sooner in the numerical model than in the experiment. 

 

Case n°13: CO/H2/Air fuel-rich mixture 

The experimental results were extracted from the Schultze et al. (2011) paper [Sch – 2015]. 

Table 17: Experimental (13A) and numerical (13B) O2 mole fraction for the case n°13 [Sch - 2015] 

Experimental (13A) and numerical (13B) O2 mole fraction for the case n°13 [Sch – 2015] 

 

 

 

 

 

 

The table n°17 presents the numerical O2 mole fraction and the temperature profile associated 

with the experimental hot O2-LIF measurements picture on the figure (13A) for the case n°13. Similar 

tables for the case n°2 and n°4 are shown in appendix n°33. For each fuel-rich case, the flame position 

is approximately the same than the experimental one. In the case n°13 showed in the table n°17, the 

experimental flame height is about 6 % lower than the numerical one. For the case n°2 and n°4, the 

experimental flame position is respectively about 19mm lower and 3mm higher than the numerical one 

which matches with 6.3 % and 1 % of the whole channel length respectively. These results are summed 

up in the table n°18. 
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Table 18: Comparison between experimental and numerical position of the flame in the case of a fuel rich-mixture 

 
Flame height 

(mm) 

Flame ignition 

distance (mm) 

Case n°13 – Experimental Results 169 *** 

Case n°13 – Numerical Results 178 *** 

Case n°2 – Experimental Results *** 124 

Case n°2 – Numerical Results *** 143 

Case n°4 – Experimental Results *** 131 

Case n°4 – Numerical Results *** 128 

 

The numerical O2, CO, H2, CO2, and H2O mole fraction profiles for the case n°13 were taken at 

20mm from the channel entrance. They are shown in appendix n°33. The O2 numerical mole fraction 

fits perfectly the experimental results while the CO and the H2 numerical mole fraction slightly 

underestimates / overestimates the reactivity of the associated species. This leads to inaccurate mole 

fraction for the CO species especially, alongside the reactive platinum walls where the heterogeneous 

reaction takes place. Similar numerical results are observed for the H2O and the CO2 species which are 

respectively slightly overestimated / underestimated alongside the platinum walls. 

 

Conclusion 

The experimental flame height was reproduced fairly accurately by the numerical model for fuel-

rich mixtures as showed by the case n°2, n°4 and n°13 in appendix n°33. The latter was less accurate 

for fuel-lean mixtures where deviations can reach 45 % as showed by the case n°1, n°3 and n°8 in 

appendix n°32. Moreover, the numerical species mole fraction profiles fitted pretty accurately the 

experimental mole fraction ones for fuel-lean mixtures. The observed deviations were of the order of 

magnitude of measurement uncertainties (Case n°1, n°3 and n°8 for fuel-lean mixtures [Ghe – 2011]). 

However, there were small deviations between the numerical and the experimental CO and H2 mole 

fraction profiles for fuel-rich mixtures especially (Case n°13 [Sch – 2015]), alongside the reactive walls. 
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6. The micro-combustor numerical model 
The design of a reliable numerical model for the micro-combustor is one of the main objectives 

of this project. Preliminary validation studies presented in the part n°5.1, n°5.2 and n°5.3 allowed to 

validate the previously selected homogeneous and heterogeneous combustion reaction mechanisms as 

well as to define a numerical model and its associated set of parameters. In that respect, the homogeneous 

and the heterogeneous combustion reaction mechanisms applied to the micro-combustor model are those 

extracted from the Mantzaras et al. (2008) paper [Man – 2008] and from the Zheng et al. (2013) paper 

[Zhe – 2013] respectively. The efficiency and the reliability of both mechanisms were demonstrated 

previously. In the following studies, the results are considered convergent as soon as the residuals for 

each solved equation decrease under 1. 10−4 which match with approximately 2000-20000 iterations 

depending of the mesh refinement. 

 

6.1. Geometry and boundary conditions 

The numerical model of the micro-combustor was built considering the dimensions of the 

secondly designed device (V2) whose blueprints are available in appendix n°12-13-14-15-16-17-18-19 

and 20. The geometry of the fluid domain is described in the figure n°17. The red dotted lines represent 

the gases inlets whereas the blue dashed lines represent the flue gases outlets. The green full lines inside 

the fluid domain represent the reactive platinum plate on which the heterogeneous combustion reactions 

take place. Although the fluid domain has an axis of symmetry, it is not relevant to reduce the fluid 

domain using the “symmetry” boundary condition since the micro-combustor is expected to receive inlet 

gases of different concentration depending on whether the upper or the lower channel is considered. 

Furthermore, as the two channels are interacting with each other via the hole in the platinum plate, what 

happens in one influences the other and vice versa, hence the importance of keeping the whole fluid 

domain. 

 

 

 

 

 

 

 

 

 

 

 

 

The fluid domain is 50 mm long, 11 mm high and 3 mm width which matches with the length and 

the width of the platinum plate. The 3D-fluid domain was then converted into a 2D-fluid domain to save 

computing time while performing some simple parametric studies. However, it should be noted that the 

hole on the platinum plate has small dimensions compared to the width of the platinum plate. Therefore, 

its influence on the width of the 3D model is probably non neglectable. In that respect, the 2D model 

returns pretty accurately the combustion process as well as the associated scalar values in the middle of 

the micro-combustor but under no circumstances may it be used to get results about the sides of the 

micro-combustor. 

 

The boundaries of the fluid domain defined previously are described in the figure n°18. The red 

dotted line boundaries were chosen to “Velocity Inlet” with an inlet temperature of 300 K, a flow 
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Figure 17: Geometry of the fluid domain for the numerical model of the micro-combustor V2 
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velocity of 5 m.s-1 as well as an equivalence ratio of one with air as oxidizer (𝑋𝐻2
= 0.148, 𝑋𝐶𝑂 = 0.148, 

𝑋𝑂2
= 0.148, 𝑋𝑁2

= 0.556). Then, the blue dashed line boundaries were chosen to “Pressure Outlet” 

with a pressure, a temperature and a gas composition which matched with the standard atmospheric 

conditions (101325 Pa, 300 K, 𝑋𝑂2
= 0.21 / 𝑋𝑁2

= 0.79). Finally, the boundary of the micro-combustor 

walls represented by green and blue full lines was chosen to “Wall” with the adiabatic, impermeable 

and no-slip specifications for the thermal, the species gradient and the shear stress specification 

respectively. 

 

The initial conditions within the domain match with the steady state of the cold flow without any 

combustion reactions: 

• P = 101325 Pa 

• T = 300 K 

• Molar fraction = 𝑋𝐻2
= 0.148, 𝑋𝐶𝑂 = 0.148, 𝑋𝑂2

= 0.148, 𝑋𝑁2
= 0.556 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.2. Ignition method 

The combustion process within the micro-combustor numerical model was triggered using the 

“ignitors” option. A temperature of 1500 K is applied to the whole model as a “pulse”. It is triggered at 

the 20th iteration and remains active till the 40th iteration. The ignition is instantaneous, and the 

combustion is then auto-sustained by the elevate temperature, the presence of active radicals as well as 

the heterogeneous phase reaction once the ignitor turns off. 

 

6.3. Mesh convergence 

The objective of the mesh convergence is to find a compromise between computing time and 

accuracy of the numerical results. The basics of the mesh convergence method are very simple. Starting 

from a coarse mesh, the latter is progressively refined until the results no longer vary with a reduction 

in cell size. Usually, it is considered that the convergence is reached when for a new division of the 

mesh size, the results do not vary more than 1.0 %. In our case, different mesh sizes were tested and 

compared. Then, after processing of the results, a final refined mesh was designed combining the 

previously tested meshes taking into account their accuracy and the associated computing time. The 

different mesh sizes and characteristics used are showed in the figure n°19 as well as in the table n°19. 

Platinum Plate 
- Reactive (Catalyst) 

- Adiabatic 

- Impermeable 

- No-Slip 

Stainless Steel 
- Adiabatic 

- Impermeable 

- No-Slip 

Velocity Inlet Pressure Outlet 

P = 101325 Pa 

T = 300 K 

𝑋𝑂2
= 0.21 − 𝑋𝑁2

= 0.79 

P = 101325 Pa 

T = 300 K 

𝑋𝐻2
= 0.148 / 𝑋𝐶𝑂 = 0.148 

𝑋𝑂2
= 0.148 / 𝑋𝑁2

= 0.556 

Figure 18: Boundary conditions of the fluid domain for the numerical model of the micro-combustor V2 
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Numerical values were extracted at an axial distance of 2, 5 and 8mm from the inlet of the micro-

combustor as well as in the middle of a channel as showed in the figure n°21 and n°22. The mesh n°12 

showed in the table n°19 is a highly refined mesh which is considered as the reference with converged 

numerical values. 

 

 

 

 

 

 

Table 19: Synthesis of the mesh characteristics 

 

6.3.1.Mesh convergence on the flame height 

 

 

 

Table 20: Flame height comparison and deviation for each different mesh 

 

6.3.2. Mesh convergence on the near hole axial profile 

The axial positions are located at 2mm, 5mm and 8mm, near the 

platinum hole which is the area of interest as showed on the figure n°21. 

The OH mole fraction, the temperature as well as the flow velocity 

profiles are studied for each axial location. The previously quoted 

profiles for each different mesh are compared and showed in appendix 

n°35. 

 

Synthesis of the mesh characteristics 

 A B C D Total  A B C D Total 

Mesh n°1 2 9 89 10 2004 Mesh n°6 12 54 534 60 72144 
Mesh n°2 4 18 178 20 8016 Mesh n°7 14 63 623 70 98196 
Mesh n°3 6 27 267 30 18036 Mesh n°8 16 72 712 80 128256 
Mesh n°4 8 36 356 40 32064 Mesh n°9 18 81 801 90 162324 
Mesh n°5 10 45 445 50 50100 Mesh n°10 20 90 890 100 200400 

 Mesh n°12 24 108 1068 120 288576 

Flame height comparison 

 
Mesh 

n°2 

Mesh 

n°3 

Mesh 

n°4 

Mesh 

n°5 

Mesh 

n°6 

Mesh 

n°7 

Mesh 

n°8 

Mesh 

n°9 

Mesh 

n°10 

Mesh 

n°12 

Flame height (mm) 19.9 18.3 16.1 14.6 13.8 13.4 13.0 12.6 12.2 12.0 

Deviation (%) *** -8.0 -12.0 -9.3 -5.5 -2.9 -3.0 -3.1 -3.2 -1.6 

A 

A 

D C B 

The figure n°20 shows the height of the flame for 

each mesh size. The mesh n°1 is too coarse to be able to 

identify a relevant flame height, therefore it is not showed 

here. The flame height is defined using the OH mole 

fraction as explained in the part n°6.3.3. 

The flame height can be considered as converged from 

mesh n°10 as the height difference between the mesh 

n°10 and the reference mesh n°12 is only of 0.2mm with 

a deviation of about 1.6%. 
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Figure 19: Number of cells in the 

micro-combustor model 

Figure 20: Flame height for each different mesh 

Figure 21: Axial position for the measurement of 

temperature, OH mole fraction and velocity 

profiles 
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Whether for the OH mole fraction, the temperature or the flow velocity, the mesh n°3, n°4, n°5 

and n°6 do not return very accurate values and profiles in particular at the walls of the micro-combustor 

(0.00mm and 7.00mm). Therefore, this four-coarse meshes are discarded to represent the combustion 

process in the area of interest, where the flame hanger, in the vicinity of the hole. Finally, it appears that 

only the mesh n°10 returns accurate converged values in this area, whether for the temperature, the OH 

mole fraction or the velocity profile. This observation is particularly true for the 2mm and 5mm axial 

position but as the distance with the hole increases, the deviation between the previously defined mesh 

gradually decreases. 

 

6.3.3. Mesh convergence on the radial profile 

The studied radial position is located at 2.5mm in the lower 

channel so that the radial profile intersects with the end of the flame 

as showed on the figure n°22. The radial OH mole fraction as well 

as the temperature profiles are studied for each different mesh. The 

peak of OH mole fraction allows to define the height of the flame. 

The meshes n°3, n°4, n°5 and n°6 were previously discarded as 

they did not return accurate profiles near the walls of the micro-

combustor. 

 

• The temperature / OH mole fraction profile 

The radial temperature as well as the OH mole fraction profiles and deviations for each different 

mesh at some specific locations are showed in appendix n°35. From 0mm to 20mm, in the vicinity of 

the hole, the mesh convergence is reached for the mesh n°10 as the deviation for the temperature and 

the OH mole fraction profile compared to the mesh n°9, is of 0.5 % in each case. A very big deviation 

can be noted at 5mm - 10mm for the temperature / OH mole fraction profile but the latter seems to come 

from a numerical error as showed in the associated figure in appendix n°35. From 20mm to 30mm, the 

meshes n°8, n°9 and n°10 can be considered as converged as the deviation between the mesh n°8 and 

the mesh n°10 does not exceed 1.0 % / 2.0 % for the temperature profile and the OH mole fraction 

profile respectively. From 30mm to 50mm, the meshes n°5, n°6, n°7, n°8, n°9 and n°10 all return the 

converged value for the temperature / OH mole fraction and the associated deviations do not exceed 

1.0 % / 2.0 % (0.1% / 0.5 % if we only considered the meshes n°7, n°8, n°9 and n°10). 

To conclude, the characteristics of the mesh n°10 should be used at least till 20mm, in the vicinity of 

the hole. Then the number of cells can be decreased to reach the characteristics of the mesh n°8 till 

30mm. Finally, the number of cells can still be reduced to reach the characteristics of the mesh n°5 till 

50mm. 

 

6.3.4. Design of the final mesh 

Two different meshes were designed and compared using the analysis of the results extracted 

during the mesh convergence detailed in parts n°6.3.1, n°6.3.2 and n°6.3.3. These latter are described in 

the table n°21. Their associated axial and radial temperature, OH mole fraction and velocity profiles are 

showed in appendix n°36. The mesh V1 is defined by the number of cells and has the radial 

characteristics of the meshes n°10, n°8, n°6 and n°4 between 0-20, 20-30, 30-40, 40-50mm respectively. 

The number of cells in the width of a channel is 100, no matter the area considered. The mesh V2 is 

defined by the size of a cell and has the characteristics of the meshes n°10, n°5 and n°2.5 between 0-20, 

20-40 and 40-50mm respectively. Both mesh types are very close in terms of mesh size and design. 

However, the V1 mesh type has 152 400 cells while the V2 mesh has 103 148 cells which greatly 

influence the time calculation as showed thereafter. 

2.5mm 

Figure 22: Radial position for the measurement of 

temperature and OH mole fraction profiles 
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Table 21 : Converged mesh V1 (on the left) and converged mesh V2 (on the right) 

Converged mesh V1 (on the left) and converged mesh V2 (on the right) 

 
 

Number of cells Size of cells (m) 

152 400 cells 103 148 cells 

 

The appendix n°36 shows that there are almost no deviations between the mesh n°10 and the 

converged meshes V1 and V2 showed in the table n°21, for the axial positions 2mm, 5mm and 8mm in 

the vicinity of the platinum hole. This shows that the mesh for the model V1 and V2 is sufficiently 

refined to describe the combustion process in the area of interest near the hole, where the flame hangs. 

The same observation can be made between 20mm and 50mm where the mesh gets coarser. As showed 

in the figure n°23, the V1 model numerical results fit perfectly with the numerical results get with the 

mesh n°10 whether for the OH mole fraction or the temperature profiles while the V2 model slightly 

overestimates the OH mole fraction profile. 

Finally, considering the great accuracy of the results in both cases, the final selected mesh is the model 

V2 due to its convergence more than twice faster than the V1 model convergence and its great accuracy. 
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Figure 23: CPU solver time and radial OH mole fraction / temperature profiles for the mesh V1 and V2 
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7. Conclusion 

7.1. Scientific conclusion 

As part of my second year of a Master of mechanical and pyrotechnic engineering at ENSTA 

Bretagne, I carried out my final year project between the 26th of March 2018 and the 17th of August 2018 

(21 weeks) within the combustion and propulsion laboratory of the Aeronautics and astronautics 

department of NCKU in Tainan, Taiwan. During this five-month internship, I was tasked with 

developing, measuring as well as simulating a simple micro-combustor embedding a platinum plate in 

the middle for a bio-syngas combustion driven thermophotovoltaic power system. This research project 

fell as part of a larger project bringing together several universities and laboratories. The final objective 

was the development of an optimised TPV device which could provide power for an industrial 

application once assembled in series. The combustion laboratory of NCKU oversaw the development of 

the micro-combustor. The whole research project took place under the supervision of Pr. Yueh-Heng Li 

(李約亨). I worked in collaboration with two master students Chien-Chun Kao (高建鈞) and Davy 

Sawadogo whose master thesis topic was very close to my final year internship one. 

 

A reliable and efficient micro-combustor CFD model was designed using the StarCCM+® CFD 

software. This model was built using the “Complex chemistry” combustion model which was 

appropriate to simulate precisely combustion reactions using detailed kinetic mechanisms. The 

𝐻2/𝐶𝑂/𝑂2 reaction mechanisms used was selected via preliminary bibliographic researches and the 

building of the micro-combustor model took place in three steps. Firstly, the homogeneous as well as 

the heterogeneous phase mechanisms were validated independently reproducing the experimental data 

got by Mrs. Ouimette in her Ph.D. Thesis as well as by Zheng et al. (2013) respectively. Then, a final 

validation involving both homogeneous phase and heterogeneous phase mechanisms was performed 

reproducing the experimental data got by Ghermay et al. (2011) and Schultze et al. (2015) for fuel-lean 

and fuel-rich mixtures respectively. Finally, a CFD model as well as the associated mesh convergence 

reproducing the micro-combustor was made based on the previously built simulation parameters.  

 

In order to validate the numerical results and study the influence of the input parameters on the 

combustion process, a campaign of experiments should had been made varying the inlet flow rate, the 

inlet gas composition as well as the position of the hole. Unfortunately, the first design of the micro-

combustor involving two quartz plates for the observation of the combustion process was not functional 

because of a sealing issue at the junction between the quartz plates and the main body of the micro-

combustor. This issue was firstly unsuccessfully solved using high resistant temperature carbon graphite 

seals and then using a high temperature resistant copper-based silicone to replace Teflon® seals. Finally, 

a new micro-combustor involving a single quartz plate, whose structure was mainly inspired from the 

first one was designed to replace the previous one and fix the issue. The main body of the latter was 

separated in two parts for machining reasons while a slot was added to provide the Teflon® ring, used 

to seal the junction between the quartz plate and the main body, to be in contact with the flame. The two 

quartz plates were replaced by a single one to improve the visibility of the combustion process while 

providing a slot to keep the platinum plate upright. This choice was also aimed to prevent leaks by 

removing several interfaces between the quartz plate and the main body. A small campaign of 

experiments should had been run at the end of the internship to determine the range of application of the 

new micro-combustor regarding the inlet gas composition for a preheating of 500 K and considering 

that the Air represented half of the inlet gases. However, although everything was set-up to pursue the 

experiments, the latter was not conducted by lack of time. 
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During this internship, I contributed to launch a new project regarding the design, the use and the 

simulation of a new rectangular shaped micro-combustor for a bio-syngas combustion driven 

thermophotovoltaic power system. In that respect, I built a reliable numerical model whose mechanism 

as well as parameters were validated reproducing experimental results extracted from literature for many 

different cases. I also designed an enhanced version of the micro-combustor fixing leak issues and 

improving the visibility of the combustion process. However, this is a longstanding project which needs 

to be continued. In that respect, it could be interesting, first and foremost to conduct a campaign of 

experiments and fully determine the range of application of the micro-combustor varying the inlet flow 

rate, the inlet gas composition and the position of the hole on the platinum plate. This campaign of 

experiments coupled with a numerical study should allow to determine the operating point where the 

combustion process is the most effective and thus focus the study on a more precise area of interest. 

Then, although the use of platinum in the micro-combustor is compulsory to improve the combustion 

reaction and so on the micro-combustor efficiency, the latter is a very expensive metal with a price close 

to two thirds of that of gold. In that respect, it could be interesting to conduct another study to try to 

reduce the volume of platinum while conserving the efficiency of the micro-combustor and thus decrease 

the cost-effectiveness of the device. Finally, in view of the current ecological and environmental 

concerns, it could also be relevant to add the NOx related formation reactions to the global mechanism 

to conduct a numerical study about the pollutant emissions. This study could be completed and validated 

by a campaign of experiments and would allow to find an operating point where the ratio of pollutant 

emissions to efficiency is minimal. 

 

7.2. Personal conclusion 

First of all, this final year project was an opportunity to discover the functioning of a university 

research laboratory which was a pretty unknown structure on both the functioning and the work 

organisation and thus to define more precisely my professional and career project. Bolstered by this 

experience, I reiterate my willingness to work in a multi tasks job involving both computing, simulations 

and experiments as well as representation and management tasks to keep the technical but also the social 

aspect of the engineering profession. 

This final year project especially allowed me to partially master the StarCCM+® calculation 

software as well as the understanding of the different models, laws and parameters for the simulation of 

combustion reactions in general which as a future pyrotechnic engineer is of paramount importance. 

Strong of this experience, I was asked to give a course to the new freshmen recently arrived in the lab 

to pursue a Master of science in combustion which taught me to build and give an introductory course 

on a relatively familiar topic while enhancing my language and didactic skills. In addition to the 

simulation and model building, I was led to manage a campaign of experiments in cooperation with two 

other students which allowed me to develop my teamwork skills and to conduct experiments involving 

hazardous substances in a fully autonomous way. 

From a cultural point of view, this internship was an amazing opportunity to discover a Chinese 

culture country with its peculiarities, customs and mysteries. I used to work in a highly multi-cultural 

environment involving Taiwanese, Indian, Burkinabe and French partners which allowed me to deeply 

improve my language skills enhancing my Chinese comprehension but also my English, both written 

and oral, which was my main professional spoken language during the whole internship. The latter also 

taught me to cope with my own in an environment deeply different from the European one allowing me 

to become more mature and independent both professionally and personally.  
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