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RESUMO

Atualmente, o processo de combustão é o principal responsável pelas emissões

de gases do efeito estufa. Uma alternativa para uma matriz energética mais susten-

tável requer a utilização de combustíveis provenientes de fontes renováveis (biogás, gás

de biomassa, etc.). No entanto, esses combustíveis muitas vezes são caracterizados por

um baixo poder calorí�co, o que torna difícil sua estabilização e controle em queimadores

convencionais. Dessa forma, os queimadores porosos são uma opção viável para esse

tipo de aplicação. Tal tecnologia permite a recirculação do calor das regiões próximas

à frente de chama para regiões de pré-queima resultando no pré-aquecimento da mis-

tura, trazendo como consequência: maior faixa de estabilidade, aumento da e�ciência e

baixa emissão de poluentes. Nesse contexto, o presente estudo avalia a estabilidade de

queimadores porosos em regime estacionário e transiente para diferentes con�gurações

usando uma abordagem numérica. Para contornar o elevado tempo computacional atual-

mente requerido em simulações de combustão com cinética química detalhada, a técnica

Flamelet Generated Manifold (FGM) foi implementada e validada usando um mecanismo

cinético de 22 espécies e 104 reações (DRM22) em uma chama pré-misturada estabilizada

em um queimador tipo pórtico com perdas de calor. Os resultados demonstram uma

boa concordância quantitativa tanto numa abordagem unidimensional quanto bidimen-

sional nos per�s de temperatura e nas espécies avaliadas. Além disso, foi realizada uma

detalhada comparação da velocidade de chama que mostraram os efeitos da perda de

calor pelas bordas do queimador e os efeitos de curvatura na região da ponta da chama.

Após, a técnica FGM foi implementada e validada em um queimador poroso em regime

estacionário e transiente. Posteriormente, a con�guração foi explorada em condições que

precedem a condição de blowo� para diferentes propriedades da matriz porosa. Além

disso, foi avaliado o comportamento do queimador quando imposto a diferentes condições

de pulsos em regime transiente (período e magnitude) utilizando como condição inicial as

condições que precedem o blowo�. Foi observado que o aumento da condutividade térmica

do sólido reduz a faixa de estabilidade. Isso tem ocorrido devido a estabilização da chama

no limite de blowo� ser mais a jusante e a diferença de temperatura entre as fases serem

maior para diferentes condutividades. Na última parte, foram explorados numericamente
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dois queimadores porosos axissimétricos com similar mecanismo de estabilização �uidod-

inâmica. No primeiro foi avaliado um queimador poroso divergente, enquanto na segunda

abordagem foi mantida a mesma área de passagem transversal, alterando a porosidade e o

diâmetro do poro na direção longitudinal. A segunda abordagem também recebe destaque

(inclusive no âmbito industrial) devido ao desenvolvimento de tecnologias de manufatura

aditiva ocorrido nos últimos anos. Dessa forma, uma comparação da faixa de estabilidade,

e�ciência da recirculação de calor, além de uma discussão detalhada do comportamento

do escoamento na região da chama foram realizadas. Os resultados mostraram que um

maior diâmetro de poro e porosidade aumenta condutividade térmica do sólido efetiva,

favorecendo a recirculação do calor. Com isso, a con�guração com uma variável matriz

porosa apresentou uma faixa de estabilidade superior quando comparado com o queimador

poroso divergente.

Palavras-chave: FGM; Perda de calor; Estabilização de chamas pré-misturadas; Com-

bustão em meios porosos.
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ABSTRACT

Currently, the combustion process is the main responsible for greenhouse gas emis-

sions. An alternative for a more sustainable energy matrix requires the use of fuels

from renewable sources (biogas, biomass, etc.). However, these renewable fuels are often

characterized by a low calori�c value, which makes it di�cult to stabilize in traditional

burners. Therefore, porous burners are a feasible alternative for this type of applica-

tion. This technology allows the recirculation of heat from regions near the �ame front to

pre-�ame regions, resulting in the pre-heating of the unburned gases. The consequences

are increased stable range, increased e�ciency, and low pollutant emissions. In this con-

text, the present study evaluates the stability of porous burners in steady and transient

conditions for di�erent con�gurations using a numerical approach. Currently, a high

computational time is necessary to solve combustion processes when detailed chemistry

is required. Thus, the Flamelet Generated Manifold (FGM) technique was implemented

and validated step-by-step using a mechanism with 22 species and 104 reactions (DRM22)

in a slot burner with heat losses. The results demonstrate a good quantitative agreement

for the temperature pro�le and species evaluated in one-dimensional and two-dimensional

domains. In addition, a detailed evaluation of burning velocity was performed, which

showed the in�uence of heat loss and curvature of the �ame tip in the burning veloc-

ity. After, the FGM technique was also implemented and validated in a porous burner

considering stationary and transient regimes. The model was explored in conditions that

precede the blowo� for di�erent porous matrix properties. These conditions were applied

as initial conditions and pulses with di�erent magnitudes and periods were evaluated.

It was observed that the increase in the solid thermal conductivity reduces the stability

range. This has occurred because the �ame stabilization at the blowo� limit is located

downstream, and the temperature di�erence between the phases is higher for di�erent con-

ductivities when compared with the porosity. In the last part, two axisymmetric porous

burners with a similar �uid dynamic stabilization mechanism have been explored. One of

them is a porous burner with a conical shape. The second is a porous burner with graded

porosity and pore diameter that progressively maintain the same void area for the gas

�ow of the conical porous burner. The porous matrix with graded porosity is highlighted
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(including in the industrial �eld) due to the recent development of additive manufactur-

ing technologies. Thus, a comparison of stability range, convective heat exchange, and a

detailed discussion of the �ow behavior near the �ame region has been performed.

Keywords: FGM; Heat loss; Premixed �ame stabilization; Porous media combustion.
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1 INTRODUCTION

The combustion processes play a central role in today's energy-intensive society

especially in household heating, transport, power generation, industrial processes and

many others. Although the available renewable energy source (hydroelectric dam, solar

and wind parks, geothermal energy and renewable fuels) has increased during the last

decades, the combustion of oil, coal and natural gas will represent an important portion

according to the three projected scenarios presented in the last report of International

Energy Agency (IEA) (Figure 1.1). Currently, there is full agreement that the use of fossil

fuels a�ects the Earth's climate due to the products of combustion such as CO2, CO, SOx ,

NOx and other greenhouse gases released in the atmosphere. This is considered the main

source of the global warming process. To restrain its advance, government regulatory

agencies impose limits on pollutants emissions. They have suggested initiatives such as

the carbon capture and sequestration, renewable fuels and increase the e�ciency in energy

use.

Figure 1.1 � World's total primary energy supply by fuel and scenario. (a) Stated

Policies Scenario (STEPS) that means what measures governments have actually put in

place. (b) Announced Pledges Scenario (APS) that means the commitments between

more than 50 countries to meet net zero emission target. (c) IEA's landmark Net Zero

Emissions by 2050 Scenario (NZE). Adapted: [IEA, 2021].

One of the possibilities to increase the combustion e�ciency of gaseous fuels and
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produce low NOx and CO emissions is to use the porous media combustion (PMC) tech-

nology (Figure 1.2). PMC also contributes to the reduction of greenhouse gases due to

its enhanced range of �ammability, which allows for the burning of very lean mixtures.

This feature of porous burners is also important for some renewable fuels like biogas and

syngas, since they are characterized by a low caloric value and, depending on the compo-

sition, their stable application may be unfeasible without a technology such as PMC. In

PMC, the reactant mixture is injected into a three-dimensional porous structure made of

ceramic or metallic materials. The �ame is stabilized inside the cavities inside the porous

medium and interacts with the solid phase. An unidimensional steady-state con�guration

is presented in Figure 1.3a. The premixed gas (fuel/air) is imposed at the left side of

the porous domain. Inside of PM, the gas reaches the �ame front (xf ) and it is burned.

Downstream from xf , the gas temperature decreases due to heat exchange by convection

with the solid. Part of heat there turns to the upstream region of the domain through the

porous matrix by conduction and radiation. The consequence is a region with Ts > Tg

before the �ame, which allows the reactants to be preheated and �ame the temperature

higher than the adiabatic �ame temperature (Tad).

Figure 1.2 � SiC foam porous burner. Adapted: [Pereira et al., 2002]

Another form to evaluate the heat recirculation of the porous media is by looking

at the local enthalpy level (Figure 1.3b). When the premixed gas enters in the porous

media the initial sensible enthalpy (Hi) is at its lower value. However, as a result of the

heat recirculation (Qhr), the enthalpy increases to Hi + Qhr before the �ame. When the

gas enters in the �ame region, the enthalpy increases again due to the addition of the heat
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released by the combustion reaction (Hc), achieving its maximum value (Hi +Qhr +Hc).

Downstream from the �ame, the gas-phase loses heat (Qhr) to the solid-phase and the

sensible enthalpy decreases to its thermodynamic limit (Hi + Hc). Thus, it is possible

to see that the gas experiences an intermediary state of excess enthalpy (Hi +Qhr +Hc)

which can lead to temperatures higher than the adiabatic �ame temperature. At the

outlet condition, the gas cannot leave the porous medium above the thermodynamic limit

(Hi +Hc), but it can leaves below this limit due to radiative heat losses.

(a) (b)

Figure 1.3 � (a) PMC and the pro�le of solid and gas temperature inside of porous

media. (b) Representation of the total enthalpy inside of PMC (Adapted: [Hardesty and

Weinberg, 1973]).

The excess enthalpy provides some bene�ts. The �rst is the reduction of emissions

of gases from incomplete combustion, for example, CO. The higher temperature in the

combustion region enables higher reaction rates increasing the conversion of hydrocarbons

to CO2. The second is that with higher reaction rates the burning velocity is increased,

which enhances the power density of the device compared to other laminar burners. In

contrast, the higher temperature can increase the pollutants as NOx , a problem that can

be reduced by using lean mixtures. An advantage is that porous burners can be designed

to sustain very poor mixtures or burn fuels of very low heat content that would not be

�ammable in other devices. With PMC, e�cient radiant burners can also be designed

taking advantage from the high temperatures of the solid phase at the outlet surface.

PMC have applications in di�erent �elds as curing and drying processes at many

materials (paint, paper, ceramic, grains, metals, resins) and still are subject of study

in areas as lighting [Qiu and Hayden, 2006], domestics cooking stoves [Pantangi et al.,
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2011; Kaushik et al., 2020], boilers [Yu et al., 2013], heat exchangers [Amatachaya and

Krittacom, 2017], turbines [Djordjevic et al., 2012] and microcombustors [Wang et al.,

2019b]. Recently, Banerjee and Paul [2021] presents a review with developments and

more applications involving of porous medium combustion. The vast range of possible

con�gurations allowed by PMC (burner geometry, material, porosity, etc) opens up the

opportunity of designing speci�c burners tailored to meet high performance in terms of

�ame stability and heat transfer characteristics. Because of the wide range of applicability

of this technology and the possibility of building burners with very di�erent con�gurations,

it is essential to have a detailed knowledge of the phenomena involved in the stabilization

of �ames within porous burners. Blow-o� and �ashback are now dependent on the global

geometry of the porous medium, geometrical details of the porous structure, and on

thermal properties of the solid matrix like heat capacity, thermal conductivity, and surface

emissivity. Since it is not possible to cover all important variables for �ame stabilization

within porous burner, this work will concentrate on some key aspects, namely the �ame

stability near blow-o� conditions and how the stability range for burner with graded

geometrical properties.

The present work explores a porous burner in the condition that precedes the

blowo� for a range of porosity and solid thermal conductivity. Thereafter, the results

are used as initial conditions to evaluate the behavior in transient regime of solid and

gas phases when imposed to pulses in the inlet mass �ux rate. These conditions could

happen in a non-desired oscillation on the gas supply line due to some control failure, for

example. Althought, there are many studies involving porous burner evaluating transient

regime [Lammers and De Goey, 2003; Zheng et al., 2011; Chen et al., 2018; Yakovlev and

Zambalov, 2019] and some recent studies evaluating the �utuaction of gas supply [Habib

et al., 2021a,b]. It has not been found any detalied numerical evaluation exploring a mass

�ow oscilation with the �ame stabilized inside the porous matrix.

In addition, a porous burners evaluation with variable porosity and pore diameter

is carried out given the advance of additive manufacturing technologies (Figure 1.4).

This approach replaces porous media that are commonly designed using stochastic foams.

[Sobhani et al., 2018] evaluated experimentally and numerically a porous burner, having

a spatially graded using a combination of traditional porous matrix with di�erent porous

diameter and porosity. Results from the 1D volume averaged simulations model presented
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an important improvement in �ame stability between step and graded topology matrix.

The graded matrix was tested experimentally, and the results qualitatively con�rmed an

enhancement of the �ame stability compared to the traditional design. Recently, the

same group explored the feasibility of three tailored PMBs experimentally [Sobhani et al.,

2021]. The porous matrix were developt using additive manufacturing technologies. The

results has shown that the model with graded pore diameter and �xed porosity presents

wide stable range when compared with a traditional design.

Figure 1.4 � 3D-printed porous burner. Adapted: [Ortona et al., 2017].

Despite of the extensive research on porous burner, there is a lack of studies pre-

senting an evaluation of porous burner with graded porosity and pore diameter in a

multidimensional con�guration. This way, to expand the discussion of this subject, this

study evaluates the di�erences between two forms of creating a similar hydrodynamic

stabilization mechanism. One of them is by using a porous burner with graded porosity

that progressively increases the void area for the gas �ow. The other is a porous burner

of constant porosity, but with a conical shape with the same increasing void area for the

gas �ow. Besides, a detailed discussion about the �ame region is explored in details in a

attempt to explain the �ame pro�le. In the literature, the approach applied has not been

used to evaluate �ame behavior in porous burners. It was observed that it could bring

relevant informations in the knowledge of physics involving porous burners.

As the numerical modeling of combustion systems still represents a great challenge

in multidimensional con�gurations with detailed kinetics. Thus, the present study carried

out the implementation of a reduced kinetic technique called Flamelet-Generated Man-

ifold (FGM) method. Although, the FGM method presents a satisfatory agreement to

capture heat loss e�ects, few studies has been found exploring porous burner [Van Oijen
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et al., 2001; Lammers and De Goey, 2004]. Such method is not immediate to imlement,

it has been gradually performed and careful validated. As �rst, the one-dimensional

free-�ame imposing FGM technique is evaluated and compared with detailed chemistry.

Subsequently, the heat loss e�ects are included and validated in a two-dimensional slot

burner. Thereafter, the porous burner formulation is implemented and validated in a

steady and transient regime considering a one-dimensional domain.

1.1 Objectives

The objective of the present thesis is to explore two aspects of �ame stability

within inert porous media: the e�ect of �ow oscillations for near blow-o� conditions and

the stability range for burners with graded geometrical properties. A secondary objective

is to model the combustion in porous media with the FGM reduction technique, to reduce

the cost of transient and two-dimensional simulations.

To achieve the main objective the following goals are de�ned:

1. To implement and validate the FGM technique with heat loss.

2. To adapt and validate the FGM technique for application in porous burners.

3. To evaluate the �ame stability within inert porous media subjected to �ow oscilla-

tions.

4. To evaluate the �ame stability within porous media with graded geometrical prop-

erties.

1.2 Outline

After the introduction chapter, the present thesis is organized in more three chap-

ters written in the form of articles. They are presented in their �nal form as follows:

1. Chapter 2 (article 1): Numerical study of the laminar premixed �ame stabiliza-

tion on a slot burner: comparison between detailed and FGM models (publish in

2020. J Braz. Soc. Mech. Sci. Eng. 42, 189. doi: https://doi.org/10.1007/

s40430-020-2267-9).

https://doi.org/10.1007/s40430-020-2267-9
https://doi.org/10.1007/s40430-020-2267-9
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2. Chapter 3 (article 2): Numerical study of �ame stability within inert porous

media subjected to �ow oscillations (to be submitted).

3. Chapter 4 (article 3): Numerical study of �ame stability within porous media

with graded geometrical properties (to be submitted).

Throughout these three chapters, a framework for the simulation of the combus-

tion process in a porous burner with graded geometrical properties is created step-by-step.

The development of such methodology needs to be achieved through many careful imple-

mentations. Thereby, Chapter 2 presents an implementation and validation of the FGM

technique for premixed laminar �ames with heat loss. This �amelet technique is imple-

mented to include a detailed chemistry and to avoid a high computational time. Chapter

3 performs the implementation and validation of the FGM technique in a one-dimensional

porous domain where the porous matrix parameters (porosity and pore diameter) is main-

tained constant and solved in steady-state and transient regime. Here, it is necessary to

increase the maximum enthalpy level in order to capture the e�ects of gas preheating that

occurs in the porous burner. In the same chpater, it is included heat exchange between

the gas and solid phase. In the chapter 4, the development of the model is extended to

an axisymmetric domain. Furthermore, the porous matrix parameters are no longer kept

constant as well as a model to represent the radiation is implemented. The �nal imple-

mentation incorporates most of the complexities of physics involved in a porous burner,

ready to be employed in many others con�gurations, including industrial scenarios.

Because of the mathematical formulation of premixed laminar �ames has already

been widely discussed in other studies, its presentation is only made in their �nal form in

appendix A of the present work.

1.3 Main contributions

The three articles highlighted in the previous sections of this work intend to bring

the following contributions to the literature: Firstly, an implementation of the FGM

technique for premixed laminar �ames using detailed chemistry in a slot burner. Although,

the case of study is a �ame in a box similar to those studied by van Oijen et al. [2001].

Two stoichiometric �ames are investigated, one of them close to the blow-o� limit. The

results of temperature, progress variable, and mass fraction of selected species, and the
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prediction of the burning velocity distribution along the �ame surface are presented and

discussed in detail. To further verify the agreement between the FGM and the detailed

model, the �ame temperature along the surface of maximum heat release rate are also

compared. This type of detailed comparison is not found in previous studies de Goey

and ten Thije Boonkkamp [1999]; van Oijen et al. [2001]; van Oijen and de Goey [2002];

Fiorina et al. [2003]; Donini et al. [2015a].

Secondly, an implementation of the FGM technique within the porous matrix is

developed and validated. Similar approach using the FGM technique has been found in the

literature [Van Oijen et al., 2001; Lammers and De Goey, 2004], but the �ame is stabilized

at the porous burner outlet while in the present study the �ame is stabilized completely

inside of the porous matrix. It brings a necessity of increasing the enthalpy levels to reach

higher values. Such demand has not been reported in previous studies. Completed the

implementation and validation, the model is assessed in the condition that precedes the

blowo�. After, a detailed numerical evaluation is presented to assess the behavior of gas

and solid phase when imposed to �ow oscillations. The study was performed for a range

of porosity and solid thermal conductivity. Results of �ame position, heat recirculation,

and radiation emission was also presented in the transient regime. Evaluating relevant

reviews [Mujeebu et al., 2009; Ellzey et al., 2019; Banerjee and Paul, 2021], it was observed

that the majority of studies on combustion in porous media are concentrated on steady-

state conditions. Narrowing to studies with oscillations on the gas supply line, only two

recent experimental studies have been found [Habib et al., 2021a,b]. Thereby, the present

chapter brings a unique discussion about the behavior of the �ame when subjected to �ow

oscillations.

In the last article, after the methodology for porous burners has been tested and

validated, it was performed a numerical evaluation of a porous burner with graded poros-

ity. The comparison has been motived by the recent advance of additive manufacturing

(AM) technologies. Although a recent review has suggested that AM would create possi-

bilities of research and manufacture of new reactors [Ellzey et al., 2019], only two studies

have been found exploring this con�guration in the porous burner at current time [Sob-

hani et al., 2018, 2021]. However, both approaches tested numerically are one-dimensional.

Thereby, one of the contributions of the present study is to evaluate a porous burner with

graded porosity in an axisymmetric domain with a new distribution of porosity and pore
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diameter. In order to compare the stable range with a traditional porous matrix, it has

been proposed a divergent domain. This con�guration has been chosen to maintain the

same void area, and consequently, to obtain a similar hydrodynamic stabilization mecha-

nism. Moreover, divergent domain is a known geometry that have been explored in some

studies [Hashemi and Hashemi, 2017; Bedoya et al., 2015; Bakry et al., 2011]. To �nalize,

the present study evaluated in detail the �ow and heat exchange near �ame. Even though

this approach has been performed in propagation of premixed �ames [Kim and Maruta,

2006], it was not found studies that applied this evaluation in a porous burner.
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2 NUMERICAL STUDYOF THE LAMINAR PREMIXED FLAME STA-

BILIZATION ON A SLOT BURNER: COMPARISON BETWEEN DE-

TAILED AND FGM MODELS

2.1 Introduction

Many e�orts have been made worldwide to reduce the fossil fuels consumption,

even so, they will remain as the main energy source for the next decades IEA [2017]. In

Brazil, where the production of renewable energy is signi�cantly higher compared with

other countries, the energy from fossil fuel represented 52.5% of the energy matrix in 2016

EPE [2017]. These numbers lead to the development of new technologies and studies to

enhance the combustion process e�ciency.

Combustion presents a strong coupling with high non-linear dependence among

chemical, �uid dynamic, thermodynamics and heat transfer processes. Thus, modeling

�ames in practical industrial applications using detailed reaction mechanisms are still

prohibitive due to the high CPU-time required to solve a large number of species and

reactions. For this reason there is a long-standing interest to develop reliable combustion

models with high accuracy at low computation time. Chemical reduction techniques

intend to meet these requirements for numerical simulations of �ames. One alternative is

to conduct a reduction of chemical mechanisms assuming quasi steady state assumption

(QSSA) and partial equilibrium assumption (PEQ) Peters [1985]; Peters and Rogg [1993].

Another approach are tabulation techniques, e.g. Piecewise Reusable Implementation of

Solution Mapping (PRISM) Tonse et al. [1999] and In Situ Adaptative Tabulation (ISAT)

Pope [1997]. These techniques store simulation results for a posteriori use. Recently,

Cailler et al. [2017] has proposed building a chemical mechanism from scratch instead of

reducing a detailed scheme. Using a novel idea, the authors rely on the use of virtual

species and optimization procedure to capture the coupling between combustion and the

�ow �eld.

Other reduction methods assume that the �ow time scale is much higher than

the chemical time scales, hence �ow and chemistry can be decoupled. Two of the most

popular applications of this assumption is the Intrinsic Low-Dimensional Manifold (ILDM)

developed by Maas and Pope [1992] and the steady laminar �amelet model developed by

Peters [1984]. However, the former is pointed out to lose accuracy in colder regions of
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the �ame Oijen and Goey [2000] whereas the later does not have the ability to describe

ignition or extinction processes.

Thereby, Oijen and Goey [2000] proposed the Flamelet-Generated Model (FGM)

technique to overcome these problems. In the FGM framework, a database representing

the combustion process is built from storing a set of laminar one-dimensional �ames solved

with detailed chemical kinetic (�amelets) as function of some control variables. In some

cases, this methodology can be a hundred times faster than the direct integration of the

conservation equation van Oijen [2002] without losing much accuracy. Similar approaches

as the FGM are Flamelet/Progress Variable Model (FPV) proposed by Pierce and Moin

[2004] and the Flame Prolongation ILDM (FPI) proposed by Fiorina et al. [2003].

The solution of premixed �ame with heat loss using the FGM technique has been

initially studied by van Oijen et al. [2001]. The authors have explored a 2D laminar

premixed �ame and validated their results with a detailed model. Then, the authors ex-

plored their model in a radiating furnace with a ceramic-foam surface burner on the upper

wall. The numerical simulation using FGM agreed well with experimental measurements.

Donini et al. [2015b] has presented numerical results for the DLR burner with heat loss

at the walls using the FGM technique.

In the present work, the heat loss model is implemented in the FGM technique

and validated by comparison with the direct integration of the full set of conservation

equations. The case of study is a �ame in a box similar to those studied by van Oijen

et al. [2001]. Two stoichiometric �ames are investigated, one of them close to the blow-

o� limit. The results of temperature, progress variable and mass fraction of selected

species, and the prediction of the burning velocity distribution along the �ame surface are

presented and discussed in detail. A comparison of the predicted burning velocity along

the �ame surface. To further verify the agreement between the FGM and the detailed

model, and compared the �ame temperature along the surface of maximum heat release

rate. This type of detailed comparison is not found in previous studies de Goey and ten

Thije Boonkkamp [1999]; van Oijen et al. [2001]; van Oijen and de Goey [2002]; Fiorina

et al. [2003]; Donini et al. [2015a].
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Figure 2.1 � The 2D planar burner con�guration.

2.2 Method

2.2.1 Problem de�nition

In this work, premixed laminar �ames of CH4/Air are modeled with the FGM

technique considering heat losses. Two-dimensional planar simulations are performed.

The computational domain is shown in Figure 2.1 and represents a slot burner in an

enclosure with an outlet at the top. The inlet is 4 mm wide channel and the outlet

12 mm wide. The walls and the gas inlet are at a constant temperature (T ) of 298 K. The

fresh gas velocity has a parabolic pro�le with a maximum value of 1.1 m/s and 1.33 m/s

(the velocity that precedes the blow o�), equivalent to a velocity gradient at the equal

to 1100 s−1 and 1330 s−1, respectively. The outlet surface is assumed to be at 1 atm.

The problem is the same test case already described by Somers and De Goey [1995] and

Fiorina et al. [2003].
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Table 2.1 � Boundaries condition of laminar premixed �ame.

Unburnt Side Burnt Side

Yi(−∞) = Yi ∂Yi/∂s(+∞) = 0
h(−∞) = h ∂h/∂s(+∞) = 0

2.2.2 The FGM technique with heat losses

The general methodology of the FGM technique is described as follows. Flamelet

solutions, for a speci�c equivalence ratio, are obtained for di�erent levels of enthalpy

and, then, stored in a database (a manifold) as a function of some control variables.

After the manifold construction is �nished, multidimensional simulations are conducted

solving only the conservation of total mass, momentum and the transport equations for the

control variables. Therefore, the solution of the conservation equations of each chemical

species is not required as in detailed simulations. Once the convergence is achieved,

the multidimensional structure of the �ame is reconstructed from the manifold with the

control variables solution. The �amelet equations, the appropriate de�nition of control

variables, and the manifold generation are described in the next sections.

2.2.2.1 Manifold construction

The initial step of the FGM methodology is to solve a set of one-dimensional �ames

to map the thermo-chemical space. The method to account for the enthalpy changes on

the �ames will be clearly described in Sec. 2.2.2.1.1. First, the system of conservation

equations describing detailed one-dimensional laminar freely propagating premixed �ames

is solved through laminar �ame code Chem1D. The equation system accounts for conser-

vation of total mass, chemical species mass fraction and mixture speci�c enthalpy. The

conservation equations - neglecting curvature, stretch, and tangential di�usion - are solved

for the steady-state regime. The boundary conditions are presented in the Table 2.1.

Flames are computed with the DRM22 kinetic mechanism (formed by 22 species

and 104 reactions) Kazakov and Frenklach [1995]. Transport properties are simpli�ed by

the unity Lewis number assumption. A di�usion velocity correction is considered for N2 to

ensure the total mass conservation. Mixture thermal conductivity and dynamic viscosity

are obtained from simpli�ed polynomial expressions as function of mixture speci�c heat
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and temperature following Smooke and Giovangigli [1991b]. Species speci�c heat is ob-

tained according to McBride et al. [1993]; Burcat and C. Gardiner Jr [2000]. It was found

that a computational domain of 2.5 cm discretized in 100 volumes with an adaptative

mesh routine was su�cient to achieve mesh independent solutions.

Then, any scalar ψ from the �amelet solutions can be tabulated as function of

the control variables. The control variables, in the present case, are the progress variable

(Y) and enthalpy (h); forming a 2D manifold where ψ = ψ(Y , h). The progress vari-

able describes the chemistry evolution from unburnt reactants to combustion products.

According to Oijen and Goey [2000], a progress variable can be represented by a linear

combination of species mass fraction, Yi.

In this work it was sought from literature the Y de�nition used by Donini et al.

[2015a]:

Y = −αO2YO2 + αCO2YCO2 + αH2OYH2O + αH2YH2 (2.1)

where the weighting factor (αi) is given by the inverse of the species i molar mass (αi =

1/MWi). The mixture enthalpy, on its turn, maps di�erent thermodynamic states due

to heat losses to the burner walls and to the environment when radiative heat losses are

taken into account. Finally, the full set of �amelet solutions are linearly interpolated into

the manifold as a function of the control variables. The �nal manifold is discretized in 200

points in the Y direction and 70 points in the h direction, with all points being equally

spaced. The reader is referred to van Oijen and de Goey [2000] for more details about

the storing retrieving procedure.

2.2.2.1.1 Inclusion of heat losses in the manifold

For predicting heat losses, the �amelets were solved for a range of enthalpies values, which

implies that enthalpy becomes a control variable. The easiest way to change the mixture

enthalpy is by changing the inlet boundary initial temperature. Thus, the �amelets were

calculated for initial temperatures varying from 390 K to 240 K in steps of 30 K (fol-

lowing Oijen and Goey [2000]). This manifold includes conditions of heat gain (initial

temperature bigger than 298 K) and heat loss (initial temperature smaller than 298 K).

However, computing �amelets for even higher heat losses by continuously decreasing the
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initial reactants temperature may lead to unrealistic conditions. In the literature, there

is not just one method to overcome this problem Fiorina et al. [2003]. In this paper,

it is considered the approach of converting part of the reactants into the corresponding

products but maintaining the elementary composition unaltered.

In the present work, it is followed the approach of converting a fraction of the

reactants (CH4 and O2) into the corresponding products (CO2 and H2O) at the same initial

temperature (240 K). This conversion of species respects the fuel/oxidant stoichiometric

proportion whereas the mixture enthalpy (due to the low enthalpy of formation of the

saturated products) and the pool of atoms of the mixture is preserved. Hence, we changed

the initial reactants composition by increasing the molar fraction of CO2 and H2O in

steps of 0.01 and 0.02, respectively, (with a proportional reduction of CH4 and O2 molar

fraction) until the �ame extinguishes.

A scheme of the manifold including heat losses is shown in Figure 2.2. Unfortu-

nately, these two methods are not able to reproduce the cold states close to the walls,

where there are combustion products at low temperatures. For this region an extrapola-

tion procedure is necessary Oijen and Goey [2000]. Here, the lowest enthalpy composition

is approximated for the one obtained from equilibrium calculations at 298 K and impos-

ing the initial composition equal to that obtained for the last �amelet solution for the

maximum progress variable (Figure 2.2).

2.2.2.2 Multi-dimensional simulations

FGM simulations in multi-dimensional geometries are conducted after the database

(manifold) is constructed. These simulations consist in solving laminar steady-state con-

servation equations of total mass, momentum and a conservation equation for each control

variable. Assuming unity Lewis number, the transport equations of the control variables

area given by:

∇ · (ρ~uY)−∇ · ( λ
cp
∇Y) = ω̇Y (2.2)

∇ · (ρ~uh)−∇ · ( λ
cp
∇h) = 0 (2.3)
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Figure 2.2 � Schematic representation of the 2D manifold with the di�erent approaches

for distinct regions. The range of the control variables is from −0.688 to 1.032 for the

progress variable de�nition adopted and −1.56× 10−5 to −3.00× 10−6 for enthalpy.

Table 2.2 � Boundary conditions imposed for Y and h transport equations.

Boundaries Y h

Inlet min(Y) h(T = 298K)
Outlet ∂Y

∂xi
= 0 ∂h

∂xi
= 0

Walls ∂Y
∂xi

= 0 h(T = 298K)

where λ [W/mK] and cp [J/kgK] are the thermal conductivity and the speci�c heat of the

mixture, respectively. The variable ω̇Y is the source term of the progress variable, ~u [m/s]

is the velocity vector and ρ [kg/m3] is the mixture density. The progress variable source

term is de�ned as a linear combination of the chemical species source term that de�nes

the progress variable.

ω̇Y =
∑

αiω̇i (2.4)

The equation system for multidimensional simulations is solved by the Fluent 16.1

software. The pressure-velocity coupling is treated by the SIMPLE method, the convective

and di�usive terms are discretized by second-order schemes and a residual error of 10−6

is assumed as convergence criterion. The FGM technique is implemented in the software

via user-de�ned functions, including the procedure of retrieving the information from the
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manifold. The boundaries conditions are presented in the Table 2.2. Mixture thermo-

dynamic and transport properties (as viscosity conductivity and speci�c heat) required

for the solution of the equation system are retrieved from the manifold during run-time.

After the solution of the equation system, the �ame structure is reconstructed from the

solution of control variables retrieving the temperature and the species mass fractions

from the manifold. The look-up/retrieval scheme is based on bilinear interpolations (see

APPENDIX C) between the closest values of Y and h solution at each control volume of

the computational domain.

2.2.3 Determination of laminar burning velocity from the two dimensional

�ames

The two-dimensional �ame analyzed in the present work is more complex than

the idealized one-dimensional canonical planar adiabatic �ame. It has been shown that

stretch and curvature e�ects may signi�cantly change the burning velocity [Law, 2006].

Additionally, heat losses reduce the �ame temperature, which has an exponential e�ect

on the reaction rates and, consequently, on the burning velocity [Law, 2006]. In this work,

the laminar burning velocity along the �ame surface are extracted in order to compare

the FGM and the detailed solutions. Both results are compared with the one-dimensional

laminar adiabatic �ame velocity.

The laminar burning velocity (SL) is de�ned at the unburnt region of the �ame

(cold boundary). In the two-dimensional results this region is approximated by an isother-

mal surface with temperature equal to 315 K (which represents, approximately, 1% of the

adiabatic �ame temperature). Points on this isothermal surface are collected by following

the temperature evolution along a certain number of streamlines as shown in Figure 2.3.

Then, the points are used to reconstruct the surface by a polynomial �t. At this surface,

the �ow velocity (−→v ) is determined on its projection on the normal surface direction (−→n )

is obtained. This velocity multiplied by a temperature correction (298K/315K) is equal

to the laminar burning velocity SL.

In order to reveal the heat loss e�ects, a similar procedure is developed for the

�ame temperature. In this case, the position of the maximum heat release rate is found

for each of those streamlines and the �ame temperature is collected at position. Note

that this temperature is not the maximum value reached by the �ame, instead it is a



18

Figure 2.3 � Extraction of the burning velocity from the two-dimensional results (κ

value is the ratio between 298K/315K).

temperature that characterizes the inner structure of the �ame, where most reactions are

happening.

2.3 Results

In order to certi�cate a correct implementation of FGM technique including heat

losses, the Sec.2.3.1 presents a set of one-dimensional simulations of freely propagating

CH4/Air �ames to validate the FGM technique with a detailed chemistry. In Sec.2.3.2,

two-dimensional results are presented. The last part, a discussion about laminar burn-

ing velocity predictions is presented to verify the capabilities of the FGM technique in

predicting non-adiabatic premixed �ames.

2.3.1 Manifold validation

Figure 3.4 shows the validation of the present implementation in the one-dimensional

freely propagating �ame of CH4/Air with stoichiometric equivalence ratio. The inlet tem-

perature of the mixture is 298 K and atmospheric pressure is imposed. FGM results are

compared with the detailed simulation (i.e, with the direct integration of the chemical

kinetics and the solution of all chemical species). As explained in Section 2.2.2.1, the

DRM22 kinetics mechanism is also assumed for detailed simulations. The FGM results

present discrepancies in order of the 1% for both temperature and CO mass fraction

when compared with the detailed simulation, suggesting that the FGM technique can
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(a) (b)

Figure 2.4 � Manifold validation for one-dimensional adiabatic freely propagating �ame

of CH4/Air at φ = 1.0 and atmospheric conditions. Comparison of FGM and detailed

model for (a) temperature and (b) CO mass fraction.

adequately solve the �ame and that the assumed progress variable de�nition is suitable

to map the thermo-chemical space of the analyzed �ame.

2.3.2 Two-dimensional simulations

Two-dimensional simulations were conducted for the con�guration presented in

Figure 2.1 following the FGM methodology explained in Section 2.2.2

2.3.2.1 Mesh independence test

A mesh independence test for the two-dimensional domain is performed using the

FGM technique. The computational domain is discretized with equally sized quadrilat-

eral cells. The analysis is conducted for six di�erent meshes from 260 to 104000 volumes.

Progress variable (Figure 2.5.a) and �ame temperature (Figure 2.5.b) are chosen as param-

eter to evaluate the mesh independence. Maximum discrepancies are observed at 4.5 mm

from the symmetry line. The progress variable is a scalar actually solved in the compu-

tational domain (along with enthalpy) and, consequently, have to be mesh-independent.

Temperature is a scalar retrieved from the manifold.

2.3.2.2 Comparison of �ame structure between detailed and FGM simulations

A comparison between detailed and FGM simulations is presented in Figure 2.6

for the maximum reactants injection velocity of 1.1 m/s. In general, a good agreement
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(a) (b)

Figure 2.5 � Mesh independence test for the two-dimensional simulations: (a) progress

variable pro�le for di�erent meshes at 3 mm from the burner nozzle exit; (b)

temperature pro�le for di�erent meshes at 3 mm from the burner nozzle exit.

between the two combustion models is found. Contours of the reaction progress variable

(Y) presents only small di�erences at the �ame base close to the burner (Figure 2.6.a).

At this position, the FGM simulation predicted slightly lower Y values. Those di�erences

are not so evident for the contour of temperature (Figure 2.6.b), but they becomes more

apparent for the OH mass fraction (Figure 2.6.c). In fact, the FGM results predicted

slightly wider distributions of OHand CO (Figure 2.6.d) mass fractions in the thermally

a�ected region. Despite that, scalars' maximum values and �ame height are well predicted

by the reduced kinetic mechanism approach.

Major discrepancies are found for chemically slower species as can be seen in the

contours of the CO mass fraction presented in Figure 2.6.d. It is observed a signi�cant

di�erence in the spacial distribution of the CO mass fractions at low temperatures close

to the burner rim where the �ame stabilizes. At this region, the �ame extinguishes due

to low temperatures next to the wall and the reactants can leak through the �ame enve-

lope without being completely burnt. The detailed simulation predicted a non negligible

concentration of CO around the burner, which is not predicted by the FGM simulations.

Ganter et al. [2018] performed a numerical analysis of laminar methane/air side-

wall-quenching. It was found that the CO prediction using the FGM method also pre-

sented deviations close the wall. In the same work, they evaluated the CO transport

applying the Lagrangian analysis and showed that higher CO concentrations close the

wall are due to di�usive transport towards that location. With the intention to capture

this phenomena using the reduced technique, E�mov et al. [2019] proposed a new method
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2.6 � Comparison between detailed chemistry and FGM results. Contours of: (a)

progress variable Y , (b) temperature, (c) OH, (d) CO, (e) HO2, (f) HCO, (g) CH2 and

(h) normalized heat release rate.
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to evaluate the �ame-wall interations (FWI) using the FGM. Referred to as Quenching

Flamelet-Generated Manifold (QFM), the focus of the study was to improve the accu-

racy for the prediction of CO near the wall in a similar geometry of the present study.

They observed a strong dependence of the COconcentrations on the enthalpy gradients

close to the wall. In order to take this dependence into account, an additional degree of

freedom was included in the FGM using a second reaction progress variable. Therefore,

to correctly map some species on the quenching region (near to the walls) is necessary to

extend the FGM technique with additional controlling variable.

Figure 2.6.e. presents the HO2 mass fraction. Clearly some discrepancies are

noticed close to the burner rim. Popp and Baum [1997] concluded that very close to the

wall, in the cold region, the production HO2occurs via the chain-breaking H +O2 +M =

HO2 +M . This reaction competes with the chain-branching reaction H +O2 = OH +O

for the H radical. However, the chain-breaking reaction described above requires no

activation energy and the probability of ternary collisions is increased due to high water

concentration at the wall, which has very high e�ciency to promote the ternary reaction.

This scenario also suggests that a quenching mechanism close to the wall acting on HO2

reactions could be captured using additional dimensions in the manifold in a similar way

to the CO as described in E�mov et al. [2019].

The minor species HCO and CH2 are presented in Figure 2.6.f. and Figure 2.6.g.,

respectively. The former plays a central role in hydrocarbon combustion whereas the

latter is related PAH and NOx formation. Theses species are well predicted by the FGM

at the hot regions of the �ame but, again, present important discrepancies at the cold

regions with cold products showing once more the di�culty of the method in solving this

condition. However, these discrepancies are non-essential to the overall �ame behavior,

since the FGM technique on depends on the progress variable (and enthalpy) which is

well-mapping the hot �ame region as can been in Figure 2.6.h. for the heat release rate.

A better insight of the FGM agreement with the detailed simulation is obtained

from radial pro�les. Results are compared for pro�les of progress variable (Y), tempera-

ture and species mass fraction at 1 mm, 3 mm and 7 mm from the burner nozzle exit in

Figure 2.7. These positions approximately indicate the bottom, the middle of the �ame

and the post-�ame region. Radial pro�les of the progress variable and the temperature

con�rms the good agreement of the FGM with the detailed simulations. A negligible dis-
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placement of the FGM results is observed at the regions with higher gradients and very

small di�erences can be observed for the progress variable (Y) at the maximum radial

position at 1 mm from the burner nozzle.

A good quantitative and qualitative agreement is also observed for the major chem-

ical species (CO2). Figure 2.8.a. con�rms the capabilities of the FGM, as simpli�ed

kinetic mechanism treatment, in predicting the major chemical species with a good accu-

racy. As previously reported, more important di�erences are observed for the CO mass

fraction closer to the burner nozzle and the computational domain walls. Those regions

are characterized by the strong heat transfer from the �ame and, therefore, by the lower

temperatures. Figure 2.8.b. presents the minor chemical species. In general, a good

agreement are found. The main di�erence is presented by HO2 due to the cold region

close to the wall, as previously discussed.

Simulations were also performed for a slightly higher for maximum reactants in-

jection velocity of 1.33 m/s, equivalent to a velocity gradient at wall equal to 1330 1/s.

This maximum velocity was found to be the limit to the occurrence the �ame blow-o�

from performing simulations increasing the maximum inlet velocity in steps of 0.01 m/s

until reach numerical instabilities. The subsequent increase of the maximum inlet ve-

locity reduces the heat transfer from the �ame to the burner until it reaches the point

where the burner does not sustain the �ame anymore. A comparison between detailed

and FGM simulations is presented for this higher maximum inlet velocity in Figure 2.9.

The �ame structure of this limiting case is found to be similar to the one presented in

Figure 2.6 but with a slightly higher �ame length. The comparison between detailed and

FGM simulations also shows a similar trend as already assumed.

Despite some discrepancies for CO and HO2 mass fractions, the results achieved

with the FGM approach presented a very good agreement with the detailed simulation but

demanding only a fraction of the computational time. While detailed simulation required

roughly 48 hours to converge, the FGM methodology needed only 2.4 hours (20 times

faster) including the pre-processing step, i.e., the �amelet simulations and the manifold

construction. Also, it should be noted that the manifold needs to be created just once

for each equivalence ratio under consideration. In other words, the same manifold can be

used to perform simulations of di�erent burners subjected to di�erent heat loss conditions.
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Figure 2.7 � Comparison of the reaction progress variable Y (a) and the temperature (b)

pro�les between detailed and FGM simulations at 7 mm (top), 3 mm (middle) and

1 mm (bottom) from the burner nozzle exit. Maximum reactants velocity of 1.1 m/s.
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Figure 2.8 � Comparison of (a) CO, OH, CO2 and (b) HCO, HO2, CH2 mass fractions

pro�les between detailed and FGM simulations at 7 mm (top), 3 mm (middle) and

1 mm (bottom) from the burner nozzle exit. Maximum reactants velocity of 1.1 m/s.
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Figure 2.9 � Contours of temperature (a) and CO mass fraction for detailed and FGM

simulations for the maximum reactants inlet velocity of 1.33 m/s.

2.3.3 Evaluation of the laminar �ame speed

Figure 2.10.a shows the burning velocity along the �ame surface (the coordinate x

is the horizontal axis) for the maximum inlet velocity of 1.1 m/s. Three distinct regions

are observed: one close to the burner rim, which is a�ected by heat losses, an intermediary

region, which approaches the 1D results and a third region close to the centerline, where

the �ame is a�ected by curvature e�ects. The FGM and the detailed results are very

similar showing, again, the good approximation obtained with the reduced technique.

The behavior at the �ame tip can be explained by the analysis of the Law [2006] for the

burning velocity at low stretch rates which show that

Sl
Sol

= 1− δou∇ · n (2.5)

were δou is the �ame thickness and ∇ · n represents the �ame curvature (which is equal to

−2/Rf , were Rf is the �ame surface radius). Thus, the burning velocity is increased at

the tip of the conical �ame due to pure curvature e�ects. Note that stretch e�ects are

not present since in our simulations, and it was imposed unitary Lewis number.

Figure 2.10.b presents the �ame temperature at the maximum heat release rate

position. It can be seen that as the distance increases, the temperature at the reaction

region is reduced due to heat losses to the burner rim. This explains the decrease of the

burning velocity in this region. Far from the burner walls the temperature of the reaction

region reaches a plateau close to its adiabatic value. This is why the burning velocity

approaches Sol at the intermediary region and increases due to pure curvature e�ects at

the �ame tip.
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Figure 2.10 � Burning velocity (a;c) along the �ame surface normalized by the 1D

burning velocity (Sol =29.72 cm/s) and temperature (b;d) at the maximum heat release

rate position normalized by the same temperature from a 1D adiabatic simulation (T oh =

1721 K). Reactants inlet velocity of 1.10 m/s (a;b) and of 1.33 m/s (c;d).

In Figure 2.10.b it is possible to see some important di�erences between both

numerical methods. The temperature decrease near the cold wall is more intense for

the detailed simulation because the �ame edge stabilizes closer to the burner rim when

compared to the FGM model. From Figure 2.6.h is possible to verify that the �ame

envelope for the detailed formulation is anchored closer to the burner rim. It can be

occurring due to recurring di�culty of the FGM in capture regions where large gradients

of enthalpy are present, as discussed by E�mov et al. [2019].

Figures 2.10.c and 2.10.d show the same results for the maximum inlet velocity

of 1.33 m/s. The FGM is still capable of reproducing the detailed results with very

good accuracy. The �ame behavior at this limiting stabilization point presents the same

characteristics already discussed.
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2.4 Conclusions

In this paper an implementation of the FGM technique for premixed �ames with

heat losses is compared to the detailed solution of the conservation equations. The problem

is a premixed laminar �ame stabilized on a slot burner. The FGM technique presented

very good qualitative and quantitative results when compared to the reference model even

for a �ame close to the blow-o� limit. The manly discrepancies occured due to di�culties

in mapping the thermochemical state of the system near the walls where combustion

products at low temperature are found.

A detailed comparison of the burning velocity along the �ame surface revealed

the e�ects of the heat loss to the burner rim and the pure curvature e�ect at the �ame

tip. The present study explores the Le = 1 condition. For fuels with Lewis numbers far

from the unity, another formulation of the FGM would be necessary to take preferential

di�usion into account. In the present case, the FGM technique was able to capture the

�ame behavior with good agreement with the detailed model.
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3 NUMERICAL STUDYOF FLAME STABILITYWITHIN INERT POROUS

MEDIA SUBJECTED TO FLOW OSCILLATIONS

3.1 Introduction

Porous Media Combustion (PMC) technology have applications in di�erent �elds

as curing and drying processes at many materials (paint, paper, ceramic, grains, metals,

resins) and still are subject of study in areas as micro combustors [Giovannoni et al.,

2016], gas turbine [Djordjevic et al., 2012], domestics cooking stoves [Pantangi et al.,

2011; Zeng et al., 2017], lighting [Qiu and Hayden, 2006], boilers [Yu et al., 2013], heat

exchangers [Amatachaya and Krittacom, 2017]. In Mujeebu et al. [2009] is possible to �nd

a comprehensive review about applications using PMC. In PMC, the �ame is stabilized

within a porous matrix generating a heat recirculation from the post-�ame to the pre-�ame

zone through conduction and solid-to-solid radiation, which creates an excess enthalpy at

the reaction region [Takeno and Sato, 1979; Hsu et al., 1993]. This regenerative heat

mechanism brings a favorable set of characteristics as the potential to operate in ultra-

lean combustion regime, low pollutant emissions, and high power densities.

Moreover, a porous burner is typically characterized by a large turn-down ratio

[Keramiotis et al., 2012], i.e., a wide range of reactant �ow rates for which the �ame can

be stabilized within the solid matrix. This happens because the interphase heat transfer

changes as the �ame moves inside the matrix modulating the heat recirculation which

leads to di�erent burning velocities. This characteristic allows for multiple points of

equilibrium between the �ow velocity and the burning velocity. In a typical con�guration

a porous burner is formed by two layers of ceramic foams. A �rst layer, called preheating

region, with small pores and a second layer, called combustion region, with larger pores.

The �ame is usually stabilized at the interface. Some studies that numerically explored

the stability using this con�guration are Barra et al. [2003]; Smucker and Ellzey [2004];

Liu et al. [2010]; Horsman and Daun [2011]. Flame stability in others con�gurations were

studied as well as graded porosity [Sobhani et al., 2018], divergent domain [Hashemi and

Hashemi, 2017; Bakry et al., 2011], and gap between the porous layers [Gao et al., 2017].

Recently, Ellzey et al. [2019] presented a comprehensive review about heat recirculating

reactors research with an emphasis on the most important designs and applications.

Many authors explored PMC numerically in transient regime. Lammers and
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De Goey [2003] studied 1D stationary and unsteady calculations to evaluate the �ash-

back on surface porous burners, and stabilization maps were obtained for submerged and

surface �ames. They showed that when the outlet surface of the burner faces a hot envi-

ronment, the �ames may move upstream to �nd a new stable position. Zheng et al. [2011]

evaluated the �ame and the mechanism of inclinational instability of �ltration combus-

tion. The 2D simulation with a one-step mechanism was used, and the results showed that

the development of inclinational instability can result in a separation of the �ame front

in multiple �ames zones. Chen et al. [2018] evaluated experimentally and numerically

(2D model) the transient e�ects of initial inhomogeneous preheating distribution on the

�ame inclination instability in porous media burner. To reduce computational time, a

single-step reaction mechanism of CH4/air was used. The results suggested that smaller

equivalence ratio, high gas inlet velocity, and initial preheating temperature perturba-

tion can increase the inclination pro�le. Yakovlev and Zambalov [2019], implemented a

sophisticated three-dimensional model considering pore-scale in an inert porous media un-

der the condition of downstream combustion wave. The representation of a non-uniform

packed bed was simulated using particles falling under the gravity force. The model

considered a detailed kinetics and solid-to-solid radiation in a transient approach. The

results showed that the radiation contributes to the heat transfer in the bed region where

there is a large temperature gradient. The combustion wave propagation is quasi-steady,

however di�erent subregions of the �ame propagated di�erently depending on the porous

distribution.

Although transient studies are found, they are relatively rare for stabilized �ames

within porous media. For example, it has not been found studies imposing an oscillation

of the mass �ux rate of reactants at the inlet boundary condition in PMC simulations.

This condition could happen in a non-desired oscillation on the gas supply line due to

some control failure. The porous matrix is expected to increase the thermal inertia of the

system, but the time and the limits for �ame re-stabilization have not been investigated

yet. Thus, the objective of the present work is to explore the transient response of

stabilized �ames within porous media to pulses in the inlet mass �ux rate. To this

purpose, a one-dimensional model is employed assuming non-equilibrium between gas and

solid phases. The chemical kinetics is taken into account with the Flamelet Generated

Manifold (FGM) reduction techinique, which is able to include information from detailed
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kinetic models with reduced computational time.

3.2 Method

3.2.1 Model Description

With the purpose to evaluate the transient response of porous burners to �ow per-

turbations, a one-dimensional volume averaged model is built considering non-equilibrium

between the phases. Transport equations for the total mass, solid-phase energy, gas-phase

energy and progress variable are solved as will be shown next. Imposing one-dimensional

approach, the momentum equation can be omitted to close the system of equations and

the pressure drop across the porous matrix is ignored. The pore-level Reynolds number

is of the order of 100, characterizing a laminar regime. The continuity equation is given

by
∂ ρg
∂t

+
∂ ρgu

∂x
= 0, (3.1)

where ρg [kg/m3] and u [m/s] represent the density and velocity of the gas phase, respec-

tively. Gas density has been obtained from ideal gas equation state ρg = PMWmix/RuTg,

in which P [Pa] is the pressure assumed to be equal to 1 atm, the MWmix [kg/mol] is

the average molar mass, Ru [J/mol.K] and Tg [K] are gas constant and gas temperature,

respectively.

For the solid phase, the energy transport is described by

(1− ε)ρsCs
∂ Ts
∂t
− ∂

∂x

(
keff

∂ Ts
∂x

)
= hv(Tg − Ts), (3.2)

where ε is the porosity, hv [W/m3K] is the volumetric heat transfer coe�cient between

the solid and the gas. The correlation used to estimate hv is hv = kgNu/d
2
p, where

the kg [W/m.K] is the gas thermal conductivity, and the Nusselt number is given by

Nu = CRem [Younis and Viskanta, 1993] and pore diameter (dp) is equals to 1.52 mm.

The keff = (1 − ε)ks [W/m.K] is the e�ective solid thermal conductivity of the porous

medium. For a �rst order approximation, it is assumed that the solid thermal conductiv-

ity (ks) does not vary with temperature. Besides, the solid-solid radiation is neglected.

Although neglecting the intra-phase radiation heat transfer for the solid is an important

simpli�cation assumed in the present model, it leads to an easier interpretation of the re-

sults since heat recirculation depends only on the solid-phase heat di�usion. For optically
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thick media, the radiation may also be approximated as a di�usion process. This approach

is known as the Rosseland model, and it has been implemented by many authors [Bouma

and De Goey, 1999; Yang et al., 2009; Liu et al., 2015; Li et al., 2016] that increases the

local e�ective thermal conductivity of the matrix. So, as a qualitative �rst approximation,

many levels of the solid-phase conductivity are evaluated in order to �nd the e�ect on

the �ame stability of the heat recirculation enhancement (that may be thought as being

related to the increase of the intra-phase radiation e�ect or the e�ect of a high thermal

conductivity material). The ρs = 510 [kg/m3] in the Equação 4.4 is the solid density, Cs

= 824 [J/kg.K] is the solid speci�c heat and Ts [K] is the solid temperature.

The gas phase energy transport is implemented using the enthalpy (h [J/kg]) for-

mulation due to the ease of handling when the reduced technique FGM is implemented.

Thus, the �nal form imposing unity Lewis for all species is described as

∂ (ερgh)

∂t
+
∂(ερguh)

∂x
− ∂

∂x

(
ε
kg
Cg

∂h

∂x

)
= hv(Ts − Tg). (3.3)

where Cg [J/kg.K] is the gas speci�c heat and kg is the gas thermal conductivity.

To model the �ame chemistry it is employed the FGM technique [van Oijen et al.,

2001]. Although it has been widely used the model premixed �ames [Van Oijen et al.,

2016], studies the FGM in PMC are scarcelly found in literature[van Oijen et al., 2001;

Lammers and De Goey, 2004]. In the present study, �amelet solutions are obtained for

di�erent levels of gas enthalpy and stored in a database (a manifold) as a function of

h and progress variable (Y). After the manifold construction is obtained, simulations

are conducted solving only the conservation of total mass, solid temperature, and the

transport equations for h and Y . Thereby, the solution of the conservation equations of

each chemical species is not required as in detailed simulations. Once the convergence is

achieved, the structure of the �ame is reconstructed from the manifold with the control

variables solution.

The conservation equation for the Y is described by:

∂ (ερgY)

∂t
+
∂(ερguY)

∂x
− ∂

∂x

(
ε
kg
Cg

∂Y
∂x

)
= ε ω̇Y . (3.4)

In present study a de�nition used to describe Y [Donini et al., 2015a] is

Y = −αO2YO2 + αCH4YCH4 + αH2OYH2O + αH2YH2 , (3.5)



33

where the αi is equals to 10−2/MWi. The progress variable source term (ω̇Y) is determined

as a linear combination of the chemical species source terms (ωi) following the progress

variable de�nition: ω̇Y =
∑

i αiωi. This parameter is also stored in the database and it

is retrieved during the simulation. To calculate kg with reduced computational cost, the

following equation is considered [Smooke and Giovangigli, 1991a]:

kg/Cg = 2.58× 10−5(Tg/298)0.69. (3.6)

Flamelet libraries

The �amelet library is generated from adiabatic one-dimensional free �ame solu-

tions for a speci�c equivalence ratio. They are obtained for di�erent levels of enthalpy

(h) using Chem1d software. In order to guarantee that the database includes all enthalpy

levels, it is necessary to create �amelets using three distinct procedures as shown in the

Figure 3.1. First, the �amelets are calculated for initial temperatures varying from 780 K

to 240 K in steps of 30 K. The upper limit is necessary due to the excess enthalpy typical

of porous media with submerged �ames. The lower limit is de�ned by the burner heat

losses. In the region close to the outlet boundary, there is a mixture of burnt gases with

a reduced temperature due to the exchange heat of solid phase. To achieve the low en-

thalpies of this region a second approach is employed in which a fraction of the reactants

(CH4 and O2) is converted into the corresponding products (CO2 and H2O) at the same

initial temperature (240 K) respecting the fuel/oxidant stoichiometric proportion. Hence,

we changed the composition of the initial reactants by increasing the molar fraction of

CO2 and H2O in steps of 0.01 and 0.02, respectively, (with a proportional reduction of

CH4 and O2 molar fraction) until the �ame extinguishes. Finally, an extrapolation be-

tween the last �amelet converged and an equilibrium condition for the burnt gases at 300

K is required. This methodology is proposed by van Oijen and de Goey [2000].
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Figure 3.1 � Representations of the two-dimensional manifold Y versus h. Symbols

represents points mapped on the database according to the method for controlling the

enthalpy. Red circle represents case PMC used when the FGM simulation with uin =

0.41 m/s was preformed (ε = 0.8, ks = 10 W/m.K).

Finally, the thermophysical properties Cg, kg, µg, ρg, ω̇Y and variables of interest

(Tg and CO) are stored in the manifold as a function of Y and h (Figure 3.2).

(a) (b)

Figure 3.2 � Three-dimensional manifold (a) gas temperature (b) CO mass fraction.
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3.2.2 Domain and Boundary Conditions

The present study solves a one-dimensional PM with 10 mm in length. Three levels

of porosity (ε) are evaluated, 0.6, 0.7, and 0.8. The solid thermal conductivity (ks) is also

evaluated in three levels 0.1, 1.0 and 10.0 W/m.K. The inlet gas �ow temperature and

the environment temperature (T∞) are both assumed to be 300 K. The emissivity at the

boundaries is assumed equal to 1.0.

The transient oscillation of the inlet mass �ux rate evaluated is based on a step

function as de�ned as follows (Figure 3.3). The initial mass �ux rate condition (IC) for

each case is the blowo� limit, and the step function (A) is imposed after 1× 10−3 seconds

(D) for all cases. During the present study, A is determined by A = F ∗ × IC, where F ∗

is a multiplicative factor, and T is the time of the pulse. In order to evaluate the blowo�

limit in a steady state, the mass �ux rate has been increased with steps of 0.01 kg/m2.s

until the �ame is pushed through the outlet surface of the burner. The blowo� limit is

the last stable �ame obtained in steady state.

Figure 3.3 � Schematic transient boundary inlet condition imposed in the present study.

All cases were evaluated for one second. The CH4/air equivalence ratio imposed

is 1.0. The remaining boundary conditions are presented in Table 4.1. For Y and h

a prescribed value are imposed at the inlet and zero derivative at the outlet . For Ts,

the radiative heat losses are imposed at both boundaries. The Dirichlet conditions is

imposed for the gas-phase at the inlet surface. This simpli�ciation is possible because

this study evaluates conditions near the blowo� limit, when the �ame is far from the

inlet. Implementing the gas-phase di�ustion �ux at the inlet results is a di�erence of the
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inlet temperature that is less than 1 %.

The FGM technique is implemented employing the DRM22 mechanism (22 species

and 104 reactions) [Kazakov and Frenklach, 1995]. In order to validate the FGM imple-

mentation, the chemistry was also carried out using the same mechanism with the Direct

Integration (DI) method.

Table 3.1 � Boundary conditions imposed for Ts, Y and h transport equations.

Boundary Inlet Outlet

Ts −keff ∂Ts∂x
= σ(T 4

s − T 4
∞) −keff ∂Ts∂x

= σ(T 4
s − T 4

∞)

Y min(Y) ∂Y
∂x

= 0

h h(Tg = 300 K) ∂h
∂x

= 0

Numerical Solution

The equation system is solved by the commercial software package Ansys Fluent

16.1. The following transport equation for Ts, h, and Y have been implemented using

User-De�ned Scalar (UDS). The FGM technique's implementation is via User-De�ned

Functions (UDF), including the procedure of retrieving the information from the manifold.

The hv modeling and the source term hv(Ts − Tg) were also implemented using UDF

approach.

The convective and di�usive terms are discretized by second-order, and the tran-

sient term is discretized by the �rst-order scheme. A residual error of 10−6 is assumed as

the convergence criterion except for the energy equations (Ts and h) that were imposed

10−8. Both methodologies (DI and FGM) are started imposing Ts equals to 1600 K to

obtain the steady-state convergence. For the detailed formulation the initial gas tem-

perature imposed is 2000 K, and to FGM technique the initial value of progress variable

and enthalpy are Y = Ymax and h = -25.4 kJ/kg. The under-relaxation factor necessary

to start correctly the FGM method is 0.9 for Y , h and Ts to avoid divergence in the

�rst iterations. The other parameters used to obtain the solution are standard values of

software.
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3.3 Results and Discussion

The results and discussion are divided in three subsections. The �rst subsection

compares the FGM technique and a direct integration (DI) formulation in steady state and

transient simulations. The second subsection presents a study in steady state conditions

evaluating the e�ects of porous medium properties and �ames stabilized on the blowo�

limit. The last subsection evaluates the behavior of porous burners when subjected the

inlet �ow oscillations.

3.3.1 Comparison between direct integration and FGM technique

A steady-state comparison between DI and FGM technique is depicted in the

left column of Figure 3.4. It is presented two di�erent steady-state conditions. A good

quantitative agreement is obtained for Tg, Ts and CO. In the right column of Figure 3.4 it

is presented a simulation in transient regime. The initial condition imposed is a converged

�ame in steady-state with vin = 0.41 m/s. Then, it is imposed a pulse with F ∗ = 0.2.

The total time considered is 0.1 s with the pulse starting at in 10−3 s. The results present

a good agreement even with this sudden change in the inlet boundary condition.

A computational time comparison between DI and FGM is presented in table 3.2.

Firstly, a test was performed considering a constant pro�le with gas and solid temperature

equal to 1500 K and the mass fraction along with the domain of φCH4/air = 1 as the

initial guess. It is emphasized that a high initial temperature (Tg and Ts) is necessary

for �ame ignition (even for steady-state regime). Secondly, the computational time was

evaluated by imposing a previous solution as the initial guess and reducing the mass

�ux inlet by 10 %. The DI with a one-step mechanism was also included in table 3.2

for comparison purposes. The FGM presents signi�cant gains relative to the two other

approaches, which is an important advantage for transient simulations. It is noteworthy

that the computational time spends to generate the �amelets was not taken into account.
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Table 3.2 � Computational time evaluated for each method in steady state regime. Each

unity correponds to 1270 seconds †.

Method Constant pro�le Previous solution

FGM (DRM22) 1.0 0.6

DI (1-step) 14.1 10.7

DI (DRM22) 31.4 19.0

† The tests were performed imposing a serial processors.
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Steady State Veri�cation Transient Veri�cation

Figure 3.4 � (Left column) Comparison of FGM technique and DI method for the Tg

(top panel), Ts (middle panel) and YCO (bottom panel) (vin = 0.28 m/s and vin = 0.41

m/s). (Right column) Comparison of FGM technique and DI method for the gas

temperature for time = 0 s, 0.02 s and 0.1 s. The initial condition with 0.41 m/s. The

porosity considered is equals to 0.7, solid thermal conductivity equals to 1 W/m.K and

F ∗ equals to 0.2.
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3.3.2 Steady State Stability

3.3.2.1 Evaluation of porous medium properties

To characterize the radiation heat losses at the outlet surface, a radiation e�ciency

(ηrad) is de�ned as

ηrad [%] = 100

∣∣∣∣∣σ(T 4
s,surf − T 4

∞)

ṁ′′CH4
LHV

∣∣∣∣∣, (3.7)

where the LHV is lower heating value and ṁ′′CH4
is the CH4 mass �ux rate. Ts,surf is

the solid's surface temperature on the outlet boundary. The �ame front position (xf ) is

de�ned at the maximum heat release rate (HRRmax) as shown in Figure 3.5. The region

of gas-phase preheating by solid-phase is de�ned as the region between the inlet and the

point where the solid and gas temperature are equal. The volumetric heat convection

source term (qv = hv(Tg−Ts)) and highlights corresponding to the total heat recirculated

by the porous matrix (Q̇rec =
∫ x(Tg=Ts)
0

qvdx). The heat recirculation e�ciency (ηrec) is

determined as

ηrec [%] = 100

∣∣∣∣∣ Q̇rec

ṁ′′CH4
LHV

∣∣∣∣∣. (3.8)
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Figure 3.5 � Heat release rate position normalized and convective heat exchange

between gas and solid phase (ks = 5 W/m.K, ε = 0.8, vin/s0F = 1.41). Burning velocity

(s0F ) is assumed equals to 29.72 cm/s (Le = 1) when the temperature is equals to 300 K

(DRM22).

Figure 3.6 (a) presents the e�ect of porosity on the gas and solid temperature.

Varying the porosity from 0.8 to 0.6, the location of the �ame front moves downstream.

For a constant mass �ux rate, the pore-level velocity increases with the reduction of

porosity. Thereby, the gas phase needs a greater preheating to become stable again which

is achieved at a position further downstream. Figure 3.6 (b) is presented the e�ect of

ks on the Tg and Ts pro�le considering the same mass �ow rate. Tg presents a lower

temperature downstream of the �ame front when ks is increased. It occurs due to the Ts

pro�le presenting lower temperature and being more homogenous when the ks increases.

Figure 3.6 (c) shows that the lower porosity requires a higher ηrec for achieving a stable

�ame while the Figure 3.6 (d) shows that a similar ηrec is necessary to stabilize the �ame

when ks is increased.

An interesting behavior to be analyzed is that of the peak of Tg. It has a small

di�erence when the porosity is changed although the gas preheating is higher when the

ε is reduced (Figure 3.6 (a)). Figure 3.7 presents the methane source term (εω̇CH4) and

the heat release rate (εHRR) for the case 0.6 and 0.8. The minimum value of εω̇CH4 is
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centralized in zero to facilitate the comparison. The εω̇CH4 peak is higher for ε = 0.6

showing that a higher preheating brings a narrow and higher peak. However, a higher

velocity due to the reduced void area (hv(Re)) increases the heat exchange between the

gas and the solid phase after xf resulting in a lower gas temperature di�erence between 0.6

and 0.8 when compared with the pre-�ame region. Moreover, the e�ective solid thermal

conductivity increases when the ε is reduced (keff = ks(1 − ε)). It increases the solid-

to-solid heat transfer reducing the solid temperature downstream from the �ame and

increasing the heat exchange between the phases.

(a) (b)

(c) (d)

Figure 3.6 � (a) E�ects of porosity (ks = 1 W/m.K) and (b) solid thermal conductivity

(ε = 0.8) on the Tg and Ts and their respective values (c and d) of ηrec and ηrad. The

mass �ux rate is maintained equals to 0.28 kg/m2.s

The e�ect of ks at the temperature pro�le is presented in Figure 3.6 (b). When ks

increases, Ts pro�le becomes more homogeneous due to the more e�ective solid thermal

di�usion. This smoothing of Ts gradients increases the solid temperature close to the inlet

region, which increases the preheating zone of the gas phase (Figure 3.6 (d)). The result is

a �ame front closer to the inlet boundary for larger thermal conductivity, since it requires
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less space to reach the necessary preheating level. For ks = 0.1 W/m.K an increase of Tg

is observed after xf . This occurs due to high values of Ts at the post-�ame region, which

reduce the inter-phase heat transfer, and the long tail of the HRR (not shown), which are

due to the slow conversion of CO and CO2. For larges values of ks, this small heat release

rate is overcome by the inter-phase heat transfer. When ks is increased, the ηrad also goes

up due to more e�ective solid thermal di�usion. The consequence is a lower temperature

of the gas phase. In contrast, the Tg pro�le close to the outlet is similar when the porosity

is varied (Figure 3.6 (a)), following the ηrad that presented a smooth variation (Figure 3.6

(c)).

Figure 3.7 � E�ects of ε on the εHRR, gas temperature, velocity, and εω̇CH4 with mass

�ux rate = 0.28 kg/m2.s and ks = 1 W/m.K.

3.3.2.2 Flame structure on the blowo� limit

In this section, the steady state �ame structure on the blowo� limit is evaluated as

a function of the matrix properties. Figure 3.8 brings the Tg and Ts pro�les for di�erent ks

and for di�erent ε. It is observed that a larger ks moves the �ame front to the downstream

position. Increasing the ks increases the heat recirculation, enhancing the preheating of

gas upstream of the combustion zone. Higher ks allows for the �ame to �nd a stable

condition for larger mass �ux rates. In order to achieve this stable condition, the �ame

has to move downstream to increase the residence time of the gas in the region where

(Ts > Tg). Evaluating the porosity e�ect, the �ame front position tends to keep closer to

the inlet when the porosity is increased because of reduction of keff . Moreover, a higher
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ε reduces the hv leading to a reduction of preheating.

(a) (b)

Figure 3.8 � E�ects of porosity (ks = 1 W/m.K) and (b) solid thermal conductivity (ε =

0.8) on the Tg and Ts.

In Figure 3.9 (a) it is evaluated the inlet local velocity (vin) and �ame front position

xf at the steady-state on the blowo� limit for di�erent ε and ks. The increase of ks

increases the maximum limit velocity for all evaluated porosities. It occurs because larger

solid conductivities increase the heat recirculation from the post-�ame to the pre-�ame

zone, resulting in an increase of the burning velocity. The ε also in�uences the stability

range at the �ame. When the ε is increased, the e�ective thermal solid conductivity

(keff = ks(1 − ε)) decreases leading to a reduction of the �ame stable limit. The heat

recirculation also contributes to the xf stabilizes downstream of the domain.

The ηrec in condition of blowo� limit is presented in Figure 3.9 (b). The increase

of ks leads to the rise of ηrec, while the increase ε reduces to ηrec. Figure 3.9 (b) also

compares the ηrad in condition of blowo� limit. When the ε decreases, the ṁ′′CH4
limit

is reduced (although the vin increases due to vin ∝ ṁ′′/ε), and the Ts,surf presents a

small di�erence among di�erent porosities. Thus, the increase of porosity reduces the

ηrad. Another interesting observation is drawn from Figure 3.9 (b) where a maximum

radiant e�ciency in each ε is observed. Although the ṁ′′ on the blowo� limit rise when ks

increases reducing the ηrad, the radiation emission (q̇rad = −keff ∂Ts∂x
|x=L = σ(T 4

s − T 4
env))

has a su�cient magnitude to maintain the pro�le trend. It is observed that q̇rad → 0

when keff → 0, and when keff → ∞, the Ts average along the domain is reduced. The

present study is unknown if we are close to these limits, but it contributes to the pro�le

observed.
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(a) (b)

Figure 3.9 � Evaluation of (a) the blowo� limit (voided symbols correspond to vin/s0F

and �lled symbols correspond to x∗f ) and (b) ηrec (�lled symbols) and ηrad (voided

symbols) for ε equals to 0.8, 0.7 and 0.6.

3.3.3 Transient response to �ow perturbation

In Figure 3.10 it presents the Tg, Ts and CO pro�les of a �ame initially at the

blowo� limit and subject to an abrupt variation of the inlet mass �ux rate, as described

in Figure 3.3. The present case represent a situation in which the �ame remains within

the domain during the entire simulation. The �ame abruptly moves downstream when the

pulse is started (D = 0.001 s). The �ame displacement velocity (relative to a stationary

reference) is reduced when the �ame front found a more elevated Ts. The solid at higher

temperatures increases the gas preheating region, which increases burning velocity, reduc-

ing the �ame displacement velocity towards the burner exit. When the pulse is �nished,

the �ame front moves upstream, initially with high displacement velocity. As the �ame

gets into a colder solid region, the burning velocity is reduced. The �ame front slowly

moves to its initial position at low displacement velocities due to high thermal inertia of

the solid phase (3.10 (c) and (d)). In Figure 3.10 (e) and (f), it is presented the dynamic

CO behavior and its equilibrium value. As the consumption velocity increases the peak

of CO also increases because more fuel is being consumed. The small dimension of the

domain and the progressive displacement of the �ame in the outlet direction reduces the

consumption of CO within the porous media.

The �ame takes a very long time to return to its initial position. Although it is a

smaller perturbation more favorable condition (lower amplitude) and a longer time, the
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gas and solid pro�le do not return to the initial position during the time imposed. The

�ame takes a very long time to return to its initial position. This occurs because the

thermal inertia of the solid phase has a characteristic time (∆t ∼ ρsCsL
2/ks) between

4 . ∆t . 4 × 102 s depending on the solid thermal conductivity . For example, a test

case was evaluated considering F ∗ = 0.5, ks = 1 W/m.K and T = 0.5 s, takes more than

10 s for the gas and solid phases to return to their initial pro�les (�gure was omitted).
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(a) (b)

(c) (d)

(e) (f)

Figure 3.10 � Transient behavior of gas temperature (a and b) solid temperature (c and

d) and CO mass fraction (d and e), respectively. The case presented is ε = 0.8, ks = 1

W/m.K, F ∗ = 0.925 and T = 0.5 s. On the left, perspective view of variable as function

of position and time. On the right, the projection of the time sequential on the variable

position plane.

To evaluate the �ame behavior during the pulse, it is calculated the consumption

speed (sc [m/s]) that measures the speed at which the �ame burns the reactants. For lean
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to stoichiometric mixtures it is de�ned by

sc = − 1

ρuYf,u

∫ L

0

ω̇CH4dx (3.9)

where ρu [kg/m3] is the inlet density, Yf,u is the fuel unburnt mass fraction, and ω̇CH4

[kg/m3.s] is the methane consumption rate. The displacement velocity is calculated by

sd = uin−sc. Figure 3.11 (a) presents sc behavior during a pulse. It observed that during

the pulse, the uin > sc. It results in �ame front propagating downstream. After the pulse

period, the uin < sc means the �ame front is moving upstream. Figure 3.11 (b) presents

the sd. After the pulse starts, the sd is positive and increases abruptly. Then, it reduces

to a plateau that remains practically constant during the pulse period. After the pulse

�nishes, the sd is negative, passing through an intense peak and again stabilizing at a low

value that remains practically constant during the remaining time. It is expected sd = 0

when the solid temperature also stabilizes. In Figure 3.10 (c) and (d) the solid temperature

pro�le is presented. It is noted that the pro�le response is slower when compared with the

gas temperature pro�le. In an attempt to track the solid temperature displacement, in

Figure 3.11 (b) is depicted the position of the maximum solid temperature (xTs,max) and

its time derivative (ẋTs,max = dxTs,max/dt). The high thermal inertia of the solid phase

is revelead by the smooth curve of xTs,max during the time evaluated. Note that a much

longer time would be required to allow the solid-phase to return its initial condition. The

displacement velocity of the maximum solid temperature (ẋTs,max) presents lower values

compared to sd.
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(a)

(b)

Figure 3.11 � Evaluation of (a) sc and uin. (b) xf and maximum solid temperature

position (xTs,max), displacement velocity (sd), xTs,max and (ẋTs,max) for ε = 0.8, ks = 1

W/m.K, F ∗ = 0.925 and T = 0.5 s.

Figure 3.12 (a) presents the convective heat exchange between gas and solid phase

(qv). It is observed an immediate change of pro�le when the pulse is initiated. The

preheating gas region increases, and it progressively covers a larger portion the burner.

When the pulse ends, the preheating zone is abruptly reduced. Figure3.12 (b) presents

the ηrec and ηrad. The behavior of ηrec follows from the qv curves. As the �ame moves to



50

regions of high solid temperature the heat recirculation e�ciency increases approximately

5 times, which on its turn increases the �ame temperature and consumption velocity.

This is mechanism renders the �ame more resistant to blowo� due to �uctuation of the

incoming �ow of reactants, when compared to burner stabilized �ames. When the pulse

ends, ηrec returns to its initial value. The ηrad initially decreases due to the abrupt increase

of mass �ux rate (ηrad ∝ ṁ′′−1) and to the high thermal inertia of the solid phase, which

keeps the Ts outlet temperature basically constant. During the pulse, the smooth increase

of ηrad follows the approximation of �ame front to the outlet surface, which increases the

solid phase temperature in that region. The ηrad also tends to the initial value when

the pulse is extinguish. The combined e�ect of ηrad decrease and ηrec increase during

the pulse corroborates to avoid the �ame front follow to the outlet after the pulse to be

extinguished. Although not presented here, all �ames that remained in the domain during

the pulse period, returned to their original position after the pulse was �nalized.



51

(a)

(b)

Figure 3.12 � (a) Convective heat exchange between gas and solid phase and, (b)

gas-to-solid convection e�ciency and radiation e�ciency (ε = 0.8, ks = 1 W/m.K, F ∗ =

0.925 and T = 0.5 s).

Figure 3.13 presents sd considering di�erent F ∗. The region R1 shows that the

increase of F ∗ results in a higher peak of sd. In the same way, when the pulse is extin-

guished (R3), a higher F ∗ also implies in a higher negative peak of sd. The sd in the R2

and R4 follows constant behavior. In R2, sd always reach a constant value that increases

with F ∗. In R4 all cases reach the same velocity since upstream condition is similar.
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Figure 3.13 � (a) Displacement velocity (sd) evaluation along the time for di�erent

multiplicative factor (F ∗) for the ε = 0.8 and ks = 1 W/m.K.

Figure 3.14 compares sd in R2 and R4 for di�erent ks and ε. As the behavior of

R2 and R4 is practically constant for each F ∗ tested, one time position have been chosen

on the region R2 (0.25 s) and R4 (0.75 s). In the R2, a non-linear behavior is observed.

In R4, the pulse period is �nished and the Ts and Tg already present a pro�le close to the

initial position. Thus, the �ame asymptotically converges to its initial condition justifying

the linear behavior.

(a) (b)

Figure 3.14 � Comparison of sd during on the time equals 0.25 s (R2) and 0.75 s (R4)

for di�erent (a) ks (ε = 0.8) and (b) for di�erent ε (ks = 1 W/m.K).

The blowo� maps as a function of period, ks, and ε are depicted in Figure 3.15. A

characteristic residence time is estimated by tres = L/vin,bl, where vin,bl is the inlet velocity

at the blowo� limit, and a non-dimensional pulse period is de�ned as T ∗ = T/tres. It is

observed that larger values of ks signi�cantly reduce the stable range of operation. It



53

occurs because the �ame stabilizes downstream when ks increase. On the other hand, the

stable range is almost insensitive to variations of porosity due to the close position of the

blowo� limit.

(a) (b)

Figure 3.15 � Evaluation of the blowo� limit for di�erent (a) ks (ε = 0.8) and (b) for

di�erent ε (ks = 1 W/m.K).

3.4 Conclusions

In this study, a one-dimensional model of a PMC was employed, assuming detailed

chemistry and non-equilibrium heat exchange between the solid and gas phase. The

chemistry was implemented with the FGM technique and presented good quantitative

results compared to direct integration in steady-state and transient tests.

The study evaluated stable �ames that precede the blowo� limit of the burner im-

posing di�erent porosities and solid thermal conductivities. These results were considered

as the initial condition to evaluate the behavior of the solid and gas phase when a pulse

of mass �ow is imposed at the inlet. The results show a di�erent response time for each

phase and a complex behavior that was evaluated in detail. A characteristic displace-

ment velocity of the �ame front, which determines the time for blowo�, is identi�ed and

explored as a function of the burner parameters.

A stability map showed the in�uence of the pulse under di�erent ε, ks, and pulse

periods. It was observed that larger values of ks signi�cantly reduce the stable range of

operation while ε is almost insensitive.

Future studies can be explored considering more complex geometry and increasing

the time and length scale of the present con�guration. Variations on the pulse as pe-
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riod and inlet mass �ux pro�le can be analyzed to improve the understanding of �ame

oscillations.
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4 NUMERICAL STUDYOF FLAME STABILITYWITHIN INERT POROUS

MEDIA WITH GRADED GEOMETRICAL PROPERTIES

4.1 Introduction

Porous media burner has been an attractive alternative in industrial applications

due to the lower pollutants emission, large turndown ratio, high radiant e�ciency, and

good �ame stability. Many applications have been developed as micro combustors [Gio-

vannoni et al., 2016], gas turbine [Djordjevic et al., 2012], domestics cooking stoves [Pan-

tangi et al., 2011; Kaushik et al., 2020], and many others [Banerjee and Paul, 2021]. The

porous matrix allows the recirculation of heat from the post-�ame products to the in-

coming reactants through conduction and solid-to-solid radiation leading to an excess of

enthalpy at the reaction region [Takeno and Sato, 1979; Sathe et al., 1990; Hsu et al.,

1993]. As a result, the �ames reache higher temperatures and higher burning velocities.

The heat transfer between gas and solid phases creates an additional degree of freedom for

the �ame to �nd a stable condition, increasing the burner turn down ratio. The hot solid

phase brings a thermal inertia to the burner that makes it less sensitive to oscillations in

the reactants supply. Higher �ame temperatures promote the conversion of reactants into

saturated products of combustion and the �ame thickness tends to be smaller than free

�ames at the same equivalence ratio.

Barra et al. [2003] studied a con�guration using a combination of two sections

of porous media in a one-dimensional domain. They evaluated some e�ects of material

properties (solid conductivity, volumetric heat transfer coe�cient, and radiative extinction

coe�cient) on the �ame stabilization. The results showed that the properties evaluated

a�ect the stable operating range of the burner. In order to maximize the �ame stability

in the two-section burner, they concluded that the downstream section should have a

high conductivity, an intermediate radiative extinction coe�cient, and a high volumetric

transfer coe�cient. On the other hand, the �rst porous layer should have a high radiative

extinction coe�cient, a low volumetric heat transfer coe�cient and a low conductivity. Liu

et al. [2010] evaluated the same con�guration explored by Barra et al. [2003] considering

a two-dimensional domain but imposing one-step chemistry. They explored the in�uence

of the equivalence ratio, the extinction coe�cient, and the thermal conductivity of the

solid matrix. They concluded the solid and gas temperature pro�le are a�ected by the
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thermal conductivity and extinction coe�cient of the solid phase. Horsman and Daun

[2011] also evaluated an identical porous burner proposed by Barra et al. [2003] using a

optimization technique. This technique was applied to �nd porosity and pore diameter

that maximizes the radiant e�ciency of the burner. The better combination of porosity

(0.95) and pore diameter (1.21 mm) achieved an improvement of around 30 %.

Other studies have explored alternative geometric con�gurations. For example,

Catapan et al. [2011] evaluated the �ame stabilization in axisymmetric porous media

burner using a single large injector. They observed three possible �ame stabilization

mechanisms: (1) the �rst one is the thermal stabilization mechanism imposed by the

presence of a solid matrix. It provides an internal heat recirculation and a heat loss to

the environment. A second mechanism is present when two layers of di�erent pore size

distributions were used together, a �at �ame stabilized close to this interface. The �at

�ame position is in�uenced by inlet �ow velocity, equivalence ratio, pore size distribution

and upstream and downstream porous media material. The third mechanism was due to

the inlet velocity pro�le at the injection region, which resulted in a conical �ames anchored

at the rim of the injection. This third mechanism is responsible for a signi�cant increase

in the stability range. Bakry et al. [2011] experimentally evaluated a conical PM burner

under high pressure and temperature. The increase of the burner cross-section area in

the downstream direction reduces the �ow velocity, creating a �uidynamic stabilization

mechanism that adds to the thermal mechanism of porous media combustion. When the

�ame is pushed downstream by the �ow, it reaches a region of low �ow velocity and it is

able to reach a new equilibrium position. The results presented the �ame temperature and

NOx emission increased with increasing pressure. Hashemi and Hashemi [2017] studied

the same geometry numerically in a two-dimensional model using a one-step chemical

mechanism. By performing a parametric study, it was proved that the alteration of

divergence angle can change the �ame stability limit. The highest limit of �ame stability

was obtained with a divergence angle equal to 60◦. Voss et al. [2013] also evaluates a

conical con�guration imposing a lean premixed combustion of H2/CO. A good agreement

was veri�ed between experimental tests and numerical results obtained from a quasi-1D

model. Furthermore, it was evaluated the �ame structure in di�erent operating conditions.

They shows that gas-phase thermal �ame thickness is one order of magnitude lower than

the solid-phase thermal �ame thickness. Gao et al. [2017] experimentally evaluated a
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PM burner with alumina pellets in the preheating zone and silicon carbide foams with

di�erent in the combustion region. The gap was evaluated in di�erent locations and

lengths to map the �ame stability, �ame temperature, and pollutants. The gap lengths

and positions a�ect the heat recirculation and heat losses of the porous burner. The

results showed that the temperature pro�le is similar for di�erent gap lengths, and the

�ame location moves to the burner exit with the increase of gap length. However, the

authors noticed that the �ame temperature decreases with the increase of gap length

or with the decrease the foam region after the gap. The maximum stable �ame range

was reached using the gap length of 15 mm and located between the silicon carbide

foams and packed alumina pellets. Ghorashi et al. [2020] evaluate experimentally the

�ame characteristics of a premixed natural gas/air mixture in a porous-free �ame burner

where a hole is created at the center of the porous foam, and it is also compared to a

conventional porous burner. In this non-conventional formulation, the burner extends the

rich limit of the �ame. Vandadi et al. [2017] studied a two-layered porous burner with

an external preheater and a radiation corridor imposing lean propane/air mixtures. The

results showed a record radiation e�ciency of 37%.

Ellzey et al. [2019] in their review suggests that new methods would create pos-

sibilities for both manufacture and research of reactors. Sobhani et al. [2018] evaluated

experimentally and numerically a porous burner, having a spatially graded porous ma-

trix. Results from the 1D volume-averaged simulations model presented an important

improvement in �ame stability between step and graded topology matrix. The graded

matrix was tested experimentally, and the results qualitatively con�rmed an enhancement

of the �ame stability compared to the traditional design. Recently, the same group ex-

plored the feasibility of three tailored PMBs experimentally [Sobhani et al., 2020]. The

results has shown that the model with graded pore diameter and �xed porosity presents

wide stable range when compared with a traditional design.

The present study evaluates the di�erences between two forms of creating the a

similar hydrodynamic stabilization mechanism. One of them is by using a porous burner

with graded porosity that progressively increases the void area for the gas �ow. The other

is a porous burner of constant porosity, but with a conical shape with the same increasing

void area for the gas �ow. The study considers a two-dimensional axisymmetric domain

and the FGM reduction technique is implemented to include a detailed kinetic mechanism.
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The stable range of the burners are compared and details of the two-dimensional �elds

are explored.

4.1.1 Problem De�nition

The present study evaluates three geometries of the porous media combustor

(PMC) schematically represented in Figure 4.1. All domains are axissymmetric and

divided into two sections. In the upstream porous layer the solid properties and the

geometric parameters are equal for the three domain investigated. The solid thermal con-

ductivity (ks = 0.2 W/m.K), porosity (ε = 0.835) and pore diameter (dp = 0.29 mm) are

equal to the upstream section of the burner studied by Barra et al. [2003].

Figure 4.1 � Scheme of the numerical domains.

The downstream region porous layer is the region where the �ame is stabilized. The

present study evaluated three con�gurations in this region as shown in Figure 4.2: variable

porosity burner (VPB), variable area burner (VAB), and uniform geometry burner (UGB).

The last is a cylindrical burner with constant porosity and constant cross-section area.

The VAB is proposed with a variable cross section area along the burner (divergent porous

burner) and with uniform porosity along the burner. The VPB presents a cylindrical form

and variable porosity and pore diameter along the burner. In the two cases with variable

geometry (VAB and VPB), an additional mechanism for �ame stabilization is introduced.

The cross-section area of the burner is progressively increased, which tends to reduce the

gas velocity and enhances the ability of the burner to stabilize larger �ow rates. In both

variable geometry, the e�ective area for the gas �ow rate present the same variation along

the burner (εV PBAV PB = AV ABεV AB where A stands for the cross-section of the burner).

The second porous layer's length (L) is equals to 10 cm and ks is equals to 0.1 W/m.K.

The dp is estimated following Lacroix et al. [2007].
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Figure 4.2 � Pore diameter, porosity and void area.

4.1.2 Mathematical formulation

To solve the proposed problem a steady state two-equation (non-equilibrium)

model is adopted with, the following assumptions:

1. Gas-solid radiative heat transfer is neglected;

2. Inlet and outlet solid surfaces radiate as a continuous surface with an e�ective

emissivity;

3. Solid thermal conductivity does not vary with temperature;

4. Catalytic e�ects are neglected;

5. Body forces, Soret and Dufour e�ects are neglected;

6. Unity Lewis number is valid for all species.

The continuity equation is given by

∇ · (ερg~u) = 0, (4.1)

where ~u [m/s] pore level velocity of the gas �ow. Gas density (ρg [kg/m3]) has been

obtained from ideal gas equation ρg = PMWmix/RuTg, in which P [Pa] is the pressure

assumed to be constant and equal to 1 atm due to the high porosity of the solid matrix.
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MWmix [kg/mol] is the average molar mass, Tg [K] and Ru [J/mol.K] are gas temperature

and gas constant, respectively.

The momentum equation is given by

~∇ · (ερg~u · ~u) = −∇(εP ) + ~∇ · (ετ) + ε~S, (4.2)

where τ [N/m2] is the viscosity stress tensor, and the pressure drop is evaluated using the

Darcy-Forchheimer with ~S [N/m3] given by

~S = −
(
µ

α
+
C2ρg

2
|~u|
)
~u, (4.3)

where α = dp
2ε3/(150(1− ε)2) is the matrix permeability and C2 = 3.5dp(1− ε)/ε3 is the

non-Darcian drag coe�cient [Ergun, 1952].

For the solid phase, the energy transport equation is given by

~∇ · (keff∇Ts) = hv(Tg − Ts), (4.4)

where hv [W/m3K] is the volumetric heat transfer coe�cient between the solid and the

gas. The hv is calculated by hv = kgNu/d
2
p, where the Nusselt number correlation is given

by Nu = CRem [Younis and Viskanta, 1993]. Data from the reference was curve �tted as

shown in Figure 4.3, to take into account the variable pore diameter (Similar approach has

been imposed by Horsman and Daun [2011]). The parameter keff [W/m.K] = (1−ε)ks+kr
is the e�ective solid thermal conductivity of the porous medium, while the kr is the

radiative conductivity. When the radiation has a short mean free path before attenuation,

in comparison with dimensions of the porous media, and the porous media absorbs and

scatters isotropically, the radiation can be treated as a di�usion process. Therefore,

assuming the optically thick approximation, the radiative conductivity is modeled as

kr = 16σT 3
s /3κ [Howell et al., 2010], like many other studies [Bouma and De Goey, 1999;

Yang et al., 2009; Liu et al., 2015; Li et al., 2016]. The κ is the e�ective radiative extinction

coe�cient and it is given by κ [1/m] = (3/dp)(1− ε) [Hsu and Howell, 1992]. The σ is the

Stefan�Boltzmann constant with the value of 5.67 ×10−8 [W/(m2K4)].
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(a) (b)

Figure 4.3 � C and m of correlation Nu = CRem [Younis and Viskanta, 1993].

Gas phase temperature and composition are described by the Flamelet Generated

Manifold (FGM) method [van Oijen et al., 2001]. This method relies on the �amelet as-

sumption to decouple �ow and chemistry. Thus, by solving one-dimensional �ames with

detailed kinetics, the most important aspects of the internal structure of the �ame are

captured and stored in a table (manifold) as a function of a few independent control vari-

ables. During runtime, transport equations for the control variables are solved and their

�elds are used to reconstruct the �ame structure by retrieving the other thermochemical

quantities from the manifold. Here lies one of the main strengths of FGM technique,

complete combustion phenomena can be represented by solving a few numbers of trans-

port equations. The gas phase energy transport is implemented using the enthalpy (h

[J/kg]) formulation due to the ease of handling it as a control variable when the reduced

technique FGM is implemented for premixed �ame. Thus, the gas energy equation reads

~∇ · (ερg~uh) + ~∇ · (ε kg
Cg
∇h) = hv(Ts − Tg). (4.5)

where Cg [J/kg.K] is the gas speci�c heat.

Although, the FGM can be very advantageous to describe porous burners with de-

tailed chemistry and reduced computational time, this modelling option is scarcely found

in literature [van Oijen et al., 2001; Lammers and De Goey, 2004]. In the present study,

�amelet solutions are obtained for di�erent levels of gas enthalpy and stored in a database

(a manifold) as a function of h and progress variable (Y). After the manifold construction

is obtained, multidimensional simulations are conducted solving only the conservation of

total mass, solid temperature, and the transport equations for h and Y . Thereby, the
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solution of the conservation equations of each chemical species is not required as in direct

integration simulations. Once the convergence is achieved, the multidimensional structure

of the �ame is reconstructed from the manifold with the control variables solution.

The conservation equation for the Y is given by:

~∇ · (ερg~uY) + ~∇ · (ε kg
Cg
∇Y) = ε ω̇Y . (4.6)

In present study the de�nition used for Y [Donini et al., 2015a] is

Y = −αO2YO2 + αCH4YCH4 + αH2OYH2O + αH2YH2 . (4.7)

where the αi is equals to 10−2/MWi. The progress variable source term (ω̇Y) is de�ned

as a linear combination of the chemical species source term that de�nes the progress

variable: ω̇Y =
∑

i αiωi. Mixture thermal conductivity (kg [W/m.K]) and µ [Pa.s] are

obtained from simpli�ed polynomial expressions as function of mixture-speci�c heat and

temperature following [Smooke and Giovangigli, 1991a]. The chemistry is solved using

the mechanism DRM22 [Kazakov and Frenklach, 1995]. The �amelet libraries was imple-

mented considering the same approach described in section 3.2.1.

The inlet boundary condition is considered at a constant temperature of 300 K

for the gas and radiative heat transfer with the environment Tsur = 300 K for the solid.

The inlet velocity pro�le is considered uniform, and the CH4/air equivalence ratio are

0.65 and 1.0. On the walls, the adiabatic heat exchange condition is imposed. At the

output surface, the manometric pressure is equal to zero, and radiative heat transfer with

the environment (Tsur = 300 K) is considered. The complete setup about the boundaries

conditions are presented in the table 4.1.

Table 4.1 � Boundary conditions imposed for momentum, Ts, Y and h transport

equations.

Boundaries Inlet Outlet Walls

Momentum vin P = 0 Pa No slip

Ts −keff ∂Ts∂x
= σ(T 4

s − T 4
sur) −keff ∂Ts∂x

= σ(T 4
s − T 4

sur)
∂Ts
∂r

= 0

Y min(Y) ∂Y
∂x

= 0 ∂Y
∂r

= 0

h h(Tg = 300 K) ∂h
∂x

= 0 ∂h
∂r

= 0
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Numerical Solution

The equation system for multidimensional simulations is solved by the Fluent 16.1

software. The transport equations for Y , h and Ts, the manifold retrieval subroutine and

transport properties were implemented as user de�ned functions. The SIMPLE algorithm

is used to treat the pressure-velocity coupling. A residual error of 10−6 is assumed as the

convergence criterion (continuity, vx, vr, Y and h) except for the solid energy equation

that achieves the convergence when imposed 10−8. The under-relaxation factor necessary

to start correctly the FGM method is 0.9 for Y , h and Ts to avoid divergence. The other

parameters used to obtain the solution are standard values of software. The mesh study

showed that a cell size lower than ∆x = ∆r = 0.0625 mm is su�cient to achieve mesh

independent results. Details about mesh independence is presented in the Appendix E.

Model Validation

The solid and gas temperature pro�les of Liu et al. [2010] and Barra et al. [2003]

are used to evaluated the numerical model implemented. The computational domain is

6.05 cm long and consists of two di�erent porous foam layers. The upstream foam layer

is 3.5 cm long (ks = 0.2 W/m.K, dp = 0.029 cm, ε = 0.835) and downstream section

is 2.55 cm (ks = 0.1 W/m.K, dp = 0.152 cm, ε = 0.87). The inlet velocity considered

is 60 cm/s with an equivalence ratio of 0.65. Figure 4.4 shows the three solutions close

to the interface between two layers, where the �ame is stabilized. Following Barra et al.

[2003], the validation study employs a one-dimensional transient version of the model. A

�ame is considered stable when it remains in a certain position for more than 30 seconds.

The di�erences found among the models are due to the di�erence among the chemical

mechanism, and radiation models. The Liu et al. [2010] applied a one-step mechanism and

the Rosseland model to describe the radiation (2D domain). Barra et al. [2003] solved the

porous burner using detailed chemistry GRI 1.2 [Frenklach et al., 1995], and the radiation

transport is described using the RTE with P-3 approximation (1D domain).
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Figure 4.4 � Comparisons of gas temperature and solid temperature between the present

study and previous studies (Barra et al. [2003]; Liu et al. [2010]).

4.2 Results and Discussion

Figure 4.5 (a) presents the solid and gas normalized temperature (θphase = (Tphase−

Tg,in)/(Tad,φ − Tg,in)) contours for VPB, VAB and UGB geometries considering the same

inlet conditions. The stabilization occurs in the interface between two porous layers.

Although the �ame front pro�le is similar among the con�gurations, the gas and solid

temperature pro�le present a smooth di�erence near the �ame front and close to the outlet.

Figure 4.5 (b) presents the θg and θs pro�le on the axis boundary. For these long burners

with adiabatic walls, the two phases reach thermal equilibrium at the adiabatic �ame

temperature in the post-�ame region. Only close to the outlet surface, non-equilibrium

e�ects becomes important due to the intense heat loss by radiation. The heat release

rate (HRR) normalized by its maximum value is illustrated for the VAB. In the present

work, the �ame front position (xf ) is de�ned as the distance of the maximum HRR on

the centerline and the interface between the two porous burners (x = 0). Evaluating the

normalized velocity pro�le along the centerline in Figure 4.5 (c), a peak of velocity on the

�ame front is observed due to the increase of gas temperature. Downstream of the �ame

front, the velocity pro�les present a similar magnitude to VPB and VAB due to the same

void area and similar temperature. The UGB presented a higher velocity due to minor

void area along the domain.
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(a)

(b)

(c)

Figure 4.5 � Comparison between VPB, VAB and UGB for vin/SL = 2.91 and φ = 1.

(a) Normalized temperature contours for the gas and solid phase. (b) Normalized gas

and solid temperature and heat release rate (HRR), and (c) normalized gas velocity on

the centerline.
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4.2.1 Flame front position and Stability range

Figure 4.6 presents a comparative of the �ame front position (xf ) for equivalence

ratios 0.65 and 1 for the three burners. In the present study, the �ashback is achieved

when HRRmax crosses the interface between the two porous layers (x/L = 0) and the

blowo� is de�ned when the �ame leaves the downstream porous layer. For the uniform

geometry burner (UGB), the �ame front only stabilized on the interface between the two

porous layers. The burner with variable porosity (VPB) presented a larger stability range

than the burner with a variable area (VAB). In both cases, the �ame remained anchored

at the interface for small inlet velocities. Increasing the inlet velocity, the �ame position

presented an abrupt displacement downstream. From that point, on the �ame front

followed a smooth displacement downstream. The abrupt displacement can be explained

by the porous burner proprieties imposed. The �rst porous layer presents a higher porosity

than the second porous layer. Thus, the �ow in the downstream region of the interface has

lower velocity and, consequently, a wider range of stability when the velocity is increased.

Evaluating the average heat transfer coe�cient on the �rst porous layer between the

positions -0.1 and 0 (h̄v1) and the second porous layer between the positions 0 and 1 (h̄v2)

for the condition imposed in Figure 4.5, it is found that h̄v1/h̄v2|V PB ≈ 2.29 , h̄v1/h̄v2|V AB
≈ 2.47 and h̄v1/h̄v2|UGB ≈ 2.38. This higher magnitude of h̄v1 when compared with

h̄v2 favors the gas preheating, and his is why a higher stability range is achieved at the

interface. In contrast, this condition is not favorable to avoid �ashback, a condition not

explored in the present work.

Figure 4.6 (b) presents the power range of each burner. It can be clearly observed

that the inferior limit for each burner is almost the same for both equivalence ratio. It oc-

curs because the geometric and physical characteristics are similar near the interface. The

lower equivalence ratio (φ) presented the higher turn down ratio, de�ned as vin,max/vin,min.
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(a)

(b)

Figure 4.6 � Evaluation of (a) �ame front position (xf ) for di�erent inlet velocity, (b)

turn down ratio and power range for VPB, VAB and FPV for φ = 0.65 and 1.0.

Heat recirculation through gas-solid heat exchange

The heat recirculation e�ciency (ηrec) is the fraction of the heat released by the

�ame that is transferred from the solid to the gas-phase in the preheating region of a

porous burner. The ηrec is calculated as

ηrec [%] = 100×

∣∣∣∣∣
∫
Vph

qv dVph

ṁCH4,in LHV

∣∣∣∣∣. (4.8)

where Vph is the preheating region volume, qv = hv(Tg−Ts) [W/m3] is the convective heat

transfer. The Vph is bound by the temperature isosurface where the gas temperature has

increased by 1 % of its intlet value and the isosurface de�ned by θg=θs. Figure 4.7 (a)

shows the two dimensional distribution of qv close to the �ame surface. The preheating is
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more intense close to the tip of the �ame at reactants side. The preheating of reactants

decreases close to the walls due to the small �ow velocities in this region, which tends

to equilibrate gas and solid temperature (a detailed discussion is presented in the next

section). In Figure 4.7 (b) shows the distribution of qv, θg and θs along the centerline and

the wall.

(a)

(b)

Figure 4.7 � (a) Contour of two dimensional convective heat exchange (qv). VPB

imposing φ = 0.65, and velocity equals to vin/Sl = 1.20 (c) qv , θg and θs evaluated on

the wall and axis.

Figure 4.8 presents the ηrec for di�erent equivalence ratios. The qualitative behav-

ior is similar for UGB compared with other studies [Barra et al., 2003; Li et al., 2016],

i.e., the e�ciency is reduced smoothly when the vin increases. Moreover, greater e�ciency

is found when a lower equivalence ratio is imposed. For VPB and VAB, the e�ciency

reduces while the �ame is anchored on the interface of two porous layers. When the �ame

detaches from the interface, the VAB presents an abrupt increase, but increasing the vin
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the tendency follows reducing. For VPB, tendency is switched, i.e., as the vin is increased

higher is the ηrec until outlet conditions e�ect becomes more relevant.

Figure 4.8 � Heat recirculation e�ciency as a function of inlet velocity for equivalence

ratio equals to 0.65 and 1.0.

Figure 4.9 shows the temperature (θg and θs), qv and keff/ks pro�les on the cen-

terline for di�erent inlet velocities for the cases VPB and VAB. The qv increases for VPB

as the inlet velocity increases (�lled region in Figure 4.9 (a)) while VAB, the qv is very

similar in both condition evaluated (Figure 4.9 (b)). Moreover, the e�ective solid thermal

conductivity (keff ) becomes dominant in both case evaluated. For the VPB, the keff is

higher as the �ame front stabilizes closer the outlet. A higher keff favors the gas preheat-

ing. In the present study, the keff is sensitive to pore diameter and porosity (keff ∝ dp,

(1− ε)−1) due to the Rosseland approximation used to describe the solid-to-solid radia-

tion. The dp and ε are maintained constant for VAB along the domain, while for VPB

the dp and ε increase as they approach the outlet. For VPB, keff is higher the further

downstream the �ame is anchored. Another immediate consequence of preheating is the

increase in the burning velocity. It brings the �ame front upstream and ampli�es the

region that precedes the blowo�.
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(a) VPB

(b) VAB

Figure 4.9 � Evaluation on the centerline of gas temperature (θg), solid temperature

(θs), convective heat exchange (qv), and e�ective solid thermal conductivity normalized

(keff/ks) for the (a) VPB considering vin/Sl = 3.35 (- solid line) and vin/Sl = 5.33 (- -

dashed line) and (b) VAB considering vin/Sl = 3.35 (- solid line) and vin/Sl = 3.70 (- -

dashed line). The equivalence ratio evaluated is 0.65.
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4.2.2 Detailed analysis of the �ame front

Figure 4.10 brings a detailed comparison of some two-dimensional �elds for the

VPB and VAB cases. The normalized interphase heat transfer is shown in the background

color while gas �ow streamlines, solid temperature iso-lines and solid-phase heat �ux lines

are overplotted. Figure 4.10 (a) and (c) are for lean conditions (φ = 0.65) while Figure

4.10 (b) and (d) are for stoichiometric conditions. The �gures reveal a higher qv magnitude

for the cases with a higher equivalence ratio. For the preheating region, before the �ame

front, lower values of qv are found near the tip when compared with the region near the

wall for both equivalence ratios. This is due to the higher gas velocity near the centerline

which makes necessary a higher preheating to stabilize the �ame. The consequence of it

is that the �ame becomes longer in cases with a higher equivalence ratio. The streamlines

present a non-monotonic behavior around the �ame front. The global structure of the

�ame and non-uniform temperature pro�le favors for the momentum components (mx

and mr) being changed along the path.

In each panel of Figure 4.10, the heat �ux by di�usion in the solid phase �ows

from the right to the left following the heat �ux lines shown in red. At the post-�ame

region, θs contours show that lower solid-phase temperatures are found towards the wall.

Thus, moving from the right to left, it is observed that the solid heat �ux lines diverge

to the wall as they approach the �ame front. This occurs due to the high positive source

term (qv) around the �ame tip and the consequent increase of θs in this region. After the

solid heat �ux lines cross the �ame front, the qv becomes a sink term for the solid energy

equation (θs > θg). Hence, the solid heat �ux lines are redirected towards the center.

Figure 4.10 (c) presents a lean �ame front stabilized more downstream of the domain.

It is possible to observe that the solid heat �ux lines accumulate at a point where the

maximum θs is located.

Figure 4.10 also shows a di�erent �ame pro�le for each case presented. It is ob-

served that the conditions with higher φ presents a higher total �ame arc length. The

total arc length of the �ame front can be found considering that an element dl of the arc

length is related to the respective elements at both axis by dl2 = dx2 + dr2. Dividing this

expression by dx2, isolating dl and integrating one �nds

Lf =

∫ xt

xi

(1 + (dr/dx)2)1/2dx. (4.9)
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The iso-line equals θg = 0.7 has been chosen to evaluates the �ame front pro�le. The xi

is the initial position in x where the �ame front starts and xt is the position x of the tip

of the �ame. Figure 4.11 shows the comparison of Lf along the stable range. The results

shows that a higher equivalence ratio presents a higher Lf throughout the entire stability

range. The VAB presents a higher Lf in almost the entire stable range when compared

with VPB (except in the region where the VPB is still stabilized at the interface) imposing

the same velocity. Moreover, a non-monotonic behavior of Lf is observed. This abrupt

change in the �ame shape at a certain velocity happens exactly when the �ame leaves the

interface and is no more in�uenced by the �rst porous region.
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Figure 4.10 � Contour of two dimensional convective heat exchange (qv), streamlines

(black dashed line - -), level curve of solid temperature (black solid lines -), solid-phase

heat �ux lines (red solid lines -). The bold streamlines (S1, S2 and S3) correspond to

conditions for which temperature (θg and θs) and heat release rate (HRR) pro�les are

presented in Figure 4.12. VPB (a) φ = 0.65 and vin/Sl = 3.7 m/s. (b) φ = 1 and vin/Sl

= 3.41 m/s. VAB (c) φ = 0.65 and vin/Sl = 3.7 m/s. (d) φ = 1 and vin/Sl = 3.41 m/s

(qv,max = 1.1261× 108 W/m3K).
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Figure 4.11 � Flame arc length (Lf ) as a function of inlet velocity for φ equals 0.65 and

1.0.

Figure 4.12 evaluates θg, θs and HRR pro�le along the S1, S2, S3 strealines for each

case presented in Figure 4.10. Although the �ame shape resembles that of a channel �ame,

the stabilization of a �ame within a porous medium follows a di�erent mechanism. In

channel �ames, as in Bunsen burners, the �ame is anchored by the heat losses to the walls.

In a porous medium, the heat transfer between gas and solid phases is present everywhere,

even for adiabatic wall, as it is the case for the present study. Thus, at each position on

the �ame front, the kinematic equilibrium between the �ame propagation velocity and

the local �ow velocity is reached as a result of the heat recirculation experienced by the

incoming reactants following a particular streamline. The low �ow velocity near the wall

is balanced by the low propagation velocity in this region.

Looking at the streamline S1, which follows the centerline of the burner, the behav-

ior of the solid and gas phases follows what is expected from one-dimensional models. The

heat recirculation induced by the solid phase results in a gas phase preheating that leads

to peak temperatures above the thermodynamic limit based on the incoming reactants

(θg = 1). This is the case because the streamlines and the solid-phase heat �ux lines are

coincident at the centerline. For the other streamlines (S2 and S3), when the solid-phase

heat �ux is not aligned with the �ow, some particular features are observed.

Since the streamline S3 is close to the wall, this region is characterized by lower

�ow velocities (ug), thus a smaller �ame temperatures are necessary for reaching the cor-
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respondent consumption velocity (Sc = ug). Close to the �ame front, the non-equilibrium

between the phases is large and a proportional larger fraction of the heat released by the

�ame is lost to the solid-phase compared to other streamlines. However, in this region the

heat �ux lines at the solid phase are not aligned with the �ow, instead they point towards

the center. This means that part of the heat lost by the gas-phase to the solid-phase at

the post-�ame region is directed to the center and does not preheat the same streamline.

Thus, along with S3, there is a net loss of energy that results in �ame temperatures below

θg = 1 for all cases except for VPB at φ = 0.65. Another interesting characteristic of the

streamline S3 is that the peak temperature is not necessarily found at the �ame position.

For these cases, the peak is found downstream from the �ame. This is due to the heat

�ux at the solid-phase, which tends to concentrate near the wall in the post �ame region,

as seen in Figure 4.10. For the streamline S3, the low gas velocity results in a thermal

equilibrium between the phases in this region at a temperature that is controlled by the

solid intraphase heat transfer.

For streamline S2, the non-alignment between streamline and solid-phase heat �ux

line is even more pronounced. However, for this streamline, the heat released by the

�ame is larger and a smaller proportion of it is lost to the solid phase. Additionally, this

streamline is preheated by the heat �ux lines that come from regions close to the walls.

Then the �ame temperature is determined by a complex combination of heat loss and

gain to regions that are not aligned with the �ow.
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(a)

(b)

(c)

(d)

Figure 4.12 � Temperature (θg and θs) and heat release rate (HRR) from the streamlines

S1, S2 and S3 highlighted in Figure 4.10. (a) VPB and (b) VAB with φ = 0.65 and

vin/Sl = 3.7 m/s. (c) VPB and (d) VAB with φ = 1 and vin/Sl = 3.41 m/s.
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To capture the mass �ux rate locally in di�erent positions of the domain, the

axial mass �ux rate mx = ρux/ρinSL,φ and the radial mass �ux rate mr = ρur/ρinSL,φ

have been evaluated. Kim and Maruta [2006] suggests that this approach can be used to

distinguish the momentum change from the thermal expansion. Figure 4.13 presents mx

and mr for the VPB. The mx increases in the center of the pre-�ame region and reduces

its magnitude near the wall, showing that the �ow converges to the center of the porous

medium at the pre-�ame region. Intense negative values of mr are seen close to the �ame

front and near the wall at the pre-�ame region. Intense positive values of mr are present

close to the �ame front, at the post �ame region, due to the gas expansion normal to the

�ame front. This intense gas expansion de�ects the streamlines towards the walls, which

explains why in the pre-�ame region the �ow tends to converge towards the center.

Figure 4.13 � Evaluation of contour normalized mass �ow rate in axial (mx) and radial

direction (mr). Streamlines (black dashed line - -), level curve of gas temperature

normalized (black solid lines -), �ow line of solid heat transfer (red solid lines -). The

bold streamlines (S1, S2 and S3) correspond to conditions for which mx and mr pro�les

are presented in Figure 4.14. The present case is VPB considering φ = 1 and vin/SL =

3.41.

Figure 4.14 is observed an abrupt increase of mx in the �ame region of the stream-

line S1 and S2 for VPB and VAB. The behavior is inverted close to the wall, i.e., the

mass �ow rate presents an abrupt reduction along S3. It shows that the mass �ow rate

is directed toward the �ame tip. Moreover, it is noted that outside the �ame region, the
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mx presents a continuous reduction due to the void area increase. For the same inlet

condition, the VPB �ame stabilizes upstream, and the di�erence in the �ame position

is larger for φ = 0.65. The peaks in mx are larger for the VAB. This is consistent with

Figure 4.10 and 4.11 which show that the �ame is longer for VAB case. A longer �ame

results in larger positive values of mr due to the expansion normal to the �ame front and,

as shown in Figure 4.13, this creates a tendency of the �ow to converge to the center in

the pre-�ame region. These results demonstrate that some aspects of the �ame can only

be captured in multidimensional con�guration.

(a)

(b)

Figure 4.14 � Mass �ow rate on the S1, S2 and S3 along the VPB and VAB for (a)

φ = 0.65 and vin/Sl = 3.41. (b) φ = 1 and vin/Sl = 3.7.
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4.3 Conclusions

A Numerical study of �ame stability within inert porous media with graded geo-

metrical properties is evaluated. A two-dimensional axisymmetric model was implemented

considering a non-equilibrium approach with detailed chemistry, which was implemented

with the FGM technique. As a study case, it was evaluated the di�erence between two

forms of creating a similar hydrodynamic stabilization mechanism. One of them is by

using a porous burner with graded porosity that progressively increases the void area for

the gas �ow. The other is a porous burner of constant porosity, but with a conical shape

with the same increasing void area for the gas �ow.

The results have shown an increase in the stable range of a porous burner with

graded porosity when compared with the conical burner. Moreover, the structure of

the �ame front submerged in a porous medium was evaluated in detail. For the lean

mixture, a smooth and lower length pro�le was noted. It was observed that the mass

�ow rate was directed toward the �ame tip, and the mass �ow rate presented a non-

uniform behavior along the �ame. Although adiabatic condition was imposed on the

wall, the �ame temperature near the wall presented a sub-adiabatic value, contradicting

the picture drawn form one-dimensional simulations. These lower temperatures next to

the wall are important for the �ame stabilization.
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5 CONCLUSIONS AND FUTURE WORKS

In this thesis, a numerical study of stabilized �ame in porous media in di�erent

con�gurations is evaluated. The Flamelet Generated Manifold method was implemented

step-by-step in order to reduce the computational time. The validation was performed

using a free premixed �ame stabilized on a slot burner. The FGM method presented good

qualitative and quantitative results when compared to the detailed chemistry even for a

�ame close to the blow-o� limit. The manly discrepancies occurred due to di�culties

in mapping the thermochemical state of the system near the walls where combustion

products at low temperatures (around 300 K) are found. Such di�culty is not a limitation

for the present porous burners analysis, considering that the �ame front stabilizes far

from the region with low temperature. In addition, a detailed comparison of the burning

velocity along the �ame surface revealed the e�ects of the heat loss to the burner rim and

the pure curvature e�ect at the �ame tip.

Subsequently, the one-dimensional model of a porous burner was employed, assum-

ing detailed chemistry and non-equilibrium. The FGM technique has been extended to

solve the chemistry coupled with the solid phase, which includes the pre-heating of the re-

actants. Good quantitative results of CO mass fraction, gas and solid phase temperature

in steady-state and transient were found. Secondly, it was evaluated the stable �ames

that precede the blowo� imposing di�erent porosities and solid thermal conductivities.

These results were considered as the initial condition to evaluate the behavior of the solid

and gas phase when imposed a pulse at the inlet �ow of reactants. The results show a

di�erent response time for each phase, showing a complex behavior that was evaluated in

the present thesis. A characteristic displacement velocity of the �ame front is identi�ed.

This velocity dictates the time for blow-o�.

In the last results chapter, the model is extended to a two-dimensional simulation

where it is evaluated the di�erences between two forms of creating a similar hydrodynamic

stabilization mechanism. One of them is by using a porous burner with graded porosity

that progressively increases the void area for the gas �ow. The other is a porous burner

of constant porosity, but with a conical shape with the same increasing void area for the

gas �ow. This evaluation is motivated by the new technology of additive manufacturing.

This technique been able to create a porous matrix with variable pore diameter and
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porosity along the domain. The results have shown an increase in the stable range of

a porous burner with graded porosity when compared with the conical burner with the

same void area. Moreover, the structure of two-dimensional �ame front submerged in a

porous medium was evaluated in detail.

In summary, the present study evaluated numerically two distinct con�gurations

of porous burner unexplored in literature. Firstly, a transient evaluation of porous burner

when imposed to a mass �ux rate pulse, describing in detail the behavior of each phase,

and evaluating the stable range. Secondly, the results have shown advantages when a

porous burner with variable pore and porosity has been imposed. Both studies were

solved using detailed chemistry using the FGM method. Such methodology has been ex-

plained in detail step-by-step in the present work in view of any literature that has been

explained in details FGM method applied in porous burners con�guration.

The main contributions of the present work can be divided in the following:

• a comparison of the burning velocity along the �ame surface revealed that the FGM

is able to capture the e�ects of the heat loss along the �ame front;

• a detalied implementation and validation of FGM technique for a �ame stabilized

within a porous burner in steady and transient regime. Although it is possible

to �nd studies using the FGM technique applied in a burner, none of them have

presented the implementation of the methodology in detail;

• an evaluation of Ts, Tg, vin, xf , ηrec and ηrad in a one-dimensional burner in the

conditions that precede the blowo� limit for a range of porosity and solid thermal

conductivity.

• an evaluation of the transient response of porous burner when subjected a di�erent

oscillation (rectangular pulse with di�erent period and magnitude); showing in detail

the behavior of each phase in transient regime.

• a comparison between two distinct con�gurations with similar hydrodynamic stabi-

lization mechanisms in a two-dimensional simulation. Moreover, a detailed discus-

sion about the heat exchange and the �ow behavior near the �ame front for each

con�guration was evaluated.
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5.1 Future work

The study carried out throughout this thesis does opens a wide range of possibil-

ities, considering the number of freedom degrees that porous burners allow us to assess.

Below are some possibilities of relevant projects and numerical implementations that could

be carried out to expand the knowledge in the �eld:

1. To implement a semi-analytical model in a transient approach to �nd adimensional

numbers able to clarify the weight of each parameter imposed. The results could

bring insight and new possibilities of stabilizing the �ame in di�erent inlet mass

�ow oscillations and porous matrix properties.

2. To evaluate the �ame stability within inert porous media subjected to �ow oscil-

lations in two and three-dimensional con�gurations. A non-uniform �ame front

pro�le, as found in the chapter 4 of the present study, when subjected to �ow os-

cillation could bring complex physics near the �ame front. Studies assessing details

near the �ame front in multidimensional con�guration has been scarcely found in

the literature [Chen et al., 2018; Wang et al., 2019a]. Moreover, a numerical study

combining a �ow oscillation imposed in the inlet and a porous matrix with graded

porosity and pore diameter could be developed. Which could increase the knowledge

and limitations involving a porous burner with graded porosity.

3. To evaluate the �ame stability with porous media with graded geometrical properties

using di�erent pro�les of pore diameter and porosity. The recent possibility of

building a porous matrix with precise control of pore diameter and porosity gives

rise to a need for new porous matrices with a wide stable range when compared with

traditional approaches. An interesting approach would be the implementation of a

multiparametric analysis applied in porous media recently implemented by [Fidalgo

et al., 2021] to maximize the radiation e�ciency. For future studies, the suggestion

would be to �nd the pore diameter and porosity along the domain to maximize the

stable range and/or maximize the radiant e�ciency.

4. The numerical models implemented present some simpli�cations that could be ex-

plored by the group in future studies. For example, the Lewis number (Le) equals

the unity. Studies involving fuels as H2 could bring imprecise results due to the lower
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Le. Improve the solid radiation model because Rosseland's approach is currently

used. Moreover, it could be implementing the Neumann boundary condition for the

enthalpy equation. It would allow the evaluation of scenarios as micro combustors

with heat loss on the walls. To �nalize, a methodology to evaluate the NOx . A

correct prediction of NOx is essential for industrial projects.
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APPENDIX A � Mathematical formulation of premixed laminar �ames

A.1 Introduction

This appendix presents the equations required to describe the combustion of lam-

inar premixed �ames. In the �rst part, some relations and the equation of state are

described. In the second part, the conservation of mass, momentum, species and energy

are presented. Many authors present the detailed derivation [Versteeg and Malalasekera,

2007; Poinsot and Veynante, 2005; Turns et al., 1996; Coelho and Costa, 2007; Law, 2010;

Williams, 1994], therefore they are presented only in their �nal form.

A.2 Properties of gaseous mixtures and equation of state

In the present work, mass fraction and molar fraction will be presented by Equa-

tions A.1a and A.2a, respectively. Note that, by de�nition, the sum of all molar and mass

fraction must be unity (Equations A.1b and A.2b).

Yi =
mi

mt

, (A.1a)

Ns∑
i=1

Yi = 1 (A.1b)

and

Xi =
ni
nt
, (A.2a)

Ns∑
i=1

Xi = 1. (A.2b)

In these equations mi [kg] is the mass of the species i and mt [kg] is the total mass of

the system. The number of species is de�ned by Ns. The symbol ni is the number of the

mols of the species i and nt is the total number of mols of the system. In combustion, the

gases can be treated as ideal gases, according to

pV = ntRoT, (A.3)

where V [m3] is the volume, Ro = 8314 [J/mol.K] is the ideal gas constant, T [K] is the

temperature and p [Pa] is the thermodinamic pressure. The average molar mass MW
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[kg/mol] is de�ned as

MW =

(
N∑
i=1

Yi
Mi

)−1
, (A.4)

where the MWi is molar mass of species i. The absolute enthalpy of a substance can

be obtained by the sum of the enthalpy of formation h◦ref [J/kg] and sensible enthalpy

∆hi(T ) [J/kg] as

hi = h◦ref + ∆hi(T ). (A.5)

Considering an ideal gas, the ∆hi(T ) is obtained by

∆hi(T ) =

∫ T

Tref

cpidT. (A.6)

The cpi are speci�c heat capacity at constant pressure of species i and Tref is the reference

temperature. For gaseous mixture, the speci�c heat cp [J/kg.K] can be calculated as

cp =
N∑
i=1

Yicpi . (A.7)

The value of the speci�c heats of the species i are obtained using a �ve degree polynomials

[McBride et al., 1993; Burcat and McBride, 1997]

cpi = (a1 + a2T + a3T
2 + a4T

3 + a5T
4)
Ro

Mi

. (A.8)

The coe�cient ai are obtain by NASA polynomials and are stored in on the GRIMECH

�les [Smith et al., 2012].

The enthalpy of the mixture h [J/kg] is given by

h =
N∑
i=1

Yihi. (A.9)

The equivalence ratio φ represents the relation between the fuel (mf ) and the oxidant

(mo) in the mixture in relation to the stoichiometry mixture, being de�ned as

φ =

(
mf

mo

)
(
mf

mo

)
s

. (A.10)

If φ is equal to one, there is a stoichiometry mixture. In the case of φ < 1, the

mixture is considered poor, which mean that the oxidant quantity is higher than the

necessary to burn all the fuel. On the other hand, when φ > 1 the oxidant is below than
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the necessary to a stoichiometic combustion, and the mixture is called rich.

A.3 Conservation equations

Continuity equation

The continuity equation expresses the mass conservation of the system. In the

di�erential form, it is represented by

∂ρ

∂t
+
∂(ρuk)

∂xk
= 0, (A.11)

where t [s] is the time, uk [m/s] is the mixture velocity and xk is the spatial coordenates

with k representing the three cartesian.

Momentum equation

The momentum conservation is described by the Navier-Stokes equations, which

can be written as equation A.12. The two �rst terms are responsible for inertial forces.

The term − ∂p
∂xi

is the pressure gradient and the last term (Su [N/m3]) is commonly used

to modeling external forces, like gravity or magnetic forces (Lorentz forces, for example).

∂(ρuk)

∂t
+
∂(ρujuk)

∂xj
= − ∂p

∂xk
+
∂τkj
∂xj

+ Su. (A.12)

The tensor stress τkj [N/m3] is given by

τkj = −2

3
µ
∂uk
∂xk

δkj + µ

(
∂uk
∂xj

+
∂uj
∂xk

)
. (A.13)

The δkj is called Kronecker delta and the symbol µ [Pa.s] is the dynamic viscosity. To

calculate it with reduced computational cost, the following equation is considered [Smooke

and Giovangigli, 1991a]:

µ/cp = 1.67× 10−8(T/298)0.51. (A.14)

Species transport equation

One form to represent the species conservation equation is through the equation

A.15 where the �rst two terms represent, respectively, the temporal variation the chemical
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and the advective transport of specie i.

∂(ρYi)

∂t
+
∂(ρukYi)

∂xk
= −∂jk,i

∂xk
+ ω̇i. (A.15)

The mass di�usion of species has three contributions (temperature, pressure and

concentration gradients). The mass di�usion by temperature gradient (Soret e�ect) is

only important for species with low molecular weight as in hydrogen combustion, thus

it will be neglected in the present study. The e�ects of pressure are neglected due to

the small pressure gradient. The e�ects of concentration gradients are considered. This

contribution is modeled by Fick's Law

jk,i = −ρDi,M
∂Yi
∂xk

. (A.16)

The Lewis number Le [−] is de�ned as

Lei =
k

ρDi,Mcp
. (A.17)

The di�usion coe�cient of species i into the mixture being Di,M [m2/s]. If the Lei can be

considered constant and by using the equation A.16, it is possible to rewrite the equation

A.15 as
∂(ρYi)

∂t
+
∂(ρukYi)

∂xk
=

∂

∂xk

(
k

Leicp

∂Yi
∂xk

)
+ ω̇i. (A.18)

Combustion Chemistry

The species transport equation is introduced, but the chemical source term ω̇i [kg/m3s]

are not speci�ed yet. They contain the contribution of all chemical reactions. It can be

determinated by

ω̇i = Mi

Nr∑
j=1

(ν ′′ij − ν ′ij)rj, (A.19)

with Nr being the number of reactions, ν ′′ij and ν ′ij are the stoichiometry coe�cients of

reactants and products respectively, which indicate how many molecules of specie i take

part in reaction j. The generic form can be written:∑
Ns
i=1 ν ij

′Mi −−⇀↽−−
∑

Ns
i=1 ν ij

′′Mi. (A.20)
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TheMi represents species i. The rj [mol/m3s] decribed in equation A.19 is the reaction

rate for elementary reaction j. It is written on form:

rj = kfj

Ns∏
i=1

[
ρYi
Mi

]ν′ij
− kbj

Ns∏
i=1

[
ρYi
Mi

]ν′′ij
, j = 1, Nr (A.21)

here kj [−] is the reaction rate coe�cient and superscripts f and b refer respectively to

forward and backward (on the chemical reaction). A classical expression to determine

kj [−] is given by Arrhenius equation:

kj = AjT
βjexp

(
−Ea,j
RT

)
, (A.22)

where Aj is the pre-exponential constant, βj [−] the temperature exponent and Ea,j [J]

the activation energy. They are obtained of elementary reaction and stored [Smith et al.,

2012].

Energy equation

The energy conservation is formulated in terms of the speci�c enthalpy h as

∂(ρh)

∂t
+

(ρukh)

∂xk
=
∂qk
∂xk

+ Sh. (A.23)

In the present combustion modeling, the pressure material derivative (DP/Dt) and viscous

dissipation (τkj∂uk/∂xj) are neglected for low Mach number [Coelho and Costa, 2007].

The di�usive heat �ux qk [W/m2] has three contributions:

qk = qck + qDk + qdk (A.24)

being:

qck = − k
cp

∂h

∂xk
. (A.25)

The term represents heat di�usion term expressed by Fourier's Law. The parameter k

[W/m.K] is the thermal conductivity and it can be obtained with reduced computational

time using [Smooke and Giovangigli, 1991a]:

k/cp = 2.58× 10−5(T/298)0.69. (A.26)

The qDk is called Dufour e�ect, it is caused by the concentration gradient and it is negligible

in combustion processes. The qdi [W/m2] is the contribution of enthalpy �ux due the mass
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di�usion

qdk =
N∑
i=1

hijk,i. (A.27)

Reoganizing the A.23, A.25, A.16, A.27 and A.17 the energy equation can be

written as

∂(ρh)

∂t
+

(ρukh)

∂xk
=

∂

∂xk

(
k

cp

∂h

∂xk
+
k

cp

N∑
i=1

(
1

Lei
− 1

)
hi
∂Yi
∂xk

)
+ Sh. (A.28)
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APPENDIX B � Volume averaging method

The solution of fundamental set of transport equations, presented in Appendix A,

for a porous burner requires a high computational time, because of the necessity to apply

direct numerical simulation. Thereby, the present study regards the method of volume

averaging with assumptions that bring the advantage of treating the porous burner as a

homogeneous medium with e�ective properties. It allows a reduced computational time,

a more simple mathematical formulation, and to avoids the creation of a complex mesh

(pore scale). The present Appendix shows the main steps of the volume-averaged method

applied in solid energy equation. More details about the methodology and a detailed

deduction of the intermediate steps can be found in Kaviany [2013].

The volume-averaged method is based to average the property of the interest (ψ)

in a volume of integration (V ) de�ned as

〈ψ〉 =
1

V

∫
V

ψdV, (B.1)

where 〈 〉 denotes volume averaging. To calculate the average of a solid-phase property

ψs over the solid-phase volume is applied

〈ψ〉s =
1

Vs

∫
V

ψsdV =
〈ψs〉
1− ε

. (B.2)

where ε is de�ned as the porosity as

ε =
Vg

Vg + Vs
=

1− Vs
V

. (B.3)

One of the assumptions of the volume averaging method is lp � lV � L, where lp

is the pore characteristic length-scale, lV is the characteristic length-scale of the control

volume and L is the characteristic length-scale of the domain considered. Moreover,

phenomenological scales have to be separated. For instance, for conduction heat transfer,

it is required that

∆Tlp � ∆TV � ∆TL (B.4)

where ∆T is the maximum temperature di�erence across respective length-scale. When

the combustion phenomena is involved, this condition around the �ame region could not
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be obeyed because the �ame thickness may be of the same order or smaller than the pore

diameter. This condition represents a severe limitation to the volume-averaging modeling

of combustion in porous media.

By Comparing a two dimensional domain imposing a direct simulation and the

volume-averaged models for the combustion in porous media, it is possible to show that

multiple �ame velocities exist as the �ame is displaced within a pore, a behavior not

predicted by homogeneous models. Additionally, the �ame temperature is under-predicted

by the volume-averaged model [Sahraoui and Kaviany, 1994]. Studies using a numerical

simulations in pore-scale with detailed simulation in a complex domain can be found

[Yakovlev and Zambalov, 2019; Djordjevic et al., 2011].

The �nal form the gradient of scalar ψs and divergent of vector ~φs when the volume

averaging is applied, can be written as

〈∇ψ〉s = ∇〈ψ〉s +
1

Vs

∫
Ags

ψsdA (B.5)

and

〈∇ · ~φs〉s = ∇ · 〈~φ〉s +
1

Vs

∫
Ags

~φ · n̂gsdA. (B.6)

To exemplify the steps involved in the volume average method, it is considered the

solid energy equation in the transient regime

(ρcp)
∂T

∂t
= ∇ · (ks∇T ). (B.7)

Applying of method in each term, the result is

(ρsCs)
∂〈T 〉s

∂t
= ∇ · (ks∇〈T 〉s +

ks
Vs

∫
Ags

n̂gsTsdA) +
1

Vs

∫
Ags

(ks∇Ts) · n̂gsdA (B.8)

n̂gs is the unitary normal vector on interface between the solid and gas phase (Ags)

When the gas and solid phase can be treated as a continuum, but the local thermal

non-equilibrium is desired, i.e., 〈T 〉s 6= 〈T 〉g, the local temperature for solid phase can be

decomposed as

Ts = 〈T 〉s + T ′s. (B.9)
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T ′s is de�ned as a local deviation from the intrinsic phase-averaged value 〈T 〉s.

This approach is applied to capture temperature variations on the face of control volume

(integrals in the equation B.8). To simplify the notation, it is de�ned

〈∇ψ〉Ags =
1

Ags

∫
Ags

ψdA (B.10)

in the equation B.8. Now, the solid energy equation is represented as

(ρcp)
∂〈T 〉s

∂t
= ∇ · (ks∇〈T 〉s +

ks
Vs
Ags〈n̂gsT ′s〉Ags) +

Ags
Vs
〈n̂gs · ks∇T ′s〉Ags (B.11)

The T ′s term brings new unknowns terms. The problem is closed proposing a set

of closure constitutive equations that combines the transformation functions and direct

simulation. Some steps of application of transformation functions and algebraic manip-

ulation have been omitted, but it can be found in Kaviany [2013]. Thus, solid energy

equation assumes the form

∂〈T 〉s

∂t
=
〈α〉s

(1− ε)
∇ · (∇〈T 〉s) +

A0αs
(1− ε)d

〈Nu〉sg(〈T 〉g − 〈T 〉s). (B.12)

This simpli�cation does not consider the hidrodynamic dispersion in the �uid

phases, among the other coupling mechanisms. Now, the 〈α〉s is function of kf , ks, ε

and structure parameters. Normally, the coe�cients (〈Nu〉sg) have to be measured ex-

perimentally, and their range of application is narrow due to the large complexity of each

con�guration involved.

To simplify the notation, the present study considered a �nal form of solid energy,

gas enthalpy (h), momentum and continuity equation as

(1− ε)ρsCs
∂Ts
∂t

= ∇ · (keff∇Ts) + hv(Tg − Ts), (B.13)

∇ · (ερg~uh) +∇ · (ε kg
Cg
∇h) = hv(Ts − Tg), (B.14)

∂(ερg~u)

∂t
+ ·∇(ερg~u · ~u) = −∇(εp) +∇ · (µ∇~u)) + εS (B.15)

and
∂(ερg)

∂t
+∇(ερg~u) = 0, (B.16)
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where hv is the volumetric convective heat transfer coe�cient, keff = (1 − ε)ks e�ective

solid thermal conductivity , kg gas thermal conductivity, S momentum source term, µ

dynamic viscosity, ρg gas density and Cg gas speci�c heat.

Although simpli�cations to implement the methodology are needed, a large number

of studies have imposed this formulation, and satisfactory numerical results has been

obtained.
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APPENDIX C � Flamelet Generated Manifold Technique

C.1 Introduction

Combustion presents a sti� non-linear coupling among chemical kinetics, �uid dy-

namics, and heat transfer processes. Thus, modeling �ames in practical industrial appli-

cations using detailed reaction mechanisms is still prohibitive due to the high CPU-time

required to solve a large number of species equations. This is why there is long-standing

interest to develop reliable combustion models with high accuracy, but low computation

time. Chemical reduction techniques intend to meet these requirements for numerical

simulations of �ames. One alternative is the reduction of chemical mechanisms assuming

steady-state and partial equilibrium [Peters, 1985; Peters and Rogg, 1993]. In this ap-

proach, it is required a good knowledge about the reaction paths and time scales in order

to select species and reactions to be eliminated from the set of equations. Additional

di�culty is that species which can be assumed in steady-state at low temperatures, may

not be in steady-state at high temperatures. This evaluation can be exhaustive and the

results may not be accurate outside the range of conditions for which it is developed.

Other reduction methods assume that the �ow time scale is much higher than the

chemical time scales, hence �ow and chemistry are decoupled. Two of the most popular

applications of this assumption are the ILDM developed by Maas and Pope [1992] and

the steady laminar �amelet model developed by Peters [1984]. However, the former is

pointed out to lose accuracy in colder regions of the �ame [van Oijen, 2002] while the

later does not have the ability to describe ignition or extinction processes.

Thereby, van Oijen [2002] proposed the FGM technique to overcome these prob-

lems. In the FGM framework, a database representing the combustion process is built

storing a set of laminar one-dimensional �ames solved with detailed chemical kinetic

(�amelets) as function of some control variables. In some cases, this method can be a

hundred times faster than the direct integration of the conservation equations [van Oijen,

2002; Donini et al., 2015b] without losing much accuracy. Similar approaches as the FGM

are FPV proposed by Pierce and Moin [2004] and the FPI proposed by Gicquel et al.

[2000].

The bene�ts of the FGM have led to many studies in di�erent con�gurations and

the evaluation of di�erent phenomena. Premixed �ames were explored by van Oijen
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and de Goey [2000] and Van Oijen et al. [2001]. Partially premixed and non-premixed

�ames were studied by Bongers et al. [2002]; Ramaekers [2011]; Verhoeven et al. [2012].

Furthermore, the FGM has also been applied in industrial con�guration [Donini et al.,

2018; Akhtar et al., 2018].

In this appendix, it is presented each part of the FGM technique implementation

applied in this work. It will be presented in detail the �amelet formulation, the tabula-

tion strategy and the interpolation procedures. Lastly, it is shown the implementation

of the multidimensional modeling in a CFD code. It is emphasized that the present im-

plementation has focus on the laminar premixed �ames with heat losses in steady-state

condition.

C.2 Application of FGM

The FGM is a chemistry reduction method that combines the advantages of chem-

istry reduction and �amelet methods. By solving one-dimensional �ames with detailed

kinetics, the most important aspects of the internal structure of the �ame fronts are cap-

tured and stored as a function of a few independent control variables, for which transport

equations are solved during run-time. Here lies one the main strengths of FGM tech-

nique, a complete combustion phenomena can be represented by solving a few number of

transport equations.

The four steps to implement the FGM technique are shown in Figure C.1. In

the �rst part, an ensemble of unidimensional laminar �ames is calculated using detailed

kinetics with the purpose to obtain scalars that represent the thermochemical state of the

�ame as temperature, composition, density, speci�c heat, etc. (�amelets). These scalars

are tabulated in a manifold as a function of the progress variable (Y) and enthalpy (h).

They could be divided into two groups: the transport properties and additional scalars.

The former is accessed during the multidimensional solution, while the additional scalars

are retrieved only in the post-processing step. Thus, all scalars of interest are function of

the control variables (tabulation). In the next step, a multidimensional laminar �ow is

solved with two additional transport equations (Y , h). Thereby, the species conservation

equations are no longer solved. The values of the transport properties are retrieved from

the database by interpolation in each iteration. The simulation ends when the convergence

of all di�erential equations are obtained (multidimensional solution). The �nal part
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Figure C.1 � Flowchart of the implemented methodology.

is the post-processing step. Parameters like temperature and mass fractions (Yi) are

retrieved from the FGM database (T (Y ,h)) and (Yi(Y ,h)) and the detailed �ame structure

is reconstructed (post-processing).

C.2.1 Flamelets formulation

In order to include heat loss e�ects in the manifold, the �ame enthalpy have to be

somehow controlled. In this section, it is presented a way to impose the enthalpy variation

to the �amelets. Considering a free �ame, the �amelets with di�erent levels of enthalpy

are obtained changing the inlet temperature and the inlet mass fraction composition.

Flamelets using free �ames

Planar, laminar, freely-propagating, premixed, adiabatic �ames are solved through

the specialized software Chem1D [van Oijen, 2002; Chem1D, nd]. It solves di�erent types

of �ames which are based on the �nite volume method in a one-dimensional domain. The

conservation equations, neglect curvature, stretch and tangencial di�usion. The present

work also assumes unity Lewis number and steady-state regime. The continuity equation

then reads:
∂m

∂s
= 0, (C.1)
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where m [kg/m2s] is the mass burning rate and s [m] is the distance perpendicular to the

�ame surface. The species transport equation is given by

∂(mYi)

∂s
− ∂

∂s

(
λ

cp

∂Yi
∂s

)
= ẇi. i = 1, Ns − 1 (C.2)

The speci�c enthalpy h[J/kg] is represented by

∂(mh)

∂s
− ∂

∂s

(
λ

cp

∂h

∂s

)
= 0. (C.3)

The boundary conditions imposed to solve the equations (C.1)-(C.3) are shown on

the Table C.1.

Unburnt Side (Left) Burnt Side (Right)
Yi(−∞) = Yi

∂Yi
∂s

(∞) = 0

h(−∞) = h ∂h
∂s

(∞) = 0

u(−∞) = m/ρ(−∞)

Table C.1 � Boundaries condition imposed to solve a free �ame.

The mass burning rate (m) is an eigenvalue of the problem and the solution of

the set of equations (C.1) - (C.3) is called a �amelet. The Chem1D uses an exponential

�nite-volume discretization in space and the set of equations are solved using a fully

implicit, modi�ed Newton technique [Somers, 1994]. The grid is adaptative to increase

the resolution around the �ame front. Details about how the one-dimensional �amelet

equations are derived can be accessed in de Goey and ten Thije Boonkkamp [1997] and

de Goey and ten Thije Boonkkamp [1999].

C.2.2 Tabulation

In this study, two control variables are employed, the progress variable (Y) and the

enthalpy (h). Figure C.2 presents a schematic space created by the ensemble of �amelets

(f1, f2, f3 and fn). For each combination of Y and h one thermochemical variable value

ξ(Y ′, h′) is associated. These thermochemical variables may be temperature (T ), mass

fractions (Yi), dynamic viscosity (µ), etc. The information is stored in a database also

known as a manifold. When the exact value is not found on the manifold, it is used a
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bilinear interpolation procedure is used to obtain the value.

Figure C.2 � Schematic representation of space of generic thermochemical variable ξ as a

function of progress variable (Y) and enthalpy (h).

Reaction progress variable (Y)

The reaction progress variable is used to map the composition of the �ame. Usually,

the min(Y) is the fresh gases and the max(Y) is the burned gases. It does not have only

one way to be de�ned, but Ihme et al. [2012] suggest some rules: (1) the de�nition should

result in a transport equation possible to solve in a combustion modelling; (2) it should

be independent from other CVs (control variables); (3) the reactive scalars from which

progress variable is constructed should all evolve on comparable time scales; (4) it should

result in unique point for each combination of control variables. In the present study, the

Y is de�ned using a sum of mass fractions weighted by the inverse of their molar masses:

Y =
Ns∑
i=1

αiYi and αi = 1/MWi. (C.4)

Enthalpy (h)

For predicting heat losses, the �amelets are solved for a range of enthalpy values,

which implies that enthalpy becomes a control variable. The easiest way to change the

mixture enthalpy is by changing its initial temperature. Thus, the �amelets are calculated

for initial temperatures varying from Tmax to Tmin in steps of ∆T . The limitation of



107

Tmin occurs because lower temperatures are not realistic (below than 240 K). In the

literature, there are a couple of ways to solve this problem [van Oijen, 2002; Donini,

2014]. In the present work, we followed the approach of converting a fraction of the

reactants (CH4 and O2) into the corresponding products (CO2 and H2O) at the same

initial temperature. This conversion of species respects the fuel/oxidant stoichiometric

proportion, thus, the enthalpy of the mixture is decreased, due to the low enthalpy of

formation of the saturated products, while the pool of atoms of the mixture is preserved.

Hence, we changed the composition, increasing the molar fraction of CO2 (H2O) in steps

until the �ame extinguishes.

The enthalpy range covered by the decrease of the initial temperature and the

dilution of the reactants with products is shown in Figure C.3. Unfortunately, these two

methods are not able to reproduce the cold states close to the walls, where reactions are

negligible. For this region an extrapolation procedure is necessary [van Oijen, 2002].

Here the lowest enthalpy composition is approximated for the one point obtained from

equilibrium calculations (cold equilibrium) imposing the initial composition equal to that

obtained for the last �amelet solution with the maximum progress variable.

It is relevant to note that one of di�erence from the FGM technique implemented

for laminar premixed �ames stabilized in a slot burner and the implementation carried

out in porous burners is related with enthalpy levels. Due to the gas preheating that

occurs in the region that precedes the �ame front, it is necessary to raise the superior

enthalpy level of the database.

The �nal step of implementation is the database, as shown in table C.2. In the

�rst column, the progress variable value is presented and the second is the enthalpy. In

the other columns the transport variables and additional scalars are stored.

Y h T cp . . .

-0.687 -1.45e+05 400 1111 . . .
-0.679 -1.45e+05 411 1111 . . .
-0.670 -1.45e+05 422 1112 . . .
. . . . . . . . . . . . . . .
1.031 -2.99e+06 300 1117 . . .

Table C.2 � FGM database structure.
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Figure C.3 � Schematic representation of 2D manifold with the di�erent approaches for

distinct regions.

Bi-linear interpolation

To retrieve the data from the database, it is used a bi-linear interpolation. Consider

a point in a bi-dimensional domain coordinate (x,y), which has a value f(x, y) that needs

to be interpolated, as shown in Figure C.4. The rectangle formed by four points could be

divided into four sub-rectangles. The area of rectangle and sub-rectangles were de�ned

as At and w01, w10, w01, w11, respectively. It is possible to show that

f(x, y) =
w00f00 + w01f01 + w10f10 + w11f11

At
. (C.5)

Figure C.4 � Illustration of bi-dimensional interpolation.

During the run-time, the �elds of Y and h are calculated by their conservation
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equations. With the pair (Y , h), it is possible to obtain the value of each scalar of

interest, after, this bi-linear interpolation is applied. The algorithm is developed using

User-De�ned Functions (UDFs).

C.2.3 Multidimensional simulation

In addition of continuity and momentum equations, transport equations for the

progress variable and fot the enthalpy are introduced

∂

∂xi

(
ρuY − λ

cp

∂Y
∂xi

)
= ẇY (C.6)

and
∂

∂xi

(
ρuh− λ

cp

∂h

∂xi

)
= 0 (C.7)

where λ [W/mK] and cp [J/kgK] is the thermal conductivity and speci�c heat, respec-

tively. The ω̇Y is source term of the progress variable, u [m/s] is the velocity component

and ρ [kg/m3] is de�ned as the density. These two equations are solved in place of the

(Ns − 1) species conservation and energy equations required by the detailed mechanism.

The equation system for multidimensional simulations is solved by CFD software.
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APPENDIX D � Flowchart of FGM implementation in a porous burner

Figure D.1 � Flowchart of FGM implementation.
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APPENDIX E � Mesh evaluation

The computational domain is discretized with quadrilateral cells as presented in

Figure E.1 (a). The gas temperature with di�erent levels of discretization are presented in

Figure E.1 (b). The evaluation is conducted for �ve di�erent meshes from ∆x = 0.5 mm

to 0.0313 mm. These sizes are considered in the axis region because close to the walls,

the volumes considered are even smaller. The mesh with ∆x = 0.0625 mm is chosen.

(a) (b)

Figure E.1 � Mesh evaluation, (a) generated mesh with 35000 volumes, (b) gas

temperature results imposing di�erent mesh re�nement. Simulation test with VPB

imposing vin/Sl = 4.30 and φ = 0.65.
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