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Abstract

Porous Media Burners (PMBs) are a combustion technology based on heat recirculation where
a flame is stabilized within the cavities of an inert porous matrix. In PMBs, heat is transferred
upstream from the burned to the unburned gas through the solid matrix yielding a preheating of
the reactants. This increases their burning rate allowing for more compact combustion devices
and the operation beyond conventional flammability limits. As a result, the stabilization of
flames at ultra-lean equivalence ratios is possible, with the subsequent reduction of the flame
temperature and NOx emissions. In these burners, a substantial fraction of the power is radiated
by the hot solid phase, with radiated power fractions ranging between 20 − 30%. This, together
with their elevated efficiency and low pollutant emissions, has motivated their commercial use
in various infrared heating applications. In the past years, PMBs have received renewed interest
owing to their potential as fuel flexible burners. Their ability to stabilize flames over a wide
range of burning rates makes them promising candidates to handle the uneven flame properties
of hydrogen and hydrocarbon fuels.

The mechanism of heat recirculation in PMBs is well understood. However, there is still limi-
ted knowledge about many pore-scale phenomena that have a critical impact on the macroscopic
behavior of the system and its performance. Advanced nonintrusive diagnostics could be used to
study local flame stabilization mechanisms and improve current models. However, experimental
measurements in PMBs are hindered by the lack of optical access to the interior of the porous
matrix. This dissertation presents an experimental study on porous media combustion and is
devoted to the application of optical diagnostics. Optically accessible PMBs are produced by
combining computer-defined topologies with additive manufacturing techniques. This metho-
dology provides an extensive optical access in a 3D burner configuration without altering the
matrix structure. Optical access is leveraged to apply CH⋆ chemiluminescence, Mie-scattering
imaging and µPIV. Topology tailoring is exploited to analyze the influence of the geometrical
parameters of the porous matrix. Direct flame visualization enables the tracking of the reaction
region as a function of the operating conditions, which can be used for model validation. The
present results bring to light several limitations of current low order models and highlight the
influence of the pore size on flame stabilization. Flame-front tracking is also used to investi-
gate the effect of H2-enrichment on the behavior of the flame. This technique reveals different
stabilization trends in H2-enriched flames that are not well retrieved by current models. Mie-
scattering permits the quantification of the re-equilibration distance and the analysis of the
flame shape. µPIV measurements show the influence of the topology on the interstitial flow and
on the contribution of hydrodynamic effects to flame stabilization.

This PhD seeks to open new paths for the application of non-intrusive diagnostics in PMBs
and to improve the current understanding of flame stabilization mechanisms.

Keywords : heat recirculation, porous media combustion, optical diagnostics, fuel flexible bur-
ners, flame stabilization, optically accessible burners, topology tailoring.
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Chapter 1
Introduction
In this chapter, an analysis of the societal context that motivates this research is presented.
The focus is on two specific issues related to the energy transition: the storage of the excess
energy from renewables and the decarbonization of combustion processes. In this context,
Porous Media Burners (PMBs) are considered for their potential role as high-efficient, low-
NOx and fuel-flexible radiant burners.
This is followed by a comprehensive introduction to porous burners that covers the seminal
works, the driving mechanisms, and the current and potential applications.
Next, we delve into the research gap that this thesis aims to address: the scarcity of nonintrusive
diagnostics in porous media combustion. The latest works in this area are reviewed to offer
an in-depth picture of the current state-of-the-art. Finally, the objective of this dissertation is
identified and the structure of the manuscript is outlined.
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Chapter 1 : Introduction

“Will to win, collective action, and
surprise.”

Francisco Flores

1.1. Context

Storage of RES excess energy

Meeting the net-zero goal imposed by the Paris Agreements of 2015 enforces us to undertake
massive reductions in CO2 emissions [1]. To tackle this challenge, fossil fuels must be replaced by
Renewable Energy Sources (RES). In the past decades, their role in the electricity production
has largely increased and they already represented 44% of the total electricity production in
Europe in 2023 [2]. In the foreseeable future, their share in the global electricity mix is expected
to continue increasing. However, RES such as windmills and solar energy are characterized by
a non-dispatchable nature: their variability and unpredictability make it challenging for energy
supply to consistently meet demand. This problem is already manifesting under the form of
negative electricity prices in certain countries of Europe such as Spain, France and Belgium (cf.
Fig. 1.1). At present, one of the most common solutions for large-scale energy storage is Pumped
Hydro Storage (PHS) [3]. However, this technology is limited by the geographical conditions.
In Europe, the Alps concentrate the largest PHS potential and a significant portion is already
utilized to balance the energy generation from RES at the European level [4, 5]. In the coming
decades, grid-balancing may become a primary challenge owing to the growing share of variable
RES and the progressive saturation of PHS capacities. Therefore, it is necessary to develop
alternative storage methods at large scale [3, 6].

Figure 1.1. – Headlines announcing negative electricity prices in the European pool.

Decarbonization of combustion processes

As illustrated in Fig. 1.2, combustion accounts for nearly 90% of the total energy supply in
the world [7]. Combustion devices are characterized by a high power density and flexibility,
which partly explains why they are hard to replace by other technologies. Moreover, combus-
tion systems cover a broad range of the power spectrum: from microcombustors featuring a few
watts of power to gas turbines whose nominal power can reach hundreds of megawatts [8, 9].
Decarbonizing combustion processes is therefore a key step in the transition to a zero-emissions
economy. While electrification is often the most straightforward path for decarbonization, sev-
eral technologies and industrial processes, known as hard-to-electrify, cannot drop combustion.
In some applications such as the heavy industry, this is because of the elevated temperatures
required. In others, such as in air transportation, electrification is hindered by the elevated
power density requirements.

2
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Figure 1.2. – Evolution of the global total energy supply in EJ by source. Reproduced from
IEA [7].

Hydrogen as an energy carrier

Owing to its high specific energy density and null direct CO2 emissions, hydrogen is a promis-
ing substitute for fossil fuels in hard-to-electrify sectors, such as long-distance transport and
heavy industry [10]. Moreover, hydrogen is an energy carrier and can be used to store the en-
ergy surplus from RES via the Power-to-Gas (P2G) strategy. P2G leverages excess electricity to
produce hydrogen from water electrolysis [11, 12]. Energy stored in the form of hydrogen can be
either consumed in fuel cells to produce electricity or used in burning systems. It is important
to stress that this strategy makes both economical and energetic sense only when applied to
the surplus energy that would otherwise be wasted. This is because of the significant energetic
toll incurred in each transformation: from electricity to chemical energy (electrolysis) and from
chemical storage to mechanical energy (thermal engine). In many cases, blending hydrogen into
the current NG pipeline is deemed as a viable path for a partial and progressive decarbonization
of combustion applications [13, 14]. This scenario is somewhat more realistic since it permits a
smooth transition from fossil fuels to hydrogen-based combustion. In addition, this option takes
advantage of the existing NG pipeline infrastructure to convey the fuel to the end-users.

Technological and scientific hurdles

H2-usage is yet to be mastered and requires overcoming various challenges associated to this
fuel. Some of them such as diffusion leaking [15] and hydrogen embrittlement [16] are related
to its handling rather than to combustion. Nonetheless, hydrogen combustion is faced with
fundamental questions related to flame stabilization, combustion instabilities, NOx mitigation
and transition to detonation [17]. Several practical aspects related to safety such as the dim
visibility of H2 flames are also major hurdles [18]. When it comes to flame stabilization, several
properties of hydrogen are responsible for a qualitative change in the flame behavior with respect
to conventional hydrocarbon fuels. On the one hand, hydrogen flames feature larger burning
velocities and a broader flammability range [17]. On the other hand, the disparity between its
thermal and mass diffusivity produces preferential diffusion effects. Thermo-diffusive effects alter
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the stabilization properties of lean hydrogen flames and can result in combustion instabilities [19,
20].

Nonetheless, in the P2G scenario, hydrogen will not be burned alone but blended with other
hydrocarbon fuels such as NG. When it comes to domestic applications, it is generally accepted
that hydrogen contents of up to 20% in volume can be accommodated by the existing end-use
systems with little or minor adjustments [21–25]. However, a hydrogen substitution of ∼ 20%
in volume barely results in a 7% reduction of the CO2 mass emissions per energy unit [21].
The current blending limits imposed by end-use systems prevent a substantial substitution and
therefore a significant decarbonization.

Furthermore, because of the intermittent nature of RES, the content of H2 in the NG network
may experience important fluctuations. Therefore, when integrating hydrogen into the current
system, it is crucial to keep flexibility in mind. The gradual transition to a hydrogen economy
requires the development of Flexible Fuel Burners (FFB) which can operate safely and efficiently
with varying hydrogen contents in the fuel [26, 27]. Because of the disparity between the flame
properties of hydrogen and hydrocarbon fuels, fuel-flexible combustion technologies are deemed
even more challenging than monofuel hydrogen burners.

In the past years, the combustion of hydrogen and hydrogen/hydrocarbon blends has been the
object of a large number of R&D projects involving important investments [28, 29]. The industry
and the scientific community are teaming up to develop H2-suited combustion technologies for
different applications and to adapt existing devices to this fuel [30–38].

Combustion technologies

The development of fuel flexible burners across different sectors is closely tied to the specifici-
ties of each application. The requirements imposed by the end-use system shape each combus-
tion technology. Because burning systems are ubiquitous, there are almost as many combustion
technologies as combustion applications. Coaxial injectors are used in liquid-fuel rockets, piston
engines in automobiles and partially premixed self-aspirating burners in household applications.
For instance, condensing boilers used for domestic heating are equipped with multiperforated
premixed laminar burners such as the one shown in Fig. 1.3. This technology is used for its
broad power range, high efficiency and low NOx emissions [31, 35].

Figure 1.3. – Multiperforated premixed laminar burner used in condensing boilers. Credits to
Hugo Pers.
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Porous Media Burners

Porous Media Burners (PMBs) are another combustion technology where a flame is stabilized
within the cavities of an inert porous matrix [39, 40]. The solid phase recirculates heat from
the burned to the unburned gas yielding a preheating of the reactants. This increases the flame
burning rate and may result in super-adiabatic temperatures, which is why this combustion
technology is often termed excess-enthalpy combustion [41, 42]. Increasing the burning rate per
flame unit surface translates into combustion systems with higher power density and hence in
more compact burners [43].

Figure 1.4. – Porous Media Burner in laboratory conditions. Credits to François Muller.

Heat recirculation increases the reactivity of the fresh gasses, extending the flammability
limits of the mixture [44]. The ability to operate beyond conventional flammability limits is an
interesting feature from the point of view of safety. This is because, in the event of a leakage
or flame extinction, the risk of undesired deflagrations reduces if the unburned mixture is not
flammable in standard conditions. Owing to the low attainable equivalence ratios, relatively low
flame temperatures are obtained and hence NOx emissions can be arbitrarily low. In porous
media burners, the solid phase reaches elevated temperatures and glows, producing a strong
radiative flux that can be used for heating. Finally, because of the low Reynolds number, the
flow regime is laminar and these burners are usually quiet. This is a notable practical advantage
since noisy burners may be incompatible with some domestic applications. The most remarkable
features of porous media burners are summarized down below:

1. Elevated radiant yields: infrared heating
2. Enhanced burning rates: high power density
3. Low flame temperatures: reduced NOx emissions:
4. Ultra-lean operation: non-flammable leaking
5. Laminar regime: quiet operation

Applications of PMBs

So far, radiant burners such as PMBs have found their commercial application in industrial
heating processes where high temperatures are required but convective heat exchange is not
desired [45]. For example, some applications like annealing treatments or food processing re-
quire protective atmospheres. This prevents the exposure of the heating target to the corrosive
combustion products. Moreover, this combustion technology has also been considered for steam
reforming and domestic heating applications [46, 47].
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Fuel flexibility

PMBs have proven to work efficiently with different gaseous fuels such as methane and
propane [48–50], liquid fuels [51, 52] and unconventional fuels such as syngas [53] and bio-
gas [54]. This is because in PMBs the enhancement of the burning rate is achieved via heat
recirculation. This represents a major advantage over other technologies such as catalytic reac-
tors, that often have restrictions on operating conditions, fuel chemistry and fuel quality [43].
Different studies have considered the effects of hydrogen enrichment on canonical fuels such as
methane and natural gas [55–57] and on alternative energy vectors such as ammonia [58, 59].
These works suggest that PMBs could be used to accommodate significant levels of hydrogen
enrichment. Because of their unique combination of properties, PMBs are promising candidates
to address the challenges associated with hydrogen blending in various applications.

Fundamental studies are required

The mechanism of heat recirculation in PMBs is well understood [60–64] and the macroscopic
behavior of flames within porous matrices has been extensively documented [39, 59, 65, 66].
However, there is still limited knowledge about many pore-scale phenomena such as the thermal
quenching, preferential diffusion effects and flame wrinkling [67–69]. Because combustion and
heat transfer are highly nonlinear, these local phenomena have a critical impact on the macro-
scopic behavior of the system and its performance. Current low order models used in porous
media combustion do not incorporate the modeling of all these local phenomena, which results
in a poor accuracy [67, 68, 70]. Improving the predicting power of low order models could help
designing more efficient and fuel-flexible combustion devices. For that, it is crucial to gain un-
derstanding into the complex flame-wall interactions at the pore level so that the appropriate
upscaling parameters and emerging properties are incorporated into current models. A deeper
understanding of these processes can be achieved via advanced diagnostic techniques [71, 72].

In this work, a fundamental experimental study of flame stabilization in porous burners is
presented. A deeper understanding of flame stabilization mechanisms in PMBs may permit the
development of fuel flexible burners for both industrial and domestic heating applications. This
can in turn contribute to the broader goal of decarbonizing combustion processes across multiple
sectors.

1.2. State of the art
The objective of this section is to introduce the reader to the fundamental concepts of Porous

Media Combustion (PCM). The origins, driving mechanisms, governing parameters, burner de-
signs and existing applications are explored. For a deeper understanding, readers are encouraged
to refer to the extensive reviews available in the literature, which cover various aspects of porous
media combustion [43–45, 73–75]. Also, the PhD thesis of Pierre-Alexandre Masset [76] provides
a pedagogic introduction to the topic.

Before delving into the details, a few clarifications are necessary. This thesis considers ex-
clusively premixed flames where the fuel and oxidizer are perfectly mixed before entering the
combustion chamber. Diffusion flames are out of the scope of the present work. PMC is often
categorized into two divisions: unsteady and steady combustion. The former is often referred
to as filtration combustion and involves a combustion wave slowly translating across a porous
medium [77–79]. Steady combustion, where the process is stationary, is the focus of this work.
In steady porous media combustion, two modes are possible: surface combustion and submerged
combustion. This thesis focuses on submerged combustion, where flames are stabilized inside
the porous matrix. Finally, the combustion within inert porous matrices is addressed, excluding
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catalytic combustion processes with surface reactions [80] and heterogeneous combustion involv-
ing the burning of the porous material itself. This narrowed scope allows for a concentrated
discussion on the stationary, submerged combustion in inert porous media burners (PMBs),
providing a clear framework for the subsequent dissertations.

1.2.1. Excess-enthalpy combustion and heat recirculation

The concept of excess enthalpy combustion was introduced by Weinberg in 1971 [41]. In this pi-
oneering work, Weinberg proposed that super-adiabatic temperatures could be reached if part of
the energy from the burned gasses was transferred to the fresh reactants whilst avoiding the dilu-
tion of reactants with the products. Generally, this is achieved by exposing the combustion gasses
to solid walls, that provide a conductive and/or radiative pathway for heat to be transferred
from the hot combustion products to the fresh reactants. This process, known as heat recircu-
lation, results in super-adiabatic flame temperatures and enhanced burning rates [42, 81, 82].
Note that the terms superadiabatic and excess enthalpy refer to local quantities since the overall
energy balance is given by the conservation of energy and cannot be altered.

A few years later, Takeno and Sato [83] suggested that heat recirculation could also be achieved
internally by introducing a flame inside an inert porous matrix. Because of the larger thermal
conductivity of the solid matrix, heat is recirculated upstream via the solid phase leading to
an excess enthalpy flame. The theoretical analysis was soon followed by experimental demon-
stration, with the first porous media burners being tested by Takeno and coworkers [39, 40].
In these early works on heat recirculating reactors, different burner configurations were pro-
posed [84]. However, ever since, most of the research has focused on a few burner designs. For
simplicity, two major categories are distinguished: counterflow and unidirectional flow reactors.
An extensive review on these two kinds of heat recirculating burners can be found in [43].

A schematic of a counterflow reactor is shown in Fig. 1.5a. In this burner design, there are two
or more channels with a reactive mixture flowing in opposite directions. A flame is stabilized
inside each channel and the combustion products from one channel preheat the reactants in
the adjacent ones. Generally, highly conductive thin walls are used to enhance the transverse
heat transfer by convection and the upstream heat transfer by conduction. The counterflowing
reactor of Fig. 1.5a is an illustrative example, but there are other burner designs such as folded
channels, dual-folded channels and spiral burners [42, 85].

Numerous theoretical works have analyzed the stabilization of flames in counterflowing reac-
tors, including the multiplicity of solutions, their stability properties, the importance of con-
ductive and convective heat transfer and the impact of external heat losses on the operating
range [86–89]. Numerical models with different degrees of complexity have also been used to
predict the extension of the flammability limits [90, 91]. Experimental realizations of counter-
flowing channel burners have been implemented in [92–95] for both ultra-lean and ultra-rich
combustion of methane, propane and heptane. These examples confirmed the key characteris-
tics of counterflow heat recirculating reactors and showed that stable operating points could be
achieved beyond both the lean and the rich flammability limits [43].

PMBs belong to the second category of heat recirculating burners: unidirectional reactors. In
this configuration, the gas flows in one direction and heat is transferred upstream by conduction
and/or radiation by solid walls (cf. Fig. 1.5b and c). The simplest unidirectional flow reactor
consists of an array of parallel tubes or channels with a small diameter and is represented in
Fig. 1.5b. A pilot test of this design is found in the work of Min and Shin [65] where premixed
laminar flames were stabilized inside a ceramic honeycomb structure. If this design is replaced
by a reticulated porous matrix or a packed bed structure (cf. Fig. 1.5c), axial and transverse
dispersion are generated in the open-cell structure and this promotes the effective diffusion of
mass and heat across the gas phase.
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Figure 1.5. – Unidirectional and counterflow heat recirculating reactors.

After the first experimental demonstrations, porous burners have increasingly sparked the
interest of the combustion community. In PMBs, the radiant efficiency, defined as the fraction
of the power emitted under the form of thermal radiation, is around 20 − 30% [45]. This
distinctive feature together with their relative low price and their low pollutant emissions have
motivated their use as radiant burners for infrared heating applications in the industry [44, 45].
In the past years, their broad turndown ratios and their ability to extend the flammability
limits have drawn the attention of researchers focused on low-carbon combustion. PMBs are
considered promising candidates for dealing with the uneven combustion properties of hydrogen
and hydrocarbon flames in flexible fuel applications. Their ability to handle a wide range of fuel
compositions and operating conditions makes them particularly suitable for applications where
fuel flexibility is crucial. As such, PMBs are positioned as a viable technology for advancing
towards a more sustainable and adaptable energy future.

1.2.2. Insights on Porous Media Combustion

To provide further insight into the combustion process inside a porous matrix, a simplified one-
dimensional scenario is considered and compared to the corresponding adiabatic free flame. This
simple analysis will reveal the main features and governing parameters in PMC. From now on,
the focus is on isobaric combustion processes at atmospheric pressure. This is a good hypothesis
for deflagrations where a minimal pressure variation takes place across the flame [96], and in
porous media burners where the pressure drop across the porous matrix is generally small [45].

1.2.2.1. Infinite porous medium

Figure 1.6 outlines the temperature and heat release rate profiles in a premixed adiabatic
free flame (a) and in a flame stabilized inside an infinite porous medium (b). In an adiabatic
free flame, reactants are injected at an inlet temperature of Tin with a composition defined by
Ykin

. For single-fuel mixtures with air, the description of the fuel composition can be reduced
to a single parameter: the equivalence ratio, ϕ. Tad is the adiabatic flame temperature and
corresponds to the temperature that is obtained if all the chemical energy stored in the fuel is
employed to increase the enthalpy of the inlet mixture. For lean flames, the temperature increase
across the flame can be approximated by Tad − Tin = QfYfin

/cp, where Yfin
is the fuel mass
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fraction at the inlet, cp is the specific heat at constant pressure and Qf is the energy released
by combustion per fuel mass unit. The freestream flow velocity ux→−∞ is known as laminar
burning velocity SL0 and is a priori unknown. Conceptually speaking, it is the velocity at which
a steadily propagating flame translates with respect to the fresh gasses. Mathematically, in
the system of equations that describe the propagation of laminar 1D flames, SL0 is the inlet
velocity that ensures the steadiness of the system. The computation of the laminar flame speed
is generally done numerically – yet some analytical solutions exist [96, 97] – and involves the
resolution of an eigenvalue problem [96]. In a laminar free flame, reactants are preheated over a
distance known as flame thickness and denoted by δT . This lengthscale can be estimated from
the equilibrium between convective and diffusive terms in the energy conservation equation and
scales as: δT ∝ DT /SL0 , where DT is the thermal diffusivity of the reactants.

Figure 1.6. – Free flame versus Porous Media Combustion (PMC).

When an adiabatic laminar flame is submerged inside an infinite porous medium, the local
energy balance is altered by the interphase heat exchange with the solid matrix. The interphase
heat transfer by convection between the two phases is usually assumed to be proportional to the
local temperature difference. Far upstream of the flame x → −∞ the gas and the solid phase are
in equilibrium and their temperature is Tin. Downstream of the flame, the temperature of both
phases must converge towards the adiabatic flame temperature of the mixture Tg,s|x→+∞ → Tad.
In the solid, there is an equilibrium between the interphase heat exchange and thermal diffusion.
Usually, the thermal conductivity of the solid is much higher than the gas conductivity λs ≫ λg.
Because of that, the diffusion lengthscale in the solid is also larger than in the gas. As a
result, the solid temperature profile is more spread out, leading to local temperature imbalances
between the two phases (cf. Fig. 1.6b). Upstream of the flame, the solid temperature is greater
than the temperature of the gas and the porous matrix transfers energy to the reactants by
convection. This preheats the reactants, raising their temperature to Tin + ∆T right before the
flame. Assuming that the temperature jump across the flame remains constant, the maximum
temperature reached by the gas after combustion becomes Tmax = Tad+∆T . Downstream of the
flame, the solid phase is colder than the gas and energy is transferred from the burned products
to the porous matrix. The gas and the solid phase reach thermal equilibrium after a distance
called re-equilibration distance. Note that the presence of the solid matrix gives rise to a new
characteristic lengthscale in the system, the solid diffusion lengthscale, ls. This distance can be
estimated from the equilibrium between the interphase heat exchange term and the diffusion
term in the solid.
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Because the reaction rate varies as the exponential of the temperature, combustion processes
are very sensitive to the temperature of the reactants. The preheating of the unburned gas
increases its reactivity and promotes the burning rate. As a result, the incoming reactants
velocity that ensures the equilibrium of the system, SLP

, is higher than that of the adiabatic
free flame. Despite its simplicity, the above-presented idealized case has brought to light the
two parameters that are used to quantify the performance of a PMB and, more generally, of a
heat recirculating reactor [43]:

1. Nondimensional temperature: Tmax/Tad

2. Velocity ratio or speed-up: SLP
/SL0

These two parameters describe the enhancement of the combustion process with respect to that
of an adiabatic premixed laminar flame. Tmax/Tad refers to the ratio between the maximal local
temperature attained in the system and the adiabatic flame temperature of the inlet mixture. In
many theoretical analyses, an equivalent parameter named recirculation efficiency is used [60, 64].
This parameter is denoted by ηrec and defined as ηrec = (Tmax − Tad)/(Tad − Tin). The second
parameter, SLP

/SL0 , is the ratio between the burning velocity in the PMB and the burning
velocity of an adiabatic free flame. This velocity ratio quantifies the increase in the burning
rate due to the enhanced combustion conditions in the porous medium. As reported in different
experimental studies [39, 40, 65], for hydrocarbon flames, the enhancement of the burning rate
is typically in the range 2 − 5. Although this value is significantly lower than what can be
achieved in turbulent flames – where the turbulent flame speed can exceed the laminar flame
speed by more than 20 times [96] – it still represents a significant gain in specific power and
burner compactness.

1.2.2.2. Finite porous medium

The analysis of an infinite porous medium is useful to illustrate the mechanism of heat recircu-
lation in porous reactors. However, real systems are characterized by a finite length. Thus, the
case of a flame stabilized inside a finite porous matrix of length L is now considered. While the
infinite case is invariant to the flame position, xf , the finite case is governed by this parameter
and hence the performance of the burner is always represented as a function of xf . Figure 1.7
represents the velocities ratio or speed-up as a function of the position of the flame in the burner
together with the gas and solid temperature profiles for three different flame locations.

Figure 1.7. – Stabilization curve – Speed-up versus flame position – in a finite length porous
medium. (a-c) Gas and solid phase temperature profiles at different flame loca-
tions.
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When the flame is close to the burner inlet as in Fig. 1.7a, the preheating distance is small
and so is the rise in the reactants temperature before the reaction front. Consequently, the
level of superadiabaticity and the enhancement of the burning rate are limited. As the flame
is displaced downstream, the distance for preheating grows and the recirculation efficiency and
the burning rate increase. The maximum flame speed enhancement is reached when the flame
is located in the middle of the porous matrix as shown in Fig. 1.7b. At this point, if the flame is
pushed further downstream the recirculation efficiency and the speed-up start to decrease. This
is due to the reduction in the re-equilibration distance and in the enthalpy excess harvested by
the solid matrix and transferred to the fresh reactants.

As illustrated in Fig. 1.7, in the case of a finite porous burner, there may not be thermal
equilibrium between the gas and the solid at the boundaries. This results in lower values of the
speed-up and recirculation efficiency. When the porous matrix length is sufficiently increased,
thermal equilibrium between the phases can be reached at both burner ends when the flame is
located in the middle of the porous matrix. As a result, the maximum burning rate tends to
that of an infinite porous medium and the stabilization curve of Fig. 1.7 flattens in the center.
In combustion devices, the formation of certain pollutants and the completion of the oxidation
process can depend on the residence time at high temperatures. In a PMB, these phenomena can
also be strongly influenced by the length of the porous matrix. Therefore, the axial dimension
of the porous matrix, L, is an important design parameter.

Note that the stabilization curve of Fig. 1.7 has two branches. For a given mass flow rate,
there are two equilibrium positions for the flame inside the burner: one upstream and another
downstream. This behavior is not exclusive to porous burners and can also be observed in
other heat recirculating reactors such as counterflow reactors [90]. These two branches have
different stability properties. In the upstream branch, a perturbation in the flame position, xf ,
generates a variation of the flame speed that counterbalances the initial perturbation. This is,
if the front is displaced downstream, the flame speed increases and this tends to push the flame
back to its initial state. Therefore, this branch is stable. In contrast, in the downstream branch,
perturbations in the flame front position tend to amplify the velocity imbalance resulting in an
unstable equilibrium.

1.2.2.3. Real systems

In real systems, the solid matrix is not a continuum but a cell structure characterized by a
porosity ϵ and a pore size dp. A schematic of a flame stabilized inside the cavities of a porous
medium is shown in Fig. 1.8. Porosity, ϵ, represents the ratio of gas to total volume whereas the
pore size corresponds to the characteristic size of the cells inside the matrix. It must be borne
in mind that these two parameters are independent. The porosity has a direct influence in the
burner head loss. In practical applications, limiting the pressure drop through the burner is
critical because it affects the dimensioning of the entire feeding system. Hence, porous matrices
often feature large void fractions between 70 − 80%.

The pore size, dp, has a strong influence on the flame stabilization since it affects local quench-
ing phenomena. In experimental studies, the typical pore sizes of PMBs vary between 0.5−4 mm.
At small pore sizes, the cell diameter becomes comparable to the flame thickness, δT , which has
a direct impact on local heat losses. The overlapping between the two characteristic length-
scales represents a major modeling difficulty because it is still unclear how nonadiabaticity and
flame quenching can be incorporated to reduced order models. The pore size also affects the
interstitial flow via frictional losses and the dispersion phenomena [98]. Dispersion refers to the
increase in the macroscopic diffusivity of mass and heat owing to the enhanced mixing driven
by the meandering nature of the flow inside a porous matrix.

In porous burners, the solid matrix reaches elevated temperatures so that heat transfer by
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Figure 1.8. – Schematic of a flame inside a porous medium

radiation becomes relevant. An important fraction of the heat recirculated upstream is trans-
ferred via solid-to-solid radiation. Here, the pore size and the geometrical details of the structure
play a key role on the optical thickness. This influences the radiation extinction coefficient and
therefore the heat transfer by radiation through the solid matrix.

Solid surfaces provide an effective path for heat recirculation but also for external heat losses.
So far, only adiabatic systems have been considered. However, PMBs are generally used as
radiant burners for infrared heating. Therefore, in practical applications there is a remarkable
level of heat losses by radiation from the solid matrix. From the point of view of the burner,
this is a heat loss, but depending on the application this is generally a yield for the user.
As in many combustion devices, global heat losses directly affect the operating domain of the
burner. Broadly speaking, heat losses reduce the performance of the burner in terms of attainable
recirculating efficiencies, speed-ups and extension of the flammability limits. However, since
global heat losses by radiation are also the yield in many applications, a trade-off between
combustion enhancement and radiation yields must be accepted. The level of external heat
losses is driven by the surface-to-volume ratio of the burner. In a cylindrical axial burner this
is inversely proportional to the diameter of the burner, D.

(a) aluminium oxide (alumina) Al2O3
<latexit sha1_base64="2eXFW1nQJ0gKI3DZ3SvQ3XtEaWs="></latexit>

(b) silicon carbide SiC
<latexit sha1_base64="LNhBMSfsrJIpvf9yMFreBJ3M2kk="></latexit>

Figure 1.9. – From [99]: (a) alumina and (b) silicon carbide ceramic foams with different pore
size used in experimental studies.

The solid matrix material is also a crucial aspect in a porous media burner. The solid thermal
conductivity and radiative properties affect the recirculation of heat. For example, [100] showed
that the burning rate of the burner increases by 50% when the solid phase conductivity is
increased from 5 Wm−1K−1 to 15 Wm−1K−1. In PMBs, the characteristic time of the system
is governed by the thermal diffusion time in the solid phase. Hence, the heat capacity of
the porous matrix, cs, has a direct impact on the time response of the burner. The porous
matrix is submitted to extreme operating conditions including: elevated temperatures 1000 −
2000 K, a corrosive environment and thermal cycling. Therefore, materials with elevated fusion
temperature and with high corrosion and thermal shock resistance are sought. The mechanical
strength and the thermal expansion coefficient must also be taken into account in the material
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selection process, especially when integrating the burner into another system.
Generally, ceramic foam such as those shown in Fig. 1.9 are the most popular choice owing to

their elevated fusion temperature and inertness. In ceramic materials such as Alumina, Al2O3,
Silicon Carbide, SiC, and Zirconium Dioxide, ZrO2, the fusion temperatures are in the range
3000 − 4000 K. Their main drawback is the low thermal shock resistance, which limits their
durability, specially under short-period thermal cycling. Indeed, material durability is a major
practical concern in porous media burners and cracking is often reported in experimental studies
using ceramic porous foams [101, 102]. Metallic materials have also been considered in certain
studies [103, 104] but their low melting point limits their use to lean-burn applications. A
major advantage of metallic foams is their enhanced thermal shock resistance when compared
to ceramic ones.

1.2.2.4. Burner configuration

After the first theoretical analyses and experimental demonstrations [39, 83] various burner
configurations have been studied. In this section, the focus is on axial configurations which are
generally used in academic studies. This is partly because axial burners simplify the analysis
and are easy to build. Nonetheless, as for multiperforated burners, cylindrical radial burners
have also been proposed [105–109].

The simplest burner configuration is a porous media burner where the properties of the porous
matrix are homogeneous. This burner design is represented in Fig. 1.10a. In this case, the po-
sition of the flame inside the burner depends on the operating conditions. The flame is located
at the point where its burning rate equals the velocity of the incoming gas. The burning rate is
influenced by the level of preheating of the reactants, which in turn depends on the location of
the flame in the burner. Therefore, here there is a two-way coupling between the flame position
and the temperature field. In this kind of burners, the turndown ratio or power dynamic range
is within the range 2 − 5 [43, 65, 110, 111].

Figure 1.10. – Different burner designs

The multi layer configuration with two or more porous foams represented in Fig. 1.10b is likely
the most popular burner design. It was introduced by Trimis and Durst in [75] and has been used
in multiple works ever since [101, 112, 113]. Typically, two porous matrices with different pore
sizes are arranged in a stacked configuration. The foam with smaller pores is placed upstream
and acts as a flame arrestor, quenching the flame and limiting its upstream propagation. The
one with larger pores is located downstream and the flame is generally stabilized at the interface
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between the two. In this configuration, based on the critical Péclet number theory [114], the
position of the flame inside the burner is fixed. Trimis and Durst reported a power dynamic
range of 20:1 for this design [75]. In the step-burner configuration, there is a trade-off between
performance and flashback prevention. This is because flashback resistance is increased by lim-
iting the preheating of the reactants, which reduces the enhancement of the burning rate and
the global performance. The combination of porous layers with different thermal conductivities
can also be used to adjust the response of the system, introducing another degree of freedom in
the burner design.

An alternative to step burners are diverging geometries, proposed by Voss et al. in [115] and
shown in Fig. 1.10c. In this design, the section of the burner increases in the axial direction
producing a decreasing velocity profile from the inlet to the outlet. As in the homogeneous
burner, here the flame is located at the point where its speed balances the local velocity. The
axial variation of velocity produces a hydrodynamic stabilization and extends the operating
domain of the system. This burner design was demonstrated experimentally by [115, 116] who
reported dynamic ranges of roughly 6:1. The main drawback of this configuration is that large
divergence angles are required to achieve an adequate deceleration of the flow. This results
in restrictively large cones and transverse flow inhomogeneities. Alternatively, the streamwise
decelerating velocity profile can be achieved using a radial burner. This option has been inves-
tigated numerically by Bedoya et al. [68] and experimentally by [108, 109].

Recently, it has been proposed that a graded topology such as the one displayed in Fig. 1.10
could be used to optimize the performance of porous media burners [110, 117]. By introducing
a spatial gradation of the topological parameters, one can tune the operating domain of the
burner. For example, a streamwise variation of porosity can be used to decelerate the flow in
the axial direction, generating hydrodynamic stabilization. Conversely, a continuous reduction
of the pore size towards the inlet can be used to quench the flame as the burner approaches the
flashback limit. This modulation strategy could be used to extend the flashback limit.

Graded axial burners offer a few advantages with respect to diverging porous geometries.
First, the external geometry of the reactor remains unaltered. This simplifies the construction
and the integration of the burner. Second, they permit the modulation of both the velocity
profile and the pore size distribution, offering an additional path for the enhancement of flame
stabilization via quenching. Sobhani et al. [110] used a 1D numerical model to analyze the
influence of topological gradations of pore size and void fraction on the burner operating range.
They reported that a gradation in the pore size of the matrix could result in an improvement
of the flame stability range of nearly 50%.

Later on, Contini and Pereira [117] used numerical simulations to compare a graded topology
and a diverging porous burner. In [117], both burners feature the same variation of cross-
sectional area and thus the same level of hydrodynamic stabilization. In the conical burner,
this is achieved via a variation of the burner section and in the graded topology via an imposed
porosity profile. Contini and Pereira reported that the cylindrical burner with a graded topology
provides a wider stability range than the diverging geometry. They attributed this difference to
the variations in the recirculation efficiency via radiation.

These studies indicate that graded topologies are an effective way to enhance the operating
range of the burner. Besides, they offer both practical and operational advantages with respect
to diverging burners. From the point of view of fuel-flexibility, graded topologies are a promising
option to accommodate varying hydrogen contents in the fuel. This is because they can stabilize
flames with very different burning rates. Their main drawback is the manufacturing process. To
the author’s best knowledge, this kind of geometries cannot be easily produced with conventional
manufacturing processes employed for ceramic foams. In a first approximation, one can achieve
a topological gradation by stacking multiple thin homogeneous ceramic foams with varying

14



1.2 State of the art

geometrical properties. This is the approach that was followed in the novel work of Sobhani et
al. [110]. However, the discontinuity of the solid matrix raises questions regarding the additional
thermal resistance at the junction and the preferential stabilization of the flame at interface
between the different porous layers.

In the past decades, there has been outstanding progress in Additive Manufacturing (AM)
techniques [118]. Nowadays, it is possible to produce metallic and ceramic components via AM
using different techniques. Selective Laser Melting (SLM) [119] can be used to produce metallic
samples and lithography-based ceramic manufacturing [120] enables the fabrication of ceramic
components. One of the first examples of the application of AM to porous media combustion is
found in [104]. In this work, 3D-printed metallic burners made of CoCr alloy were manufactured
and tested. They were compared to their reticulated ceramic counterparts in terms of flame
stabilization, durability and performance. The lattice 3D printed structures were found to
provide a better control of the porosity and higher structural stiffness. Thanks to AM techniques,
the first demonstration of a graded topology was accomplished by Sobhani et al. in [121]. In this
pioneering work, Sobhani et al. compared various 3D printed ceramic burners with a gradation
of the topological properties. The porous matrix with varying pore size was found to extend the
stability map when compared to its step-burner equivalent. However, the study points out that
matrix durability is the major drawback of this approach. 3D printed ceramic structures exhibit
even lower thermal shock resistance than their reticulated counterparts owing to the residual
internal stresses stemming from the manufacturing process.

1.2.3. Applications
In this section, a few existing and potential applications of PMBs are examined. Different

levels of Technology Readiness Level (TRL) can be found in the various examples listed down
below. In some applications such as radiant heating, the technology is mature and commercial
examples already exist. Others, like domestic heating, have been demonstrated by prototypes
but never commercialized [46]. An in-depth review of the applications of porous media reactors
can be found in [74].

1.2.3.1. Radiant burners

Nowadays, a number of industrial processes such as metal heat-treating, coating and paint
drying, chemical processing, paper and wood drying and food processing make use of radiant
burners. Infrared heating is imperative when two factors are combined: high temperatures
and a controlled atmosphere. A good example is the application of annealing heat treatments
in the steel industry. This thermal treatment is used to adjust the mechanical properties of
semi-finished products after the cold rolling process of the steel strip. The strip is subjected
to temperatures between 670◦C and 900◦C to trigger a recrystallization process that improves
the ductility of the product. The process must take place inside a protective gas atmosphere to
prevent the oxidation of the strip surface and thus avoid an additional pickling step. Hence, it is
essential to ensure a separation between the protective gas atmosphere and the combustion flue
gasses and this can only be achieved by means of radiant burners. Other industrial applications
such as food processing or paper drying may also be incompatible with convective heating
and require radiant burners. Furthermore, radiant heating can simply be a reinforcement for
convective heating. Combining both, faster heating times are obtained and this can be used to
reduce oven lengths or increase conveyor speeds in industrial applications. At present, there are
commercially available porous media burners such as those shown in Fig. 1.11. For example,
the RADIMAX Porous Burner of GoGas features a maximal radiation temperature of 1450◦C
and a maximum thermal surface load of 1000 kW m−2 according to the manufacturer website.
Another example is the Flameless gas burner technology from Promeos Intelligent Heat.
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Figure 1.11. – Commercial examples of porous burners. Credits to GoGas and Promeos Intelli-
gent Heat.

1.2.3.2. Domestic heating

The combination of a heat exchanger and a porous media burner could be used to deliver a
warm stream of water for space heating and domestic use in household applications. This concept
was the subject of an extensive study in the mid 90s by Durst et al. [46]. PMBs were successfully
integrated with heat exchangers and various prototypes of up to 30 kW were built and tested.
A picture, the blueprints and a schematic of one of these devices are shown in Fig. 1.12. Several
industrial partners co-participated in the project and the outcoming prototypes were found
to exhibit significant advantages compared to current heating systems. They achieved power
turndown ratios of 20:1, with operating equivalence ratios ranging between 0.6 < ϕ < 0.9 and
very low NOx and CO emissions. Those prototypes included a control unit to monitor the
operation of the burner, which indicates that a significant level of TRL was achieved by this
consortium of universities and industrial partners. Despite the optimistic tone of this technical
report, we have not witnessed the arrival of porous burners technology to our domestic appliances
in the past 30 years. The reasons might be economic, but the author is uncertain. At present,
the current need for fuel-flexible technologies to cope with the potential fluctuations in the H2-
content of the NG network in the context of P2G may give the PMBs technology a second
chance.

Figure 1.12. – Picture, blueprints and schematic (from left to right) of the 10 kW Porous Me-
dia Burner prototype with integrated heat exchangers developed by Durst et al.
in [46].

A few years later, Malico and Pereira performed 2D numerical simulations of a porous media
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integrated with a heat exchanger [122, 123]. They simulated the configuration developed by
Durst et al. in [46] and compared the axial temperature profiles and pollutant emissions to
those obtained in experiments. Delalic et al. [124] conducted experiments and analysis of a
porous media burner with a built-in heat exchanger to be used in condensing boilers for domestic
heating. They reported an increased power density with a reduction in the CO emissions and
nearly zero NOx. Dedalic et al. highlight the enhanced thermal inertia and the high efficiency
achieved in the heat exchange. They suggest that PMB technology could be used to develop
low cost, high-efficient compact condensing boilers in the residential sector. Further examples
of integration of porous media burners with heat exchangers for household applications can be
found in [125–127].

1.2.3.3. Steam reforming

Steam reforming is a method to produce syngas, H2 +CO, by reacting hydrocarbon fuels with
water vapor. Indeed, most of the current hydrogen production is done with this procedure [128].
When a hydrocarbon fuel is burned at a rich equivalence ratio, the endothermic reaction of
steam reforming takes place in the burnt gasses which contain an important fraction of water
vapor and the excess of non-reacted hydrocarbon fuel. Heat recirculating reactors extend the
rich flammability limit of the mixture, allowing the combustion at ultra-rich equivalence ratios.
This is why a popular application of heat recirculating burners is the production of syngas from
hydrocarbon fuels [43, 129]. An experimental demonstration of the use of heat-recirculating
burners to produce H2-rich mixtures from methane is presented in [130]. Ellzey and coworkers
carried out various numerical and experimental studies on the syngas production using coun-
terflow reactors operating in ultra-rich conditions [91, 93, 94, 131]. PMBs have also been used
to produce hydrogen via rich combustion of hydrocarbon fuels in [47, 109, 132, 133]. Toledo
et al. [47] evaluated the use of inert porous media for steam reforming using methane, ethane,
and propane as fuels. They reported the operation at equivalence ratios up to ϕ = 2.5 and a
maximum hydrogen yield of 50%. Recently, Guerrero et al. [133] considered the production of
hydrogen from biogas via ultra-rich combustion in a filtration porous burner.

1.2.3.4. Other applications

– Combustion of Low Calorific value Gasses (LCG). The ability of heat recirculation to
enhance the burning rate and extend the flammability limits of the mixture can also be
exploited to burn fuels with low calorific value that are, otherwise, hard to oxidize. Heat re-
circulation can be used to stabilize the combustion of these compounds which is sometimes
hindered by a fluctuating composition and by the presence of inert components [52, 134–
137]. An extensive review on this application of porous media burners is provided in [138].
Ammonia has been identified as an alternative energy vector to hydrogen for several ap-
plications [139]. However, Ammonia is a low heating value fuel and is characterized by a
low flame speed and a long ignition delay. Thanks to the enhancement of the burning rate,
PMBs are deemed good candidates to address the specific challenges of Ammonia com-
bustion. Several recent experimental and numerical works have studied the combustion of
NH3 − H2 in step porous burners [58, 59, 66].

– Other domestic uses. Several authors have also explored the possibility of employing
porous media burners for other domestic uses such as water heating devices or cooker-top
burners [140–145]. The utilization of porous media burners for cooking applications in
the food industry has also be considered by some authors to replace free flame by radiant
heaters and increase the efficiency of the system [146–148].
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– Oxidation of Volatile Organic Components (VOC). VOC such formaldehyde and acetone
are often considered as highly pollutant and the use of PMB for their oxidation has been
analyzed by some authors as an effective way to reduce their harmful effect [80, 149, 150].

1.3. Research gap
In many aspects, the fundamental macroscopic behavior of flames in porous media burn-

ers is understood [63, 65, 111]. The first-order driving mechanism, heat recirculation, is well
documented and its foundations are clear [43].

When it comes to modeling, Direct Pore Level Simulations (DPLS) where all the scales of
the flow are resolved can in principle include conjugate heat transfer and radiation. As a result,
they can provide very accurate results. However, this high predicting capacity comes at an
elevated computational cost, resulting impractical for many engineering applications and burner
optimization. Therefore, a considerable scientific effort is devoted to the development of low-
order models such as Volume Averaged Models (VAM) [59, 67, 68].

Whereas most of the macroscopic physical mechanisms are clear, many pore-scale phenomena
are yet to be understood. Because of the nonlinear nature of combustion and heat transfer, these
local phenomena play a key role on the stabilization of flames and on the global performance
of the burner. An illustrative example is the influence of the pore size on the local heat losses
and the flame wrinkling [67–70]. Current VAMs do not generally account for these pore-scale
phenomena. As a result, their predicting capacity is still too limited. It is thus crucial to improve
our understanding of the complex flame-wall interactions at the pore-scale that play a key role in
the combustion process. A better insight into these local mechanisms will allow us to feedback
the present reduced order models, improving their accuracy. Better reduced order models will in
turn permit the development of more efficient and performing burners. For that, it is necessary
to access the interior of the porous matrix in order to study the behavior of flames at the pore
level.

Unfortunately, experimental measurements in PMBs are mainly hindered by the lack of optical
and physical access to the interior of the porous matrix. Reticulated ceramic foams are used
in the majority of experimental studies [45, 58, 101]. These porous media feature a random
structure and hence they are opaque, preventing the application of optical diagnostics. However,
the lack of optical access is not the only problem when it comes to nonintrusive diagnostics. Many
experimental techniques rely on the bandwidth filtering of light. Some techniques such as flame
chemiluminescence measure the naturally emitted light from the flame at specific wavelengths.
Others, such as Laser Induced Fluorescence (LIF) collect the fluorescent emission of excited
radicals when they return to a lower energy state. However, owing to the elevated temperatures
reached by the solid matrix, part of its black-body radiation is emitted in the visible spectrum
and this can be a source of significant background noise for certain optical techniques.

Many experimental studies only report pointwise temperature measurements from thermocou-
ples probes and stability maps (load versus equivalence ratio). Inside the burner, thermocouple
probes are submitted to a strong radiative flux from the porous matrix which alters the thermal
equilibrium of the thermocouple’s bead. As a result, their temperature reading drifts towards
the solid phase temperature, questioning their use to measure the gas phase temperature. All in
all, because of the aforementioned difficulties, the use of nonintrusive diagnostics in the literature
is scarce and only a few handful examples exist [69, 86, 101, 151–154].

The first example of nonintrusive diagnostics in a PMB is found in [152]. In this work, dual-
pump Coherent Anti-Stokes Raman Scattering (CARS) was successfully applied to simultane-
ously measure the gas phase temperature and the H2 concentration in a two-stage combustor.
The schematic of the experimental setup together with the measured axial profiles of tempera-
ture and H2 concentration are reproduced in Fig. 1.13. The upstream layer of the burner is an
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Al2O3 flame trap with �1.5 mm evenly distributed holes. The downstream stage is a SiSiC foam
with very large pores. An adequate positioning of the two layers provides line-of-sight access
through the ceramic foam and flame trap. The CARS laser beams overlap in a certain region
of space and this is where the local temperature is measured. To reconstruct the axial profiles
of temperature, the burner is axially translated using a linear stage. The authors highlight the
demanding alignment requirements during the experiments. According to Kiefer et al. [152],
despite the partial obstruction of the laser beams at certain axial positions, the CARS signal
was always sufficiently strong to obtain reliable measurements.

Figure 1.13. – Experimental setup used in [152, 153] to apply CARS (left) and axial profile of
gas temperature and H2 concentration obtained inside the burner (right). Re-
produced from [152].

Shortly after, the same group [153] published another work where they updated their ex-
perimental apparatus and provided new results applying Dual-Pump Dual-Broadband CARS
(DPDB-CARS). Their improved experimental setup allowed for the simultaneous measurement
of the relative concentration of H2 and O2 as well as the gas temperature. They analyzed the
influence of thermal load and equivalence ratio on the temperature profiles. In [153], Weikl et
al. also measured the 2D temperature map inside one pore.

In [151], OH-Planar Laser Induced Fluorescence (OH-PLIF) was used to visualize the flame
through a narrow slit in a two stage PMB. In the OH-PLIF technique, hydroxyl radicals are
driven to an excited energy level using a laser. Then, the fluorescence emitted by the excited
OH⋆ radicals when they relax back to a lower energy state is measured [155–157]. For a laser
technique such as OH-PLIF to be applied, two orthogonal optical accesses to the interior of the
porous matrix must be created. In [151], this was achieved by machining the SiSiC foam. A
schematic of the experimental setup used in [151] and an example of the obtained results are
reproduced in Fig. 1.14. The slit thickness is of the same order as the pore size to minimize
the alteration of the burner geometry. The authors examined the evolution of the flame front
position with the thermal load and the equivalence ratio. The low signal to noise ratio is one
of the main challenges highlighted by the authors. The measured OH concentrations are not
quantitative since it is not possible to apply local temperature and concentration corrections.

In these works, optical access is very limited and is achieved either by using very large pores
or by creating narrow gaps inside the porous matrix and therefore altering the burner geometry.
A notable exception is the use of X-ray tomography [101], which allowed the reconstruction of
the temperature field in a multi-layer SiC burner. In [101], Krypton is added to a methane-air
mixture to enhance its X-ray contrast. Then, a time-averaged reconstruction of the X-ray atten-
uation field is used to obtain the three-dimensional temperature field in the gas phase of a porous
media burner. In this work, the transversely averaged temperature profiles are compared to a
1D Volume Averaged Model for an interface stabilized flame and a good quantitative agreement
is reported.

19



Chapter 1 : Introduction

Figure 1.14. – Experimental setup used in [151] to achieve optical access to the interior of the
porous burner (left) and OH distribution for various thermal loads at an equiva-
lence ratio of ϕ = 0.71 (right). Reproduced from [151].

The X-ray tomographic reconstruction provides insightful physical information about the tem-
perature field and it is applicable to reticulated random topologies with an opaque structure.
The technique is complex and lengthy, demanding a notable experimental effort. The burner
and its structure must be mounted on a rotating platform to perform the X-ray scans and mul-
tiple scans must be carried out with and without Krypton as tracer. The molar fraction of
Krypton required to obtain an acceptable signal to noise ratio is significant, XKr ≃ 30%, which
may entail a modification of the combustion and heat transfer dynamics of the mixture. The
resolving power of the tomographic reconstruction is about 200 µm so that global information
is extracted rather than pore-scale details. When small pore sizes are considered the 3D fields
must be weighted by the local porosity to recover the effective temperature in the gas phase.
An example of the reconstructed 3D temperature field in the three-stage burner of Dunnmon et
al. is presented in Fig. 1.15.

Figure 1.15. – Transversely averaged profiles of attenuation, ∆µg(x) (a) and temperature (b).
(c) X-ray scan of the solid structure. (d) Vertical cross section of the reconstructed
3D temperature field. Reproduced from [101]

In a very recent work, Boigné et al. [69] combined µX-ray Computed Tomography (CT)
measurements with infrared thermometry to obtain a full reconstruction of the temperature
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field in both phases of the burner. Micrometric X-ray CT requires a remarkable experimental
struggle since the minor micrometric motion of the porous matrix results in artifacts and spoils
the measurements. For that, a significant improvement of the technique was accomplished with
respect to the previous work [101]. A topology-tailored porous matrix made of SiC and featuring
an ad hoc structure was fabricated via the replica technique to minimize the motion by thermal
expansion. Measuring the gas phase temperature for a single operating point requires nearly 6
hours and produces roughly 49 Gb of data. This work represents a substantial step forward in the
application of nonintrusive diagnostics. However, the technique is so complex that only a very
limited number of operating points can be studied. Therefore, it becomes difficult to evaluate the
influence of different parameters on flame stabilization and to extract general conclusions. The
infrared thermometry measurements were performed using a Short Wavelength Infrared (SWIR)
camera. The solid phase temperature measurements are later used to impose the temperature
of the wall in a Direct Pore Level Simulation (DPLS) with the same burner configuration and at
the same operating point. Good quantitative agreement between the spatial fields of gas phase
temperature is obtained. Simulations reveal that roughly 80% of the combustion process takes
place in thin adiabatic flamelets inside the porous matrix cavities.

Figure 1.16. – Direct flame visualization in a single-layer packed bed structure from Fursenko
et al. [158]: transition from surface to submerged combustion (left). CH⋆ chemi-
luminescence imaging in a 2D cylinder array in staggered configuration with con-
trolled wall temperature from Khodsiani et al. [154]: influence of the operating
conditions on the flame liftoff distance (right).

Finally, direct flame front visualizations have only been achieved in 2D configurations. Fursenko
et al. [79] analyzed the pore-scale dynamics of NG-Air flames propagating inside a single-layer
packed bed structure between two parallel quartz walls. In [79], optical access is granted by
the use of a single layer structure. The main limitations of this approach are the low values of
achievable porosity and the relatively high level of heat losses. This may render the behavior of
flames not fully representative of 3D porous matrices. High speed imaging is used to investigate
the dynamics of filtrating combustion waves at the pore scale. The authors report the existence
of two kinds of oscillations: Flame Repetitive Extinction Ignition (FREI) and small amplitude
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oscillations of the flame front at the scale of a pore. The latter are characterized by a higher fre-
quency and do not involve a sequence of quenching and reignition phenomena. Figure 1.16 shows
a combustion wave propagating in the single-layer packed bed burner of Fursenko et al. [79].

Another example of direct flame visualization is found in the work of Khodsiani et al. [154],
who performed CH⋆ chemiluminescence measurements of CH4-Air flames stabilized in a two
dimensional array of cylinders with a staggered configuration. In [154], the temperature of the
solid elements is imposed and the two dimensional structure grants optical access to the entire
gas phase. Khodsiani et al. [154] are able to quantify the sidewall quenching distance and the
flame-wall heat transfer. They report that flames can transfer up to 25% of their power towards
the solid phase and that operating conditions have a strong influence on the flame liftoff distance.
An example of the CH⋆ chemiluminescence imaging at the pore-scale of Khodsiani et al. [154]
is shown in Fig. 1.16. The results presented in [69, 154] offer insightful information about the
local structure of flames inside porous burners and report similar fractions of flame-wall heat
transfer.

To the author’s best knowledge these are the only examples of the application of nonintrusive
diagnostics in PMC. All of them are quite recent, indicating that there is renewed interest in the
combustion community for PMBs and a growing need for nonintrusive and optical diagnostics.
Different research groups [69, 101, 154] are currently working on the development of nonintrusive
and optical diagnostics and their results have already revealed interesting features about the
stabilization of flames at the pore-level.

1.4. Objective of this thesis

In other areas of combustion science such as turbulent flames [159] or detonations [160], ex-
perimental techniques such as chemiluminescence, Mie-scattering imaging and Particle Image
Velocimetry (PIV) are applied on a daily basis to analyze the behavior of flames, unveil the
underpinning physical mechanisms and validate simulations [161, 162]. However, there is a very
limited use of these techniques in porous media combustion. In [151], Stelzner et al. wrote:

"Achieving optical access in the porous structure is essentially a compromise between disturb-
ing the actual phenomena taking place inside the porous structure and obtaining the required
optical characteristics"

To date, because of this difficulty, the application of optical diagnostics in PMBs was very
restricted. This thesis is devoted to the experimental study of porous burners. The focus is on
a very specific problem that hinders the fundamental understanding of the behavior of flames
inside porous media: the lack of optical access and scarcity of non-intrusive diagnostics. By
combining computer generated geometries and additive manufacturing techniques, optically ac-
cessible porous media burners are produced. With this new methodology, an extensive optical
access can be achieved without disturbing the physical phenomena inside the porous matrix.
Optical access allows the application of various nonintrusive techniques such as CH⋆ chemilumi-
nescence, Mie-scattering imaging and PIV that have not been applied in a 3D PMB structure
before. The current approach can also be exploited to tailor the topology of the porous matrix
and enables a systematic study of the influence of the different topological parameters on flame
stabilization. Notably, in this work, the influence of pore size and porosity is analyzed separately.
In line with the context, the specificities of hydrogen combustion are also addressed making use
of the new experimental techniques presented. Overall, the thesis seeks to open new paths for
the experimental study of porous media burners.

The remainder of the manuscript is organized as follows:
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– Chapter 2 presents the experimental setup including the POROSITO test rig, the mixing
system, the diagnostics, the experimental procedure and the images processing. This
chapter also provides a detailed description of the geometry-generation process offering
technical details related to the handling of the porous matrices’ CADs. Uncertainties in
the experimental measurements are also quantified.

– Chapter 3 offers an in-depth discussion on the different modeling approaches in porous
media combustion and presents the 1D Volume Averaged Model developed during this
thesis.

– Chapter 4 presents the results from the article Flame-front tracking in Porous Media
Burners [163]. In this chapter, the direct visualization of the reaction region inside the
burner is used to track its position as a function of the operating conditions. Topology-
tailoring is exploited to evaluate the influence of the pore size on flame stabilization.
Experimental results are compared to the 1D VAM in terms of flame position, reaction
region thickness and temperature profiles. The influence of the interphase heat exchange
and the solid thermal properties on the model predictions is evaluated. The tracking
of the reaction region is proposed as a useful model validation technique to complement
temperature measurements.

– Chapter 5 presents the results from the article Speed-up drivers for H2-enriched flames in
Porous Media Burners [164]. This chapter analyzes the influence of porosity and hydrogen
enrichment on the flame stabilization. The impact of hydrogen on the operating domain
and on the stabilization curves is reported for two porous burners with different porosities.
The tracking of the reaction zone offers new insights regarding the stabilization of hydrogen
enriched flames in PMBs.

– Chapter 6 presents the results from the article Mie-scattering imaging and µPIV in porous
media burners with TPMS-based topologies. This chapter demonstrates the feasibility of
laser diagnostics in TPMS-based topologies. Mie-scattering imaging is first combined
with CH⋆ chemiluminescence to investigate the heat recirculation mechanism. Then, Mie-
scattering imaging and µPIV measurements are applied at the scale of a pore and used
to study the structure of inlet-anchored flames for different topologies, pore-sizes and
hydrogen contents.

– Appendix A is a verbatim reproduction of the article Predicting flashback limits in H2-
enriched CH4/air and C3H8/air laminar flames [33] where 2D DNS with conjugate heat
transfer and a skeletal chemistry are used to analyze the influence of H2-enrichment on
the flashback limit of slit-stabilized CH4/Air and C3H8/Air flames.

1.4.1. Publications during the thesis

1.4.1.1. Works related to porous media combustion

– Flores-Montoya. E, Masset, P. A., Schuller, T. & Selle, L. (2024). Flame-front tracking
in Porous Media Burners Combustion and Flame, 267, 113597.

– Flores-Montoya. E, Masset, P. A., Schuller, T. & Selle, L. (2024). Speed-up drivers in
H2-enriched flames for Porous Media Burners, Proceedings of the Combustion Institute 40,
1-4, 105666.

– Flores-Montoya. E, Cazin, S., Schuller, T. & Selle, L. Mie-scattering imaging and
µPIV in porous media burners with TPMS-based topologies, Combustion and Flame, (In
review).
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1.4.1.2. Other works

– Pers, H., Masset, P. A., Flores-Montoya, E., Selle, L. & & Schuller, T. (2024). Influ-
ence of slit asymmetry on blow-off and flashback in methane/hydrogen laminar premixed
burners, Combustion and Flame , 263, 113413.

– Flores-Montoya. E, Aniello, A., Schuller, T. & Selle, L. (2023). Predicting flashback
limits in H2-enriched CH4/Air and C3H8/Air laminar flames, Combustion and Flame, 258,
113055.

– Flores-Montoya. E, Muntean, V., Pozo-Estivariz, D. & Martínez-Ruiz, D. (2023). Ther-
moacoustic coupling regions of premixed-flames in non-adiabatic tubes, Combustion and
Flame, 247, 112478.

– Flores-Montoya. E, Muntean, V., Sánchez-Sanz, M. & Martínez-Ruiz, D. (2022). Non-
adiabatic modulation of premixed-flame thermoacoustic frequencies in slender tubes, Jour-
nal of Fluid Mechanics, 933, A50.
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Chapter 2
Experimental setup
This chapter presents the experimental setup employed throughout the majority of this the-
sis. Firstly, the POROSITO test rig and the mixing system are described in Sec. 2.1. The
major novelty of this research is the use of optically accessible Porous Media Burners (PMBs)
that provide direct visualization of the flame and enable the application of optical diagnos-
tics. Optical access is made possible by the use of special burner topologies that are generated
by computer and produced via Additive Manufacturing (AM). These topologies are defined
by mathematical functions and feature multiple optical pathways. Computer-defined geome-
tries offer a full control and an accurate characterization of the geometrical parameters of the
burner. Finally, this framework enables the exploration of brand-new burner designs where the
geometrical parameters of the porous matrix are graded in space, opening the door to burner
optimization. However, the generation of these topologies is not trivial. In this chapter, this
process is thoroughly described and technical details are provided. Also, since the whole process
relies on the Additive Manufacturing technique, the 3D printing technology is presented. The
diagnostics, including the imaging system and the thermocouple measurements, are discussed
in Sec. 2.3. The experimental procedure and the images processing are described in Sec. 2.4
and Sec. 2.5, respectively. The analysis of errors in mixture composition, burner load and inlet
temperature can be found in Appendix 2.A.
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Chapter 2 : Experimental setup

“Today we made no progress, but we have
thought a lot.”

Maria del Mar Montoya

2.1. The POROSITO test rig

2.1.1. Burner base

The POROSITO test rig takes up an existing experimental setup at the IMFT. The original
experiment, designed and built by François Muller, was devoted to the study of porous media
combustion in reticulated ceramic foams. More information about the original apparatus can
be found in his PhD thesis [165]. For this work, the burner head has been replaced by the
one described in Sec. 2.1.2. Since the POROSITO test rig incorporates the burner base from
the previous setup, a brief description of the burner base is presented here for the sake of
completeness.

Figure 2.1. – Schematic of the burner base. Reproduced from Muller [165].

The structure of the burner base is depicted in Fig. 2.1. Premixed reactants enter the system
from the bottom where a manometer is used to monitor the head loss through the burner.
Because the POROSITO test rig operates in premixed regime, a flame arrestor is used to protect
the mixing system from an eventual flashback. Reactants arrive at the small plenum chamber
at the bottom of the burner. From there, eight tubes convey the flammable mixture towards
the second plenum chamber. These tubes are evenly distributed to maximize the homogeneity
of the injection. The main plenum chamber is equipped with three instrumentation accesses.
One of them mounts a differential pressure sensor to measure the pressure drop through the
head of the burner. The measurement range of this instrument is ±2000 Pa and its resolution
is 10 Pa. The other two are used to inject an air flow seeded with oil droplets when applying
laser diagnostics.

2.1.2. Burner head

Figure 2.2 depicts the schematic of the POROSITO test rig. At the bottom, methane, hydro-
gen and air flow rates are imposed by the mixing system, which is described in Sec. 2.1.3. The
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2.1 The POROSITO test rig

premixed reactants go through a convergent section and a sintered steel plate to remove flow
inhomogeneities. To limit the thermal drift of the system, the straight duct section is cooled
down to Tw = 293 K by a recirculating water bath system. Nevertheless, the radiative heat flux
from the burner heats up the sintered steel plate and the fresh gasses. Two K-type thermocou-
ples with different bead sizes are used to measure the actual temperature of the reactants, Tin,
which is used to evaluate the laminar flame properties at each operating point. More details on
the inlet temperature measurements are provided in Sec. 2.3.2.

Figure 2.2. – Schematic of the POROSITO test rig.

The porous medium where flames are stabilized leans on an inner quartz tube and is enclosed
by another quartz tube with inner diameter D = 50 mm. The diameter of the porous matrix is
slightly smaller than the inner diameter of the quartz tube. This makes assembly possible and
prevents quartz break due to thermal expansion. To minimize the leakage between the quartz
and the burner, the quartz-to-porous gap is smaller than the pore size at room temperature
conditions. Graphite joints between the different components are used for sealing and the
ensemble is clamped by an upper flange. The origin of the coordinate system is located at
the burner inlet. The streamwise coordinate is denoted by x and the total burner length is
L = 30 mm. The axial coordinate is often expressed in dimensionless form by normalization
with burner length. The dimensionless axial coordinate is denoted by ξ = x/L.

2.1.3. Mixing system

The operating point of the burner is defined by the load and the mixture composition, Ykin
.

The load is quantified via the thermal power, which is defined as:

P =
∑
f

ṁfQf (2.1)

where ṁf andQf are the mass flow rate and the Lower Heating Value (LHV) of fuel f = H2,CH4,
respectively. The composition, Ykin

is fixed by the hydrogen power fraction αP = ṁH2QH2/P
and the equivalence ratio ϕ.
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Two sets of Mass Flow Controllers (MFC) are used to set the mixture composition and the
burner load. Each set of MFC is used for a different load range to minimize the errors in the gas
composition. The low-power set consists of three Bronkhorst ELFLOW-Base for the Air, H2 and
CH4 flow lines. Their mass flow ranges are 45 nL/min, 5 nL/min and 3.5 nL/min, respectively.
The high-power set is composed of two Voegtlin Red-y smart for the Air and H2 lines with flow
ranges of 130 nL/min and 20 nL/min, respectively; and a Bronkhorst ELFLOW-SELECT for
CH4 with flow range of 19.5 nL/min. A schematic of the pipeline arrangement in the mixing
system is presented in Fig. 2.3.

Figure 2.3. – Schematic of the mixing system.

From the MFCs specifications and the analysis of errors presented in Appendix 2.A, it is
possible to estimate the uncertainties in power, δP , equivalence ratio, δϕ and hydrogen content,
δαP , for each operating point. The uncertainties of the input parameters have been calculated
for an experimental database including nearly 500 stable operating points with equivalence
ratios, hydrogen power fractions and powers ranging from 0.27 < ϕ < 0.72, 0% < αP < 80%
and 0.75 kW < P < 2 kW, respectively. The Probability Density Functions (PDFs) of the errors
are represented in Fig. 2.4. The relative errors in hydrogen content and power are below 5%
and 3%, respectively. The modal absolute error in equivalence ratio is δϕ ≃ 0.005.
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Figure 2.4. – PDF of the uncertainties in ϕ, αP and P .
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2.2 Topology-tailored burners

2.2. Topology-tailored burners

In this thesis, computer-defined topologies are used to build tailored PMBs. In these burners,
the interface between the solid and the gas phase is defined by an implicit mathematical func-
tion. Computer-defined topologies offer several advantages with respect to random reticulated
foams. Firstly, the pore size and the porosity can be independently controlled. As a result,
a systematic study on the influence of these parameters on the burner’s performance can be
carried out. Secondly, they simplify the characterization of the topological parameters. Since
a mathematical description of the fluid-solid interface is available, an accurate evaluation of
parameters such as the tortuosity coefficients and the interface surface density is possible. In
reticulated porous matrices, if a detailed characterization of the porous matrix is sought, X-ray
tomography is required to scan a small sample of the burner geometry [58, 59, 66, 67]. The
X-scan must be processed and several technicalities make this handling difficult [64]. VAMs
must be fed with many numerical parameters, including several related to the burner topology.
Reducing the uncertainties in the evaluation of these parameters is crucial if a reliable compari-
son between simulation and experimental results is sought. Finally, this framework enables new
burner designs, including axially graded topologies and swirled burners. This opens the door to
optimizing the burner performance via topology tailoring [117, 121].

2.2.1. Triply-Periodic Minimal Surfaces

In this work, Triply-Periodic Minimal Surfaces (TPMS) [166–168] define the fluid-solid inter-
face of the porous matrix. These surfaces are periodic in the three directions of the space and
this periodicity is characterized by a wavenumber κi where i = x, y, z. Here, for the sake of
simplicity, isotropic TPMS with κi = κ are considered. There are various families of TPMS and
each of them is characterized by an implicit equation. In this work, the Diamond, Gyroid and
Primitive topologies are used. In the Diamond topology, the implicit equation that defines the
fluid-solid interface reads:

D(x;κ) = s(κx)s(κy)s(κz) + s(κx)c(κy)c(κz) + (2.2)
c(κx)s(κy)c(κz) + c(κx)c(κy)s(κz) = t

In eq. (2.2), s(·) and c(·) stand for the sine and cosine functions. The topology equation has two
input parameters, namely the wavenumber, κ = 2π/Λ and the threshold, t. Here, Λ denotes
the spatial period of the lattice. However, the use of these parameters is not convenient when
dealing with PMBs. In the literature, the characterization of porous media structures is always
made in terms of the pore size, dp, and the void fraction, ϵ. Therefore, the first step is to find a
mapping between the duple (dp, ϵ) and the parameters in the TPMS equation (Λ, t).

2.2.2. Pore size and void fraction control

To begin with, the void fraction, ϵ, and the pore size, dp, must be clearly defined. When
TPMS are used to generate the geometry of a porous medium, the region of the space, Ωs where
D(x, κ) > t corresponds to the solid phase and its volume is Vs. Therefore, gas phase is the
region Ωg where D(x, κ) < t and its volume is Vg. The fluid-solid interface where D(x, κ) = t is
denoted by ∂Ω. The void fraction or porosity is defined as:

ϵ = Vg/(Vg + Vs) (2.3)

For a given x ∈ Ωg in the gas phase, the local pore size, dp(x), is defined as the diameter of
the largest sphere that contains x and is tangent to the solid phase. Note that the sphere is
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not necessarily centered on x. From this definition, we can compute the 3D field of pore size
dp(x) in the gas phase and obtain its Probability Density Function (PDF). For an entire porous
matrix, the global pore size, dp is taken as the pore diameter for which the PDF is maximum.
Figure 2.5 shows a cut of the 3D field of local pore size, dp(x), and its PDF in a Diamond-based
porous matrix with ϵ = 0.8 and dp ≃ 2.5 mm. Because of the spatial periodicity of TPMS, it
is possible to evaluate the lattice properties over a volume spanning for one wavelength in the
three directions of space Ω = Λ × Λ × Λ.
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Figure 2.5. – Local pore size field, dp(x) and pore size PDF for a Diamond-based porous matrix
with ϵ = 0.8 and dp = 2.5 mm.

In order to use the pore size, dp and the porosity, ϵ as input parameters, the relationship
between these quantities and the parameters of the TPMS equation, t and κ, must be established.
By construction, the threshold t only depends on the void fraction, ϵ. Also, it can be shown that
for a given ϵ, the pore size is proportional to the lattice spatial period dp ∝ Λ. Thus, both the
threshold, t and the normalized pore size dp/Λ are a function of ϵ only. These properties enable
a direct remapping between (dp, ϵ) → (t,Λ) via the functions dp/Λ(ϵ) and t(ϵ). From these
functions it is possible to compute the lattice wavelength, Λ, and threshold, t, that produce a
certain combination of pore size, dp and porosity, ϵ. The remapping curves must be obtained
for each family of TPMS porous matrices. They are computed numerically for a certain range
of ϵ values and, then, they are interpolated for arbitrary values of porosity. Figure 2.6 shows
the remapping curves for the Diamond topology. For ϵ close to the unity, the solid phase, Ωs is
a non-connected space and no porous structure can be produced.
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Figure 2.6. – Remapping curves for the Diamond topology.

30



2.2 Topology-tailored burners

2.2.3. From a mathematical function to a printable CAD

Upon the determination of the remapping curves, the process to generate a 3D printable
Computer Aided Design (CAD) starts with the evaluation of the TPMS equation – D(x;κ) for
a Diamond structure – over a 3D domain using a cartesian grid. The dimensions of this domain
must be slightly larger than those of the burner to prevent errors in the subsequent steps. Then,
an isosurface algorithm is employed to extract the exact coordinates where D(x;κ) = t. This
fluid-solid interface, ∂Ω, can be triangulated and stored using the STL format at the aid of
different off-the-shelf python tools. An important aspect is the choice of the mesh resolution,
which must be defined in relation to the topology wavelength, Λ. In this work, a total of n = 30
points per wavelength are used to obtain smooth and resolved CAD files.

The next step is obtaining a closed 3D surface of the burner geometry from its fluid-solid
interface. For that, a boolean operation of type intersection must be performed between the
interface and a cylinder with the final dimensions of the burner. This is a critical step because
many existing tools produce errors and geometrical aberrations when performing this operation.
In the search for a reliable technique, different tools such as Blender were explored. In the
end, the process was successfully automatized by using the python library PyMesh [169]. Among
the different boolean operation engines available in PyMesh, CGAL [170] was used for its re-
peatability and reliable results. After this boolean operation, there might be some disconnected
elements that must be ruled out. Upon the removal of disconnected elements, the resulting
STL files are suitable for 3D printing in most cases. Figure 2.7, shows the different steps in the
geometry-generation process. It is important to stress that the burner width must be slightly
smaller than the inner diameter of the combustion chamber. Otherwise, the thermal expansion
of the PMB can break the quartz tube. This must be taken into account at this stage of the
manufacturing process.

Figure 2.7. – Steps in the geometry-generation process.

Upon the above-described process, the STL files are free of geometrical errors and therefore
printable. However, they feature a non-homogeneous triangle distribution which turns out to
be suboptimal in terms of storage. In this respect, difficulties arise when burners with a small
pore size are to be generated. Owing to the resolution requirements, the resulting files are very
heavy (up to 2 Gb in binary) and 3D printing softwares cannot handle them. To deal with this
technicality, these STL files are remeshed using PyMesh. The algorithm employed homogenizes
the triangle distribution according to an user-specified characteristic mesh size. Typically, a
characteristic mesh size of 100 − 150 µm is used. Generally, this reduces the size of the files by
more than 50% with little loss of accuracy in the geometrical representation. Figure 2.8 depicts
a detail of the burner geometry before and after the remeshing operation.
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Figure 2.8. – Detail of the burner geometry before (left) and after (right) the remeshing opera-
tion.

2.2.4. Graded and swirled topologies

The use of computer-defined topologies opens the door for topology-tailoring to optimize the
performance of the burner. In an axial porous burner, flames stabilize at different locations, xf ,
depending on the operating conditions, i.e., close to the burner inlet in the vicinity of flashback
and at the middle of the porous matrix right before blowoff. Therefore, the topological properties
can be varied in the streamwise direction to extend the operating domain of the burner. In this
respect, two topology-modulation strategies can be considered.

Figure 2.9. – PMBs featuring a topological gradation of porosity (left) and pore size (right).

The first strategy is based on hydrodynamic stabilization. At first order, flame stabilization
is driven by the balance between the local flame speed, SL, and the bulk flow velocity, uB.
Therefore, this approach consists in creating an axial profile of bulk velocity, uB(x) that delays
flashback and blowoff occurrence. This is achieved via a decreasing longitudinal velocity profile
from the inlet to the outlet of the burner. Because the bulk flow velocity is inversely proportional
to the burner cross-section, this profile is obtained by imposing an increasing axial profile of
porosity ϵ(x). To obtain a linear variation of porosity, ϵ(x) = ϵ0 +(∂xϵ)x, the threshold, t(ϵ), and
the normalized pore size, dp/Λ(ϵ), must be computed using the topology remapping. Therefore,
the TMPS equation becomes D(x;κ(x)) = t(x).

The second strategy relies on flame quenching. Local flame-to-wall heat losses are directly
linked to the pore size, dp, i.e. small pores increase the local heat losses and quench the flame.
This can be exploited to extend the flashback limit by introducing an axial variation of pore
size, dp(x) that quenches the flame close to the burner inlet, thereby limiting its upstream
propagation. To obtain a linear variation of the pore size, dp(x) = d0 + (∂xdp)x, with constant
porosity, ϵ, the normalized pore size dp/Λ(ϵ) must be computed as a function of x and the TPMS
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equation becomes D(x;κ(x)) = t. These two topological modulation strategies are illustrated in
Fig. 2.9, where two porous burners featuring an axial gradation of porosity (left) and pore size
(right) are shown.

The possibilities for topology tailoring are immense. For instance, by using rotation matrices,
the geometry of the burner can be swirled around its axis of symmetry: x

y
z


∂Ωs

=

 1 0 0
0 cos(θ) − sin(θ)
0 sin(θ) cos(θ)


 x
y
z


∂Ω

where θ = sx (2.4)

Here, s is the swirl number, ∂Ω denotes a point at the fluid-solid interface, and subscript −s
refers to the swirled geometry. This can be used to increase the residence time of the gas inside
the burner which can in turn reduce the amount of unburned gasses in very lean mixtures.
Figure 2.10 shows a swirled Diamond burner with a radial variation of porosity.

Figure 2.10. – Swirled Diamond porous medium with a radial distribution of porosity, a pore
size of dp = 3.5 mm and a swirl number of s = 0.05.

2.2.5. Optical access

So far, we have focused on the operational advantages of computer defined topologies. How-
ever, a peculiarity of TPMS-based topologies is the existence of See-Through Directions (STD)
in the porous matrix consisting of multiple parallel optical pathways. These optical pathways
provide extensive optical access to the interior of the solid matrix. As a result, direct visualiza-
tion of the flame inside the burner is possible. Furthermore, when two of these STDs feature
orthogonal and coincident optical pathways, one can be used for illumination and the other for
imaging. Therefore, it is possible to apply laser diagnostics such as Particle Image Velocimetry
(PIV), Planar Laser Induced Fluorescence (PLIF), or Raman Scattering.

Besides the above-mentioned Diamond topology, two other TPMS have been used in the
present work to produce optically accessible burners: the Gyroid topology, where the fluid-solid
interface is defined by the implicit equation:

G(x;κ) = c(κx)s(κy) + c(κy)s(κz) + c(κz)s(κx) = t (2.5)

and the Primitive topology, whose implicit equation reads:

P(x;κ) = c(κx) + c(κy) + c(κz) = t (2.6)

In each topology, the optical pathways of the burner are arranged differently. Some of these

33



Chapter 2 : Experimental setup

optical pathways, here called minor, are too small for practical purposes. Moreover, porosity
can affect the number of usable STDs.

In the Diamond topology, there are four major and three minor STDs. Figure 2.11a sketches
the arrangement of the STDs in the Diamond topology. Two of the major STDs are contained
in the XZ and the XY planes and are not shown in Fig. 2.11a because they were not used in
the present work. The other two major STDs – here referred to as yz and zy – are horizontal
and are used here for direct flame visualization. These two STDs are perpendicular but they
are not coincident so they cannot be combined to apply laser diagnostics.

A detailed view of the STD is offered in the 3D rendering of Fig. 2.11b for a Diamond-based
burner with a porosity of ϵ = 0.8. The represented volume extends for one wavelength, Λ, in
the three directions of space. With this topology, if only one major STD is used, the optically
accessible volume represents approximately 42% of the total volume, which is more than half of
the gas-phase volume. Finally, the hidden volume, which is the fraction of the gas phase that
cannot be seen is roughly 38% of the total volume. In contrast to previous efforts [151–153], the
present technique offers an extensive optical access to the interior of the porous matrix.

Figure 2.11. – a) Arrangement of the STDs in a Diamond-TPMS-based porous media. In this
topology, the x, y and z-STD are too small for practical purposes. For direct flame
visualization, the zy and the yz-STD can be used to access the interior of the
porous matrix. b) 3D view of the different volume-partitions in an elementary
volume. Green-colored volumes are accessible by imaging the porous medium
from one of the major STDs and represent roughly 42% of the total volume. The
hidden volume is depicted in red and accounts for approximately 38% of the total
volume. The remaining 20% of the volume is occupied by the solid phase.

In the Gyroid topology, there are eight STDs and their arrangement is sketched in Fig. 2.12a.
Again, four of the major STDs in the xyz direction were not used in this work and have been
excluded from the visualization of Fig. 2.12. For direct flame visualization, the y and z-STDs
offer the largest optical access to the interior of the porous matrix. However, these two STDs
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do not intersect inside the burner and hence cannot be combined to apply laser diagnostics. In
the yz-STD, the optical access is more limited, but these optical pathways intersect those in
the x-direction. Hence, combining the optical access provided by the x-STD and the yz-STD,
it is possible to apply laser diagnostics in Gyroid-based PMBs. A detailed view of the y-STD is
offered in the 3D rendering of Fig. 2.12b for a Gyroid-based burner with a porosity of ϵ = 0.8.
Using this STD for imaging provides optical access to roughly 33% of the total volume.

Figure 2.12. – a) Arrangement of the STDs in a Gyroid-based topology. In this geometry, the
y-STD and z-STD are used for direct flame visualization. However, the optical
pathways of these two STDs do not intersect inside the burner and thus cannot
be combined to apply laser diagnostics. In contrast, the optical pathways of the
yz-STD and x-STD are coincident and can be used for laser diagnostics. In this
topology there are also four major STDs in the xyz direction but they were not
used the present study. b) 3D rendering of the different volume-partitions in an
elementary volume. For ϵ = 0.8, the fraction of optically accessible volume using
the y-STD is approximately 33% and the hidden volume is roughly 47%.

Finally, Fig. 2.13a shows the STDs arrangement in the Primitive topology. This is the simplest
TPMS topology and features three major STDs, each aligned with one direction of space. These
three optical pathways intersect over the volume of the pore rendering this topology suitable
for laser diagnostics. The different volume partitions of Primitive-based burners have been
represented in Fig. 2.13b for a porosity value of ϵ = 0.7.

2.2.6. Additive manufacturing technique

In this work, porous media are 3D printed in 316L stainless steel. This alloy features a
high corrosion resistance at elevated temperatures and its solidus and liquidus temperatures are
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Figure 2.13. – a) Arrangement of the STDs in the Primitive topology. In this geometry, there
are three STDs each aligned with one direction of space. These three STDs
intersect inside the cavities of the burner and therefore can be combined to apply
laser diagnostics. b) 3D view of the different volume-partitions in an elementary
volume. The optically accessible volume in a ϵ = 0.7 burner is approximately
35% of the total volume and the hidden fraction is roughly 35%.

1648 K and 1673 K, respectively [171]. The manufacturing technique employed is called Selective
Laser Melting (SLM). In SLM, solid metal components are produced when a high intensity laser
is used to melt and fuse selective regions of powder in a layer-by-layer process according to
a CAD [119]. Some of the burners were manufactured by the company MIZAR Additive and
some others were printed by the CIRIMAT laboratory in Toulouse. Both suppliers use the same
manufacturing technique but there are small differences in the metal powder characteristics
and the printing parameters. Unfortunately, for the MIZAR burners, fewer details about the
manufacturing process are available. Overall, no remarkable differences could be reported in
terms of printing quality, surface state and burner behavior between the two suppliers.

For the CIRIMAT burners, a SLM Phenix 3D System machine was used to produce the porous
matrices. In this device, a ND-Yag 1074 nm Laser with a 300 W power is used to fuse the metal
powder. In this printer, material layers are compacted upon deposition by a compression roll to
reduce the porosity of the manufactured elements. The SLM process takes place inside an inert
Argon atmosphere to prevent material oxidation. The metal powder used is a 3D Systems 316L
Laser Form (b) with a characteristic size of 40 µm. The dimensions of the building platform
are 140 × 140 mm. Figure 2.15 shows two building plates where the porous matrices have been
manufactured. The MIZAR porous matrices were manufactured using a EOSM90 3D printing
machine that mounts a Yb-fiber laser with a total power of 400 W. The diameter of the focused
laser beam is 100µm. The layer thickness is 40 µm and the dimensions of the building platform
are 250 × 250 mm.
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Figure 2.14. – Evolution of the 3D printed material porosity and thermal conductivity as a func-
tion of the laser scanning speed and energy density. Reproduced from Simmons
et al. [172].

Owing to this specific manufacturing technique, the thermo-mechanical properties of the re-
sulting solid components differ slightly from those of the bulk base material [172]. Notably,
additive manufactured items have a certain level of intrinsic porosity which translates into a
mildly lower density and thermal conductivity. Quantitatively, the variation of the material
properties depends upon the printing parameters such as the laser scanning speed and the en-
ergy density. For example, elevated laser scanning speeds can result in differences between the
in-plane and the through-plane properties of the metallic component (cf. Fig. 2.14). Among the
thermo-mechanical properties of the solid phase, we are interested in the solid thermal conduc-
tivity, λs, since it has a direct impact on the stabilization of the flame via heat recirculation.

The CIRIMAT porous matrices were manufactured using a hexagonal scanning strategy with
a 50 µm hatching and a layer thickness of 50 µm. The laser scanning speed was 1400 mm s−1

for the inner region and 160 mm s−1 at the layer contours. Likewise, a laser power of 126 W
was applied to the inner region whereas a power of 54 W was used for the contours. The output
energy density of the manufacturing process expressed in J mm−3 is given by:

Energy density
[

J
mm3

]
= Laser Power [W]

Laser scan speed[ mm
s ] × hatch spacing[mm] × layer thickness[mm] (2.7)

In the porous matrices, the energy density in the inner region is approximately 36 J mm−3.
According to the observations of [172] and [173], a level of intrinsic porosity ranging between
0 and 5 % can be expected for the printed components (see Fig. 2.14). Following Simmons
et al. [172], at this scanning speed and energy density, there is just a small offset between
the in-plane and the through-plane thermal conductivity (see Fig. 2.14). The through-plane
thermal conductivity is expected to drop to roughly 13 W m−1 K−1. Since the porous matrices
are printed in the streamwise direction, the through-plane solid thermal conductivity must
be retained. To account for the mild reduction in the thermal conductivity arising from the
manufacturing process a value of λs = 13 W m−1 K−1 is taken for the solid thermal conductivity
of the present burners.

Despite a thorough analysis of the 3D printing accuracy has not been performed, a few printed
burners were scanned using X-ray Computed Tomography (XCT). From the X-ray slices of the
porous matrix, a STL of the real burner geometry can be reconstructed. Overall, the 3D
reconstructions from XCT scans show a good qualitative agreement with the original CAD files.
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Figure 2.15. – Porous matrices on the printing plate after the additive manufacturing process.

2.2.7. Inventory of porous burners

Table 2.1 lists all the printed porous burners together with their topological parameters in-
cluding the diameter, D, height, L, pore size, dp, porosity, ϵ, interface surface density, Sv, solid
and gas phase tortuosities, τs/g, topology, manufacturer and number of working hours. Chap-
ter 3 offers a detailed description of the procedure to evaluate the topological parameters of the
burner from its CAD representation. The number of working hours has been estimated from the
records of laboratory notebook. Since heat-up times were not always registered, the reported
working time represents a conservative estimate of the real time.

Burner
Diameter

D
[mm]

Height
L

[mm]

Porosity
ϵ
[-]

Pore size
dp

[mm]

Sv
[m−1]

τs
[-]

τg
[-] Topology Manufacturer

Working
Time

[h]
B1 50 23.5 0.6 2.23 804.7 1.769 1.430 Diamond MIZAR 44
B2 50 30 0.8 2.87 661.9 2.515 1.190 Diamond MIZAR 45
B3 50 30 0.5 2.00 823.5 1.582 1.582 Diamond MIZAR 19
B4 50 30 0.8 2.41 754.2 2.515 1.190 Diamond MIZAR 34
B5 100 75 0.6 2.23 804.7 1.769 1.430 Diamond MIZAR 0
B6 50 30 0.8 2.5 729.1 2.515 1.190 Diamond CIRIMAT 30
B7 50 30 0.5 2.5 658.8 1.582 1.582 Diamond CIRIMAT 32
B8 50 30 0.8 1.5 1215.2 2.515 1.190 Diamond CIRIMAT 26
B9 50 30 0.5 1.5 1098.0 1.582 1.582 Diamond CIRIMAT 31
B10 50 30 0.8 3.5 520.8 2.515 1.190 Diamond CIRIMAT 33
B11 50 30 0.5 3.5 470.6 1.582 1.582 Diamond CIRIMAT 32
B12 50 30 0.8 x-Graded NA NA NA Diamond CIRIMAT 0
B13 50 30 x-Graded 2.5 NA NA NA Diamond CIRIMAT 0
B14 50 30 r-Graded 3.5 NA NA NA S-Diamond CIRIMAT 0
B15 50 30 r-Graded 3.5 NA NA NA S-Gyroid CIRIMAT 0
B16 50 30 0.8 2.5 772.8 2.431 1.198 Gyroid CIRIMAT 18
B17 50 30 0.5 2.5 591.2 1.600 1.600 Gyroid CIRIMAT 0
B18 100 60 0.8 3.5 520.8 2.515 1.190 Diamond CIRIMAT 0
B19 100 60 0.5 3.5 470.6 1.582 1.582 Diamond CIRIMAT 0
B20 50 30 0.7 3.5 615.4 2.237 1.265 Primitive MIZAR 33
B21 50 30 0.7 2.5 861.6 2.237 1.265 Primitive MIZAR 14
B22 50 30 0.8 3.5 552.0 2.431 1.198 Gyroid MIZAR 21

Table 2.1. – List of printed PMBs and their topological properties. Prefix -S in the topology
nomenclature indicates a swirled topology and NA stands for Non-Available data.
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2.3. Diagnostics
2.3.1. Imaging

A LaVision Imager sCMOS camera is used to visualize the flame inside the porous matrix.
Image resolution is 2560 × 2100 px, pixel size is 6.5 µm and images bit-depth is 16 bits. The
camera is fitted with an Edmund Optics band-pass filter with a 4.0 Optical Density (OD), a
bandwidth of 10 nm and a central wavelength of λ = 430 nm. As depicted in Fig. 2.16, the
imaging system is aligned with one of horizontal see-through directions of the burner and collects
the line-of-sight integrated CH⋆ radical emission from the flame. The filter allows us to identify
the reaction region and to partly remove the black body radiation from the solid, which takes
place primarily in the IR and low-frequency visible range.

Due to perspective distortion, if a conventional lens is used, only the optical pathway aligned
with the axis of the camera is completely cleared. To circumvent this issue, the camera is
fitted with an Opto Engineering Telecentric lens TC4M-64. This lens features a working
distance of 182 mm and a field of view of approximately 60×44 mm given the dimensions of the
camera sensor. Telecentric (TC) lenses remove perspective distortion providing an orthogonal
projection of imaged objects. Thanks to TC lens, a cleared optical access is obtained for all the
visual pathways aligned with the observation see-through direction. Hence, it is not necessary to
translate the camera when the position of the flame in the burner changes. Perspective removal
combined with the parallel horizontal see-through directions of the PMB topology yield direct
optical probing of the flame. Figure 2.17 compares the visualization of the flame using the
present setup and a conventional imaging system. Unfortunately, despite the use of a TC lens,
the curvature of the quartz tube causes some distortion of the image at the burner edge owing
to light refraction. This reduces the effective visualization through the optical pathways on the
sides of the porous matrix.

Figure 2.16. – Schematic of the camera alignment and effect of perspective removal on the STD
visualization.

2.3.2. Thermometry
The see-through directions of the burner are used to insert thermocouple probes that are

placed along the symmetry axis of the burner at different longitudinal positions, ξi = xi/L. N-
type thermocouples with a 0.5 mm sheath diameter are used to measure the temperature inside
the burner. Temperature readings are used to reconstruct the axial temperature profile. The
spacing between the thermocouple probes is imposed by the porous matrix periodicity. In the
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Figure 2.17. – Comparison between flame visualization using CH⋆ chemiluminescence and a TC
lens (A) and using a conventional imaging setup.

Diamond topology, there are two optical pathways per wavelength. Therefore, the uncertainty in
the thermocouples positioning is ±Λ/2. Inside the burner, thermocouple probes are submitted
to a significant radiative heat flux from the solid matrix. The temperature of the thermocouple is
given by the convective-radiative equilibrium of the thermocouple’s bead at a given location. As
a result, temperature readings lie somewhere between the solid and the gas phase temperatures
whenever a thermal unbalance between the phases exists.

Two K-type thermocouples with different bead sizes are used to measure the reactants’ inlet
temperature Tin right before they enter the porous matrix. These thermocouples are submitted
to the thermal radiation flux emitted by the hot solid matrix which alters their thermal balance
and can result in an overestimation of the inlet temperature. Following [174], these two tem-
perature measurements are combined to override the effect of thermal radiation on the energy
balance of the thermocouple. The details of this correction can be found in Appendix 2.A to-
gether with its associated uncertainty analysis. After this correction, the uncertainty in the inlet
temperature measurement is δTin ≃ 10 K. A National Instruments (NI) Data Acquisition (DAQ)
equipped with a thermocouple module is used to sample and digitize the analog measurements.
An in-house Labview program allows us to monitor in real time and record the temperature
readings inside the burner.

2.4. Experimental procedure

The burner is operated at fixed power, P , and hydrogen content, αP , and its stability domain
is explored by varying the equivalence ratio in steps of ∆ϕ = 0.02. Close to the blowoff and
flashback limits, the step is reduced to ∆ϕ = 0.01. In methane-air flames, the flashback limit was
rarely reached since the burner maximum operating temperature was usually attained before.
When the operating point of the burner is changed, temperature monitoring is used to ensure
that a steady state is reached. The evolution of temperatures over time allows us to assess the
degree of steadiness in the system and to define a criterion for thermal convergence. Thermal
convergence, and thus steadiness, is assumed when the variation of temperatures over two min-
utes is smaller than 1 K. PMC experiments are characterized by long transient times which can
last for several minutes. This is because the characteristic time of the system is imposed by the
diffusion time in the solid phase. Provided the lengthscale of the system, L ≃ 30 mm, and the
thermal diffusion coefficient of the solid phase, DTs = λs/ρscs ≃ 5 × 10−6 m2 s−1 the diffusion
characteristic time is given by:

tsdiff ∝ L2/DTS
≃ 180 s (2.8)
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which provides an order-of-magnitude estimation of the transient times of the system. In prac-
tice, convergence times typically range between 5 and 15 minutes but can rise to nearly 30
minutes in the vicinity of blowoff. Figure 2.18 shows the time evolution of temperature readings
inside the burner when the operating point is changed by modifying the mixture equivalence
ratio ϕ.
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Figure 2.18. – Time-evolution of the temperature readings inside the burner when the operating
point is changed by reducing the mixture equivalence ratio ϕ. ξi = xi/L denotes
the normalized position of the i thermocouple. Measured temperatures are gen-
erally in the range 1000 < T < 1500 K.

For each operating point, once thermal equilibrium is reached, the mass flow controllers and
thermocouples signals are recorded and averaged for over two minutes and an image of the flame
inside of the burner is taken with an exposure time of 2 s. Finally, a back-lighting placed behind
the burner is employed to generate a mask that is used in the post processing stage to remove
reflections of CH* signal on the burner surface. From images, the transversely averaged CH⋆(x)
profile is computed, which is assumed to be proportional to the heat release rate and it is used to
compute the flame position inside the PMB. The flame position, xf , is given by the location of
the CH⋆(x) maximum. This allows tracking the flame as a function of the operating conditions.
The details of this post-processing can be found in Sec. 2.5.

For each operating point, the measured inlet temperature, Tin and the mixture composition
defined by αP and ϕ are used to compute the properties of the corresponding 1D adiabatic
premixed flame: the laminar burning velocity, SL0 , the adiabatic flame temperature, Tad, the
flame thickness, δT = (Tad − Tin)/max(∂T/∂x), the inlet gas density, ρin, and the Zeldovich
number, Ze. More specifically, the Zeldovich number is computed as, Ze = E(Tad − Tin)/RT 2

ad,
where R is the universal gas constant and E is the activation energy, calculated from:

E = −2R∂[ln(ρinSL)]/∂(1/Tad) (2.9)

The derivative in eq. (2.9) is computed from two one-dimensional flames by performing small
variations in the N2 molar fraction while keeping the equivalence ratio and inlet temperature
constant. These calculations are performed using Cantera and the detailed kinetic scheme
UCSD (57 species and 268 reactions) with mixture-averaged transport coefficients. Finally,
temperatures are normalized as θ = (T − Tin)/(Tad − Tin).
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2.5. Images post-treatment

This section describes the procedure to extract the axial CH⋆ profile and to compute the flame
position from chemiluminescence images. Overall, the post-treatment method is very robust and
requires only minor adjustments when the pore size is changed.

(A) Backlight (B) CH? chemiluminescence
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Figure 2.19. – (A) Backlight image. (B) CH⋆ chemiluminescence signal. (C) Masked and
cropped image.
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Figure 2.20. – Matrix form of the CH⋆ chemiluminescence image that is used to compute the
axial and radial profiles of CH⋆ luminosity.

When projected onto the camera sensor, the optical pathways of the burner generate a two-
dimensional array of spots. This is illustrated in Fig. 2.19a where a backlight image is shown.
In Fig. 2.19a the loss of visualization surface caused by light refraction on the sides can be
appreciated. The CH⋆ emission by the flame is integrated along the optical pathways and
collected by the sensor. Figure 2.19b shows a CH⋆ chemiluminescence image where the row
of bright spots indicates the overall position of the flame. To rule direct reflections out, the
backlight image is binarized and used to mask the CH⋆ chemiluminescence signal. The masked
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image of Fig. 2.19c is transformed into a matrix representation where each element stores the
surface-weighted average of the CH⋆ intensity on each spot. By weighting the average by the
surface, the influence of occasional artifacts in the images and the effect of radial deformation
by refraction are removed. This matrix form is used to compute the radial and axial profiles of
CH⋆ and it is shown in Fig. 2.20. The axial CH⋆ profile is computed as the transverse average of
the elements of this matrix. This raw profile is plotted in Fig. 2.20 with red dotted lines and its
resolution is given by the spacing between the pores. Since the CH⋆ signal often spans over more
than one row of optical pathways, the raw axial profile is fitted by a betaprime distribution to
smooth the flame-front detection [175]. The fitted CH⋆ profile is represented with black dashed
lines in Fig. 2.20. The position of the flame front, xf , is given by the location of the CH⋆(x)
maximum. The whole procedure to compute the flame position from images is schematized in
Fig. 2.21.

Figure 2.21. – Procedure to compute the axial profile of CH⋆ and the flame position ξf = xf/L.

The raw radial profile of CH⋆ is plotted with red dotted lines and square markers in Fig. 2.20.
In this radial profile, there is a reduction in the intensity of the CH⋆ signal towards the edges
of the burner. This lack of radial homogeneity is due to the line-of-sight integration of the CH⋆

emission. The integration path is maximal at the central optical pathways and reduces towards
the burner sides. The raw profile can be corrected by normalizing the radial distribution with the
length of the integration path at each radial position. This correction is somewhat rudimentary
because it assumes a transverse homogeneity of the signal. Nonetheless, the corrected radial
profiles plotted with dash-dot black lines in Fig. 2.20 are rather uniform, indicating that the
assumption holds. The radial homogeneity of the CH⋆ profiles suggests that the comparison
with a 1D model is reasonable.
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2.6. Conclusions of the chapter

In this chapter, the experimental setup used during the most part of this thesis has been pre-
sented. The test rig, mixing system, diagnostics, experimental procedure and images processing
have been extensively described and the experimental uncertainties have been characterized.
In this work, computer-generated geometries are combined with additive manufacturing tech-
niques to produce tailored PMBs. This methodology offers several advantages with respect to
reticulated foams:

– Full control and accurate characterization of topological parameters
– New burner designs such as graded or swirled topologies that can be used to optimize

the performance of the system.
However, this framework is here exploited in a novel manner to produce optically accessible
burners. Optical access enables direct flame visualization and opens the door to apply laser di-
agnostics. The procedure to generate the burner geometry has been thoroughly described and
a detailed analysis of the optical properties of the different topologies has been presented. The
manufacturing process has been described and its influence on the thermo-mechanical proper-
ties of the porous matrices has been analyzed. Topology tailoring is a promising optimization
tool for PMBs and future work must be devoted to the exploration of the multiple possibilities
offered by this methodology.
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2.A. Uncertainties analysis

2.A.1. Load and mixture composition

Symbol a R pstd Tstd WH2 WCH4 WO2 WN2 QH2 QCH4

Units [-] [J/kg/K] [atm] [K] [kg/kmol] [kg/kmol] [kg/kmol] [kg/kmol] [MJ/kg] [MJ/kg]
Value 3.76 8.314 1 273 2 16 32 28 121 50

Table 2.2. – Numerical constants

Set Gas Model
Pressure drop

∆P
[bar]

Flow range
ṁk

[nL/min]

Error
δṁk

[nL/min]

LP
Air Bronkhorst

ELFLOW
BASE 2

45 ±0.450
H2 5 ±0.050

CH4 3.5 ±0.035

HP
Air Voegtlin

Red-y smart
130 ±(0.39 + 0.5%ṁAir)

H2 20 ±(0.06 + 0.5%ṁH2)

CH4

Bronkhorst
ELFLOW
SELECT

19.05 ±(0.019 + 0.5%ṁCH4)

Table 2.3. – MFC specifications

This section presents the analysis of errors in P , ϕ and αP from the uncertainties in the MFC
mass flow rates. The power load is computed as:

P = ṁH2QH2 + ṁCH4QCH4 (2.10)

where, Qf is the Lower Heating Value (LHV) of fuel f and ṁf is the fuel mass flow rate.
Neglecting the uncertainties in the fuels LHVs, the error in P , denoted by δP , as a function of
the uncertainty in the mass flow rate measurements δṁf is:

δP =

√√√√( ∂P

∂ṁH2

∣∣∣
ṁCH4

δṁH2

)2

+
(

∂P

∂ṁCH4

∣∣∣
ṁH2

δṁCH4

)2

(2.11)

leading to:
δP =

√
(QH2δṁH2)2 + (QH2δṁCH4)2 (2.12)

The hydrogen power fraction αP represents the fraction of power generated by hydrogen com-
bustion and is defined as:

αP = ṁH2QH2

ṁH2QH2 + ṁCH4QCH4

= ṁH2QH2

P
(2.13)

In the same fashion, the uncertainties in the hydrogen power fraction can be expressed as a
function of the hydrogen and methane mass flow rates and their associated uncertainties:

δαP =

√√√√( ∂αP
∂ṁH2

∣∣∣
ṁCH4

δṁH2

)2

+
(

∂αP
∂ṁCH4

∣∣∣
ṁH2

δṁCH4

)2

(2.14)

45



Chapter 2 : Experimental setup

where:

∂αP
∂ṁH2

∣∣∣
ṁCH4

= ṁCH4QCH4QH2

P 2
∂αP
∂ṁCH4

∣∣∣
ṁH2

= −ṁH2QCH4QH2

P 2 (2.15)

The global equivalence ratio of the mixture is given by:

ϕ =
O

F

)
st

O

F

=
χCH4 − α

2 (2χCH4 − 1)
ṅO2

ṅCH4 + ṅH2

(2.16)

where χCH4 = 2 is the stoichiometric ratio of methane, α is the hydrogen molar fraction in the
fuel defined as:

α = ṅH2

ṅH2 + ṅCH4

(2.17)

and ṅk is the molar flow of species k. Molar flows ṅk can be computed as:

ṅH2 = ṁH2/WH2 , ṅCH4 = ṁCH4/WCH4 , ṅO2 = ṁAir
WO2 + aWN2

(2.18)

where Wk is the molar mass of species k and a = 3.76 is the molar ratio of nitrogen to oxygen in
air. Introducing eq. (2.17) and eq. (2.18) into eq. (2.16), one can express the equivalence ratio ϕ
as a function of the mass flow rates of air, methane and hydrogen, ϕ(ṁk). Neglecting the errors
in the constants values, the uncertainty in the equivalence ratio can be computed as:

δϕ =

√√√√∑
k

(
∂ϕ

∂ṁk

∣∣∣
ṁj ̸=k

δṁk

)2
(2.19)

where the partial derivatives of ϕ are given by:

∂ϕ

∂ṁAir

∣∣∣
ṁH2 , ṁCH4

= −(WCH4ṁH2 + 4WH2ṁCH4) (WN2a+WO2)
2WCH4WH2ṁ

2
Air

(2.20)

∂ϕ

∂ṁH2

∣∣∣
ṁAir, ṁCH4

= WN2a+WO2

2WH2ṁAir
(2.21)

∂ϕ

∂ṁCH4

∣∣∣
ṁAir, ṁH2

= 2 (WN2a+WO2)
WCH4ṁAir

(2.22)

For any given combination of (ṁk, δṁk) the above-presented formulas provide the uncertainty
in the power, hydrogen power fraction and equivalence ratio. The values of the constants used
throughout this thesis are gathered in Tab. 2.2. The specifications of the different MFCs,
including their measurement error, δṁk, are reported in Tab. 2.3.

2.A.2. Inlet temperature

When a thermocouple is used to measure the temperature of a stream in an environment
with hot solid walls, it is submitted to a significant radiation heat flux. In these conditions, its
temperature reading, Tb drifts away from the flow temperature, Tg. As proposed in [174], if the
equivalent temperature of the surrounding environment is denoted by T∞, the equation for the
thermal equilibrium of the thermocouple bead reads:

h(Tg − Tb) = ϵbσB(T 4
b − T 4

∞) (2.23)
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where h is the heat exchange coefficient, ϵb is the thermocouple bead emissivity and σB is the
Stephan-Boltzmann constant. The heat exchange coefficient is expressed as h = λgNu/Db where
Db is the diameter of the thermocouple’s bead, λg is the gas thermal conductivity and Nu is
a Nusselt number. The latter is a function of the Reynolds and the Prandtl number and its
generic expression is:

Nu = cRemPr1/3 (2.24)

where c and m depend on the geometry and on the flow regime. Manipulating eq. (2.23) we can
express the difference of temperature between the flow and the thermocouple’s bead as:

∆Tb−g = ϵbσB
λgcPr1/3

(
ν

ug

)m
D1−m
b (T 4

b − T 4
∞) (2.25)

The exponent m depends on the range of Reynolds numbers but is always smaller than the
unity. Hence, for an imposed environment temperature T∞, the smaller the diameter of the
thermocouple bead is, the closer to the actual flow temperature its reading is. Thus, in the
presence of strong radiation fluxes, it is convenient to use thermocouples with small bead sizes.

In principle, eq. (2.25) could be applied to correct the thermocouple measurement in a hot
environment. However, the equivalent surrounding temperature T∞ is hard to estimate in a
complex configuration. This problem can be circumvented by using two thermocouple probes
with different bead sizes. The two probes must be placed side by side and as close as possible so
that they are exposed to approximately the same local flow temperature and radiation flux. If
the temperature readings of two thermocouple probes with diameters Db1 and Db2 are denoted
by Tb1 and Tb2 , respectively, one can write:

Tg = h2Tb2 − h1Tb1

h2 − h1
+ ϵbσB
h2 − h1

(T 4
b2 − T 4

b1) (2.26)

Notice that, since the kinematic viscosity, the thermal conductivity and the flow velocity vary
with the temperature, the problem must be solved iteratively.

In this work, the measurement of the gas temperature is used to estimate the inlet temperature
of the reactants, Tin. Therefore, Tg is replaced by Tin from now on. The Reynolds number can
be directly computed from the total mass flow rate as:

ReDb
= ṁDb

Aµ
(2.27)

The uncertainty in the inlet temperature correction from eq. (2.26) can be estimated using:

δTin =

√(
∂Tin
∂ṁ

δṁ

)2
+
(
∂Tin
∂Tb1

δTb1

)2
+
(
∂Tin
∂Tb2

δTb2

)2
+
(
∂Tin
∂ϵb

δϵb

)2
(2.28)

In the error propagation we have only retained the contributions of the mass flow rate, the
thermocouples measurements and the uncertainty in the bead emissivity ϵb. In eq. (2.28), the
partial derivatives are given by:
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δTb ϵb δϵb c m Db1 Db2

[K] [-] [-] [-] [-] [mm] [mm]
2.5 0.15 0.1 0.683 0.466 0.5 1

Table 2.4. – Numerical parameters for the calculation of δTin. Constants c and m are taken
from [176].

∂Tin
∂ṁ

=
Db1Db2ϵbσBm

(
−T 4

b1
+ T 4

b2

)
Pr1/3ṁcλg

(
−Db1

(
Db2ṁ
Aµ

)m
+Db2

(
Db1ṁ
Aµ

)m) (2.29)

∂Tin
∂Tb1

=
Db2 ·

(
4Db1T

3
b1
ϵbσB + Pr1/3cλg

(
Db1ṁ
Aµ

)m)
Pr1/3cλg

(
−Db1

(
Db2ṁ
Aµ

)m
+Db2

(
Db1ṁ
Aµ

)m) (2.30)

∂Tin
∂Tb2

=
Db1 ·

(
4Db2T

3
b2
ϵbσB + Pr1/3cλg

(
Db2ṁ
Aµ

)m)
Pr1/3cλg

(
Db1

(
Db2ṁ
Aµ

)m
−Db2

(
Db1ṁ
Aµ

)m) (2.31)

∂Tin
∂ϵb

=
Db1Db2σB

(
T 4
b1

− T 4
b2

)
Pr1/3cλg

(
−Db1

(
Db2ṁ
Aµ

)m
+Db2

(
Db1ṁ
Aµ

)m) (2.32)

For the same dataset as for Sec. 2.1.3, we have computed the temperature correction as
the difference between Tin, estimated with eq. (2.26), and the temperature measured by the
thermocouple with a smaller bead diameter, Tb1 . In this calculation, the numerical parameters
gathered in Tab. 2.4 were employed and Sutherland law was used to compute the dynamic
viscosity. Similarly, the uncertainty in the inlet temperature of, δTin, has been computed using
eq. (2.28) for this experimental database. Results are represented in Fig. 2.22 as under the form
of a PDF.
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Figure 2.22. – PDF of the temperature correction Tb1 −Tin (left). PDF of the inlet temperature
error δTin (right).

Figure 2.22 indicates that, in most cases, the temperature reading of the smallest thermocouple
can be directly used as the inlet temperature value. However, for a few operating points, the
temperature differences can be significant and hence it is convenient to apply the correction
of eq. (2.26). Regarding the uncertainty in the estimation of the inlet temperature, δTin, it is
observed that the error is almost uniform and equal to 10 K. Hence, a reference uncertainty
of δTin ≃ ±10 K is retained for the inlet temperature measurements. The most significant
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contribution to the inlet temperature error is due to the uncertainty in the thermocouples’
measurements, δTb. The correction of eq. (2.28) is almost insensitive to the emissivity when
applied to our database. Therefore, errors in the emissivity value have a negligible impact on
the temperature correction.
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Chapter 3
Volume Averaged Model
In this chapter, a literature review of the different modeling approaches in Porous Media
Combustion (PMC) is presented. In Sec. 3.1, various recent theoretical and numerical works
are reviewed and the main current challenges in PMC modeling are highlighted.
Section 3.2 presents the 1D Volume Averaged Model (VAM) developed during this thesis. The
model equations are detailed and the submodels for interphase heat exchange, dispersion and
radiation are described. VAM results, and hence their agreement with experiments, are very
sensitive to the effective parameters and submodels.
In an effort to increase the confidence on the numerical results, several correlations for the
interphase heat exchange term from the literature have been collected and compared. The
strong dependence of VAM results to this term and the large dispersion observed among the
different correlations motivate the sensitivity analysis of this submodel in Chapter 4.
In the same vein, a rigorous evaluation of the model constants is presented here. In computer-
defined topologies, an accurate characterization of the topology-dependent parameters can be
performed using the CAD of the porous matrix geometry.
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3.1.1. Theoretical models . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.1.2. Direct Pore Level Simulations . . . . . . . . . . . . . . . . . . . . . 53
3.1.3. Volume averaged models . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2. Volume Averaged Model . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2.1. Conservation equations . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2.2. Effective diffusive fluxes . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2.3. Interphase heat exchange . . . . . . . . . . . . . . . . . . . . . . . 57
3.2.4. Heat losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.2.5. Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.3. Evaluation of model constants . . . . . . . . . . . . . . . . . . . . . . 62
3.3.1. Topological parameters . . . . . . . . . . . . . . . . . . . . . . . . 62
3.3.2. Material-dependent parameters . . . . . . . . . . . . . . . . . . . . 63

3.4. Conclusions of the chapter . . . . . . . . . . . . . . . . . . . . . . . . 65

51



Chapter 3 : Volume Averaged Model

“PhD students are like ideal gases, they
expand when you release the pressure.”

Laurent Selle

3.1. Modeling approaches in Porous Media Combustion

The modeling of porous media burners is very complex due to the wide variety of physical
phenomena at play. Some of them such as chemical kinetics and heat transfer are very sensitive
to small temperature variations. In these burners, the pore-size, dp is comparable to the flame
thickness δT , so flame-wall interactions have a direct influence on the stabilization of the flame.
Most models share a series of common assumptions: perfectly premixed reactants, transparent
gas phase, and negligible pressure drop through the porous matrix. When isobaric combustion
is assumed, the momentum equation is not explicitly solved. This is a good hypothesis for
small Reynolds numbers, which is the case of the majority of studies. Typically, the solid
energy equation is written separately from the gas energy equation and both are coupled via
an interphase heat exchange term. This modeling approach is termed as two equations model.
When the heat exchange between the phases tends to infinite they are in thermal equilibrium
and a one-equation model can be used to describe the thermal state of the system. In PMC,
chemistry modeling is a major concern. In some applications, heat recirculation is exploited
to operate at very low equivalence ratios in order to reduce pollutant emissions. In ultra-lean
conditions, the burner temperature is relatively low. In PMBs, the thermal stabilization of
the flame is driven by the sensitivity to preheating. Thus, the kinetic scheme must be able
to capture the influence of temperature on the species kinetics over a wide range of operating
temperatures. Overall, the existing modeling strategies can be classified into theoretical, Direct
Pore-Level Simulations (DPLS) and Volume Averaged Models (VAMs).

3.1.1. Theoretical models

The theoretical foundations of porous burners were established after the seminal works of
[83, 111, 177, 178]. In [83], Takeno and Sato presented a theoretical model for an excess enthalpy
flame within a semi-infinite highly-conductive solid matrix. This model was derived in the limit
λs ≫ λg so that the temperature of the solid phase is uniform and equal to Tad. In [179], Deshaies
and Joulin solved the semi-infinite problem in the limit of large activation energy. This work
showed that there is a direct relationship between the mass flow rate ṁ and the position of the
flame ξf in the porous medium. The model of Takeno and Sato [178] was extended to account for
finite-length solid matrices in [178]. This study revealed the existence of a critical mass flow rate,
ṁc, that defines the blowoff limit of the burner. For ṁ < ṁc, two solutions with different solid
matrix temperatures exist. In [111], it was shown that the two branches of the stabilization curve
have different stability properties. Notably, the upstream branch is stable since perturbations
in the flame position are counterbalanced by variations in the burning rate. In contrast, in the
downstream branch, these perturbations tend to be amplified by changes in the flame speed.
These first works bring to light some of the distinctive properties of heat recirculating burners:
multiplicity of solutions, super-adiabatic temperatures and enhanced burning rates.

For flames stabilized inside infinite porous media, the works of Pereira et al. [60–62] present a
thorough characterization of the problem in different asymptotic limits. First, it is shown that
the presence of the solid matrix leads to an additional characteristic lengthscale in the problem:
the solid-phase diffusion distance, ls, where there is a thermal non-equilibrium between the
gas and the solid. This lengthscale adds to those of freely propagating flames, namely, the
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fluid-phase diffusion distance associated to the flame thermal thickness, lg, and the chemical
reaction region, lr, directly linked to the Zeldovich number. In [60], Pereira et al. develop
an asymptotic model for a stationary flame stabilized in an adiabatic infinite porous media in
the limit of scale separation lr ≪ lg ≪ ls. In the model of Pereira et al., the flame speed
enhancement and the maximum superadiabatic temperature are found to decrease with the
equivalence ratio. However, the hypotheses made in its derivation restrict the application of
this model to moderately lean flames only. In a later work, Pereira et al. [61] used asymptotic
expansion to derive a theoretical model in the case of intense interphase heat transfer, a situation
that is obtained at very lean mixtures and small pore sizes. Under these conditions, the fluid
and solid phase are in thermal equilibrium at the solid-diffusion lengthscale. Therefore, a one-
equation model for the energy conservation equation suffices to describe the thermal state of
the system in this region. This analysis reveals the existence of a lean flammability limit for
premixed combustion in inert porous media. In this framework, the flame velocity and the
maximum superadiabatic temperature are found to increase with the equivalence ratio. Finally,
an analytical model for intermediate values of the interphase heat transfer parameter is developed
by Pereira et al in [62]. This study unifies under a common framework the previous theories
derived for two opposite asymptotic limits [60, 61]. Their results reveal the existence of a critical
equivalence ratio that maximizes the nondimensional superadiabatic temperature showing that
there is an upper limit for superadiabaticity.

More recently Masset et al. [63] carried out a theoretical analysis of the combustion of Le = 1
fuels in inert porous media. They showed that the infinite problem boils down to two dimen-
sionless parameters that define the combustion regime: the reduced mass flow, rṁ, and the ratio
of conductivities, rλ. Depending on these two governing parameters, three different combustion
regimes can be identified: decoupled, hyperdiffusive and intermediate. In [63], the analytical
problem in the decoupled regime is solved for both infinite and finite porous media. In the
hyperdiffusive regime, the speed-up is found to be independent of rṁ and to converge towards
(1 + r−1

λ )1/2. The theoretical model derived for the decoupled regime is found to capture the
trends of a 1D-VAM with variable transport coefficients and detailed kinetics for a wide range
of rṁ and rλ values. Finally, in [180], Kurdyumov et al. presented an asymptotic analysis for
the combustion of premixed flames in inert porous media with uniform solid temperature. This
study focuses on the multiplicity of steady-state solutions and their stability, which is analyzed
using time-dependent simulations.

Theoretical models are key to understanding the underlying physical mechanisms at play and
provide insight into the stability of solutions, the characteristic lengthscales, the combustion
regimes and the governing parameters. From theory, it is known that in homogeneous PMBs
there is a relationship between the burning rate and the flame position inside the porous matrix.
One of the contributions of this thesis is to exploit this distinctive property of heat recirculating
burners for model validation. However, theoretical and asymptotic models usually require strong
assumptions such as constant transport coefficients and adiabaticity. As a result, they usually
do not provide quantitative results.

3.1.2. Direct Pore Level Simulations

On the other side of the spectrum there are Direct-Pore-Level Simulations (DPLS) where the
reactive Navier-Stokes equations are numerically solved at the pore scale [67–70, 100, 181, 182].
This framework resolves all flow scales and can in principle incorporate skeletal kinetics, heat
diffusion in the solid, conjugate heat transfer and radiation. Over time, thanks to the increase
in computational resources, the level of detail in DPLS and the size of the simulated systems
have largely increased. For example, recent advances in tomographic scanning techniques have
enabled detailed 3D reconstructions of actual ceramic foams used in PMC experiments. Thanks
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to X-ray tomography, the geometrical details of the porous medium are accounted for and a
more realistic description of the interstitial flow is achieved [67–69, 182].

Sahraoui and Kaviani [70] carried out 2D-DPLS of premixed methane-air flames stabilized
inside different porous media geometries including in-line/staggered arrangements with discrete
and/or connected square rods. They compared the results of the numerical simulations with
a two-equation volume averaged model. Sahraoui and Kaviani found that the connectivity of
the solid matrix and the configuration (inline vs staggered) have a strong impact on the flame
speed enhancement. Connected solid elements in staggered configuration lead to larger flame
speeds. Reductions in the pore size and the equivalence ratio are also shown to have a positive
impact on the burning rate. The comparison with the volume averaged solver indicates that
the two-equation model overpredicts the increase in the flame speed by as much as 20%. This
work reveals that pore-level details have a strong impact on the performance of the burner at
the macroscopic scale, questioning the accuracy of the averaged equations.

Hackert et al. [100] performed 2D pore-resolved simulations for methane-air flames stabilized
inside two simplified porous geometries: a honeycomb structure consisting of multiple parallel
plates and an array of non-connected cross-flow plates. Their model incorporates solid-to-solid
radiative heat transfer and a Monte Carlo method is used to compute the view factors between
the solid elements. Their results show good agreement with experiments of Min and Shin [65]
in terms of gas/solid temperature profiles, burning rates and radiant output. Hackert et al.
observed that flames are highly two-dimensional at the pore scale highlighting the limitations of
the 1D volume averaged modeling framework. Their results also hint towards strong geometrical
dependence of the interphase heat exchange coefficient, hV .

Ferguson et al. [181] presented 2D-DPLS with conjugate heat transfer between the solid and
the gaseous phase. In this work, the solid phase is modeled by a network of isothermal cylinders
connected via conductive but fully-permeable elements. On the fluid phase, fully compressible
reactive Navier-Stokes equations with detailed chemistry are solved. Their results reveal the
existence of stationary solutions for a range of flow rates in single-layered burners.

In [68], reactive 3D-DPLS in sponge-like porous structures are compared to experiments and
a 1D-VAM for different burner geometries. This is one of the first works performing DPLS in a
realistic 3D geometry obtained via X-ray tomographic reconstruction of a SiSiC ceramic foam.
The authors observed that the 1D VAM underpredicts the flame thickness and the burning ve-
locity. As explained by Bedoya et al. [68], in the 1D model the source terms are computed using
the average gas temperature ω̇(⟨Tg⟩). However, in the DPLS there are important transverse
variations of temperature. When the source term from the DPLS is averaged, ⟨ω̇(Tg)⟩, large
discrepancies are observed between ⟨ω̇(Tg)⟩ and ω̇(⟨Tg⟩). This is due to the local variations of
temperature at the pore level and the non-linear dependence of the Arrhenius equation with
temperature. Based on the DPLS results, the authors propose a combustion model where a
statistical description of the source terms is made. The combustion model incorporates the tem-
perature probability density function and an expression to estimate the temperature fluctuations
from the mean profiles is provided for model closure.

More recently, Masset et al. [67] performed 3D DPLS with conjugate heat transfer and detailed
chemistry in various random and lattice-based porous structures. In this work, similar stabiliza-
tion properties are observed between reticulated and lattice-based geometries. These detailed
simulations are compared to a 1D-VAM whose effective coefficients are estimated from DPLS
as in [68]. Strong discrepancies are observed in terms of burning rates and spatially-averaged
profiles. Thin wrinkled flame fronts spanning across several pores are observed in direct con-
tradiction to the upscaling hypotheses of volume averaging. Following the analysis of Bedoya
et al. [68], the authors show that 1D models implicitly assume the commutation of averaging
operators with nonlinear terms. A correction for the reaction rates based on the DPLS results
is proposed. This correction includes a flame surface Γw and a dispersion diffusion Γd factor to
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account for the wrinkling of the flame front and to override the influence of dispersion effects on
the local burning rate.

3.1.3. Volume averaged models

Despite their accuracy, the large computational cost of DPLS makes them impractical for
engineering applications and burner optimization. More affordable simulations are sought and
the so-called Volume Averaged Models (VAMs) offer a relevant alternative between theoretical
models and DPLS [45, 68, 101, 112, 113, 117, 122, 183, 184]. In VAMs, equations are averaged
over a Representative Elementary Volume (REV) with a characteristic lengthscale l, which must
satisfy two conditions:

dp ≪ l ≪ L and ∆lψ ≪ ∆Lψ (3.1)

where dp is the characteristic pore size, L is the system lengthscale of the system and ψ is a
generic variable. These models are generally one-dimensional, yet some remarkable attempts
of developing multi-dimensional VAMs can be found [122]. So far, adiabaticity was a common
assumption but the latest models include a sink term in the solid phase equation to incorporate
radial heat losses by radiation [58, 59]. Upon the averaging process of the equations, effective
properties and transport coefficient arise [76]. These effective coefficients are incorporated to
model certain physical phenomena such as dispersion that take place at the pore level scale
and whose multidimensional and geometry-dependent nature is partially lost in the averaging
process. Provided the sensitivity of the model to some of these effective coefficients, part of the
modeling efforts is exclusively devoted to come up with accurate and representative submodels
for some of these physical phenomena [59, 67, 68, 185–187]. The estimation of the dispersion
distance, the radiation extinction coefficient, the tortuosity and the interphase heat exchange
coefficient from DPLS is nowadays a state-of-the-art procedure.

Model accuracy is not the only concern, as pointed out by many authors [67, 68, 70, 100], DPLS
results question the relevance of VAMs assumptions. In these works, it is observed that because
of the small thickness, δT , of hydrocarbon flames, eq. (3.1) does not strictly hold. Recently,
Bedoya et al. and Masset et al. [67, 68] have proposed different corrections for the source terms
to account for flame wrinkling and local temperature gradients at the pore scale. Regarding
experimental validation, temperature measurements are generally compared to VAM results in
two-staged burner configurations where the flame stabilizes at the interface between two porous
layers. However, in this burner configuration, the position of the flame is nearly fixed. For an
imposed flame position, it is relatively easy to obtain a good agreement between the temperature
fields. It suffices to reasonably estimate the heat transport coefficients and the global heat losses
of the system. Therefore, this validation methodology may bias the comparison with the model.

One of the objectives of the present work is to test the ability of current VAMs to predict
the position of the flame and the blowoff limit in a single-layer PMB. In contrast to the step-
burner design, this burner configuration does not impose the position of the flame. Therefore,
there is a two-way coupling between the location of the reaction region and the burning rate.
Consequently, predicting the position of the flame as a function of the mass flow rate is arguably
more difficult than capturing the temperature field for an imposed flame position. To establish
this comparison it is necessary to localize the position of the reaction region inside the burner.
This is now possible thanks to the novel experimental setup combining optically accessible PMBs
and CH⋆ chemiluminescence imaging presented in Chapter 2. The experimental results will be
confronted to the 1D VAM presented in Sec. 3.2. Despite the detailed description of the model
made in Sec. 3.2, the purpose of this work is not to make a contribution to VAM modeling.
The model presented here is state-of-the-art and the reason for such a careful evaluation of the
various parameters is to show that this is not the cause for the deviation from the experimental
results.
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3.2. Volume Averaged Model

3.2.1. Conservation equations

The open source code Cantera [188] has been modified to be coupled with the VAM equations
for the solid phase. The expressions for the diffusive fluxes have been modified to incorporate
the effective transport coefficients and supplementary terms have been added to the original
equations in one-dimensional form. For the sake of readability, averaging operands have been
dropped from the notation. A rigorous derivation of the VAM equations can be found in [76].
The 1D volume-averaged equations for species and energy conservation in the gaseous and solid
phases read [68, 112, 185]:

ϵ ρg ∂tYk + ϵρgug∂xYk + ∂x
(
ϵJeff
k

)
= ϵω̇k (3.2)

ϵ ρgcpg∂tTg + ϵρgcpgug∂xTg + ϵ

[∑
k

cpg ,kJ
eff
k

]
∂xTg + ∂x

[
ϵT eff
g

]
− hV (Ts − Tg) = ϵω̇T (3.3)

∂t [(1 − ϵ)ρscpsTs] + ∂xT eff
s − hV (Tg − Ts) = −q̇loss (3.4)

where Yk are the species mass fractions and Tg and Ts the gas and solid temperatures, respec-
tively. In eqs. (3.2)-(3.4), ϵ denotes the local porosity, ρg the gas density, cpg the mixture-
averaged specific heat, cpg ,k the kth−species heat capacity and ug the gas velocity. In the solid
phase equation, eq. (3.4), ρs and cps denote the solid density and heat capacity, respectively.
The terms ω̇T and ω̇k represent the heat release rate and the mass production rate of species
k per unit volume respectively. The detailed kinetic scheme GriMech 3.0 [189] with mixture-
averaged transport coefficients is used to model the chemistry of methane/hydrogen-air flames.
The computational domain extends from the burner inlet at x = 0 to its outlet at x = L.
Unsteady terms are written here for the sake of completeness but are only used in Cantera for
transient computation of steady states. In other words, the solid thermal capacity and density
can influence convergence of the solver but do not affect the solution. Automatic and recursive
grid refinement is employed to find a stationary solution for the above-presented equations. Fig-
ure 3.1 represents the 1D-numerical setup. A generic solution with a flame stabilized at ξf is
shown. Note that the position of the flame corresponds to the location of the heat release rate
peak. The solid and gas temperatures are depicted with dotted and solid lines, respectively.
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Figure 3.1. – Numerical setup
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3.2.2. Effective diffusive fluxes

In the gas phase, the effective diffusive fluxes for mass and heat are written as:

Jeff
k = −ρg

Wk

W
(Dk/τg +Ddis)∂xXk (3.5)

T eff
g = −λeff

g ∂xTg = −
[
λg/τg + ρgcpgD

dis
]
∂xTg (3.6)

In eq. (3.5) and eq. (3.6), Wk and Xk stand for the species molar mass and molar fraction,
Dk is the mixture-averaged diffusion coefficient of species k and W is the mean molar mass
of the mixture. In a quiescent fluid inside a porous media, the presence of obstacles increases
the effective path-length for diffusion. This phenomenon is known as tortuosity and reduces
the effective diffusion at the macroscopic scale. To incorporate this effect, the mass diffusion
coefficient of species k, Dk, and the thermal conductivity, λg are weighted by a tortuosity
coefficient, τg.

Dispersion effects refer to the rise in the macroscopic diffusivity of species and heat owing to the
meandering nature of the interstitial flow. In the intricate flow within the porous matrix cavities,
a series of phenomena such as velocity gradients, flow tortuosity and recirculation zones increase
the effective diffusivity at a macroscopic scale. In VAMs, these effects are typically bundled in a
dispersion diffusion coefficient Ddis which adds to the intrinsic diffusivity for mass/temperature
of the gaseous phase. Dispersion effects have been shown to scale with the mean velocity in
the cavities, ug, and the pore size, dp [190]. Usually, the scaling law Ddis ∼ dpug/2 is assumed
as a formal expression for the dispersion coefficient. Nonetheless, some studies [67, 68] have
refined this dispersion model by substituting the pore size dp by a dispersion distance ldis which
is fitted from cold flow DPLS. This approach allows incorporating the topological details of the
porous matrix in the dispersion model. Here, for the sake of simplicity the dispersion coefficient
is written as:

Ddis = ugdp
2 (3.7)

Entrance effects upon dispersion coefficient are modeled via a relaxation distance of two pore
sizes where dispersion diffusivity increases from zero to its nominal value [191]. In the solid
phase, the effective temperature flux reads:

T eff
s = −λeff

s ∂xTs = −
[
(1 − ϵ)λs/τs∂xTs + λrad

s

]
∂xTs (3.8)

where effective thermal conductivity in the solid includes a tortuosity coefficient and a radiation
term. If the porous medium is assumed to be optically thick, solid-to-solid radiation can be
modeled using the Rosseland approximation [68, 117, 185]:

λrad
s = 16σB T 3

s /(3β) (3.9)

where σB is the Stephan-Boltzmann constant and β = 3(1 − ϵ)/dp is the effective radiative
extinction coefficient [192].

3.2.3. Interphase heat exchange

The interphase heat exchange between the gas and the solid is modeled via a volumetric
interphase heat coefficient which represents the power transferred between the two phases per
unit volume and unit temperature jump:

hV = λgSvNu/dp (3.10)
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Here, Sv denotes the interphase surface per unit volume and Nu is a Nusselt number. Generally,
this Nusselt number is a function of the porosity, ϵ, the pore-based Reynolds number, Re =
ugdp/ν and the Prandtl number Pr = µcpg/λg.

Many empirical and theoretical correlations have been proposed to model Nu in this frame-
work [68, 176, 186, 187, 193, 194]. Hereafter, a review of these correlations is presented and their
expressions are provided. Note that because they have been derived for different geometrical
configurations, each of them is normalized in a different fashion. The Nusselt number is denoted
by Nu⋆ whenever a normalization different to eq. (3.10) is used. Later on, these correlations have
been rewritten under a uniform normalization using geometrical relationships for each porous
geometry.

Figure 3.2. – Inline (left) and staggered (right) configurations in tube banks from [176].

In [176], Zukauskas performs an exhaustive analysis of the fluid-solid heat exchange in a
flow through a two dimensional array of cylinders for a wide range of Re and Pr numbers
(cf. Fig. 3.2). This work collects numerous experimental measurements and proposes several
correlations for the Nusselt number in various configurations and flow regimes. Here, we retain
the interphase heat transfer correlation for inline and staggered banks of circular rows, which
reads:

Nu⋆ = hvD

Svλg
= 0.021Re0.84

D Pr0.36 (3.11)

In eq. (3.11), D is the tube diameter and ReD is the D-based Reynolds number. In the staggered
configuration of Fig. 3.2(right), if S1 = S2 = S, the relationship between the tube diameter, D,
and the tube spacing S, is given by:

D = 2S
√

(1 − ϵ)/π (3.12)

For high porosities, if S ≃ dp is assumed, eq. (3.12) allows us to rewrite eq. (3.11) as a function
of the pore size dp and the pore-based Reynolds Re.

Later on, Wakao et al. [193, 195] derived the following correlation for the interphase heat
exchange in closely packed beds with a particle diameter d:

Nu⋆ = hvd

Svλg
= 2 + 1.1Re0.6

d Pr1/3 (3.13)

where Red is the particle diameter-based Reynolds number. In packed bed structures, the
interstitial size is directly proportional to the particle size dp = σd. The proportionality constant,
σ is smaller than one and depends on the packing structure. In a close packing of equal spheres
with a face-centered cubic structure it is approximately σ ≃ 0.50 and it increases for less dense
structured packings and random packings.

One of the most broadly used formulations for the interphase heat transfer coefficient is that
of [194]. In this experimental work, Younis and Viskanta measured the interphase heat transfer
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in a laminar flow through various alumina foams as a function of the Reynolds number and for
different pore sizes, dp. Then, the experimental results are fitted by an empirical correlation
that depends on the pore size-to-matrix length ratio, dp/L. This expression, used in the VAMS
from [112, 113, 183] reads:

Nu⋆ =
hV d

2
p

λg
= 0.819

(
1 − 7.33dp

L

)
Re

0.36
(

1+15.5 dp
L

)
5.1 < Re < 564 (3.14)

A numerical correlation obtained from two-dimensional simulations of a flow over an array of
square rods in staggered configuration was proposed by Kuwahara et al [186]:

Nu⋆ = hvDs

Svλg
= 1 + 4(1 − ϵ)

ϵ
+ 1

2
√

1 − ϵ Re0.6
Ds
Pr1/3 (3.15)

Here, Ds is the solid characteristic size. In the geometry evaluated by Kuwahara et al. [186],
there is a direct relationship between Ds and the spacing between the solid obstacles, H:

ϵ = 1 −
(
Ds

H

)2
→ ReDs =

√
1 − ϵReH (3.16)

If we assume that dp ≃ H, eq. (3.16) allows rewriting the heat exchange correlation from
Kuwahara et al. [186] under the present notation. This correlation was obtained by fitting
the simulation results for multiple values of the porosity 0.2 < ϵ < 0.9 and over a Reynolds
number range of 10−2 < Re < 103. In [196], Saito et al. performed 2D DNS simulations in the
same porous geometry as Kuwahara et al. [186] with a similar numerical setup. They evaluated
the interphase heat exchange coefficient in their simulations and compared their results to the
correlation of eq. (3.19). An excellent quantitative agreement was found at low Reynolds number
and for several porosities.

Next, Saito and De Lemos [187] derived a new correlation for the interphase heat exchange
coefficient for turbulent flows in the canonical configuration of two-dimensional array of square
rods in staggered configuration. The Nusselt number expression is:

Nu⋆ = hvD

Svλg
= 0.08

(
ReD
ϵ

)0.8
Pr1/3 (3.17)

which is valid for turbulent flows with 1 × 104 < ReD/ϵ < 2 × 107 and porosities ranging from
0.2 < ϵ < 0.9.

Finally, the correlation proposed by Bedoya et al. in [68] is presented. This correlation is
fitted from non-reacting 3D DPLS for various Reynolds and Prandtl numbers. The expression
for the dimensionless heat exchange coefficient is:

Nu⋆ = hvdh
Svλg

= 3.7Re0.38
dH

Pr0.25 (3.18)

where dh = 4ϵ/Sv is the hydraulic diameter of the porous matrix.
Table 3.1 gathers all the above-described correlations rewritten under the uniform notation of

eq. (3.10). Note that because of the disparity of configurations and the lack of an exact corre-
spondence among the various geometries, some hypotheses regarding the geometrical parameters
have been made. Figure 3.3 displays the evolution of the Nusselt number with the Reynolds
number using these correlations for a reference porous matrix with ϵ = 0.8, dp = 2.5 mm,
Sv = 750 m−1 and L = 30 mm. The Prandtl number is fixed to Pr = 0.71. Each correlation is
evaluated within its domain of validity. The correlation of Saito and De Lemos [187], only valid
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Nu = hV dp/Svλg Domain Ref.

0.021
(

2
√

(1 − ϵ)/π
)−0.16

Re0.84Pr0.36 1 < Re < 106 Zukauskas [176]
2
σ

+ 1.1 σ−0.4Re0.6Pr1/3 3 < Re < 105 Wakao et al. [193, 195]
0.819
dpSv

(
1 − 7.33 d

L

)
Re0.36(1+15.5 d

L ) 5.1 < Re < 564 Younis and Viskanta [194]

1√
1 − ϵ

+ 4
√

1 − ϵ

ϵ
+ 1

2
(√

1 − ϵ Re
)0.6

Pr1/3 10−2 < Re < 103 Kuwahara et al. [186]

0.08√
1 − ϵ

(√
1 − ϵ

ϵ
Re

)0.8
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1
3 104 < Re < 2 × 107 Saito and De Lemos [187]

3.7dpSv4ϵ

(
4ϵ
dpSν

Re

)0.38

Pr0.25 10 < Re < 500 Bedoya et al. [68]

Table 3.1. – Heat exchange correlations and domain of validity under a uniform notation
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Figure 3.3. – Comparison between the different Nusselt number correlations. Evolution of the
Nusselt number, Nu, with the Reynolds number, Re, in different interphase heat
exchange models.

for Re > 104, has been extrapolated to lower Reynolds numbers. This is indicated with empty
symbols and a dotted line. In the present experiments, the pore-based Reynolds number is in
the range 10 < Re < 500. This region has been outlined in Fig. 3.3 with black dotted lines.

There is a reasonable agreement among the different correlations regarding the scaling of the
Nusselt number with the Prandtl number. In all the submodels for the interphase heat coefficient,
the Nusselt number scales approximately as Nu ∝ Pr1/3. In contrast, larger discrepancies exist
for the exponent of the Reynolds number, which is found to depend on the flow regime. At high
Re the scaling with the Reynolds number is closer to Re0.7−0.8 whereas at low Reynolds, the
exponent is between 0.4 − 0.6. In the region of interest 10 < Re < 500, the envelope for the
Nusselt number is defined by the correlations of Wakao et al. [193, 195] and Zukauskas [176].

At low Re numbers, there is a large dispersion among the different correlations. In this work,
the correlation derived in [186] for laminar flows over an array of squared rods is employed,
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which reads:

Nu = 1√
1 − ϵ

+ 4
√

1 − ϵ

ϵ
+ 1

2
(√

1 − ϵ Re
)0.6

Pr1/3 (3.19)

This correlation is chosen for its good agreement with those of [68] and [197] and because it was
validated for a wide range of Re and ϵ. Because of the strong sensitivity of the flame position
to this submodel and the large dispersion in the Nusselt number values, the influence of the
interphase heat transfer correlation is addressed in Sec. 4.2.4.

3.2.4. Heat losses

Finally, in the same spirit as [59], a heat loss term is included in the solid phase energy
equation to account for radiative losses through the burner walls:

q̇loss = 4ηΞσB(T 4
s − T 4

amb)/D (3.20)

Here, Ξ is the solid phase emissivity, η is the quartz transmissivity and Tamb = 300 K is the
ambient temperature.

3.2.5. Boundary conditions

Figure 3.4. – Inlet temperature error induced by the use of Dirichlet boundary conditions.

At the burner inlet, the mass flux, ṁin, mixture composition, Ykin
, and temperature, Tin, are

imposed as follows:

ṁin − ϵρgug
∣∣
x=0+ = 0 (3.21)

ṁinYkin
− ϵρgugYk

∣∣
x=0+ − ϵJeff

k

∣∣
x=0+ = 0 (3.22)

ṁinTin − ϵρgugTg
∣∣
x=0+ + ϵ

λeff
g

cpg

∂xTg
∣∣
x=0+ = 0 (3.23)

Note that, to avoid a discontinuous treatment of the fluid domain, the equations are only solved
inside the porous domain. In this framework, using Dirichlet boundary conditions to impose
the gas phase temperature at the inlet (x = 0+) is not correct because it does not account
for the preheating of the mixture upstream of the burner −∞ < x < 0−. This is illustrated
in Fig. 3.4. This problem can be solved with an asymptotic matching of the solution. Using
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Robin-type boundary conditions, it is possible to match the solution at the inlet of the porous
domain with the solution of a convective-diffusive equilibrium in the gas phase upstream of the
burner −∞ < x < 0−. This allows accounting for the preheating of the reactants upstream of
the burner. A similar reasoning can be applied for species diffusion.

At the outlet, x = L, zero temperature and species gradients are imposed in the gas phase.
In the solid phase, radiative heat losses are prescribed on the sides of the domain, x = xb:

ΞσB
[
T 4
s |x=xb

− T 4
∞

]
= ±λeff

s ∂xTs
∣∣∣
x=xb

(3.24)

where xb = 0 or L and the sign is given by the direction of the boundary (inlet +, outlet −).

3.3. Evaluation of model constants

The VAM presented above must be fed with several numerical values that depend on the
topology and material of the porous matrix. It is known that these models are very sensitive
to the evaluation of the effective properties. Thus, it is important to carefully quantify the
geometrical and material properties of the porous burner. Thanks to the mathematical descrip-
tion of the geometry and its spatial periodicity, the calculation of the geometrical parameters
is straightforward, in contrast to random structures where a 3D scan of the porous matrix is
required.

3.3.1. Topological parameters

Topological parameters include the void fraction, ϵ, the pore size, dp, the interphase surface
density, Sv, and the solid/gas phase tortuosities, τs and τg, respectively. The definition of the
pore size and the porosity was addressed in Chapter 2. Here, the focus is on the interface surface
density, Sv, and the tortuosity coefficients, τ . Topological parameters are computed numerically
from a binarized voxel representation of the porous matrix geometry. Thanks to the periodicity
of the lattice, the evaluation can be made over an elementary periodic unit. The 3D volume with
dimensions Λ × Λ × Λ is discretized using a cartesian grid with a resolution of n = 80 steps per
wavelength. The interface surface density, Sv, is defined as the area of the fluid-solid interface
per unit volume. It can be directly computed from the STL representation of the fluid-solid
interface surface, ∂Ω. The tortuosity of each phase is computed following [198, 199] as:

τs,g = Dint

Deff Υs,g (3.25)

where Dint is the intrinsic diffusivity, Υs,g is the phase volume fraction and Deff is the effective
diffusivity. To compute Deff , 3D numerical simulations of Fickian diffusion are run using the
python tools PORESPY and OPENPNM [200, 201]. In these simulations, a concentration jump
∆XA for species A is imposed along one direction. Then, the molar flux at the outlet is computed
and the effective diffusion coefficient is obtained as:

Deff = JAL

∆XA
(3.26)

where JA is the molar flux (mole per unit area and per unit time), L is the diffusion distance and
∆XA is the jump of concentration across the distance L. Tortuosity is not an isotropic quantity
so it is important to impose the concentration jump in the streamwise direction of the burner.
Figure 3.5 represents two XZ-cuts of the A species concentration field in Fickian diffusion
simulations for the gas and solid phases used to compute the phase tortuosity. In TPMS-based
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topologies, the phase tortuosity is a function of the porosity ϵ but it is independent of the pore
size, dp.
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Figure 3.5. – XZ-cut of the A species concentration field in Fickian diffusion simulations for the
gas (left) and the solid (right) phases in a Diamond topology with ϵ = 0.8. These
simulations are used to extract the phase tortuosity.

3.3.2. Material-dependent parameters
Material-dependent parameters include the solid thermal conductivity, λs, the solid emissivity

Ξ and the quartz transmissivity, η. The influence of the manufacturing process on the solid
thermal conductivity was addressed in Chapter 2. Here, we focus on the emissivity and the
quartz tube transmissivity.

For the solid emissivity Ξ, a number of experimental and numerical works have studied the
emissive properties of 316L samples under different pressures, temperatures, surface states and
oxidation conditions [202–205]. There is a vast disparity in the emissivity values depending
on the surface roughness and the level of oxidation of the samples. Due to the manufacturing
process and the extreme operating conditions of the burner, their surface is oxidized and rough.
Given the typical temperatures measured inside the burner (1000 − 1300 K), we can estimate
the emissivity to fall within 0.6 < Ξ < 0.7. Henceforth, a value of Ξ = 0.65 is retained for
the emissivity of the solid phase. The influence of this parameter on the model predictions is
addressed in Sec. 4.A.

Quartz transmissivity, ηλr , depends upon the light wavelength, λr. Typically, quartzs are
fully transparent (ηλr = 1) within the wavelength range 150 nm < λr < 3000 nm and opaque
elsewhere (ηλr = 0). The total transmissivity, η(T ), is thus a function of the temperature of the
solid and can be computed as:

η(T ) =
(∫

πηλrB(λr, T )dλr
)/(

σBT
4
)

(3.27)

where B(λr, T ) is the spectral radiance as a function of temperature. For solid temperatures
between 800 K < Ts < 1400 K the transmissivity varies almost linearly between 0.14 < τ < 0.52.

Figure 3.6 shows the spectral transmissivity of the quartz, ηλr , the correlation between the
spectral radiance and the transmissivity, and the total transmissivity of the quartz as a function
of temperature, η.
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Figure 3.6. – Correlation between the radiative emission of a black body for Ts = 1180 K and the
quartz transmissivity as a function of the wavelength. Total quartz transmissivity
as a function of the temperature of the radiation source, T , computed as the
integral of the curve.
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3.4. Conclusions of the chapter

This chapter has been devoted to the modeling of PMC. First, a review of the state of the art in
PMC models has been presented. The limitations of 1D models were already pointed out in [70]
and several recent works have highlighted the contradictions between the VAM hypotheses
and the DPLS results [67, 68]. However, due to the elevated computational cost of DPLS,
VAMs represent the only viable modeling strategy for engineering applications and burner
optimization. Therefore, it is necessary to refine current VAMs to improve their accuracy and
predicting capacity.
In Sec. 3.2, a 1D two-equation nonadiabatic VAM with detailed chemistry has been presented.
In the spirit of [59] a systematic literature review has been conducted to incorporate the most
widely-used sub-models for dispersion, interphase heat transfer and thermal radiation. It has
been noticed that there are large discrepancies among the existing correlations for the heat
exchange coefficient. Because of its strong impact on the solution, the influence of this term
on the stabilization of the flame is addressed in Chapter 4. It is known that VAMs are very
sensitive to the model parameters. For this reason, in Sec. 3.3, a rigorous evaluation of the
geometry-dependent parameters has been carried out making use of the analytical description
of the porous geometry.
Some minor paths for improvement have been identified for the evaluation of model constants
in future works:

– Computing the effective radiative extinction factor β from the CAD of the burner geom-
etry to improve the description of heat transfer by radiation.

– Incorporate a temperature-dependent solid conductivity λs(Ts).
– Estimate the dispersion characteristic length, ldis, and the entrance relaxation distance

for dispersion effects from cold DPLS.
In Chapter 4, a comparison between this VAM and the experimental results is established in
terms of flame position, reaction zone thickness and temperature profiles.
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Chapter 4
Flame-front tracking in PMBs
This chapter corresponds to the article "Flame-front tracking in Porous Media Burners"
by E. Flores-Montoya, P. A. Masset, T. Schuller and L. Selle, Combustion and Flame,
267, 113597, (2024).

Abstract
The experimental setup presented in Chapter 2 is used to visualize the flame inside an optically
accessible Porous Media Burner (PMB). As a result, the flame front position inside the burner
can be tracked as a function of the operating conditions. Flame tracking is used to analyze
the influence of the pore size on the stabilization of lean premixed CH4-Air flames. CH⋆

chemiluminescence and temperature measurements reveal nearly one-dimensional sub-adiabatic
flames featuring an axially spread-out reaction region. In this respect, the localization of the
heat release rate provides a significant addition for the validation of Volume Averaged Models
(VAMs). A comparison between the 1D-VAM from Chapter 3 and the experimental results
is proposed in terms of flame position, reaction-zone thickness and temperature profile. The
model captures fairly well the thermal state of the system as in many previous studies, but
exhibits significant deviations for the flame position and its thickness. Scrutinizing the various
model parameters, the positioning of the flame inside the burner is found to be extremely
sensitive to the interphase heat exchange term. These comparisons call for improvement in
combustion models for porous media and suggest that pointwise temperature measurements in
multi-stage burners are insufficient for the validation of 1D-VAM if an accurate characterization
of the operating domain of the burner is sought.

Overview
4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
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“That’s a second order problem”

Thierry Schuller

4.1. Introduction
In this chapter, a new validation method for VAMs is proposed. This method consists in

the tracking of the reaction zone inside the burner as a function of the operating conditions.
It relies on a basic principle of heat recirculating burners: the relationship between the flame
position and the burning rate in a homogeneous porous medium. To accomplish the tracking of
the reaction region in experiments, the optically accessible burners presented in Chapter 2 are
employed. These are made possible by the combination of computer-defined topologies and AM
techniques. The topologies used here feature see-through directions that enable direct flame-
front visualization and hence the tracking of its position. The novel experimental setup presented
in Chapter 2 uses a telecentric lens to measure the axial distribution of CH⋆ chemiluminescence.
Topology tailoring offers a systematic control of the geometrical parameters of the porous matrix,
which is exploited here to assess the influence of the pore-size on flame stabilization.

The results are compared with the 1D-VAM presented in Chapter 3, where the effective
properties and model parameters are evaluated from the mathematical definition of the geometry.
A direct comparison in terms of flame front position, reaction region thickness and temperature
profiles is performed. The results point out several shortcomings in the state-of-the-art VAMs
and may call for a revision of the diagnostics currently used for validation.

4.2. Results & Discussion
As a preliminary remark, many studies comparing experimental results and 1D-VAM numer-

ical solutions are performed with two-layer PMBs with different pore sizes. The stage with
smaller pores is placed upstream so that the flame cannot flashback and is often stabilized at
the junction between the two layers. This reduces the coupling between the flame front position
and the heat recirculation so that it is arguably a less stringent validation than the PMBs with
homogeneous properties used in the present work.

In this chapter, three PMBs with a Diamond topology, a porosity, ϵ = 0.8, and different pore
sizes are considered. Their topological parameters are gathered in Tab. 5.1. The submerged
combustion of CH4/Air flames is analyzed in terms of operating domain, stabilization curves,
performance and axial profiles of temperature and heat release rate.

Table 4.1. – Topology-dependent parameters.
dp

[mm] ϵ
Sv

[m−1] τg τs

1.5 1215
2.5 0.8 729 1.19 2.52
3.5 521

4.2.1. Stability domain

Figure 4.1 plots the experimental points evaluated in this study in the P − ϕ map. The
blowoff, flashback and high temperature limits are indicated with dotted, solid and dashed lines,
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respectively. The shadowed region delimits the estimated boundaries of the burner operating
domain. Dashed areas on the upper right corners indicate unexplored regions due to thermal
constraints. The blowoff limit is unaltered when the pore size is reduced from dp = 3.5 mm to
2.5 mm but is shifted towards higher equivalence ratios when dp is decreased to 1.5 mm. This
greatly impacts the burner operating range at the lowest pore size.

Figure 4.1. – Operating domain of the PMBs for different pore sizes, dp, spanned by power, P ,
and equivalence ratio, ϕ.

4.2.2. Axial profiles of CH⋆ and temperature

Figure 4.2 illustrates how the new method presented here allows the determination of the
flame front position. Three flames at the blowoff limit with P = 1 kW stabilized in PMBs with
different pore sizes are shown. In Fig. 4.2A, line-of-sight integrated CH⋆ chemiluminescence
images are presented. In these direct visualizations, white dotted lines indicate the interpolated
flame position. In Fig. 4.2B, the axial profiles of CH⋆ and the beta-prime fit of the experimental
curve are plotted in red dotted lines and black dashed lines, respectively. The solid blue line is
the normalized heat release rate profile computed with the VAM solver for the same operating
conditions. Finally, in Fig. 4.2C, the experimental and numerical normalized temperature pro-
files are depicted. At the blowoff limit, flames are observed approximately in the middle of the
porous matrix. For the dp = 3.5 mm and dp = 2.5 mm PMBs, the flame spreads over two and
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Figure 4.2. – Flame structure for cases at the blowoff limit with P = 1 kW. A) LoS integrated
CH⋆ chemiluminescence images. B) Profiles of CH⋆ from the experiments and
normalized heat release rate ˆ̇ωT from simulations. C) Experimental and computed
normalized temperature profiles. Results in (B) and (C) are presented as a function
of ξ = x/L. Temperatures are normalized as (T − Tin)/(Tad − Tin).

three pore rows respectively. However, the width of the reaction region remains approximately
constant. When the pore size is reduced to dp = 1.5 mm the width of the flame front increases
and the reaction zone is distributed over 5 to 6 pore rows. Regardless of the pore size and the
burner load, there is limited radial deformation of the reaction region so that the comparison
with 1D simulations seems quite reasonable.

There are large discrepancies between the heat release rate profiles computed using the VAM
and the experimental CH⋆ distribution in Fig. 4.2B. Both the width and the position of the
peak are not well predicted by the model. In experiments, the width of the reaction region
is several times larger than in simulations. DPLS [67] have shown wrinkled flames distributed
over several pores as a result of local anchoring effects. Owing to the line-of-sight integration of
the CH⋆ signal, such a flame front would appear to be thickened with the present experimental
setup. Therefore, we cannot infer whether the thickening results from a local broadening of the
reaction region or from the spatial averaging of a thin wrinkled flame front. Nevertheless, it
appears that additional modeling efforts are needed in VAMs to predict the extent and position
of the reaction region. It is reiterated that unlike in two-layer PMBs with different pore sizes,
here the flame is not preferentially anchored at the interface. This allows for a two-way coupling
between combustion and heat recirculation, which arguably makes it a more stringent validation
case for VAMs.

Regarding the temperature profiles, there is a fair agreement between the measurements and
the model in Fig. 4.2C. The offset in the flame position between the model and the experiments
yields significant errors upstream of the flame but the maximum temperatures and the temper-
ature gradients at the outlet show a reasonable agreement. This indicates that, overall, thermal
losses are well modeled in the simulations. Interestingly, despite the blatant disagreement in the
heat-release rate profiles, the fair agreement observed in the temperature profiles suggests that
this variable is actually less sensitive to changes in the inlet mass flow rate.
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Figure 4.3. – Flame speed-up, uB/SL0 , versus flame position, ξf = xf/L, for different powers,
P , and pore sizes, dp. The hV correlation presented in Kuwahara et al. [186] is
used as interphase heat exchange submodel.

4.2.3. Flame-front tracking

The evolution of the flame position with the operating conditions is now analyzed. For each
experiment, bulk flow velocity is computed as, uB = ṁ/ρinAϵ, where A = πD2/4, ṁ is the total
mass flow rate and ρin is the density at the inlet temperature, Tin. This value is normalized by
the flame speed of the 1D unstretched adiabatic flame at the inlet conditions, SL0(ϕ, Tin). The
ratio, uB/SL0 , quantifies the increase in mass consumption rate per flame unit surface and is
called here the flame speed-up. As for the experiments, the position of the flame in the burner,
xf , is defined by the location of the heat release rate maximum. In the simulations, when the
flame is so close to the inlet that the heat release rate is non-zero on the boundary condition,
the case is considered to be a flashback. In practice, flashback can be influenced by entrance and
boundary layer effects as well as by local pore-anchoring. Therefore, accurately predicting its
occurrence is complex and out of the scope of the present work. Here, the focus is on the overall
agreement between the observed and computed flame positions for a given mass flow rate.

Figure 4.3 shows the speed-up, uB/SL0 , versus the dimensionless flame position, ξf = xf/L,
at different powers for the three burners. When the flames are close to the inlet, uB/SL0 ≃ 1,
which is consistent with the limited preheating. Because of thermal losses, the speed-up can even
be smaller than unity near ξ = 0. As the bulk to flame velocity ratio is increased, the position
of the flame is shifted towards the burner outlet. The speed-up reaches a maximum value at
approximately ξ ≃ 0.5. At this point, a further increase of uB/SL0 leads to blowoff. This is, to
the authors’ best knowledge, the first tracking of the flame front position as a function of the
burner operating conditions. These experimental observations confirm the theoretical predic-
tions obtained with analytical models for finite porous media [63, 178]. The flame position is
found to be independent of the thermal power for the range reported in this study. Interestingly,
despite sub-adiabatic temperatures are measured inside the burner, the mass consumption rate
per unit surface of the flame increases by nearly a factor six at blowoff in the dp = 2.5 mm
burner. This ratio is reduced to approximately three in the dp = 1.5 mm case. For the ex-
perimental results at hand, the speed-up at blowoff is found to decrease when the pore size is
reduced. Concerning the flame positioning, a fairly good agreement between the model and the
experiments is obtained for dp = 3.5 mm. However, near blowoff differences between the model
and the experimental results significantly increase. As the pore size is decreased, the agreement
between the experimental results and the model progressively degrades. At dp = 1.5 mm, the
predicted flame position is completely off the experimental observations. Interestingly, in the
VAM results shown in Fig. 4.3, the influence of the thermal power on the position of the flame
is also marginal and qualitatively similar to experiments.

In experiments, the pore size plays a major role in flame stabilization influencing both the
position and the width of the reaction zone. This strong influence does not seem to be captured
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Figure 4.4. – Influence of the interphase heat exchange term on the VAM results for 1 kW flames
stabilized in the dp = 2.5 mm burner: • experimental results; ■ Wakao
and Kagei [195]; Kuwahara et al. [186]; ◀ Saito and De Lemos [187];
▶ Zukauskas [176]. The experimental and numerical axial profiles are com-

pared for points A and B.

0.0 0.2 0.4 0.6
ξf = xf/L

1

2

4

6

u
B
/S

L
0

dp = 3.5 mmdp = 3.5 mmdp = 3.5 mmdp = 3.5 mm

0.0 0.2 0.4 0.6
ξf = xf/L

dp = 2.5 mmdp = 2.5 mmdp = 2.5 mm

VAM

exp

0.0 0.2 0.4 0.6
ξf = xf/L

dp = 1.5 mmdp = 1.5 mm

0.75 kW

1.00 kW

1.25 kW

1.50 kW

1.75 kW

Figure 4.5. – Flame speed-up, uB/SL0 , versus flame position, ξf = xf/L, for different powers,
P , and pore sizes, dp. The hV correlation presented in Saito and De Lemos [187]
is used as interphase heat exchange submodel.

by the model where the stabilization curves in Fig. 4.3 are marginally affected by changes in
dp. Unfortunately, in its present form, CH⋆ chemiluminescence measurements only provide the
macroscopic behavior of the flame inside the burner. The present results show that dp has a
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remarkable influence on the stabilization of flames but due to the lack of pore level details we
can only speculate about the underlying mechanisms. Recently, Boigné et al. [69] performed 3D
DPLS and reported that nearly 80% of the combustion process takes place in a flamelet mode
where the flame front is locally adiabatic. However, this may not be the case at small pore sizes
and this dependency on dp is not modeled in VAMs. Because combustion and heat transfer
are highly nonlinear processes, local phenomena at the pore scale can have a strong impact on
the macroscopic behavior. This point requires further investigations and must be addressed in
future works both experimentally, via pore-resolved diagnostics, and numerically, via DPLS.

4.2.4. Sensitivity to the interphase heat exchange submodel
In an effort to identify paths for improvements of the simulations, the sensitivity to the

interphase heat transfer model is now discussed. To this end, the position of the flame is
computed using several correlations from the literature [176, 186, 187, 193]. Numerical results
are compared to experiments in Fig. 4.4 for 1 kW flames with varying ϕ in the dp = 2.5 mm
burner. As the Nusselt number decreases, flames stabilize further downstream for a given flow
rate. When the correlation of [187] is employed, the current 1D model accurately predicts
the flame position. As shown in Fig. 4.5, the use of this correlation improves the numerical
predictions for dp = 2.5 mm and dp = 3.5 mm. However, it does not perform as well for the
dp = 1.5 mm burner.

In Fig. 4.4, the axial profiles of CH⋆ and temperature from experiments are compared to
the heat release rate and temperature distributions from the 1D-VAM for two mass flow rates.
These two cases are labeled with A and B and their equivalence ratios are ϕ = 0.54 and ϕ =
0.53, respectively. The heat release rate profiles show an excellent agreement in terms of mean
flame position. However, the model still fails to predict the thickness of the reaction region.
Furthermore, the numerical results show large differences between the solid and the gas phase
temperatures in Fig. 4.4, suggesting the operation in the so-called decoupled regime [64]. It is
pointed out that the correlation from [187] was derived and validated for turbulent flows with
104 < Re < 107 while in the present experiments, the pore-based Reynolds number falls within
20 ≲ Re ≲ 120. This strongly questions the use of the correlation and might indicate some
kind of error compensation between the submodels. This question should be addressed in future
works since it has a major impact on the blowoff limit of the burner. Further efforts must
also focus on the thickening of the reaction region and the influence of the pore size, which are
not well retrieved by the 1D model. To complement this sensitivity analysis, the influence of
solid material properties on the model results is evaluated in 4.A. It is shown that they have a
marginal impact on the model predictions when compared to the interphase heat transfer term.
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4.3. Conclusions of the chapter

In this chapter, the direct visualization of the reaction region inside a porous medium has
permitted its tracking as a function of the operating conditions. Flame-front tracking enables a
a better confrontation between experiments and simulations. The combustion of lean methane-
air flames has been analyzed for three PMBs with different pore sizes. The experimental results
show nearly one-dimensional sub-adiabatic flames featuring a thickened reaction region.
Comparisons are carried out with the 1D VAM with detailed chemistry and including radial
heat losses presented in Chapter 3. Effective parameters have been evaluated by making use of
the exact description of the burner geometry and correlations from the literature. Neither the
width nor the position of the reaction zone are accurately predicted by the VAM, especially for
small pore sizes. In contrast, heat losses are well estimated and a reasonably good agreement is
obtained for the temperature profiles. Finally, the effect of the interphase heat exchange term
on the positioning of the flame has been shown to have a strong impact on the flame position.
In many studies, VAMs are typically validated using pointwise temperature measurements in
multi-stage burners where the flame usually stabilizes at the interface between two layers. The
results presented here show that a qualitative agreement between the temperature profiles can
be achieved if global heat losses are well characterized. In contrast, predicting the flame position
inside the burner, which is necessary for accurate description of the blowoff limit, is much more
challenging. The present work highlights that current VAMs exhibit high sensitivity to the
modeling of the heat exchange term, failing to accurately predict both the flame thickness and
the impact of the pore size.
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Figure 4.6. – Influence of solid conductivity, λs, on the VAM results for 1 kW flames stabilized
in the dp = 2.5 mm burner. A comparison between the experimental and the
numerical profiles at different values of λs is offered for the points labeled with
white markers.

In VAMs, there are many effective parameters and submodels and it is out of the scope of the
present work to perform an exhaustive parametric analysis of their cross-influences. Instead, our
approach has been to focus on a parameter that combines a large variability and a strong influ-
ence on the results, i.e. the Nusselt number, and to perform the most rigorous characterization
possible of the rest. For example, geometrical parameters can be evaluated with good accuracy
when computer-defined topologies are used. Therefore, it is less likely that they are at the origin
of discrepancies between the model and the experiments. To complement the results of Sec. 5.3,
the influence of the thermal properties of the solid is further discussed. Notably, the impact of
the thermal conductivity, λs, and the emissivity, Ξ, on flame stabilization is examined.

In Fig. 4.6, the speed-up curves from experiments are compared to the model results for
different values of the thermal conductivity λs. Results are presented for 1 kW CH4-Air flames
with varying ϕ stabilized in the dp = 2.5 mm burner. The VAM is evaluated using the interphase
heat exchange correlation from [187]. Results in Fig. 4.6 show that a ten-fold increase/decrease
of the solid thermal conductivity has only a slight influence on the macroscopic behavior of the
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Figure 4.7. – Influence of solid emissivity, Ξ, on the VAM results for 1 kW flames stabilized
in the dp = 2.5 mm burner. A comparison between the experimental and the
numerical profiles at different values of Ξ is offered for the points labeled with
white markers.

flame.
For example, at ϕ = 0.54 (labeled as A in Fig. 4.4 and indicated with white markers in

Fig. 4.6), a decrease in the mean Nusselt number from Nu ≃ 6.5 [186] to Nu ≃ 1.5 [187] (more
than a four-fold reduction) drives a 3.72 mm change in the flame position. In contrast, a ten-fold
reduction of the thermal conductivity from λs = 130 W m−1 K−1 to 13 W m−1 K−1 only shifts
the position of the flame by 0.87 mm. This indicates that the model is only weakly sensitive to
the solid thermal conductivity. A detailed comparison between the numerical and experimental
axial profiles is presented at the bottom of Fig. 4.6 for the three points with white markers
(ϕ = 0.54). These flames feature the same speed-up, uB/SL0 ≃ 4, but different solid thermal
conductivity, λs = 1.3, 13 and 130 W m−1 K−1. As expected, at higher values of λs the solid
temperature profile is flatter, but this has only a minor impact on the positioning of the flame
and on the heat release rate and gas temperature profiles.

Let us now analyze the influence of the solid matrix emissivity, Ξ, on flame stabilization. This
parameter scales the axial and radial heat losses by thermal radiation. The thermal conductivity
is fixed to its reference value, λs = 13 W m−1 K−1, and the model is run for different values
of the solid emissivity Ξ = 0.55, 0.65 and 0.75. It is recalled that a value of Ξ = 0.65 is used
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for the results presented in Sec. 5.3. As for the previous analysis, we consider 1 kW CH4-Air
flames with different equivalence ratios stabilized in the dp = 2.5 mm PMB. Figure 4.7 compares
the stabilization curves and the axial profiles for different values of the solid emissivity, Ξ. At
ϕ = 0.54, increasing the emissivity from 0.55 to 0.75 only shifts the location of the flame
approximately 0.91 mm downstream. The numerical and experimental axial profiles for the
three points with white markers are represented at the bottom of Fig. 4.7. It can be noticed
that increasing the solid emissivity translates in mild reductions on the solid phase temperature,
but this has marginal impact on the heat release rate and gas temperature profiles.

These results show that solid material properties have a smaller impact on flame stabilization
than the heat exchange term. This reinforces the applied methodology and justifies the analysis
presented in Sec. 4.2.4 for the Nusselt number correlations.
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Chapter 5
Speed-up drivers for H2-enriched
flames
This chapter corresponds to the article "Speed-up drivers for H2-enriched flames in
Porous Media Burners" by E. Flores-Montoya, P. A. Masset, T. Schuller and L.
Selle, Proceedings of the Combustion Institute, 40, 1-4, 105666 (2024).

Abstract
In this chapter, the influence of porosity and hydrogen enrichment on the stabilization of
premixed CH4-Air flames in Porous Media Burners (PMBs) is addressed. Flame stabilization
is analyzed via direct flame-front tracking, which is made possible by the novel experimental
apparatus presented in Chapter 2. Topology tailoring is here exploited to study the influence of
porosity on the performance of the burner. Flame front tracking reveals a different stabilization
trend in highly H2-enriched flames. A comparison with a theoretical model is used to remove the
effect of preheating and focus on other fuel properties. This suggests a flame-speed enhancement
mechanism driven by Lewis number effects in Le < 1 mixtures. Together with recent 3D Direct
Numerical Simulations, these results provide evidence that preferential diffusion effects are key
in the stabilization of flames in PMBs. These phenomena, not considered in state-of-the art
1D-Volume Averaged Models, remain crucial for the design of efficient PMB using hydrogen as
a fuel.
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“Patiente is the mother of science.”

Maria del Mar Montoya

5.1. Introduction

The storage of excess renewable energy in the form of hydrogen is a viable path for the reduc-
tion of CO2 emissions. The subsequent use of H2 as a fuel requires addressing specific challenges
such as flame stabilization and NOx mitigation. In the present chapter, heat-recirculating burn-
ers are considered for their ability to address these issues. Owing to their outstanding prop-
erties [45], PMBs are well suited to achieve a low-NOx carbon-free flame via lean hydrogen
combustion.

Surprisingly, few works have addressed the combustion of pure hydrogen-air mixtures in
PMBs [206, 207]. Other studies have considered the effects of hydrogen enrichment on canonical
fuels such as methane and natural gas [55, 56] and on alternative energy vectors such as ammo-
nia [58, 59]. Hydrogen addition was found to have a remarkable impact on burner operation,
shifting the stability map towards lower equivalence ratios [55]. The aforementioned studies
focus on the evolution of the burner operating range and report changes in the temperature
profiles and in pollutant emissions. However, they do not specifically address the stabilization
mechanisms of these flames and how they are affected by hydrogen blending. Recent DNS
have shown that preferential diffusion effects play a key role in the stabilization of H2 flames in
PMBs [76, 182]. This effect is not specifically taken into account in 1D models such as those
used for PMBs [206].

Moreover, the geometrical parameters of the porous structure are known to have a direct
impact on the combustion properties [117, 121]. However, the influence of the matrix porosity,
ϵ, is rarely assessed in experimental studies. Generally, variations of ϵ are small and in most
cases are a side effect of the utilization of different foams rather than a controlled parameter.
Computer-designed geometries allow the independent variation of pore size, dp and void fraction,
ϵ. Here, we address the influence of porosity on the burner performance by comparing two PMBs
with the same pore size and different porosities, ϵ = 0.5 and ϵ = 0.8. The influence of hydrogen
enrichment on the burner operating domain and on flame stabilization is also analyzed. The
tracking of the flame position as a function of the operating conditions allows us to compare the
stabilization of CH4-Air flames and H2-enriched flames. For these flames, our results indicate
stabilization mechanisms other than heat recirculation, which are not accounted for in present
1D models.

5.2. Controlled flashback

In this thesis, the focus is on the submerged combustion regime, where the flame is stabilized
inside the PMB and there is an intense coupling between combustion and heat transfer. However,
submerged flames cannot be stabilized directly from cold start, a transient starting process is
required to achieve this regime. The starting of PMBs is an overlooked topic in the literature.
Generally, flames are first stabilized on top of the burner in the surface combustion regime. When
multi-staged configurations are used, the transition from surface to submerged combustion is
straightforward. Usually, ceramic foams with a small pore size are used for the upstream stages.
This way, the upstream porous matrix acts as flame arrestor, quenching the flame and ensuring
stability during the process. However, in single-staged configurations the transition from surface
to submerged combustion is challenging. In CH4-Air flames, the progressive reduction of the
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t = 0 s
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t = 72 s
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t = 504 s

Figure 5.1. – CH⋆ chemiluminescence imaging of a Controlled flashback transient. (A) Ignition
with CH4-Air at ϕ = 0.6. (B) Hydrogen addition to trigger transition to submerged
combustion. (C) Removal of hydrogen. (D) Steady state in thermal equilibrium
is reached.

bulk to flame speed ratio often causes Flame Repetitive Extinction and Ignition (FREI) and
is likely to result in flashback. Ceramic porous matrices feature a low resistance to thermal
shocks [101, 121]. As a result, the burner operating conditions must be varied extremely slowly
to prevent breakage. This imposes long transient times, further increasing the complexity of
the starting process. Here, we propose a time-efficient method to achieve this transition that is
made possible by the use of metallic burners. The procedure is detailed below.

First, a CH4-Air flame is stabilized on top of the burner in the surface combustion regime.
Typically, the burner is started with a 0.8 kW CH4-Air flame at ϕ = 0.6. Then, to achieve
submerged combustion conditions, a small fraction of hydrogen is temporarily added so as to
pull the flame inside of the porous matrix. For ϵ = 0.8 matrices, an increase of the hydrogen
content to αP = 20 % generally suffices to trigger the transition. The flame front is tracked live
as it performs a controlled flashback across the porous matrix (see Fig. 5.1). In the sequence of
Fig. 5.1 snapshots are labeled with the elapsed time from the start of the transient phase. Note
that a relatively fast transition can be achieved without matrix breakage. The enhanced thermal
shock resistance has proven to be a major advantage of metallic PMBs when compared to their
ceramic counterparts. Their improved durability largely simplifies burner operation by reducing
the risk of fracture and hence the laboratory time. Continuous surveillance is needed during
the transient phase in order to prevent a flashback once the flame is close to the inlet. When
the flame reaches the bottom of the burner, hydrogen content, αP , power, P , and equivalence
ratio, ϕ are re-adjusted and set to a known stable operating point. The system is then allowed
to reach thermal equilibrium.
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5.3. Results & Discussion
In this chapter, two different PMBs with the same pore size and different porosity, ϵ, are

analyzed. Their topological parameters, including the solid and gas phase tortuosities, τs and
τg, and the interphase volumetric surface, Sv, are gathered in Tab. 5.1.

Table 5.1. – Topological parameters of the PMBs.
dp

[mm] ϵ
Sv

[m−1] τg τs

2.5 0.5 659 1.58 1.58
2.5 0.8 729 1.19 2.52

Figure 5.2 depicts three 1 kW CH4–Air flames with distinct equivalence ratios stabilized in the
ϵ = 0.8 PMB. Post-treated images are presented in the left column, where the interpolated flame
position is indicated with a white dotted line. On the right, the experimental profiles of CH⋆ and
their beta-prime fit are displayed in red dotted and black dashed lines, respectively. Additionally,
solid blue lines represent the normalized temperature profiles acquired via the thermocouples.
Near the flashback limit, flames stabilize close to the burner inlet, as illustrated in the lower plot
of Fig. 5.2. As the equivalence ratio is decreased, flames gradually shift downstream, stabilizing
at higher ξ = x/L values. At the blowoff limit, top plot of Fig. 5.2, flames stabilize approximately
in the middle of the burner. Note that the flame front is reasonably flat across the transverse
direction, which suggests that a one-dimensional model is a reasonable first approximation.

5.3.1. Influence of porosity

The influence of porosity on the PMB performance is now examined for CH4-Air mixtures.
Figure 5.3 shows the experimental points in the P −ϕ map for the two burners considered. The
blowoff and high-temperature limits are marked with dashed and dash-dot lines, respectively.
The shaded region outlines the estimated boundaries of the burner’s operating domain. Dashed
areas in the upper right corners denote unexplored regions due to thermal constraints of the
material. In these zones, the elevated temperatures reached inside the PMB can lead to severe
deformation of the porous structure. Figure 5.3 shows that the stability domain of the burner
is directly affected by ϵ. When the porosity is lowered from ϵ = 0.8 to ϵ = 0.5, the operating
domain is shifted towards higher equivalence ratios. This can be explained by an analysis of
the kinematic balance between the flow velocity, uB, and the local flame speed, SL. When the
porosity is reduced, the effective burner section is reduced by the same factor and velocities
inside the porous matrix increase for an imposed mass flow rate. Therefore, in order to ensure a
kinematic balance between the flow and flame velocities, higher values of SL are required. The
local flame speed can be enhanced either by increasing the recirculation efficiency, ηrec, or by
operating at larger equivalence ratios, ϕ. Ceteris paribus, recirculation efficiency decreases with
porosity [63]. However, porosity variations also drive changes in other parameters such as the
specific exchange surface, Sv, which directly scales the heat exchange term, hv. Thus, predicting
its influence is not straightforward in practice.

In PMBs, heat recirculation enables increasing the mass consumption rate per flame unit
surface. This increase is quantified by the flame speed-up, defined as the ratio between the bulk
velocity in the PMB, computed as uB = ṁ/(ρinAϵ), and the laminar burning velocity at inlet
conditions, SL0(ϕ, Tin). Here, ṁ and A = πD2/4 denote the total mass flow rate and the burner
section, respectively. In finite PMB, the speed-up is a function of the position of the flame in
the burner [63]. Our novel experimental setup allows measuring the evolution of the speed-up
with the flame position, xf , and comparing it to theoretical predictions. Figure 5.4 displays the
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Figure 5.2. – A) Line-of-sight integrated CH⋆ signal for three 1 kW CH4-Air flames at different
equivalence ratios. B) Profiles of CH⋆ and normalized temperature, θ = (T −
Tin)/(Tad − Tin), as a function of the axial position, ξ = x/L.

results for CH4-Air flames with different powers for the two burners under investigation. For
uB/SL0 ≃ 1, flames stabilize in the vicinity of the burner inlet, ξ = 0. Due to heat losses, some
of these flames can feature a speed-up smaller than unity. Unfortunately, the overheating limit
of the burner was here reached before flashback occurrence and thus the uB/SL0 at flashback is
not available for CH4-Air flames. When uB/SL0 is increased, the flame is progressively pushed
towards the burner outlet. uB/SL0 is maximum around ξf ≃ 0.5 and a further increase in the
bulk to laminar flame speed ratio leads to blowoff. At the blowoff limit, the flame speed-up
rises to approximately uB/SL0 ≃ 7 in both burners. For the limited power range reported here,
the burner load does not affect the flame stabilization in terms of uB/SL0(ξf ). Overall, ϵ is
found not to alter the speed-up at blowoff but it has an impact on the shape of the uB/SL0(ξf )
curve. In periodic structures, local anchoring effects can result in discrete jumps of the flame
front position. In the ϵ = 0.5 PMB, the discretization of the flame position, ξf , is more relevant
and results in a different shape of the speed-up stabilization curve. This explains the larger
spreading of experimental points around ξf ≃ 0.2 in the ϵ = 0.5 burner.
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Figure 5.3. – Operating domain spanned by power, P , and equivalence ratio, ϕ, for CH4-Air
flames in PMBs with different porosities ϵ = 0.5 and ϵ = 0.8.
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Figure 5.4. – Flame speed-up, uB/SL0 , versus flame position, ξf = xf/L, at various powers for
two porosities, ϵ.

5.3.2. Influence of H2-enrichment

The influence of hydrogen enrichment on flame stabilization is now discussed. The operating
domain of the ϵ = 0.8 burner spanned by Power, P , and equivalence ratio, ϕ is displayed in
Fig 5.5a. The blowoff, flashback and high temperature limits are indicated with dotted, solid
and dashed lines, respectively. For the sake of clarity, no shadowed regions are included here.
Different markers are used for each hydrogen power fraction, αP . Note that the αP = 0%
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Figure 5.5. – A) Operating domain of the ϵ = 0.8 burner for different hydrogen power fractions,
αP , in the P − ϕ space. B) Flame speed-up, uB/SL0 , versus normalized flame
position, ξf = xf/L, for different powers and hydrogen contents.

points in Fig. 5.5a are those of Fig. 5.3 with ϵ = 0.8. Empty markers denote operating points
where the laminar burning velocity SL0 is lower than 0.5 cm s−1. For those operating points,
combustion in the absence of heat recirculation is virtually impossible. Safety considerations
make of combustion beyond flammability limit a major asset of PMBs for practical applications.
Hydrogen content has a first order impact on the operating equivalence ratios. As shown in
Fig. 5.5a, the operating domain of the burner is shifted towards lower equivalence ratios for
increasing values of αP . As a rule of the thumb, the operating equivalence ratio ϕ is reduced
by ∆ϕ = 0.1 every time the hydrogen power fraction is doubled. In the ϵ = 0.5 PMB (not
shown here), operating domains are slightly shifted towards higher equivalence ratios but the
overall behavior is the same. In Fig. 5.5b, the speed-up uB/SL0 is plotted against the flame
normalized position for different powers and hydrogen contents, αP . The addition of hydrogen
has a direct impact on the flame stabilization. A H2-enrichment of αp = 20 % results in an
upward displacement of the stabilization curve, but the overall behavior remains roughly the
same. A larger increase in the hydrogen content to αP = 40 % drives a substantial change in
the stabilization trend of the flame. For increasing uB/SL0 ratios, highly H2-enriched flames
remain attached to the burner inlet, anchoring to the first row of pores at roughly ξf ≃ 0.05.
Then, when a critical speed-up is reached, these flames are blown off the burner. As the H2
content is increased, the stabilization curve uB/SL0(ξf ) becomes very stiff. This is a significantly
different behavior than that usually predicted by Volume Averaged Models (VAMs) and theory
and it was also observed in 3D DNS [76, 182]. Note that the mass consumption rate per flame
unit surface can rise to nearly uB/SL0 ≃ 140 for αP = 80 %. The uB/SL0(ξf ) stabilization
curves display a similar trend in the ϵ = 0.5 burner. Hydrogen flames feature larger Zeldovich
numbers and are thus more sensitive to preheating than methane flames. However, in H2-
enriched flames, the different stabilization trends observed in Fig. 5.5b suggest the existence of
flame speed enhancement mechanisms other than preheating. To dig deeper into this question
we compare the flame mass consumption rate observed in experiments, uB, to the flame speed-
up predicted by the asymptotic model of [63], SLP

. In this theoretical model, heat recirculation
is the sole flame-stabilization mechanism and mixture sensitivity to preheating is accounted
for via the Zeldovich number. Hence, variations in uB/SLP

with the hydrogen content hint
towards the existence of other stabilization mechanisms. To compute SLP

we impose the flame
position observed in experiments, ξf and evaluate the theoretical model. Model parameters
are computed as follows: topology dependent parameters are extracted from Tab. 5.1; gas
constants such as density, ρin, specific heat, cpg , thermal conductivity, λg, and viscosity, µ, are
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Figure 5.6. – Evolution of the ratio between the experimental and the theoretical speed-up,
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, with the H2 content.
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Figure 5.7. – Theoretical speed-up, SLP
/SL0 , versus flame position, ξf , for 1 kW CH4-Air flames

in the two burners with different porosity, ϵ.

evaluated at the fresh gases temperature, Tin, and computed using the UCSD kinetic scheme;
the interphase heat transfer coefficient is hv = SvλgNu/dp, where the Nusselt number Nu is
calculated using the correlation presented in [68] and the pore-based Reynolds and Prandtl
numbers are defined as, Re = ρuBdp/µ and Pr = cpgµ/λg, respectively. A solid thermal
conductivity of λs = 13 W m−1 K−1 is assumed and radiative thermal losses at the burner
ends are taken into account. In this asymptotic model [63], different expressions can be used
to evaluate the flame speed ratio as a function of heat recirculation SLP

/SL0(ηrec). Here, the
speed-up correlation developed by [60] is chosen.

Results are plotted in Fig. 5.6 as a function of the hydrogen molar fraction in the fuel, χH2 ,
for both burners. For each hydrogen content, uB/SLP

is averaged over the whole dataset and
the vertical lines correspond to the maximum and minimum values. For CH4-Air flames, the
uB/SLP

ratio should be equal to one but the obtained values are about 0.7. This means that
speed-ups measured in the experiment are smaller than those predicted by the asymptotic model.
These differences can be attributed to the numerous simplifications made in the derivation of the
asymptotic model. Strong assumptions such as constant transport coefficients and zero radial
heat losses hinder quantitative predictions. However, these modeling limitations are expected to
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affect all flames rather equally, regardless of the fuel composition. Despite the fact that the model
does not include radial heat losses, it does account for in/outlet losses by radiation. Switching
them on/off only shifts the curves in Fig. 5.6 downwards by 2−7% but does not affect the trends.
Thus, when comparing uB/SLP

ratios for different hydrogen contents the error should remain
constant. In other words, if preheating is the sole mechanism responsible for flame speed-up,
the uB/SLP

ratio should be independent of the mixture composition. Figure 5.6 reveals that
the ratio between the observed and the predicted speed-up increases with the hydrogen molar
fraction. Despite the significant dispersion in the results, the trend is clear and this supports the
idea that a mechanism different from preheating affects flame speed-enhancement in H2-enriched
flames. Note that in Fig. 5.6, the uB/SLP

ratio is also mildly affected by the porosity ϵ. This
is because its influence on the speed-up is not quantitatively captured by the model. Changing
the porosity affects other topological parameters that have a strong impact on hv. Thus, the
influence of porosity on simulations is, to a certain extent, encapsulated in hv. The evaluation
of the asymptotic model with different off-the-shelf correlations for the Nusselt number affects
the predicted speed-ups yet it does not alter the conclusions drawn from Fig. 5.6. For the sake
of comparison, Fig. 5.7 shows the theoretical speed-up curves for 1 kW CH4-Air flames in the
two burners with different porosity ϵ. The comparison between Figs. 5.7 and 5.4 confirms the
overall qualitative agreement despite the over-prediction by the model. It has been checked that
the kinetic mechanism is not at the origin of these discrepancies, which are very likely due to
the underestimation of heat losses in the theoretical model.

For non-unity Lewis-number fuels such as H2, preferential diffusion effects are known to play
a major role in flame stabilization [208]. Recent 3D-DNS [76, 182] revealed that the formation
of locally enriched pockets caused by flame-front curvature has a strong impact on flame stabi-
lization in PMBs. Therein, it was shown that hydrogen flames can accommodate larger mass
flow rates by stretching and increasing their surface without moving downstream. Here, flame
front tracking has revealed a different stabilization trend in highly H2-enriched flames. Then,
the influence of the Zeldovich number has been removed via normalization by the theoretical
flame speed SLP

. Variations in the uB/SLp ratio with hydrogen content suggest the existence
of other flame speed enhancement mechanisms different from preheating in H2-enriched flames.
These results reinforce the claim that Lewis number effects must be taken into account for an
accurate evaluation of the flame speed-up.
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5.4. Conclusions of the chapter

In this chapter, flame-front tracking has been used to study the influence of porosity and
H2-enrichment on flame stabilization in PMBs. The analyzed porosity variation was found
to alter the operating equivalence ratios, ϕ, but did not affect the blow-off limit in terms of
speed-up, uB/SL0(ξf ). A comparison with the theoretical model presented in [63] reveals that
quantifying the influence of porosity is challenging. This is because theoretical predictions are
very sensitive to the modeling of the heat exchange term, hv, which is in turn influenced by
porosity variations. Moreover, H2 enrichment is found to shift the operating domain towards
lower equivalence ratios and to alter the flame stabilization. Qualitative differences between
the stabilization of CH4-Air and H2-enriched flames suggest the existence of different stabi-
lization mechanisms for non-unity Lewis-number fuels. Comparison with a theoretical model
allows separating the sensitivity to preheating and brings to light other stabilization mecha-
nisms. Variations of the uB/SLP

ratio with the hydrogen content point out the existence of
other flame speed enhancement mechanisms in H2-enriched flames. The present experimental
results are consistent with recent observations made in 3D-DNS of premixed H2-Air flames that
could stabilize and accommodate large flow rates while being anchored at the inlet. Therein,
preferential diffusion effects were shown to play a major role on flame stabilization in PMBs.
These experiments provide further evidence that these phenomena need to be modeled if an
accurate description of the burning rate is sought. Future work must address these modeling
tasks and seek pore-level diagnostics to unveil the details of flame stabilization in PMBs.
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Chapter 6
Pore-scale laser diagnostics
This chapter is based on the article "Mie-scattering imaging and µPIV in porous media
burners with TPMS-based topologies" by E. Flores-Montoya, S. Cazin, T. Schuller
and L. Selle (submitted to Combustion and Flame).

In this chapter, Mie-scattering imaging, CH⋆ chemiluminescence and µPIV are applied in var-
ious optically accessible Porous Media Burners (PMBs). The 3D printed PMBs used in this
chapter feature optical pathways that are both orthogonal and coincident, so that one can
be used for illumination and the other for imaging. This enables the application of laser di-
agnostics in fully 3D structures whilst avoiding altering the geometry of the porous medium.
These techniques are applied in homogeneous porous burners where the position of the flame
is determined by the operating conditions. First, flame topography from Mie-scattering im-
ages is combined with CH⋆ chemiluminescence imaging to analyze the influence of the flame
position on the preheating distance of the reactants. Then, Mie-scattering imaging and µPIV
measurements are used to study the structure of inlet-anchored flames for different topologies,
pore-sizes and hydrogen contents. The topology is found to have a major impact on the inter-
stitial flow and flame stabilization. A new topological parameter, namely the linear porosity,
is proposed to quantify the influence of local hydrodynamic effects on flame stabilization.
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6.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.2. Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2.1. Seeding system . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.2.2. The POROSITO test rig . . . . . . . . . . . . . . . . . . . . . . . . 92
6.2.3. Laser-suited PMBs . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6.2.4. Influence of seeding . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.3. Mie-Scattering in a PMB . . . . . . . . . . . . . . . . . . . . . . . . 96
6.3.1. Preliminary considerations . . . . . . . . . . . . . . . . . . . . . . . 96
6.3.2. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6.4. PIV measurements at the scale of a pore . . . . . . . . . . . . . . . 100
6.4.1. Diagnostics setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.4.2. Calibration process . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.4.3. Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . 103
6.4.4. Images processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.4.5. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.5. Influence of the burner topology . . . . . . . . . . . . . . . . . . . . 108
6.6. Conclusions of the chapter . . . . . . . . . . . . . . . . . . . . . . . . 111
6.A. Supplementary material . . . . . . . . . . . . . . . . . . . . . . . . . 112

89



Chapter 6 : Pore-scale laser diagnostics

“Do it fast first, then you’ll do it right.”

Laurent Selle

6.1. Introduction
The mechanism of heat recirculation in PMBs is well understood [60–64] and the macroscopic

behavior of flames within porous matrices has been extensively documented [39, 59, 65, 66].
However, there is still limited knowledge about many pore-scale phenomena such as the thermal
quenching, preferential diffusion effects and flame wrinkling [67–69]. These local phenomena
have a critical impact on the macroscopic behavior of the system and its performance. Low
order models such as Volume Averaged Models (VAMs) do not incorporate the modeling of all
these local phenomena, which results in a poor accuracy [67, 68, 70]. Improving the predicting
power of current VAMs could help designing more efficient and fuel-flexible combustion devices.
For that, it is crucial to gain understanding into the complex flame-wall interactions at the pore
level so that the appropriate upscaling parameters and emerging properties are incorporated
into current models. A deeper understanding of these processes can be achieved via advanced
diagnostic techniques such as Planar Laser Induced Fluorescence (PLIF) [151], Coherent Anti-
Stokes Raman Scattering (CARS) [152, 153] and X-ray Computed Tomography [69, 101].

In the literature, there are only a few examples of pore-level diagnostics [86, 151–153]. One
of the first examples of pore-level diagnostics is found in [152, 153], where CARS is used to
measure the gas phase temperature and the H2 concentration in a two-stage reactor. Later on,
[151] carried out OH-PLIF measurements to visualize the flame front through a narrow slit in
a PMB. In these studies, optical access is limited and achieved either by using very large pores
or by creating narrow gaps inside the porous matrix, thus altering the burner geometry. A
notable exception is the use of X-ray tomography [101], which allowed the reconstruction of the
temperature field in a multi-layer SiC burner. This technique has also been used in combination
with infrared thermometry [69] to obtain a full reconstruction of the temperature field in both
phases of the burner at a micrometric scale. However, µX-ray tomography is very complex and
requires the addition of Krypton to enhance the X-ray contrast. Recently, direct visualization
of the flame front was achieved in a 2D configuration where optical access was provided by
quartz walls and a single-layer packed-bed configuration [79]. Another example of direct flame
visualization is found in the work of [154], who performed chemiluminescence measurements in
a 2D array of cylinders with a staggered configuration.

One of the main difficulties is the availability of an optical pathway to the interior of the porous
medium. However, TPMS-based topologies usually have see-through directions with extensive
optical access to the interior of the porous matrix without disturbing the geometry. This was
demonstrated in [163] where topology tailoring was combined with Additive Manufacturing (AM)
techniques to produce optically accessible burners. So far, the extensive optical access offered by
TPMS-based topologies has been used to obtain line-of-sight integrated CH⋆ chemiluminescence
images. This has allowed the direct visualization of the flame inside the burner and the tracking
of the reaction zone as a function of the operating conditions. Flame-front tracking has been
proposed as an useful input for model validation and has revealed different stabilization trends
in H2-enriched flames [163, 164]. However, the technique offers limited information about the
flame structure inside the pores because some of the pore-level details are lost in the line-of-sight
integration process.

In this chapter, the optical access provided by TPMS-based topologies is leveraged to apply
two laser diagnostics at the scale of the pore: flame topography from Mie-scattering imaging
and Micro Particle Image Velocimetry (µPIV).
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Mie-scattering imaging is a broadly-extended planar flow-imaging technique in reactive flows [162,
209–211]. In these diagnostics, the flow is seeded with small particles and the change in the seed-
ing density across the flame front is used to obtain the boundary between the fresh reactants and
the burned products. Mie-scattering is used as a flame surface detection technique that provides
comparable results to those of CH⋆ chemiluminescence and OH-PLIF. It can be used to compute
the fractal dimension of turbulent flames and to perform a 3D-tomographic reconstruction of
the flame surface [212]. However, Mie-scattering has never been applied in the context of porous
reactors. This work represents the first experimental demonstration in a PMB and will bring to
light how this diagnostic can be exploited to study the heat recirculation mechanism.

PIV is probably the most widespread non-intrusive experimental technique in fluid mechan-
ics [213–217] and it has been applied to porous media flows in a wide variety of configura-
tions [218–223]. Nonetheless, PIV measurements in porous media have only been conducted
in non-reactive flow conditions so far. Overall, we can distinguish two main approaches. On
the one hand, we find PIV measurements in regular 2D structures that aim to reproduce the
flow conditions found in realistic 3D porous media. To replicate the flow conditions found in
porous media, a set of rods perpendicular to the bulk flow direction are arranged in a regular
configuration [219, 220, 224, 225]. This solution provides full optical access to the fluid phase
but is limited to two-dimensional porous structures. The technique permits the variation of the
void fraction by adjusting the cross-section area of the rods and their spacing. This approach
was combined with AM to produce a transparent fractured porous media structure in [221].

In other cases, the technique is applied in packed bed configurations [218]. In 3D packed
bed structures, the lack of optical access must be compensated using a transparent solid phase.
However, in this case, differences between the refractive index of the solid and fluid phase can
produce image distortion [223]. As a result, the refractive index of the fluid phase has to be
tuned to match that of the solid. To do so, a mixture of fluids with different refractive indices
has to be prepared with high accuracy. Whereas cross-flow arrays of rods are limited by the
two-dimensional nature of the porous structure, packed-beds are limited in terms of porosity
range, with achievable porosities narrowing down to ϵ ≃ 0.36 − 0.42.

In this chapter, 2D velocity fields are measured in a TPMS-based porous medium in reactive
flow conditions and at the pore-scale. Owing to the small scale of the system and the steadiness
of the flow, µPIV post-processing techniques can be applied [226, 227]. In contrast to previous
examples of PIV measurements in porous media, here the optical access is granted by the see-
through directions of the porous structure so it is not required to use a transparent solid matrix.
The main drawback of TPMS topologies is the lack of full optical access to the fluid phase in
the laser plane and the partial loss of information.

The remainder of the chapter is organized as follows. Section 6.2 describes the experimental
setup with a focus on the modifications with respect to Chapter 2. In Sec. 6.3, Mie-scattering
imaging and CH⋆ chemiluminescence are applied at the macroscopic scale across the stability
domain of the burner. Section 6.4 presents the results of µPIV measurements at the pore scale
combined with flame topology for inlet-anchored flames. Section 6.5 analyzes the influence of the
porous structure on flame stabilization based on macro and microscale diagnostics and, finally,
Sec. 6.6 outlines the conclusions of the chapter.

6.2. Experimental setup
Experiments are performed in the POROSITO test rig presented in Chapter 2. Yet a thorough

description of the experimental setup and procedure were made in Chapter 2, the diagnostics
presented in this chapter require several modifications of the apparatus. For both Mie-scattering
and µPIV, the flow must be seeded with small flow tracers. This implies at least the incorporation
of an aerosol generator in the air flow pipeline. Other modifications include the removal of
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thermocouple probes located inside the porous structure to avoid reflections. In this section,
the changes in the experimental setup with respect to Chapter 2 are described in detail.

6.2.1. Seeding system
The air line is bypassed right after the air mass flow controller and part of the air stream flows

through the seeding system. The rest is premixed with the fuel and injected normally into the
burner bulk stream. The air seeded with particles is re-injected at the plenum section, before
the convergent. The seeding density is adjusted by controlling the mass flow rate on each air
stream with two needle valves. The seeding particles are micrometric oil droplets produced with
an air nebulizer. The mineral oil Edwards Ultragrade Performance 15 was used in this study.
The oil vaporization temperature is Tv = 225◦. As shown by [228], this kind of seeding system
produces a seeding of oil droplets with a mean droplet diameter of 2.63µm. A major drawback of
the present seeding system is the manual control of the seeding density. Therefore, the operator
of the experimental setup is in charge of maintaining the homogeneity between experimental
realizations. Despite this limitation, a good repeatability in the experiments was obtained
as shown in Sec. 6.2.4. Low seeding densities have been used to limit the intrusiveness of the
measurements on the combustion process. This question is also addressed in Sec. 6.2.4, where the
impact of the seeding particles on flame stabilization is quantified. In Mie-scattering imaging,
the low seeding density can be overcome using long exposure times. In µPIV measurements
it was necessary to average the velocity field over a large number of snapshots, which is the
standard approach in µPIV experiments [214].

6.2.2. The POROSITO test rig
Figure 6.1 shows different views of the POROSITO test rig. In the schematic of 6.1a, the

front view of the burner is depicted. Premixed reactants seeded with oil droplets enter the
burner from the bottom and go through a convergent section. In order to have a homogeneous
laminar flow a multi-layer homogenization system is placed at the outlet of the convergent.
This homogenization system replaces the previous one, which consisted of a sintered steel plate.
Sintered steel plates render a flat laminar velocity profile but prevent the passage of oil droplets
and hence the application of laser diagnostics. The multi-layer homogenization section includes
a perforated plate, a layer of packed bed spheres, a honeycomb section and several micrometric
grids between these elements. The straight-duct section is cooled down to Tw = 293 K by
a recirculating bath and two K-type thermocouples are used to measure the reactants inlet
temperature right before the porous matrix, Tin. These thermocouples have different bead
sizes and their readings are combined following the methodology of [174] to correct for thermal
radiation. After this correction, the uncertainty in the inlet temperature value is ±10 K. The
inlet temperature correction is thoroughly described in Sec. 2.28.

This inlet temperature is later used to evaluate the flame properties such as the adiabatic
flame temperature, Tad, the laminar burning velocity SL0 , the flame thickness δT = (Tad −
Tin)/max(∂xT ). It is recalled that the hydrogen power fraction, αP = ṁH2QH2/P , is used to
quantify the proportion of H2 in the fuel. Here, P denotes the total thermal power, ṁH2 the
hydrogen mass flow rate and QH2 its lower heating value. Inlet temperature measurements are
also used to assess the steadiness of the system in these experiments.

Two different laser systems have been used for macroscopic flame topography and µPIV. Lasers
are mounted on a movable platform that allows for both lateral (z-axis) and vertical displacement
(x-axis). They are equipped with a LaVision sheet optics that transforms the laser beam into a
laser sheet with a small divergence angle. In the flame topography experiments, a Coherent
Verdi G with a maximal output power of 20 W, a beam propagation ratio M2 < 1.1, and a
532 nm wavelength has been used. With this device, the laser sheet thickness measured using
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Figure 6.1. – Experimental setup of the POROSITO test rig.

photosensitive paper was ≲ 1 mm. The laser system used in µPIV experiments is described in
Sec. 6.4.1. The laser sheet enters the porous medium from the top. For that, a mirror is installed
above the burner. A slit injector is used to protect the mirror from the hot combustion products
via film cooling. The orientation and the positioning of the laser sheet must be carefully adjusted
in these experiments. A fine tuning of the laser plane orientation is achieved by rotating the
mirror with two orthogonal high-precision goniometers. The translation of the laser sheet in the
z-direction (cf. Fig. 6.1) is adjusted with a micrometric linear stage. As the laser sheet traverses
the vertical optical pathways, a characteristic pattern of laser trails is formed upstream of the
burner inlet (cf. Figs. 6.1 and 6.4). When the laser plane lies at the center of the pore, the
width of these trails is maximal and this can be used to finely tune the z-position of the laser.

The top view of the experimental setup depicted in Fig. 6.1b illustrates the arrangement of
the cameras and the laser. Simultaneous Mie-scattering and CH⋆ chemiluminescence images are
captured from the two horizontal see-through direction of the burner. The camera Allied-Vision
Guppy F-146B is placed in the y-direction. This device mounts a 1388 × 1038 px sensor with a
pixel size of 4.65µm and a bitdepth of up to 12 bits. The Allied Guppy camera is used to capture
the line-of-sight integrated emission of CH⋆ radicals. For that, the imaging system is fitted with
a 200 mm lens and a filter. The bandpass filter has an optical density of 4 and features a central
wavelength and a bandwidth of 430 nm and 10 nm, respectively. The exposure time is fixed to
1 s and the gain is adjusted to achieve a good signal-to-noise ratio. Compared to the previous
setup [163, 164], the lack of a telecentric lens increases the perspective distortion and reduces the
optical access at the burner edges. However, it is still possible to track the position of the flame
from CH⋆ chemiluminescence images. Also, here the focus is on the central rows of pores where
the distortion due to perspective is smaller. A LaVision Imager SCMOS camera is placed in
the z-direction, orthogonal to the laser plane. The resolution of these images is 2560 × 2160 px
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and their bitdepth is 16 bits. The size of the sensor pixels is 6.5 µm. This camera is fitted with
a telecentric lens for perspective removal and a bandpass filter. The central wavelength and
bandwidth of the filter are 532 nm and 10 nm, respectively. The LaVision Imager collects the
scattering of the laser light from the seeding particles in the laser sheet. The exposure time is
varied between experimental realizations to achieve a good signal to noise ratio depending on
the scattering intensity. Typical exposure times are approximately 200 ms.

Figure 6.2. – Raw Mie-scattering (a) and CH⋆ chemiluminescence (b) images. The red dotted
line indicates the limits of the porous matrix. The focus of the analysis is on the
window outlined with white dotted lines in the middle of the burner.

In Fig. 6.2a and b, raw Mie-scattering and CH⋆ chemiluminescence images are shown, respec-
tively. The limits of the porous matrix are indicated with red dotted lines. In the Mie-scattering
images, the laser trails can be observed upstream of the burner inlet. The focus of the analysis
is on the central window outlined with white dotted lines. Backlight images are generated for
both views so that a mask can be applied during the processing of images.

6.2.3. Laser-suited PMBs
In this chapter, five different PMBs have been analyzed. Their topological parameters are

gathered in Tab. 6.1. Burners B1 and B2 have a Primitive-based topology with a volumetric
porosity of ϵ = 0.7 and different pore sizes. Burner B3 features a porosity of ϵ = 0.8 and has a
Gyroid-based topology. The TPMS equation for each topology and the lattice parameters are
described in Sec 2.2. These two topologies have orthogonal see-through directions with optical
pathways that intersect inside the burner. Therefore, the volume where they overlap can be
studied with laser techniques if one of the optical pathways is used for imaging and the other for
illumination. This is why we term these topologies as laser-suited. Burners B4 and B5 feature a
Diamond topology and different porosities. These burners are not laser-suited and are used here
only to compare their macroscopic stabilization properties with those of the Primitive topology
in Sec. 6.5. A detailed analysis of the optical properties of this topology is presented in [163].

Table 6.1. – Topological parameters of the different PMBs.

Burner Topology ϵ
[−]

dp
[mm]

τg
[−]

τs
[−]

Sv
[m−1]

B1 Primitive 0.7 3.5 1.265 2.237 615.5
B2 Primitive 0.7 2.5 1.265 2.237 861.6
B3 Gyroid 0.8 3.5 1.198 2.431 552.0
B4 Diamond 0.5 3.5 1.581 1.581 470.6
B5 Diamond 0.8 3.5 1.190 2.515 520.8
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Figure 6.3. – Arrangement of the see-through directions in the Primitive (a1) and Gyroid (b1)
topologies. The x-direction is used for laser illumination, and the y and z-directions
are used to collect the CH⋆ emission of the flame and the Mie-scattering of particles,
respectively. a2 and b2 show the intersection between the laser plane and the see-
through direction volume for the Primitive and the Gyroid topology, respectively.

In Fig. 6.3, a 3D rendering of the elementary periodic unit is depicted for the Primitive (a)
and the Gyroid (b) topologies. The axes have been normalized with the lattice wavelength, Λ.
Following the axes of Fig. 6.3, the x direction is used for laser illumination, y is used to collect
the line-of-sight integrated emission of CH⋆ radicals and z is used to visualize the light scattering
from the particles in the laser sheet. Figures 6.3a2 and 6.3b2 show a cut at z = Λ/2. This cut
allows visualizing the intersection surface between the laser sheet and the horizontal see through
direction. This intersection surface corresponds to the observable area per square wavelength,
Λ2, inside the burner. Yet both topologies allow for laser diagnostics, the observation window is
appreciably larger in the Primitive (45.9% of the surface) topology than in the Gyroid (17.5%).

To illustrate the challenges of these experiments various pictures of the burner and the laser
sheet are represented in Fig. 6.4. Figures 6.4a and b, show the burner during operation. Here,
due to its elevated temperature the solid matrix is emitting part of its black body radiation in
the visible spectrum. Figure 6.4b shows the laser trails that are visible upstream of the burner
inlet via the scattering of light. Note that these trails cannot be seen downstream because of
the evaporation of oil droplets inside the burner. Finally, Fig. 6.4c offers a lateral view of the
laser sheet passing through the vertical optical pathways.

6.2.4. Influence of seeding

The presence of oil droplets in the reactants can have an influence on the combustion dynamics.
To minimize the intrusiveness of these diagnostics, the total mass fraction of the seeding particles
and their size must be limited. As demonstrated by [228], with the present seeding system the
mean droplet diameter is less than 3 µm, which complies with the diameter requirements for the
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Figure 6.4. – Pictures of the experimental setup during operation (a and b). The characteristic
scattering trails are clearly visible in (b).

seeding particles [212]. To check that the seeding densities employed do not significantly alter
the chemical kinetics, we have quantified the influence of the seeding on the behavior of the
flame inside the burner. Figure 6.5 compares the stabilization curves with and without seeding
particles in burner B1. The stabilization curve represents the evolution of the speed-up as a
function of the flame position ξf = xf/L, where L is the length of the burner. The flame position,
xf , can be directly computed from CH⋆ chemiluminescence images as described in Sec. 2.5. The
speed-up is defined as the ratio between the actual burning rate, uB, and the flame speed of a
1D adiabatic flame, SL0(Tin, ϕ). The bulk velocity, uB, is computed as, uB = ṁ/ρinAϵ, where
ṁ is the total mass flow rate, ρin is the density of the mixture at the inlet temperature, Tin,
A = πD2/4 is the cross-section area of the burner and ϵ is the porosity of the matrix.

In these experiments, a 1 kW methane-air flame is first stabilized at the burner inlet and
then the equivalence ratio is progressively reduced at constant power. With this procedure,
the speed-up increases as the equivalence ratio is reduced and the flame progressively moves
towards the burner outlet. This operation has been performed twice in the presence of seeding
droplets and once in the absence of seeding. When the speed-up, uB/SL0 is plotted against the
flame position, ξf , the stabilization curves show a good agreement considering the experimental
uncertainties. This indicates that the influence of the seeding particles on flame stabilization is
marginal and that a good repeatability is obtained.

6.3. Mie-Scattering in a PMB

6.3.1. Preliminary considerations

To the authors’ best knowledge, flame topography from Mie-scattering images has not been
applied in a PMB. Therefore, several preliminary considerations about this technique must
be made before analyzing the results. In a reactive flow, oil droplets evaporate shortly after
the surrounding flow reaches the particles’ vaporization temperature, here denoted by Tv. In
the Mie-scattering images, the evaporation of oil droplets results in a sharp evaporation front.
In conventional free flames, Fig. 6.6a, the gas preheating distance is provided by the balance
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Figure 6.5. – Influence of the seeding on flame stabilization. The stabilization curve represents
the speed-up, uB/SL0 , as a function of the dimensionless position of the flame
ξf = xf/L.

Figure 6.6. – Evaporation, xv, versus reaction front, xf , in an adiabatic free flame (a) and in a
PMB (b).

between convection and diffusion and is equal to the flame thickness, δT ∼ DT /SL. Therefore,
the location of the evaporation front, xv is approximately at a distance δT from the reaction
region. In locally adiabatic flames, this distance is of the order of hundreds of microns, which
is generally very small compared to the scale of many combustion systems. Hence, in practice,
the evaporation and the reaction front are overlapping. This is why Mie-scattering images are
typically used to infer the location of the flame front position in unsteady turbulent flows [162,
209–212].

However, in PMBs, owing to the presence of the solid matrix, the preheating of reactants
occurs over a larger distance that is often referred to as re-equilibration distance and is here
denoted by lre−eq (cf. Fig. 6.6b). A comprehensive analysis of the characteristic lengthscales in a
porous reactor can be found in the works of [60, 63]. From asymptotic analyses [60, 63, 64], it is
known that this lengthscale is directly related to the interphase heat exchange term, hv and the
solid thermal conductivity, λs. Therefore, in a PMB the evaporation, xv, and the reaction front,
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Figure 6.7. – Comparison between Line of Sight integrated CH⋆ chemiluminescence and bina-
rized Mie-Scattering images for 1 kW CH4/Air flames with different equivalence
ratios ϕ: (a) ϕ = 0.66, (b) ϕ = 0.62 and (c) ϕ = 0.60.
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Figure 6.8. – Transition from a symmetrical to an asymmetrical stabilization in a 1 kW inlet-
anchored flame when the H2 content is increased from αP = 20% to αP = 60%.
Equivalence ratios are (a) ϕ = 0.55 and (b) ϕ = 0.35.

xf , are not necessarily at the same location. In this respect, Mie-scattering images only indicate
the position of the temperature isoline corresponding to the oil evaporation temperature, which
is approximately Tv ≃ 500 K in the present case. Furthermore, because of the small scale of the
system and the droplets evaporation dynamics, it is necessary to analyze the spatial uncertainties
of this technique. Following the time-scale analysis of [229] we can estimate the vaporization
time, tv, of an oil droplet as:

tv ∼ ρda
2/(ρfDTf

) (6.1)

where subscripts −d and −f denote the droplets and fluid properties. Upon numerical evaluation
using the droplets characteristic size and the air and oil properties, a characteristic evaporation
time of roughly 0.2 µs has been estimated. Thus, for flow velocities ranging from 0.5 m/s and
2 m/s the uncertainty in the positioning of the Tv isoline lies between 0.1 and 0.4 mm.
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6.3.2. Results

In this section, the stabilization of CH4-Air flames inside B1 is analyzed by combining the
results from Mie-scattering and CH⋆ chemiluminescence images. In Figs. 6.7 and 6.8 only the
first four rows of pores in the middle of the burner are represented. The zoomed window
comprises the region of the burner where a steady combustion process can be sustained in stable
conditions [63, 111], i.e. from the burner inlet x = 0 to x = L/2. This zone is indicated with a
white dotted box in the raw images of Fig. 6.1.

In Fig. 6.7, three CH4-Air flames stabilized inside the burner are shown. For each case, the
left side represents the line-of-sight integrated CH⋆ signal and the right side shows the binarized
Mie-Scattering image. The yellow region indicates the presence of particles and hence fluid
temperatures below Tv = 500 K. This region is referred to as the cold gasses region. The cases
presented in Fig. 6.7 feature the same thermal power, P = 1 kW, and different equivalence
ratios, ϕ. In Fig. 6.7a, the flame with ϕ = 0.66 is stabilized at the burner inlet. Note that the
evaporation front and the CH⋆ signal are located in the same row of pores. When the flame is
stabilized close to the burner inlet, the preheating of the reactants occurs at the gas diffusion
scale. As a result, the evaporation front is close to the flame front and outlines the flame shape.
Here, a conical flame is observed inside the porous matrix cavities. It can also be noticed that
the CH⋆ signal is more intense on the sides of the pore, which is coherent with the conical shape
observed in Mie-scattering images. The lack of symmetry in the CH⋆ chemiluminescence images
can be explained by perspective distortion since this camera is fitted with conventional optics.

When the equivalence ratio is reduced to ϕ = 0.62 the flame stabilizes at the second row of
pores (Fig. 6.7b). Again, the presence of brighter regions on the sides of the pore in the CH⋆

image can be observed. This suggests that the shape of the flame is similar to that of Fig. 6.7a.
At this flame location, the vaporization of oil droplets takes place between the first and the
second row of optical pathways. The separation between the evaporation front and the reaction
region indicates that there is a significant preheating of the reactants due to the heat exchange
with the hot solid matrix. This image illustrates the mechanism of heat recirculation in PMBs.
It must be noticed that the cold gas zone vanishes on the sides of the optical pathway, revealing
that oil droplets evaporate faster close to the solid wall. The high aspect ratio of the cold gasses
zone suggests that there are large transverse temperature gradients at the pore-level, which is
consistent with the observations of [70] in 2D-DPLS. Finally, Fig. 6.7c represents a 1 kW CH4-
Air flame at the blowoff limit. In this case, the 500 K isoline is located more than one pore
upstream of the flame front. The total preheating distance is approximately lre−eq ≳ 4 mm so
that there is an important scale separation between the gas diffusion scale ldiff ≃ δT and the
re-equilibration distance, lre−eq. Therefore, in this burner and at these operating conditions the
hypothesis of decoupled combustion regime seems reasonable [64].

Figure 6.8 illustrates the existence of two different stabilization modes inside the porous
matrix. In Fig. 6.8, two H2-enriched flames stabilized at the burner inlet are shown. These
flames feature the same power, P = 1 kW, but different composition (different hydrogen content,
αP and equivalence ratio, ϕ). When the hydrogen content of the mixture is increased, the
equivalence ratio must be adjusted in order to avoid a flashback. At αP = 20 % (cf. Fig. 6.8a),
a symmetric conical flame is observed within the matrix cavities. In Fig. 6.8b, a flame with
αP = 60 % stabilizing in an asymmetric way inside the pores is represented. Note that it is
not possible to tell the difference between the asymmetric and the symmetric flame from the
line-of-sight integrated chemiluminescence images. However, thanks to Mie-scattering imaging,
it is possible to recognize two different anchoring modes inside a porous burner. It is important
to clarify that the asymmetric stabilization has also been observed at smaller hydrogen contents
and it is out of the scope of the present work to dig into the underlying mechanisms of this
symmetry breaking. The asymmetric stabilization of H2 flames in PMBs was also reported in
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the DPLS of [76].
Mie-scattering images offer a new way of studying the stabilization of flames in PMBs. These

results reveal that Mie-scattering images can be used to study the flame shape when flames are
stabilized at the burner inlet. This is because, at this location, the preheating of the fresh gasses
occurs at the gas diffusion lengthscale. As in locally adiabatic flame fronts, the offset between the
reaction zone and the evaporation front is of the order of the flame thickness. When the position
of the flame is shifted downstream, the interphase heat exchange preheats the reactants and the
evaporation front moves away from the reaction region. Since low vaporization temperature oil
droplets are used, the distance between the flame front and the evaporation front can be used
to estimate the re-equilibration distance between the solid and the gas phase. Yet a systematic
characterization of the re-equilibration distance is not presented here, the proposed technique
can be used to analyze and compare the characteristic lengthscales, the combustion regime and
the recirculation efficiency of different porous matrices.

6.4. PIV measurements at the scale of a pore

Figure 6.9. – Overview of the experimental setup for the µPIV experiments. a) Global position-
ing of the cameras with respect to the experiment. b) Detail of the optics cooling
system. c) Positioning of the macroscope with respect to the burner.

6.4.1. Diagnostics setup

In the µPIV experiments, the continuous laser source is replaced by a double pulsed Nd:YAG
Quantel Twins Ultra. The energy and wavelength of the laser pulses are 30 mJ and 532 nm,
respectively. A digital synchronizer is employed to trigger the camera and the laser shots. The
synchronizer clock is set to a frequency of 10 Hz. Every 100 ms, two laser pulses are delivered
with a time span of ∆t. For each operating point, ∆t is adjusted according to the bulk flow
velocity so as to keep a constant particle displacement between frames across the experiments.
Typical values of ∆t are around 15 µs. A delay generator is used to accurately tune the camera
shooting window with respect to the laser pulses. The synchronization of all these time signals
is monitored using an oscilloscope and a photodiode is used to measure the laser pulses. With
the double-pulsed source, a laser sheet thickness of 1.6 mm has been measured at the burner
inlet using a CMOS Beamage-4M camera. Given the small scale of the pores and the thickness
of the laser sheet, the illumination source can be considered to be volumetric [214, 227]. This
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means that the whole depth of the optically accessible region of Fig. 6.3 is illuminated. In this
respect, the measurement plane is defined by the depth of field of the optics.

The telecentric lens is substituted by a Macroscope Leika Z16 APO-A with a working distance
of approximately 40 mm. For the optics configuration used in these experiments (zoom and
aperture), a focus depth between 460 and 560 µm has been measured using a Ronchi-Ruling
image. Because of its short working distance, the first surface of this optics is very close to
the burner and it is submitted to an intense thermal radiative flux. To refrigerate the lens and
prevent its damage, an ad hoc tooling attached to the optics’ front is used to cool it down. This
cooling system houses a shortpass filter with a cutoff wavelength of 600 nm and is fitted with
two air intakes and several lateral outlets. A cold air flow is established within the narrow gap
between the optics’ front element and the filter. This cold stream of air does not affect the
thermal equilibrium of the burner. To dissipate as much heat as possible, the optics cooling tool
is equipped with aluminum cooling fins. Various pictures of the arrangement of the cameras and
the experiment as well as of the optics cooling system are offered in Fig. 6.9.

Mie scattering results have shown that when the flame is stabilized at the burner inlet, the
evaporation front is very close to the reaction zone and this can be used to infer the shape of
the flame. For this reason, during these experiments flames have been kept anchored to the first
row of pores so we can obtain the velocity field close to the flame front. Figure 6.10 illustrates
how the vertical and horizontal see-through directions are combined in these experiments. The
schematic is presented for burner B3 with Gyroid topology, a pore size of dp = 3.5 mm and
a porosity of ϵ = 0.8. Thanks to the macroscopic lens, it is possible to zoom in one of the
central pores of the porous matrix (cf. Fig. 6.10c). The top and front views of Fig. 6.10a and
b, respectively, illustrate how the vertical and horizontal see-through directions are combined
in these experiments. This pore is illuminated by the laser from the top of the burner using a
vertical see-through direction and imaged through the corresponding horizontal optical pathway.
In Fig. 6.10c, a detailed view of the imaged pore has been represented. In this plot, the Mie
scattering image obtained from µPIV results is superimposed with the streamlines of the velocity
field and a mask generated by computer using the CAD of the porous geometry. The Mie-
scattering image and the velocity field correspond to a cold flow realization and the procedure
to obtain them is detailed in Sec. 6.4.4. In the µPIV images, a local coordinate system is used,
(x∗, y∗). The x∗ axis is oriented in the streamwise direction and the origin of the system is
approximately at the center of the pore. Note that the direction of the y∗ axis is inverted with
respect to the convention presented in Fig. 6.1.

6.4.2. Calibration process

The calibration process for µPIV experiments is illustrated in Fig. 6.11, Fig. 6.12 and Fig. 6.13
for the three laser-suited burners analyzed: B1, B2 and B3, respectively. From the left to the
right, the backlight image, the scale picture and a snapshot of the cold flow µPIV sequence have
been represented. Figure 6.11 corresponds to burner B1 (Primitive topology with ϵ = 0.7 and
dp = 3.5 mm). In Fig. 6.12, these three visualizations are displayed for burner B2 (Primitive
based with dp = 2.5 mm and ϵ = 0.7). Owing to the smaller size of the pores we have chosen
to keep the zoom approximately constant and to image the inlet of the burner as well. Finally,
Figure 6.13 shows the backlight image, the scale picture and a cold flow snapshot for burner B3
(Gyroid topology with ϵ = 0.8 and dp = 3.5 mm). In the cold flow snapshots, the low density
of the particles seeding can be noticed. Such a low seeding density is characteristic of µPIV
experiments.

The first step of the calibration process is the alignment of the camera with the z-axis of
the optical pathway. Because of the lack of references, the small scale of the system and the
inaccessibility, an alignment based on geometrical criteria is not possible. When the light from
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Figure 6.10. – Schematic of the µPIV experiments. a) Top view of the burner, the laser sheet and
the backlight. b) Front view of the burner. The target pore is at the burner inlet
in the center of the porous matrix. c) Detailed view of the pore: Mie-scattering
image, streamlines and computer-generated mask. Note that local axes, (x∗, y∗)
are used in µPIV images.
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Figure 6.11. – B1: Primtive-based burner with dp = 3.5 mm and ϵ = 0.7.
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Figure 6.12. – B2: Primtive-based burner with dp = 2.5 mm and ϵ = 0.7.

the backlight traverses the pore, it generates a diffuse bright region with the shape of the optical
pathway on the camera sensor (cf Fig. 6.11a). The brightness and the size of this footprint are
maximal when the camera is aligned with the z-axis of the pore. This criterion is here used to
finely adjust the positioning and the orientation of the optics.

Then, the scale factor of the images must be determined. For that, a thin wire is inserted
through the vertical optical pathway that intersects with imaging see-through direction at the
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Figure 6.13. – B3: Gyroid-based burner with dp = 3.5 mm and ϵ = 0.8.

pore of interest. The focus of the camera is adjusted to obtain a sharp edge in the wire back-
lighting. Because the working distance of the optics is fixed, the focal plane is modified by
translating the imaging system along the axis of the pore (z-direction). Figure 6.11b, shows
a picture of the pore with the backlight on and the wire in. This image is used to determine
the scale of the pixels provided that the wire diameter is 0.5 mm. Finally, the focal plane is
corrected using a cold air flow seeded with particles (cf. Fig. 6.11). The z-position of the camera
is adjusted so as to maximize the number of particles in focus. Because the optical pass of the
lens is kept constant, this operation does not affect the scaling factor of the images.

6.4.3. Experimental procedure

Upon the calibration process, the experiment is started and the input parameters are adjusted
to stabilize a flame inside the burner. It is reiterated that, during these experiments, flames
are kept anchored to the burner inlet, stabilizing at the first row of pores. The position of
the flame inside the burner is monitored via CH⋆ chemiluminescence images captured from the
y-axis see-through direction. For each operating point, once thermal convergence is achieved,
the mass flow controllers and inlet temperature readings are registered and averaged over two
minutes. Then, the flow is seeded with particles, the laser is started and 500 snapshots of the
flow field are captured at a 10 Hz rate. Each snapshot contains two frames of the flow field.

6.4.4. Images processing

In the post processing stage, images are first scaled and then a time-averaged background
removal filter is applied. From this pre-processed sequence two results are obtained. On the
one hand, the maximum intensity registered by each pixel over the whole µPIV sequence is
extracted. This generates a Mie-scattering image that is used to analyze the shape of the flame.
This Mie-scattering image is also employed to define a mask for the µPIV calculations. Finally,
the velocity field, u(x∗, y∗) = (u, v), is computed using the sum of the cross-correlation peaks
over the whole sequence [227]. The cross-correlation is computed using a window size of 128 px
with an overlap of 87 %. This is standard processing technique in µPIV experiments and relies
on the steadiness of the laminar flow. This post-processing methodology is used to compensate
for the commonly low seeding density in microfluidic systems. It has been verified that the
statistical convergence of the velocity field requires averaging over at least 200 snapshots.

6.4.5. Results

As shown in Sec. 6.3.2, the shape of the flame can only be reported for inlet-anchored flames.
Therefore, the analysis is focused on the influence of perturbations in load and mixture compo-
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Figure 6.14. – a) Flow streamlines and Mie-scattering image from µPIV measurements in non-
reactive conditions. b) Longitudinal profile of axial velocity, u(x∗). c) Transverse
profile of axial velocity u(y∗).

sition on the stabilization of inlet-anchored flames.

Table 6.2. – Equivalence ratio ϕ resulting in an inlet-anchored flame for each burner and H2
content. The operating point defined by P = 1 kW, and the combinations of αP
and ϕ from this table determine the reference operating condition for each burner
in the µPIV experiments.

Burner αp = 0% αp = 20% αp = 60%
B1 0.66 0.55 0.37
B2 – 0.60 0.40
B3 0.66 0.50 0.25

For each burner and hydrogen content, the equivalence ratio, ϕ, that results in a 1 kW inlet-
anchored flame is determined to define a reference operating point. Table 6.2 collects the equiv-
alence ratios of the reference operating points for each burner and H2 content. Then, pertur-
bations in power, ∆P = ±0.2 kW, and equivalence ratio, ∆ϕ = ±0.02, have been introduced
around this reference flame to analyze their impact on its structure. In the primitive burner
with dp = 2.5 mm (B2) it was not possible to stabilize CH4-Air flames.

To guide the interpretation of the results, two µPIV results in non-reactive and reactive
flow conditions are presented for B1 in Fig. 6.14 and Fig. 6.15, respectively. For non-reactive
flow conditions, Fig. 6.14a shows the flow streamlines and the Mie-scattering image, Fig. 6.14b
depicts the longitudinal velocity profile of axial velocity, u(x∗), and Fig. 6.14c represents the
transverse profile of streamwise velocity, u(y∗). The horizontal and vertical white dotted lines
indicate the location of the velocity profiles. Figure 6.15 provides the same results for a reactive
flow case. In the Mie-scattering images obtained in non-reactive flow conditions like the one
shown Fig. 6.14a for B1, particles are not observed close to edges of the optical pathway. This
loss of effective visualization surface is caused by the presence of out-of-plane defocused walls.
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Figure 6.15. – a) Flow streamlines and Mie-scattering image from µPIV measurements in reac-
tive flow conditions. b) Longitudinal profile of axial velocity, u(x∗). c) Transverse
profile of axial velocity u(y∗).

Actually, Mie-scattering images in cold flow conditions outline the real limits of the observable
region inside the pores.

In the reactive µPIV case (cf. Fig. 6.15), the vaporization front indicates that a conical flame
is stabilized inside the pore. The shape of this flame is in agreement with the results presented
in Sec. 6.3.2. Regarding the axial distribution of velocity, u(x∗), in the non-reactive flow case the
velocity profile is nearly flat (cf. Fig. 6.14b). Conversely, in the reactive flow µPIV measurement
of Fig. 6.15b, the streamwise velocity increases in the axial direction by approximately 25%. This
acceleration is due to the preheating of the reactants along the pore. Note that in the reactive
case of Fig. 6.15, the velocity field is only available in the unburned gas region. The resolution
of the velocity profiles is ∆x = 17.4 µm and for the sake of readability a marker is used every
two samples in the velocity profiles of Fig. 6.14 and Fig. 6.15.

First, the influence of power, P , on the flame structure is examined for burner B1 (Primitive
topology and dp = 3.5 mm). The hydrogen content and the equivalence ratio are fixed to
αP = 20% and ϕ = 0.55, respectively, and the power is varied from P = 0.8 kW to 1.2 kW. The
Mie-scattering images and the streamlines of these flames are shown in Fig. 6.16a-c. Figure 6.16d
shows the axial velocity profiles, u(x∗) along the white dotted lines for cases (a)-(c). When the
power is augmented, the evaporation front is pushed downstream and the flame surface increases.
The velocities measured in the fresh gasses region display a coherent trend with the increase
in burner load. The axial velocity profiles reveal a remarkable acceleration in the streamwise
direction owing to the preheating of the reactants. The combination of preheating and increase
in the flame surface permits attaining larger local consumption rates when the power is increased.

A similar analysis is now presented for burner B2 with the same topology as B1 and a smaller
pore size, dp = 2.5 mm. Figure 6.17a-c shows three H2-enriched flames with ϕ = 0.60 stabilized
at the inlet of burner B2. The hydrogen content is αP = 20% and the power varies from P = 0.9
to P = 1.2 kW. Because of flame extinction, it was not possible to stabilize a flame with a power
of 0.8 kW at ϕ = 0.60. As for the previous case, Fig. 6.17d displays the axial velocity profiles
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Figure 6.16. – Influence of power, P , on the flame structure in burner B1. The hydrogen content
is αP = 20% and the equivalence ratio is ϕ = 0.55. For these flames the speed-ups
are: (a) uB/SL0 = 1.86, (b) uB/SL0 = 2.42 and (c) uB/SL0 = 2.97. The axial
velocity profiles, u(x∗), along the white dotted lines are represented in (d) for
cases (a) ◦ , (b) ◁ and (c) □ .
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Figure 6.17. – Influence of power, P , on the flame structure in burner B2. The hydrogen content
is αP = 20% and the equivalence ratio is ϕ = 0.60. For these flames the speed-ups
are: (a) uB/SL0 = 1.21, (b) uB/SL0 = 1.42 and (c) uB/SL0 = 1.66. The axial
velocity profiles, u(x∗), along the white dotted lines are represented in (d) for
cases (a) ◦ , (b) ◁ and (c) □ .
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Figure 6.18. – Mie-scattering images for three H2-enriched CH4-Air with ϕ = 0.55, αP = 20%
and different powers: (a) P = 0.8 kW, (b) P = 1.0 kW and (c) P = 1.2 kW. The
evaporation front is indicated with a yellow line and the red arrows represent the
magnitude and direction of the local consumption speed, SC .

at increasing powers. At P = 0.9 kW (cf. Fig. 6.17a) the evaporation front is located at the
bottom of the pore because this flame is close to the flashback limit. Indeed, the evaporation
front extends beyond the burner inlet as indicated by the absence of particles on the sides of the
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laser trail. When the load of the burner is increased, the evaporation front is shifted downstream
and the fresh gasses zone grows. At P = 1.2 kW, the Mie-scattering image reveals a conical
flame shape. The axial velocity profiles on the right of Fig. 6.17 show an important acceleration
of the flow from freestream conditions towards the burner inlet. This acceleration is confirmed
by the convergence of the streamlines at the inlet of the burner. This velocity field suggests
that, as for slit-stabilized flames [32, 33, 230], hydrodynamic effects have a first order impact
on the stabilization of the flame in this burner. When the pore size is reduced, the surface-to-
volume ratio inside the pores increases. Yet it is not possible to quantify the flame-to-wall heat
losses with the present diagnostics, a decrease in the pore size is expected to increase the flame
quenching. This would explain why higher equivalence ratios, and thus higher local flame speeds
and temperatures, are required to stabilize a flame at the inlet when the pore size is reduced.

The information from Mie-scattering images and µPIV can be combined to obtain the local
consumption speed at the flame front. From Mie-scattering, the evaporation front defined by
the implicit curve fv(x∗

v, y
∗
v) = 0 can be extracted. From the evaporation front, the normal

vectors are computed as n = −∇fv/|∇fv|. This allows us to evaluate the velocity flux across
this line as Sc = u · n. Since the evaporation front fv(x∗

v, y
∗
v) is very close to the flame front

fv(x∗
v, y

∗
v) ≃ ff (x∗

f , y
∗
f ) the velocity Sc represents a first-order estimation of the local consumption

speed at the flame front. Moreover, because the evaporation temperature of the oil droplets is
known, it is possible to estimate the density of the fluid at the evaporation front location ρTv .
This allows the normalization of the consumption speed by the densities ratio SC = ρTv/ρinSc
to override the influence of preheating. The evaporation front, fv(x∗

v, y
∗
v) and the magnitude
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Figure 6.19. – Evolution of the consumption speed SC along the flame front for different powers
in CH4-Air flames with ϕ = 0.66 (a) and in H2-enriched CH4-Air flames with
αP = 20% and ϕ = 0.55 (b).

and direction of the local consumption speed SC · n have been represented in Fig. 6.18 for
three H2-enriched CH4-Air flames with αP = 20% stabilized in B1. These flames feature the
same equivalence ratio, ϕ = 0.55, and different powers. A similar result is shown in Fig. 6.27
for CH4/Air flames with ϕ = 0.6. The local consumption speed, SC , from the flames shown in
Figs. 6.27 and 6.18 has been extracted and plotted against the y∗ coordinate in Figs. 6.19a and b,
respectively. In Fig. 6.19, the local consumption speed SC is normalized by the laminar burning
rate SL0 . The results represented in Fig. 6.19 show that the normalized local consumption speed,
SC/SL0 increases with the hydrogen content. This is here attributed to the higher sensitivity to
preheating of H2-enriched flames.

The analysis of the influence of perturbations in power and mixture composition on the flame
structure is completed by the results presented in 6.A.
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6.5. Influence of the burner topology

In this section, the influence of the topology on the performance of the burner, the stabilization
of the flame and the interstitial flow is analyzed. As a preliminary remark, it is advanced that
there are only minor differences between the Gyroid (B3) and the Diamond (B4 and B5) topology
in terms of macroscopic flame stabilization and operating domain. Therefore, the discussion
presented down below is focused on the comparison between the Primitive geometry and the
other two. In particular, B1 is compared to B4 and B5 in terms of operating domain and
stabilization curves. These burners feature the same pore size and different porosities. Then,
the velocity fields of B2 and B3 are compared at the pore-level in cold flow conditions to analyze
the differences in the interstitial flow.

First, significant qualitative differences have been observed during the experiments between
Primitive and Diamond-based burners, including:

– Difficulty to achieve a smooth transition from surface to submerged combustion.
– In Primitive-based burners, the stabilization of the flame is more discretized, as if only a

few anchoring locations were possible.

Figure 6.20. – Stability domain of burner B1 spanned by power, P , and equivalence ratio, ϕ for
CH4/Air flames. Blowoff limits of burners B4 and B5 in the P − ϕ map.
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Figure 6.21. – Evolution of the speed-up, uB/SL0 , with the flame location ξf = xf/L, in Prim-
itive and Diamond-based burners with the same pore size dp = 3.5 mm and
different porosities.

Figure 6.20 shows the stability map for CH4-Air flames in B1. The operation at high power
and equivalence ratio is limited by the low melting point of the burner material. In Fig. 6.20,
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the black dotted line indicates the blowoff limit of the burner which corresponds to the leftmost
points of the stability map. For the sake of comparison, the blowoff limits of burners B4 and
B5 are depicted in blue and orange lines, respectively. It must be noticed that Diamond-based
burners (B4 and B5) are capable of sustaining combustion at both leaner mixtures and lower
powers. This result shows that the topology has a strong influence on the operating domain of
the burner. Flame stabilization is now analyzed in terms of speed-up and flame location. In
Fig. 6.21, the speed-up, uB/SL0 , is plotted against the flame position, ξf = xf/L, estimated
from CH⋆ chemiluminescence images for B1 (a), B4 (b) and B5 (c). The results presented in
Fig. 6.21 reveal significant differences in performance between these two topologies. In B1, the
maximum achievable speed-up is approximately 4 whereas in the Diamond topology is almost 6
for both porosities (B4 and B5). This implies that changes in the geometrical configuration of
the porous structure can increase the performance of the burner by roughly 50%.
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Figure 6.22. – Streamlines and Mie-scattering image in non-reactive flow conditions for burners
B2 (a) and B3 (b). The axial velocity profiles, u(x∗), along the white dotted lines
are represented in (c) for cases (a) ◦ and (b) ◁ .

Finally, Figs. 6.22a and b show two µPIV results in cold flow conditions for burner B2 and
B3, respectively. On the right of Fig. 6.22, the axial velocity profiles along the white dotted
lines are represented. Figures 6.22a and b are labeled with the corresponding bulk flow velocity,
which is computed from the total mass flow rate, ṁ, the inlet density, ρin, the burner section,
A, and the volumetric porosity ϵ. This velocity value is indicated with a vertical dotted line in
the velocity profiles. The axial profiles of Fig. 6.22 show that the local velocity increases with
respect to uB along the x∗ axis in both burners. However, the acceleration of the flow is higher
in the Primitive topology, with a peak of velocity at the burner inlet that is almost three times
larger than the mean bulk velocity uB. µPIV measurements indicate that there are notable
differences between the interstitial flow configuration of these two topologies.

The explanation for such remarkable differences in the interstitial flow can be found in Fig. 6.23
where the evolution of the linear porosity, ε, over one wavelength, Λ, is plotted as a function
of the streamwise coordinate, x, for the three TPMS topologies evaluated in this work. The
linear porosity ε(x) is computed as the cross-stream surface of the gas phase divided by the total
transverse surface. Note that this quantity depends on the direction in which it is evaluated. In
Fig. 6.23, the represented TPMS topologies feature the same volumetric porosity ϵ = 0.7, which
is indicated with a black dotted line. In the Diamond and Gyroid topologies, the variations of the
linear porosity, ε around the volumetric value ϵ are small. In contrast, in the Primitive topology
there are large deviations in the linear porosity with respect to ϵ. In isothermal conditions,
the mean gas velocity at a given streamwise location, ug(x), is inversely proportional to the
cross-section area and hence to the linear porosity ε. Therefore, strong variations of ε result in
significant axial velocity gradients. In the Primitive topology, the important variations of the
linear porosity are responsible for the acceleration of the flow observed in Fig. 6.22 at the burner
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inlet. This interstitial flow configuration may also explain the discretized stabilization of the
flame in this burner.

These results have shown that the lattice structure can play a key role on the performance and
the stability domain of the burner. The topology of the burner has a direct impact in various
physical phenomena that influence flame stabilization. It affects the dispersion effects and hence
the effective diffusivity [68, 76]. It also modifies the view factors between solid elements and
thus the radiation extinction coefficient [59, 68]. Finally, it alters the interphase surface density,
which modulates the convective heat exchange between the phases [70]. The influence of the
topology on these phenomena is already quantified in the VAMs via the topological parameters
of in Tab. 6.1. Here, thanks to µPIV measurements at the pore scale it has been shown that
the topology can have a strong influence on the interstitial flow. The velocity field inside
the cavities of the porous matrix determines the contribution of hydrodynamic effects on the
flame stabilization. A statistically homogeneous velocity field reduces the impact of local pore-
anchoring phenomena on the stabilization of the flame and smooths the macroscopic response of
the burner. This must be borne in mind when it comes to performing DPLS in regular porous
geometries, since they may not be fully representative of random structures. The linear porosity,
ε can be used as an indicator of the relevance of these local pore anchoring phenomena.
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Figure 6.23. – Evolution of the linear porosity in the streamwise direction for the three TPMS
structures. These three topologies feature the same volumetric porosity ϵ = 0.7,
indicated with a black dotted line.

110



6.6 Conclusions of the chapter

6.6. Conclusions of the chapter

In this chapter, the optical access granted by TPMS-based porous matrices has been exploited
to apply two different laser diagnostics: Mie-scattering imaging and µPIV.
First, Mie-scattering imaging and CH⋆ chemiluminescence have been applied at a macroscopic
scale over the whole operating range of the burner: from inlet anchored flames to the blowoff
limit. It has been observed that when flames are stabilized at the burner inlet, the vaporiza-
tion front can be used to infer the topology of the flame. This is because the preheating of
the reactants takes place at the gas diffusion scale. Mie-scattering imaging has revealed the
existence of a symmetric and an asymmetric stabilization mode in a PMB. When the position
of the flame is shifted downstream, fresh gases undergo a significant preheating before reaching
the flame front as a result of heat recirculation. Hence, the vaporization temperature of the
oil droplets is reached far upstream the flame front. The offset between the vaporization and
the flame front can be used to experimentally quantify the re-equilibration distance. In future
works, the use of seeding particles with different evaporation temperatures could be used to
obtain different temperature iso-contours in the burner.
Mie-scattering imaging has been combined with µPIV to simultaneously obtain the shape of
the flame and the velocity field in the fresh gasses region at the pore scale for three different
burners. Owing to the experimental limitations, only inlet-anchored flames could be analyzed.
This technique has been used to study the influence of topology, pore size, power and hydrogen
content on the flame structure. By combining the information from Mie-scattering images and
µPIV measurements, it has been possible to compute the local consumption speed of various
flames. It has been observed that the flame surface increases to accommodate larger mass
flow rates and that the local consumption speed, SC , increases with the hydrogen content.
Overall, these results demonstrate the feasibility of PIV measurements in TPMS structures
and open new paths for the application of non-intrusive optical diagnostics in PMBs. The
technique is complex due to the stringent alignment and positioning requirements, the small
scale of the system and the inaccessibility. The calibration of the cameras, laser and mirror
is extremely sensitive and small perturbations can cause an important misalignment. Another
challenge specific to µPIV measurements in reactive flows is the need to refrigerate the optics.
The major drawback of the current setup is the use of low vaporization temperature particles.
Yet this feature was exploited in Sec 6.3.2 to estimate the re-equilibration distance, it is a
limiting factor in PIV. Firstly, it only provides the velocity field in the unburned gas region.
Secondly, it restricts the analysis to inlet-anchored flames. Finally, as a result of the evaporation
dynamics of particles, there is some uncertainty in the localization of the evaporation front.
At high flow velocities, this uncertainty may be non-negligible due to the small scale of the
system. Future improvements of this technique will include a 2D calibration of the images
using a chessboard pattern and the use of solid particles. However, this may involve important
experimental challenges including the adhesion to the burner walls, the clustering of particles
and the potential clogging of the burner.
Finally, the influence of the topology on flame stabilization has been examined. A comparison
between the Primitive and the Diamond topologies has been established in terms of operating
domain and stabilization curves. Some qualitative differences observed during the experiments
have also been reported. The analysis of the velocity field at the pore-level reveals the existence
of large axial velocity gradients in the Primitive topology. This can be explained by the
significant variations of linear porosity in the streamwise direction. The linear porosity profile
configures the interstitial flow and influences the contribution of hydrodynamic effects to the
stabilization of the flame. This result brings to light the impact of interstitial flow configuration
on the macroscopic behavior of the burner and claims for a further development of pore-scale
diagnostics.
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6.A. Supplementary material
This Appendix presents supplementary results from the µPIV experiments that complement

analysis presented in Sec 6.4.5. In Fig. 6.24 the influence of power on the stabilization of the
flame is presented for burner B3 (Gyroid topology, dp = 3.5 mm). These flames feature a H2-
enrichment of αP = 20% and an equivalence ratio of ϕ = 0.5. In this case, the vaporization
front displays an asymmetric shape inside the imaged optical pathway. As in B2 (Fig. 6.17),
the evaporation line extends beyond the burner limits, suggesting that these flames are close
to flashback. The most noticeable change in the flame structure is observed when the power
is increased from 1 kW to 1.2 kW and the vaporization front is shifted towards the wall. If
the axial velocity profiles of Fig. 6.17d and Fig. 6.24d are compared, it is found that the local
velocities measured in B3 are nearly 50% smaller than those measured in B2. This suggests that
local flame anchoring owing to hydrodynamic effects is less important in B3 than in B2.

Figure 6.25 displays the Mie-scattering images and the streamlines for three flames with the
same power and different equivalence ratios, ϕ, stabilized in burner B1 (Primitive-structure with
dp = 3.5 mm). In these flames, the total mass flow rate is very similar and the flame speed
increases with the equivalence ratio. As the velocity ratio, uB/SL0 reduces, the flame surface
decreases, indicating that there is a correlation between these two phenomena. The variations
of the flame surface observed in Fig. 6.25 are less pronounced than those observed in Fig. 6.16
for variations of the power.

The effect of H2-enrichment on the flame topology is shown in Fig. 6.26 where three flames with
varying hydrogen contents are stabilized at the inlet of burner B1. These flames feature a thermal
power of P = 1 kW and their equivalence ratio has been adjusted to obtain an inlet-anchored
flame. At αP = 60%, the evaporation front is shifted towards the sides of the pore, which
is compatible with the characteristic flame tip opening observed in lean hydrogen flames [231]
and a stretching of the flame front. However, given the uncertainties in the positioning of the
evaporation front (cf. Sec. 6.3.1) and the limitations of the experimental technique, we prefer
to be cautious in the interpretation of these results.

Figure 6.27 depicts the Mie-scattering image, the evaporation front and the consumption
speed vectors, SC · n, for three CH4-Air flames stabilized in B1. These flames feature the same
equivalence ratio, ϕ = 0.6, and powers ranging from P = 0.8 kW (a) to P = 1.2 kW (c).

−1 0 1 2
y∗ [mm]

−1

0

1

x
∗

[m
m

]

(a) P = 0.8 kW

−1 0 1 2
y∗ [mm]

(b) P = 1.0 kW

−1 0 1 2
y∗ [mm]

(c) P = 1.2 kW

0.5 1.0 1.5
u [m/s]

(d)

Figure 6.24. – Influence of power, P , on the flame structure in burner B3. The hydrogen content
is αP = 20% and the equivalence ratio is ϕ = 0.50. For these flames the speed-ups
are: (a) uB/SL0 = 2.04, (b) uB/SL0 = 2.52 and (c) uB/SL0 = 4.66. The axial
velocity profiles, u(x∗), along the white dotted lines are represented in (d) for
cases (a) ◦ , (b) ◁ and (c) □ .
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Figure 6.25. – Influence of equivalence ratio, ϕ, on the flame structure in burner B1. The hy-
drogen content is αP = 20% and the power is P = 1 kW. For these flames the
speed-ups are: (a) uB/SL0 = 2.99, (b) uB/SL0 = 2.41 and (c) uB/SL0 = 2.03.
The axial velocity profiles, u(x∗), along the white dotted lines are represented in
(d) for cases (a) ◦ , (b) ◁ and (c) □ .
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Figure 6.26. – Influence of hydrogen content on the flame structure in burner B1. In these
flames, the power is P = 1 kW and equivalence ratio is adjusted to obtain an
inlet-anchored flame. For these flames, the speed-ups are: (a) uB/SL0 = 1.57, (b)
uB/SL0 = 2.03 and (c) uB/SL0 = 8.21. The axial velocity profiles, u(x∗), along
the white dotted lines are represented in (d) for cases (a) ◦ , (b) ◁

and (c) □ .
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Figure 6.27. – Mie-scattering images for three CH4-Air with ϕ = 0.66 and different powers: (a)
P = 0.8 kW, (b) P = 1.0 kW and (c) P = 1.2 kW. The evaporation front is
represented with a yellow line and the red arrows indicate the magnitude and
direction of the consumption speed SC .
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Conclusions

Porous Media Burners are characterized by a unique combination of properties such as high-
power density, broad turndown ratio, fuel-flexibility, ultra low NOx emissions, high-radiant
efficiency, and quiet operation. Their ability to stabilize flames over a wide range of burning
rates and the possibility of optimizing the burner via topology tailoring could be exploited to
achieve fuel-flexibility. Thus, they are promising candidates to decarbonize combustion processes
in both industrial and domestic applications.

Despite the main driving mechanism of PMBs, i.e. heat recirculation, being understood, the
intricate flame-wall interactions at the pore-level are still not well-characterized. Local phe-
nomena such as flame wrinkling, stretch, quenching and preferential diffusion effects have a
strong influence on flame stabilization and hence on the burner’s performance. Now and in
the foreseeable future, Direct Pore Level Simulations will remain computationally expensive,
making it impractical to simulate a full scale system. Therefore, it is crucial to improve current
Volume-Averaged Models (VAMs) to increase their accuracy and predicting capacity. For that, a
deeper understanding of the pore-scale phenomena is essential and this can be achieved through
experimental investigations using advanced diagnostic techniques. These methods provide valu-
able insights into local heat losses, flame wrinkling and preferential diffusion effects at the pore
level, enabling the refinement of existing models. The integration of these detailed experimental
observations into VAMs could enhance their predictive capabilities and reliability.

In this work, a novel strategy to achieve optical access to the interior of the porous matrix
has been proposed. By combining computer-defined topologies with additive manufacturing,
it is possible to produce optically accessible burners. Optical access allows the application
of nonintrusive diagnostics such as chemiluminescence imaging and laser techniques. Another
advantage of the current methodology is the independent control of the different topological
parameters of the porous matrix, which allows for a systematic study of their influence on flame
stabilization. Finally, the present approach could be used to enlarge the stability domain and
optimize the performance of the burner via topology tailoring.

The combination of optically accessible burners with CH⋆ – chemiluminescence and a telecen-
tric lens provides direct optical probing of the reaction zone inside the burner across its entire
operating range. This enables the tracking of the flame front as a function of the operating
conditions of the burner. This technique allows the confrontation of experiments and model
results in terms of flame positioning, reaction zone thickness and axial temperature profiles. In
homogeneous burners, there is a direct relationship between the flame position and the burning
rate. This distinctive property can now be exploited for model validation to complement the
widely-used temperature measurements.

In the first place, flame-front tracking from CH⋆ chemiluminescence imaging has been used to
analyze the stabilization of CH4-Air flames in PMBs with different pore sizes. These results have
shown that current VAMs are not able to retrieve neither the position nor the thickness of the
reaction zone in PMBs. It has also been observed that VAMs are very sensitive to the modeling
of the interphase heat exchange term. Changing the interphase heat exchange term allows us
to improve the predictions of the model. However, the inconsistencies regarding the domain
of validity of the heat exchange correlation hint towards an error compensation. Regardless of
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the interphase heat transfer submodel, the accuracy of the VAM significantly degrades at small
pore sizes, indicating that the influence of this parameter on the combustion process is not well
captured. The pore size directly affects the local adiabaticity of the flame. The interpretation of
the results that is made here is that it is necessary to develop a combustion model that takes into
account thermal quenching phenomena. Finally, the present results have brought to light that
pointwise temperature measurements may not be a suitable validation tool for VAM models.
According to the observations, achieving a reasonable agreement for the temperature field is
possible if a relatively good characterization of the thermal problem is made. This is an issue
specially for step burner configurations, where the position of the flame is nearly fixed at the
interface between the two foams. Conversely, predicting the position of the flame in the burner
as a function of the operating conditions is a more stringent validation method. This is because
there is two-way coupling between the burning rate and the temperature field.

Secondly, the flame-front tracking methodology has been used to analyze the influence of
hydrogen enrichment on flame stabilization. Hydrogen enrichment alters all the flame properties
namely the flame speed, the adiabatic flame temperature, the flame thickness, the sensitivity
to preheating and the stretch resistance. As hydrogen is added to the mixture, the operating
domain of the burner is displaced towards lower equivalence ratios. The tracking of the reaction
region reveals different stabilization trends in highly H2-enriched flames. Whereas methane/air
flames can reach speed-ups of ∼ 10, H2-enriched flames exhibit speed-ups of ∼ 100. In addition,
at high H2 contents, flames remain anchored to the burner inlet for increasing mass flow rates.
When the sensitivity to preheating is removed, the flame speed-ups are still found to increase
with the hydrogen content. These observations suggest the existence of different stabilization
mechanisms in non-equidiffusive flames. Preferential diffusion effects and stretch resistance are
known to have a strong influence on the stabilization of laminar flames, but they are not taken
into account in current VAMs [33]. Again, pore-level phenomena seem to be essential to explain
the macroscopic stabilization trends. An accurate description of the stabilization of H2 flames
in PMBs will require the incorporation of these phenomena to the modeling.

In the last chapter of this dissertation the optical access provided by TPMS-based porous
matrices has been leveraged to implement two laser diagnostics: Mie-scattering imaging and
Micro Particle Image Velocimetry (µPIV). CH⋆ chemiluminescence and Mie-scattering imaging
have been applied across the burner’s operating range to analyze the stabilization modes of the
flame and the preheating distance of the reactants. It has been shown that the offset between
the vaporization front and reaction zone could be used to quantify the re-equilibration distance
as a function of the operating conditions.

Additionally, Mie-scattering imaging has been combined with µPIV to study the structure of
inlet anchored flames and the velocity field in the unburned gas region at the pore scale. Various
laser-suited burners have been analyzed and the influence of topology, pore size, mass flow rate,
and hydrogen content on flame stabilization has been evaluated. It has been found that the
burner topology has a strong impact on the stability domain of the burner and its performance.
The pore-scale velocity fields show that the topology has a crucial impact on the interstitial flow
which is in turn responsible for the variations in the stabilization properties across the different
topologies. It is proposed that the linear porosity of the matrix could be used to characterize the
contribution of hydrodynamic effects to flame stabilization. Overall, these findings underscore
the need for further development of pore-scale diagnostics.
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Future research directions

Develop a combustion model
The results of this dissertation indicate that pore-scale phenomena have a critical impact on
flame stabilization and hence on the performance of the reactor. The predicting power of current
VAMs is strongly constrained by the lack of upscaling parameters to model certain flame-wall
interactions at the pore-level. It is thus essential to refine current combustion models to incorpo-
rate the interactions between combustion and heat transfer processes at the pore scale. Future
investigations must seek to integrate the influence of the pore size on the local non-adiabaticity
of the flame. In the same fashion, further efforts must be devoted to the incorporation of
preferential diffusion effects and stretch resistance into the model, to characterize the unique
stabilization properties of hydrogen flames. Present VAMs do not include upscaling parameters
to account for the influence of hydrodynamic effects and flame wrinkling on the flame behavior.
Improved combustion models will enhance predictive capabilities and guide the design of more
efficient and sustainable PMBs.

Graded topologies
Investigate the impact of graded topologies on the stability domain and performance of the
burner. Future research should focus on designing and testing PMBs with spatially-varying
topological parameters to optimize heat transfer, flame stabilization, and fuel flexibility. Topol-
ogy tailoring is probably the greatest advantage of porous media burners over other combustion
technologies since it allows for an extensive optimization of the burner. Because graded topolo-
gies may be the key to achieve a fuel-flexible porous burner, this is also one of the primary
research directions.

Improving PIV measurements
Explore the use of solid particles in µPIV measurements. In this work, a seeding of oil droplets
with a low vaporization temperature has been employed. This has allowed the visualization of
the different characteristic scales in a heat recirculating burner and can be used to quantify the
preheating distance. However, this represents a considerable experimental limitation when it
comes to µPIV measurements. On the one hand, it only provides the velocity field in the fresh
gas region. On the other hand, it restricts the analysis of the flame structure to inlet-anchored
flames. The use of solid particles would permit the study of the flame structure at different loca-
tions, enabling integral velocity measurements. Enhanced PIV capabilities can provide deeper
insights into hydrodynamic stabilization effects, flame wrinkling and their impact on the com-
bustion process.

Other nonintrusive techniques: PLIF and Raman Scattering
Extend the application of nonintrusive diagnostics to other techniques such as Planar Laser-
Induced Fluorescence (PLIF) and Raman Scattering to study the combustion in PMBs. PLIF
can be used to analyze the flame front structure while Raman Scattering can offer insights into
gas temperature field and the mixture composition. The present work has presented a new
way to obtain an extensive optical access in a 3D burner structure, which could facilitate the
application of these diagnostics. Integrating these techniques with existing diagnostic methods
would enable a more comprehensive understanding of combustion dynamics and flame-wall in-
teractions in PMBs.

Material influence
A major practical challenge of porous burners is the matrix durability. Therefore, it is necessary
to consider the use of different materials to increase the burner durability without restricting
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its operating domain. In this work, metallic burners have been used for their enhanced thermal
shock resistance, but they limit the operation to lean equivalence ratios. While ceramic burners
can withstand higher temperatures, they are brittle and break under thermal shocks. This is
especially critical in 3D printed components, owing to the presence of residual internal stresses
resulting from the manufacturing process. Future works must consider new materials for the
solid phase such as MAX Phases, that combine the elevated thermal shock resistance of metals
and the high melting point of ceramics. Also, the influence of the solid phase properties such
as the emissivity and the thermal conductivity on heat recirculation, radiation-efficiency and
burner’s performance should be the subject of future studies.

Increasing TRL
Focus on increasing the Technology Readiness Level (TRL) of PMBs to facilitate their transi-
tion from research to commercial applications. This involves integrating PMBs in other systems
such as heat exchangers, scaling up experimental studies, optimizing design and manufactur-
ing processes, conducting long-term performance tests, and demonstrating the reliability and
efficiency of PMBs in real-world conditions. Collaboration with industry partners like Bulane
will be essential to address practical challenges and accelerate the adoption of PMBs in various
sectors.
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Appendix A
Predicting flashback limits in
H2-enriched CH4/air and C3H8/air
laminar flames
Novelty and significance statement

1. Definition and application of hybridization strategies to systematically study the effect of
hydrogen enrichment and mitigate the downsides of hydrogen admixture in conventional
fuels.

2. Observation of two flashback regimes and dynamics in H2-enriched CH4/Air and C3H8/Air
flames.

3. The volume- and diffusion-based effective Lewis number, are found to be controlling param-
eters in the transition from one flashback regime to the other. A critical value Lec = 0.5 for
the effective Lewis number defines the flashback tipping point and can be used to prevent
abnormal flashback.

Author Contribution
E. Flores-Montoya: numerical simulations, analysis, writing: original draft.
A. Aniello: analysis, writing: revision and edition.
T. Schuller: analysis, writing: revision and edition.
L. Selle: supervision, conceptualization, analysis, writing: final version.

A.1. Introduction
There is a strong push towards the use of hydrogen as a low-carbon fuel [10, 232], which

can also act as a storage for excess in renewable electricity production [6] via Power-to-Gas
(PtG) strategies [11, 12]. The use of pure hydrogen in combustion devices usually requires the
development of new burner designs but it is also possible to blend it with conventional fuels, for
example via direct injection in Natural Gas (NG) pipelines [13]. It is generally accepted that
hydrogen contents of up to 20% in volume can be accommodated by the existing end-use systems
with minor adjustments [233]. A number of experimental studies on the impact of hydrogen
blending into NG for end-use applications have evaluated the performance of appliances such
as cook-top and oven burners under increasing hydrogen contents [22–25]. In these studies,
flashback is found to be the major limitation for hydrogen blending, which can damage the
system and is a major safety issue.

Domestic heating accounts for around 65% of final energy consumption of the residential
sector in Europe [234, 235]. Premixed combustion systems such as condensing boilers are widely
employed for heating purposes. However, limiting the hydrogen content to ∼ 20% in volume
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corresponds to a 7% reduction of the CO2 emissions per energy unit, which does not allow for a
significant decarbonization. Broadening the capacity to accommodate hydrogen of the current
domestic appliances could not only boost the use of hydrogen as an energy carrier but also yield
a significant reduction of CO2 emissions.

The deployment of hydrogen requires laminar Fuel Flexible Burners (FFB) that can operate
safely and efficiently over a wide range of hydrogen content in the fuel [26, 27]. FFB pose a
series of technical challenges that arise from the significant differences in combustion properties
between hydrogen and hydrocarbon fuels. First, hydrogen flames feature larger burning velocities
and a broader flammability range [17]. Moreover, the difference between its thermal and mass
diffusivity makes lean hydrogen flames prone to thermo-diffusive instabilities [? ]. This affects
the local burning rate and has a direct impact on flame stabilization. In a recent experimental
investigation for two laminar premixed burners used in domestic condensing boilers [35], different
flashback and blow-off regimes are reported depending on the hydrogen content and equivalence
ratio. The burner wall temperature is also found to be a critical parameter. Finally, hydrogen
blending significantly reduces the auto-ignition time [17, 236]. As a result, auto-ignition induced
flashback can occur as reported in [31].

The stabilization of premixed flames is mainly driven by the ratio of the flame speed, SL,
and the inlet bulk velocity, UB. Outside of a given range, there is either flashback or blow-off.
Blending hydrogen into hydrocarbon fuels increases SL thereby promoting flashback if UB is
not increased. It has been observed that hydrogen reduces the turn-down ratio (i.e. the ratio
between the maximal and the minimal operating power) of most burners, which is a challenge
for the development of FFB. Consequently, there is a need for fundamental understanding of
flame stabilization mechanisms in premixed laminar burners operating with fuel blends.

The seminal work of [237] provides the first flashback theory for premixed laminar conical
flames. When the diameter of the tube, D, is large compared to the flame thermal thickness δT ,
the bulk velocity at flashback UFB is proportional to DSL/6δT . The work of [238] further extends
the critical velocity gradient theory by accounting for the velocity profile and a parabolic flame
speed distribution near the wall. The results are expressed in terms of Peclet numbers for the
jet (Pej) and flame (Pef ). Relations between these two dimensionless numbers at flashback are
provided for two scenarios: fully (Pef > 2) and non-fully (Pef < 2) developed flame speed on
the tube axis. The theoretical relations are found to successfully collapse a large number of
experimental data for ethylene-air, acetylene-oxygen and NG-air mixtures.

The stabilization of laminar premixed flames anchored to flame holders and bluff bodies has
been addressed in a number of recent experimental and numerical studies. In [239], the influence
of the flame-holder radius on the anchoring mechanisms at blow-off and flashback is analyzed.
Several stabilization regimes were reported and the presence of a recirculation zone for large
flame-holder radius was found to broaden the blow-off limit. [230] identified heat losses, stretch
and preferential diffusion effects as the main mechanisms for flame stabilization behind bluff
bodies for H2-enriched methane-air flames. The contribution of each mechanism to the anchoring
of the flame is evaluated via flame stretch theory, and the resulting model predicts the flame
displacement velocity. Both [239] and [230] compare the numerical results to experiments and
report good agreement.

In a numerical parametric study, [30] proposed an improved model for flashback prediction in
hydrogen-air flames. It is first shown that the local stretch rate, K, at the flame base correlates
well with the near-wall velocity gradient, g. One can then estimate the local displacement speed
as SD = SL+gLM where LM is the Markstein length. Replacing SL by SD in the Lewis and Von
Elbe model allows the prediction of flashback for a large variety of cases including equivalence
ratio variations and different burner geometries. The influence of the wall temperature on the
flashback dynamics for hydrogen enriched methane-air flames was analyzed by [240]. Flashback
propensity is found to increase with the burner wall temperature and hydrogen content of the
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mixture. Finally, the work of [208] analyzes the effect of the fuel Lewis number on the stabiliza-
tion mechanisms of lean-limit laminar flames stabilized on a bluff body. Two different blow-off
regimes are therein identified depending on the fuel Lewis number.

With regard to the flashback mechanism, a number of experimental and numerical studies for
boundary layer stabilized flames and turbulent swirled burners have reported the presence of
reverse flow regions upstream of the flame leading edge [241–243]. The formation of these reverse
flow pockets questions the validity of the boundary layer flashback model from [237], which is
based on the hypothesis that the flame does not affect the incoming flow. Overall, these backflow
regions are found to increase the flashback velocity. According to [242], in the presence of stable
reverse flow pockets, the flashback limit is determined by the thermal quenching of the reaction
inside the backflow zone due to strain and heat losses to the wall.

Despite this significant body of work, there is still a lack of practical guidelines to evaluate
how the power turn-down ratio of a laminar burner varies as the hydrogen content in the fuel is
increased. The objective of this study is therefore to provide a criterion that can predict a priori
how the flashback limit of a given laminar burner evolves with hydrogen content depending on
the original hydrocarbon admixture nature. First, in Sec. A.2, the reference flames and selected
strategies for hydrogen addition are presented. Then Sec. A.3 describes the numerical methods
and configuration and the main results are discussed in Sec. A.4.

A.2. Theoretical background: hybridization strategies

The considered fuel blend F, is a mixture of hydrogen and a generic hydrocarbon fuel:

F = αH2 + (1 − α)CmHn, (A.1)

where α is the molar fraction of hydrogen in F. The global combustion of F with air in lean
conditions can be written:

αH2 + (1 − α)CmHn + (A.2)
1
ϕ

(
ψ − α

2 (2ψ − 1)
)

(O2 + aN2) −→

m(1 − α)CO2 +
(
n

2 (1 − α) + α

)
n

4 H2O +

a
1
ϕ

(
ψ − α

2 (2ψ − 1)
)

N2 + ( 1
ϕ

− 1)
(
ψ − α

2 (2ψ − 1)
)

O2.

where ϕ is the equivalence ratio, a = 3.76 the molar ratio of nitrogen to oxygen in air and
ψ = m+ n/4. It is also useful to define the fraction of thermal power provided by hydrogen:

αP = αWH2QH2

αWH2QH2 + (1 − α)WCmHnQCmHn
, (A.3)

where Wk and Qk denote the molar mass and the Lower Heating Value of fuel k, respectively.
Incidentally, αP is also equal to the reduction in CO2 mass emissions obtained by replacing the
combustion of CmHn with the combustion of the hydrogen enriched fuel blend F.

The addition of hydrogen in the fuel changes virtually all the characteristics of the flame
(speed, thickness, adiabatic temperature, etc.) as well as the thermal power of the system.
When α is varied, one can simultaneously alter the equivalence ratio, ϕ, in order to conserve
some of these properties. The power can be set independently via the total mass flow rate but
one has to bear in mind that this will affect the bulk flow velocity through the burner, UB, and
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therefore the flashback limit.
Most domestic boilers powered with natural gas are designed to operate at a roughly constant

equivalence ratio over the whole power range. However, in a context where the hydrogen content
in the fuel is imposed by external factors (e.g. drop in the gas network, variable local hydrogen
production), FFB may need to modulate the air-to-fuel ratio to optimize combustion over their
whole operating range. In this context, a hybridization strategy determines how the properties
of the fresh mixture are varied when hydrogen is added to the fuel. For a given thermal power
there is a single free parameter, which is the relation between the equivalence ratio, ϕ, and the
hydrogen content, αP . The relation ϕ(αP ) can be used to keep certain properties of the flame
or the system constant as the hydrogen content is increased. Several options are considered:

– The adiabatic temperature Tad. Whether the system be a heating device or an engine,
the temperature of the burned gasses is a first-order parameter on the performance and
robustness of the apparatus. One may wish to conserve this quantity or at least to keep
it bounded.

– The flame thermal thickness, here defined as δT = (Tad − Tu)/max (∂T/∂x) [96]. It is a
major parameter in all theories on flashback limits so one strategy would be to keep it
constant.

– The laminar burning velocity SL. In conventional flame stabilization theories, its ratio with
the bulk velocity drives the flame length as well as flashback and blowout limits [237].

The theory of [237] states that the flashback limit expressed in terms of UB/SL scales with the
ratio D/δT . According to this model, for an iso–SL hybridization strategy, the ratio UB/SL at
flashback would vary as the inverse of the flame thermal thickness, δT . In contrast, at constant
δT , the ratio UB/SL should be constant. Therefore, in the iso–δT strategy, deviations in the
value of UB/SL at flashback shed light on the influence of parameters that are not considered in
the classical flashback theory of Lewis and Von Elbe. Consequently, the iso–δT and the iso–Tad
strategies are considered in this work.

Figure A.1 shows the evolution of Tad and δT versus ϕ and αP for a one-dimensional un-
stretched adiabatic methane-hydrogen-air laminar flame. These maps were generated using the
Cantera software and an Analytically Reduced Chemistry (ARC) scheme presented in Sec. A.3.
Iso-lines are drawn in Fig. A.1, corresponding to the two considered hybridization strategies la-
beled iso–Tad and iso–δT , respectively. While keeping Tad constant yields modest variations in
equivalence ratio, keeping the flame thickness constant requires a strong reduction of ϕ as H2 is
added to the fuel mixture.

A reference operating condition ϕ0 = ϕ(αP = 0) should then be chosen. Typical values for
natural gas burners of domestic boilers are in the range 0.7 < ϕ0 < 0.8 in order to keep NOx
emissions low. In this study, the chosen value is ϕ0 = 0.75 for propane. For methane, the value
of ϕ0 is set so that the adiabatic flame temperature is the same as that of propane. The reference
conditions and the associated flame characteristics are summarized in Tab. A.1.

Fuel ϕ0
δT

[µm]
SL

[cm s−1]
Tad
[K]

C3H8 0.750 482 26.20 1976
CH4 0.785 546 26.07 1979

Table A.1. – Properties of one-dimensional unstretched adiabatic C3H8 and CH4 flames at the
reference operating point αP = 0.

Once this point has been chosen, one can extract from Fig. A.1 the values of ϕ, Tad, SL and δT
versus αP for the two hybridization strategies investigated. Figure A.2 presents the variation of
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Figure A.1. – Adiabatic flame temperature Tad and flame thermal thickness δT maps for a one-
dimensional premixed laminar flame of methane-hydrogen-air as a function of
the mixture global equivalence ratio, ϕ, and the hydrogen content expressed as a
power fraction, αP .
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Figure A.2. – Evolution of equivalence ratio ϕ, laminar burning velocity SL, thermal thickness
δT and adiabatic flame temperature Tad versus hydrogen content αP for the two
fuel blends under investigation CH4/H2 and C3H8/H2 and the iso–Tad and the
iso–δT hybridization strategies. • : iso–Tad – CH4; ■ : iso–δT – CH4;

◀ : iso–Tad – C3H8; ▶ : iso–δT – C3H8.
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these quantities with the hydrogen content, αP , for C3H8 and CH4. Regarding the evolution of
ϕ and as anticipated from Fig. A.1, while the iso–Tad strategy does not yield a reduction below
ϕ = 0.7, the iso–δT requires the equivalence ratio to be reduced as low as 0.45 for pure H2.
Consequently, the adiabatic flame temperature plunges by almost 500 K for the iso–δT strategy.
This strong variation will affect the burner temperature and consequently the flashback limits.
Conversely, while the flame speed is mildly increased in the iso–δT strategy, it is multiplied by
a factor 5 for the iso–Tad case between αP = 0 and αP = 1. This will surely directly alter the
flashback limits. Finally, the flame thermal thickness is reduced by a factor two in the iso–Tad
case.

A.3. Numerical setup

Two-dimensional numerical simulations are now used to determine the flashback limits of
methane-hydrogen and propane-hydrogen blends for increasing hydrogen content in a premixed
laminar burner. In this Section, the solvers, computational domain and numerical procedure
are described.

A.3.1. Solvers and coupling strategy

The reacting flow is computed using the AVBP software developed by Cerfacs, which solves the
compressible Navier-Stokes equations on unstructured meshes. Conjugate heat transfer between
the fluid and solid is accounted for via coupling with the AVTP code, which solves the Fourier
equation in the solid. This allows accounting for the influence of the burner temperature on the
flame stabilization via the preheating of the fresh gases. Radiative heat transfer is not considered
in this study. This may not be a strong limitation for domestic burners but in some industrial
applications, flames can be very sooty and radiation has a strong contribution to the thermal
state of the system. Radiation from the solid remains as an overall loss, which is unaccounted
for. This implies that the burner temperature is overestimated in the present simulations, which
therefore represent a worse-case scenario in terms of flashback.

Both AVBP and AVTP solvers are unsteady and exchange boundary conditions periodically.
AVTP prescribes the solid temperature while AVBP imposes the heat flux from the gaseous
phase. This strategy is known as Neumann-Dirichlet coupling and the conditions for its stability
are well known [244]. In this work, the objective is to compute steady states until flashback so
that the two codes can be de-synchronized in time. This means that between two coupling
events, due to the the slow heat transfer controlled by diffusion in the solid phase, the time
advancement in the solid is much larger than that in the fluid. This methodology has been
extensively validated and successfully applied to the complex case of a gas-turbine blade [245].
More details about the numerics can be found in Appendix A.A.

A.3.2. Mesh and boundary conditions

The two-dimensional fluid domain depicted in Fig. A.3 allows the stabilization of a laminar
flame on a thin slit, which is representative of domestic boiler burners. The geometrical pa-
rameters of the burner, namely the slit width d = 1 mm, the wall length w = 1 mm and the
wall thickness e = 0.5 mm are kept constant. The total length of the fluid domain is 4h, with
h = d + w. Boundary conditions are set using the NSCBC formalism [246]. The velocity uin,
temperature, Tin, and mixture composition, Y k

in, are set at the inlet and the pressure pout is im-
posed at the outlet section. No-slip boundary conditions are applied on the inert solid surface.
Finally, periodic boundary conditions are applied to the sides. The inlet temperature is set at
Tin = 300 K and the outlet pressure is pout = 101325 Pa.
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Figure A.3. – Sketch of the fluid domain, its geometrical parameters, and the applied boundary
conditions.

The mesh characteristic size is 20 µm in the fluid and solid domains. This resolution ensures
a minimum of 14 points within the flame thermal thickness in the worst case scenario, i.e. the
C3H8/H2 fuel blend, αP = 80% and iso–Tad strategy. The ARC scheme developed in [247] was
used to model the kinetics of methane-hydrogen and propane-hydrogen fuel blends. It involves
22 transported species, 173 reactions and 12 species in quasi-steady state.

A.3.3. Flashback limit determination

For a given hydrogen fraction αP , the equivalence ratio ϕ is adjusted according to the fuel
blend and the hybridization strategy, which determines the reactants composition Y k

in. For each
mixture, a stationary flame at thermal equilibrium with the solid wall is computed. Then, the
inlet velocity is reduced in steps corresponding to a decrease of the thermal power by 125 W/m.
The flashback limit of a given αP and ϕ is defined as the smallest power for which a steady
flame can be obtained. This minimal power is designated as flashback limit and denoted by Pf .

A.4. Results and Discussion

This section is devoted to the analysis of the flames at the flashback limit. Their structure is
first examined in order to identify the physical parameters driving the onset of flashback. Then,
the dynamics of the flame during flashback is presented.

A.4.1. Flame front structure

Figure A.4 shows the normalized fields of heat release rate at the flashback limit, for H2-
enriched propane-air flames in the iso–Tad and iso–δT hybridization strategies. The heat release
rate ω̇T is normalized by the maximum value in the corresponding one-dimensional unstretched
adiabatic flame with the same inlet conditions, ω̇0

T . All cases are labeled with the hydrogen
content αP and the equivalence ratio, ϕ. The corresponding figure for H2-enriched methane-air
flames can be found in Appendix A.B. Additionally, the flame front is highlighted via a dotted
line, defined as the coordinates (xf , yf ) where:(

u · ∇ω̇T
)
xf , yf

= 0 (A.4)

In this expression, u and ω̇T denote the local velocity and heat release rate respectively. In
order to avoid a mathematical indetermination near the walls where the velocity is null, the
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Figure A.4. – Normalized heat-release rate for propane-hydrogen-air flames with increasing hy-
drogen content αP .

dotted line is stopped at 85% of ω̇0
T . This criterion is somewhat arbitrary but does not alter the

following qualitative interpretation. Finally, on each flame, the location of the maximum heat
release rate is marked with a large filled circle.

In the iso–Tad strategy (Fig. A.4(a)), the flame height at the flashback limit is roughly constant
until αP ∼ 40% but then increases rapidly. There is a five-fold increase in flame height between
pure propane and pure hydrogen, which means that flashback occurs at higher values of UB/SL.
Now scrutinizing the location of maximum heat release rate indicated by the large filled circle,
it is centered on the slit for αP < 40% and is displaced to the side with higher hydrogen
enrichment. Interestingly, its height above the slit does not change much when αP is increased,
which is a somewhat unexpected feature. Regarding the iso–δT strategy (Fig. A.4(b)), the flame
height at flashback first decreases between αP = 0 and 20%, followed by a marginal increase
until αP = 60% and a steep increase. Variations in the distance to the wall of the heat release
maxima are slightly more pronounced with respect to the iso–Tad strategy but this is primarily
due to the initial decrease in the flame height for small hydrogen enrichment.

The anchoring of the flame at the edge of the slit is now discussed. Without hydrogen,
the flame root is detached from the wall by approximately one flame thickness but as αP is
increased, it re-attaches to the wall. This qualitative difference can be partly attributed to the
local enrichment discussed below. The re-attachment occurs at different values of αP for the two
hybridization strategies: αP ≥ 40% in the iso–Tad case (Fig. A.4(a)) versus αP ≥ 80% for the
iso–δT (Fig. A.4(b)). This difference can be attributed to the reduction of the flame thickness
in the iso–Tad strategy, resulting in a reduction of the side-wall quenching distance. The cases
with methane shown in Fig. A.11 of Appendix A.B display a similar trend.

An analysis of the spatial equivalence ratio distribution is intended to shed light on the
variations in flame height and heat release rate distribution. The local equivalence ratio is
computed as in [208] via:

Φ =
(
ZC + ZH

ZO

)/(
ZC + ZH

ZO

)
st

(A.5)

where Zk denotes the atomic mass fraction of atom k and subscript ‘st’ stands for stoichiometric
conditions. Figure A.5 shows the distribution of local equivalence ratio, normalized by the inlet
equivalence ratio, Φinlet, which highlights the local deviations driven by thermodiffusive effects.
The effect of hydrogen addition on methane and propane flames for the iso–Tad strategy is
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Figure A.5. – Local equivalence ratio, Φ, normalized by its inlet value for flames with increasing
hydrogen content, αP , for the iso–Tad hybridization strategy.

presented in Fig. A.5. The results are qualitatively similar for the iso–δT case. For CH4 (cf.
Fig. A.5(a)), the fuel Lewis number at αP = 0 is unity so that the normalized local equivalence
ratio is roughly constant. As hydrogen is added, Φ reduces on the centerline where the flame
is curved towards the fresh gasses and increases at the flame base, which has the opposite
curvature. This is a typical effect for lean mixtures and is attributed to the small Lewis number
of hydrogen Le = 0.316 [231]. For C3H8 (cf. Fig. A.5(b)) the fuel Lewis number is Le = 1.884,
which causes a 20% increase in Φ near the centerline at αP = 0. As the hydrogen content is
increased, the effect is compensated by its small Lewis number, with a turning point around
αP = 50%, which corresponds to the increase in flame height. These results suggest that the
driving mechanism for the alteration of the flashback limit is the change in fuel Lewis number.

A.4.2. Modeling the flashback limit

Figure A.6(a) depicts the evolution of the thermal power at flashback versus αP for H2-enriched
methane-air and propane-air flames under the two hybridization strategies. This defines the
minimal operating power of the burner as a function of αP . The iso–Tad strategy is discussed
first. It is intended to maintain the burnt gas temperature and, therefore, not to affect the
thermodynamic cycle of the system as the hydrogen content of the fuel is increased. However
Fig. A.6(a) shows that with this strategy, the flashback power increases by an order of magnitude
when αP is varied from zero to one. This prevents the operation at low powers for high hydrogen-
content and drastically reduces the burner turn-down ratio, should the iso–Tad strategy be
chosen. Moving on to the iso–δT strategy, the power at flashback is roughly constant until
αP = 0.6 but then increases by up to a factor of 5. In the theoretical framework of [237],
because the ratio D/δT is constant in the iso–δT strategy, this would attribute the change in
flashback limit to the increase in flame speed.

Overall, Fig. A.6(a) shows that the hybridization strategy has a great influence on the flash-
back limit and that it is similar for both fuels. Because both strategies fail at preserving the
flashback limit, one must investigate the evolution of other parameters. In order to remove the
influence of the flame speed, the evolution of the normalized bulk velocity UB/SL versus αP is
presented in Fig. A.6(b).

This ratio remains roughly constant until αP = 0.4 for the iso–Tad strategy and αP = 0.6 for
the iso–δT strategy. This is similar to the observed evolution of the flame lengths in Fig. A.4. This
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Figure A.6. – Evolution of the flashback limit for the different fuel blends and hybridization
strategies. • : CH4/H2 iso–Tad; ■ : CH4/H2 iso–δT ; ◀ : C3H8/H2
iso–Tad; ▶ : C3H8/H2 iso–δT .
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Figure A.7. – Normalized bulk velocity versus effective Lewis number, at the flashback limit
for different fuel blends and hybridization strategies. • : CH4/H2 iso–Tad;

■ : CH4/H2 iso–δT ; ◀ : C3H8/H2 iso–Tad; ▶ : C3H8/H2 iso–δT .

result indicates that the theoretical framework of [237] remains valid for low hydrogen content
but as anticipated from Fig. A.5, past a certain value of αP , local deviations in equivalence ratio
caused by non-unity Lewis number affect the flashback limit.

A criterion for the deviation from the theory of Lewis and Von Elbe, which would not depend
on the hybridization strategy is now sought. In the case of multi-fuel blends, various effective-
Lewis-number formulations have been proposed to evaluate thermo-diffusive effects [248–250].
A formulation based on the heat-release rate was proposed by [248]:
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Leq = 1 +
∑f
i=1 qi(Lei − 1)∑f

i=1 qi
(A.6)

where qi = QiY
i
u/cpTu is the normalized heat-release rate, Qi is the fuel lower heating value per

mass unit, Y i
u is the i-fuel mass fraction, cp is the specific heat capacity and Tu is the temperature

of the reactants. This formulation has been used for example in the analyses conducted in [250–
253]. A second formulation, based on a volume-weighted average was proposed by [249] and
reads:

LeV =
f∑
i=1

xiLei (A.7)

where xi = Xi/
f∑
i=1

Xi is the i-fuel volume fraction in the fuel blend i = 1, . . . , f . Finally, a

diffusion weighted formulation was proposed by [250]:

LeD = DT∑f
i=1 xiDi,N2

(A.8)

where Di,N2 is the molecular diffusion coefficient of fuel species i in N2. These formulations have
been systematically compared in various related works [250, 254, 255]. The volume-weighted
average proposed by [249] was shown to be well suited to describe the evolution of the Markstein
length for H2/CH4 and H2/C3H8 blends [254]. [250] found that the diffusion based formulation,
LeD, yielded better predictions of the flame height in premixed turbulent H2/CH4/Air flames for
different pressure levels. Similarly, [255] reported that the diffusion-based formulation was able
to better capture stretch effects on spherical expanding flames for hydrogen enriched CH4/Air
mixtures.

The evolution of UB/SL at the flashback limit versus these three formulations for the effective
Lewis number is represented in Fig. A.7.

Regarding the heat-release-rate averaged formulation (cf. Eq. A.6), Fig. A.7(a) shows that
as Leq decreases, the flashback limit is pushed to higher values of UB/SL but all fuels and
hybridization strategies have a different behavior. The volume-averaged effective Lewis number
deduced from Eq. (A.7) and shown in Fig. A.7(b) provides a good collapse of all the curves.
Above LeV ≳ 0.5 the flashback limit in terms of UB/SL is unchanged but for LeV < 0.5,
there is a strong increase in the minimum value of UB/SL that can be sustained. Finally, the
diffusion-based formulation determined with Eq. (A.8) and presented in Fig. A.7(c) achieves an
even tighter collapse of all cases, indicating that there might be some generality in the choice
of these variables. From a practical perspective, the value of Le ≃ 0.5 for the volume-averaged
or diffusion-based effective Lewis number is a tipping point in the flashback behavior of these
flames.

It was observed in Fig. A.4 that the increase in flame length is concomitant with the deviation
of the location of maximum heat release rate away from the symmetry axis of the flame. This
phenomenon is further studied in Fig. A.8, which plots the dimensionless transverse coordinate
of the position of the heat release rate maxima, y/d, versus LeD. As for the flashback limit, LeD
is a variable that yields a collapse of the curves for all cases: for LeD > 0.5, the maximum heat
release rate is at the flame tip while for LeD < 0.5 all cases bundle around y/d = 0.3. Because
the flow velocity decreases for increasing y/d and the local equivalence ratio simultaneously
increases (cf. Fig. A.5), this explains why flashback occurs at higher values of UB/SL for these
cases. This effect is quantified by computing the evolution of the displacement speed, SD, along
the flame front:
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SD = ρ

ρu
u · n, (A.9)

where n denotes the unit vector normal to the flame front and ρ is the local density. The
displacement speed, SD, is a measure of the local mass consumption of the flame front [96].
Figure A.9 shows the evolution of the displacement speed, SD, normalized by the laminar burning

132



A.5 Conclusion

velocity, SL, versus the dimensionless transverse coordinate, 2y/d, for all hydrogen-methane-air
flames. For small hydrogen content, the profiles collapse and the maxima is on the symmetry
axis. Conversely, for sufficiently high values of αP , the displacement speed of the flame front
develops a local maxima in the vicinity of the flame base. This change in the mass consumption
profile along the flame front is responsible for the increase in flashback propensity when the
critical Lewis number is reached. Similar observations and conclusions can be drawn for the
hydrogen-propane-air flames as shown in Fig. A.12 of Appendix A.B.

A.4.3. Flashback dynamics

This section is devoted to the analysis of the flame dynamics during a flashback event. Flash-
back is the result of an unstable feedback loop between the solid, which heats up when the flame
gets closer and the flame, which approaches the solid as it heats up. In principle, the numerical
simulation of a flashback event would require the synchronization of the combustion and heat
transfer solvers [256]. On the one hand, the physical time of this coupling scales with the char-
acteristic time of heat diffusion in the solid, which can be estimated as ts = e2/α ≃ 27.5 ms,
where α is the thermal diffusion coefficient of the solid and e is the thickness of the wall. On the
other hand, the flame propagation through the burner slit is a much faster phenomenon with a
time-scale of the order of tf = e/SL, which for the considered cases lies between 0.4 ≲ tf ≲ 2 ms.
Consequently, there is a clear separation of time scales allowing us to assume that the solid has a
constant – yet nonuniform – temperature during the flashback. Because it is also quite unlikely
that the increase in temperature of the burner while the flame is flashing back would drastically
affect its dynamics, with the intent to save CPU time, the following procedure is chosen in this
work. The initial condition corresponds to the last stable flame that could be obtained with
desynchronized coupling, i.e. the flames presented in Sec. A.4.1. The temperature of the solid
wall is fixed and the inlet velocity is progressively reduced until the flame propagates upstream.

This methodology is now applied to two representative cases: one below and one above the
critical threshold of LeV = 0.5. These flames are respectively αP = 20 % and αP = 60 % for the
CH4/H2 and the C3H8/H2 blends with the iso–Tad hybridization strategy. Figure A.10 shows
the flame front dynamics during flashback.

In Fig. A.10(a), the flame remains symmetric during flashback and the fastest point is the
flame tip, corresponding to the location of the maximum heat-release rate when LeV > 0.5
(cf. Fig. A.8). However, as exemplified in Fig. A.10(b), when LeV < 0.5 there is a symmetry
breaking and the fastest point in the flame front lies now on the side, which is again consistent
with the displacement of the location of maximum heat-release rate for high hydrogen content.
A similar behavior is observed for the C3H8/H2 flames in Fig. A.13 presented in Appendix A.B.

Such breaking of symmetry in flame shape has already been reported in numerical simula-
tions [257–261]. For example in [257, 258], the stabilization of hydrogen-air flames in micro
and meso-scale channels with imposed wall temperature profile was shown to be asymmetric for
sufficiently large inlet velocities. The transition is found to correspond to the formation of two
local maxima of H radical in the flame front. In [259–261], it is shown that symmetry breaking
for flames propagating in narrow tubes allows them to burn more intensively and makes them
more robust to quenching.

A.5. Conclusion
A numerical study on the influence of hydrogen enrichment on methane-air and propane-air

flames has been performed. First, the concept of hybridization strategy has been introduced and
various hybridization schemes have been considered to set the fresh mixture composition. These
strategies define how the fuel-air ratio must be adjusted when the hydrogen content in the fuel
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(a) αP = 20 % (b) αP = 60 %

Figure A.10. – Flame front evolution during flashback for the CH4/H2 blends with the iso–Tad
hybridization strategy. Time step between snapshots is 1.01 ms in a) and 0.45 ms
in b).

is varied in order to preserve the adiabatic flame temperature or the flame thermal thickness.
Secondly, two-dimensional direct numerical simulations with conjugate heat transfer have been
used to determine the flashback limits of hydrogen-enriched methane-air and propane-air flames
in a premixed laminar burner for the two hybridization strategies.

Upon the determination of flashback limits, two different flashback regimes have been identified
as the hydrogen content in the combustible admixture is varied. These two flashback regimes are
shown to be well correlated with the fuel effective Lewis number based on the volume fraction,
LeV , or the mass diffusion coefficient, LeD. A critical effective Lewis number of Lec = 0.5 is
found to be the tipping point in the flashback limit for all cases. For values above Lec the
flashback velocity of the flame scales with the laminar burning velocity and the maximum of
heat release rate is located on the flame symmetry axis. In contrast, for values below Lec the
flame flashback velocity does not scale with the laminar burning velocity and the UB/SL ratio
increases with the hydrogen content in the fuel. Besides, the flame front features two symmetric
local maxima of heat release rate on the flame sides. These results indicate that flashback
propensity of hydrogen flames is promoted by preferential diffusion effects and not exclusively
linked to their increased flame speed.

Finally, the dynamics of flashback in these two regimes is studied for two representative cases.
The simulations reveal two different possible flashback dynamics: a bulk symmetric flashback
for low hydrogen contents and an asymmetric flashback for high hydrogen contents.
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A.A. Solvers and models

In the gaseous phase (−g subscript), the compressible reactive Navier-Stokes parallel solver
AVBP is used with the Lax-Wendroff scheme. The governing partial differential equations
equations in AVBP are:

∂ρg,k
∂t

+ ∇ · (ρg,ku) + ∇ · Jk − ω̇k = 0 (A.10)
∂ρgu
∂t

+ ∇ · (ρguu) + ∇ ·
[
P I − τ

]
= 0 (A.11)

∂ρgE

∂t
+ ∇ · (ρgEu) (A.12)

+ ∇ ·
[
u ·
(
P I − τ

)
+ q

]
− ω̇0

T = 0

where ρg is the gas density, u is the velocity field, E is the total non-chemical energy per mass
unit, and τ is the viscous stress tensor in a compressible Newtonian flow. The fluid is a mixture
of k perfect gases and volume forces such as gravity are neglected. Species diffusion is computed
by using the Hirschfelder and Curtis approximation:

Jk = −ρg
(
Dk

Wk

W
∇Xk − YkVc

)
(A.13)

where Dk, Wk, Xk and Yk denote the k species diffusion coefficient, molar mass, molar fraction
and mass fraction respectively. The correction velocity Vc ensures mass conservation:

Vc =
N∑
k=1

Dk
Wk

W
∇Xk (A.14)

The heat flux, q, is computed as the sum of the Fourier heat flux with a conductivity, λg, and
the flux related to preferential diffusion of the sensible species enthalpies hs,k:

q = −λg∇Tg +
∑
k

Jkhs,k (A.15)

Transport is simplified assuming constant Prandtl (Pr = 0.662) and species Schmidt numbers
(Sck):

Sck = Pr · Lek (A.16)

so that the Lewis number, Lek, of individual species is also constant. The assumption of constant
Lewis number has proven to yield accurate results in non-equidiffusive premixed reacting flows
[262, 263]. The heat release per unit volume ω̇0

T is given by the formation enthalpies [96]:

ω̇0
T = −

∑
k

∆hf,0k ω̇k (A.17)
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Finally, the variation of dynamic viscosity with temperature is computed using a power law:

µ = µref

(
Tg

Tref, µ

)nµ

(A.18)

For the present mixture, adapted values are µref = 1.707 × 10−5 kg m−1 s−1, Tref, µ = 288 K and
nµ = 0.695.

In the solid phase, the solver AVTP [264] is used to integrate Fourier’s heat equation:

ρscps

∂Ts
∂t

− ∇ · (λs∇Ts) = 0 (A.19)

Spatial discretization uses second-order Galerkin diffusion scheme, and time integration is
performed with an implicit first-order forward Euler scheme. The inversion of the system is
achieved through a parallel matrix-free conjugate gradient method [265]. Solid density, thermal
conductivity and heat capacity are ρs = 7.869 × 103 kg m−3, λs = 33 Wm−1K−1 and cs =
461 J kg−1K−1 respectively. The two softwares AVBP and AVTP are coupled through the
CWIPI library [264]. At the gas/solid boundary, Ags, AVTP imposes the temperature and
AVBP the energy flux, so that:

λg∇Tg · ngs = λs∇Ts · ngs, and Tg = Ts on Ags (A.20)

where ngs is the unit normal vector oriented from the gas toward the solid.
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A.B. Additional figures
Figure A.11 shows the normalized fields of heat release rate at the flashback limit, for H2-

enriched methane-air flames in the iso–Tad and iso–δT hybridization strategies. The heat release
rate ω̇T is normalized by the maximum value in the corresponding one-dimensional unstretched
adiabatic flame with the same inlet conditions, ω̇0

T . All cases are labeled with the hydrogen
content αP and the equivalence ratio, ϕ
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Figure A.11. – Normalized heat-release rate for methane-hydrogen-air flames with increasing
hydrogen content αP .

Figure A.9 shows the variation of the displacement speed, SD, normalized by the laminar
burning velocity, SL, versus the dimensionless transverse coordinate, 2y/d, for all hydrogen-
propane-air flames

Finally, Fig. A.10 shows the propagation of the flame front during flashback for C3H8/H2
blends with the iso–Tad hybridization strategy
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Figure A.12. – Evolution of the normalized displacement velocity SD/SL versus the dimension-
less transverse coordinate 2y/d for H2-enriched propane-air flames in the iso–Tad
(left) and the iso–δT (right) hybridization strategies. • : αP = 0%; ■ :
αP = 20%; ◀ : αP = 40%; ▶ : αP = 50%; × : αP = 60%; + :
αP = 80%; ⋆ : αP = 100%.

(a) αP = 20 % (b) αP = 60 %

Figure A.13. – Flame front evolution during flashback for the C3H8/H2 blends with the iso–Tad
hybridization strategy. Time step between snapshots is 1.45 ms in a) and 0.42 ms
in b).
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Titre : Étude expérimentale de la stabilisa�on des flammes dans des brûleurs poreux : applica�on des diagnos�cs op�ques dans des géométries
imprimées en 3D
Mots clés : Combus�on en milieu poreux, Hydrogène, Fabrica�on addi�ve, Brûleurs op�quement accessibles, Adapta�on de la topologie,
Diagnos�cs op�ques
Résumé : La transi�on vers une économie neutre en carbone est confrontée à deux défis majeurs : le stockage de l'excès d'énergie provenant
des énergies renouvelables et la décarbona�on des processus de combus�on dans les secteurs difficiles à électrifier. La stratégie Power to Gas
(P2G) propose de résoudre ces problèmes en subs�tuant par�ellement l'hydrogène dans le réseau actuel de gaz naturel. Cependant, cela
nécessite le développement de brûleurs flexibles capables de s'adapter à des niveaux variables d'hydrogène dans le réseau. Cela est compliqué à
cause des différences entre les propriétés de la flamme d’hydrogène et celles des combus�bles hydrocarbonés. Les brûleurs poreux (PMBs) sont
considérés comme une technologie prome�euse en raison de leurs propriétés uniques. Les PMBs u�lisent la recircula�on de chaleur pour
stabiliser les flammes à l'intérieur de matrices poreuses inertes, incrémentant le taux de consomma�on de la flamme et a�eignant des
températures locales superadiaba�ques. Cela permet des densités de puissance plus élevées et l’extension des limites d'inflammabilité, ce qui se
traduit par des disposi�fs compacts et une faible émission de NOx avec des efficacités radia�ves élevées. 

 Le mécanisme fondamental de fonc�onnement des brûleurs poreux à l'échelle macroscopique, la recircula�on de la chaleur, est bien compris.
Cependant, il existe encore une connaissance limitée sur certains phénomènes à l'échelle des pores et de leur influence sur le comportement du
système global. En raison de la non-linéarité de la combus�on et du transfert de chaleur, la stabilisa�on de la flamme et les performances du
brûleur dépendent fortement des détails à l'échelle des pores. Les modèles de bas ordre actuels n'incluent pas la modélisa�on des interac�ons
flamme-paroi et des effets de diffusion préféren�elle, ce qui entraîne une faible précision. Les diagnos�cs non intrusifs avancés pourraient être
u�lisés pour étudier la structure locale de la flamme et guider l'améliora�on des modèles de bas ordre. Cependant, les mesures expérimentales
dans les PMBs sont entravées par le manque d'accès op�que à l'intérieur de la matrice poreuse. Malgré les efforts récents, l'applica�on de
diagnos�cs op�ques et non intrusifs dans les PMBs est encore très rare. Ce�e thèse présente une étude expérimentale sur la combus�on en
milieu poreux et est consacrée au développement de diagnos�cs op�ques. Des PMBs op�quement accessibles sont produits en combinant des
topologies définies par ordinateur avec des techniques de fabrica�on addi�ve. La méthodologie actuelle offre un accès op�que étendu dans une
configura�on de brûleur 3D sans perturber la structure de la matrice. L'accès op�que est u�lisé pour appliquer une série de diagnos�cs op�ques,
y compris la chimiluminescence CH*, l'imagerie de diffusion de Mie et la micro-PIV. Nos résultats montrent les limites des VAMs actuels et de
leurs méthodes de valida�on. La mise en œuvre de diagnos�cs novateurs a également révélé différentes tendances de stabilisa�on dans les
flammes enrichies en H2, soulignant l'effet des mécanismes d'ancrage local sur les limites de fonc�onnement du brûleur. Enfin, l'accès op�que
est exploité pour effectuer des diagnos�cs laser et étudier la structure de la flamme à l'échelle des pores. Nos résultats révèlent différents modes
de stabilisa�on et me�ent en évidence l'impact de l’écoulement inters��el sur les performances du brûleur. Ce�e thèse ouvre de nouvelles voies
pour l'applica�on de diagnos�cs non intrusifs et plaide pour un développement supplémentaire des techniques expérimentales avancées dans
les brûleurs poreux.

Title: Experimental study of flame stabiliza�on in porous burners: development of op�cal diagnos�cs in 3D printed geometries
Key words: Porous Media Combus�on, Hydrogen, Addi�ve Manufacturing, Op�cally Accessible Burners, Topology Tailoring, Op�cal diagnos�cs
Abstract: Porous Media Burners (PMBs) are a combus�on technology based on heat recircula�on where a flame is stabilized within the cavi�es
of an inert porous matrix. In PMBs, heat is transferred upstream from the burned to the unburned gas through the solid matrix yielding a
prehea�ng of the reactants. 

 This increases their burning rate allowing for more compact combus�on devices and the opera�on beyond conven�onal flammability limits. As
a result, the stabiliza�on of flames at ultra-lean equivalence ra�os is possible, with the subsequent reduc�on of the flame temperature and NOx
emissions. In these burners, a substan�al frac�on of the power is radiated by the hot solid phase, with radiated power frac�ons ranging
between 20-30 %. This, together with their elevated efficiency and low pollutant emissions, has mo�vated their commercial use in various
infrared hea�ng applica�ons. 

 In the past years, PMBs have received renewed interest owing to their poten�al as fuel flexible burners. Their ability to stabilize flames over a
wide range of burning rates makes them promising candidates to handle the uneven flame proper�es of hydrogen and hydrocarbon fuels. 

 The mechanism of heat recircula�on in PMBs is well understood. However, there is s�ll limited knowledge about many pore-scale phenomena
that have a cri�cal impact on the macroscopic behavior of the system and its performance. 

 Advanced nonintrusive diagnos�cs could be used to study local flame stabiliza�on mechanisms and improve current models. However,
experimental measurements in PMBs are hindered by the lack of op�cal access to the interior of the porous matrix. 

 This disserta�on presents an experimental study on porous media combus�on and is devoted to the applica�on of op�cal diagnos�cs. Op�cally
accessible PMBs are produced by combining computer-defined topologies with addi�ve manufacturing techniques. This methodology provides
an extensive op�cal access in a 3D burner configura�on without altering the matrix structure. Op�cal access is leveraged to apply CH*
chemiluminescence, Mie-sca�ering imaging and micro PIV. Topology tailoring is exploited to analyze the influence of the geometrical parameters
of the porous matrix. Direct flame visualiza�on enables the tracking of the reac�on region as a func�on of the opera�ng condi�ons, which can
be used for model valida�on. The present results bring to light several limita�ons of current low order models and highlight the influence of the
pore size on flame stabiliza�on. Flame-front tracking is also used to inves�gate the effect of H2-enrichment on the behavior of the flame. This
technique reveals different stabiliza�on trends in H2-enriched flames that are not well retrieved by current models. Mie-sca�ering permits the
quan�fica�on of the re-equilibra�on distance and the analysis of the flame shape. Micro PIV measurements show the influence of the topology
on the inters��al flow and on the contribu�on of hydrodynamic effects to flame stabiliza�on. 

 This PhD seeks to open new paths for the applica�on of non-intrusive diagnos�cs in PMBs and to improve the current understanding of flame
stabiliza�on mechanisms.
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