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Abstract

An experimental setup combining computer-generated geometries, additive-manufacturing, a telecentric lens and CH* chemilu-
miniscence 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 d, on the stabilization of lean premixed CH,-Air flames. CH* chemiluminiscence and temperature measurements
reveal nearly flat sub-adiabatic flames featuring an axially spread-out reaction region, but with much higher gradients for the heat
release rate distribution. 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 a state-of-the-art 1D-VAM and the experimental results is proposed in
terms of flame position, reaction-zone thickness and temperature profile. A rigorous evaluation of the effective coefficients is per-
formed at the aid of the analytic description of the burner geometry. 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.

Keywords: Porous Media Combustion, Additive Manufacturing, Flame Visualization, Optical Access, Volume-Averaged Model

Novelty and significance statement 1. Introduction

The novelty of this research is the combination of additive Porous Media Combustion (PMC) is a technology based on
manufacturing techniques with computer-generated geometries  heat recirculation featuring low pollutants emissions and broad

to produce an optically accessible Porous Media Burner featur- 1 down ratios [[T,[2,3,4]. In Porous Media Burners (PMBs), a
ing see-through directions. This burner design, combined with

the use of a telecentric lens and CH* chemiluminiscence, en-
ables direct flame front visualization.

It is significant because it represents the first non-intrusive
tracking of the flame front position as a function of the burner
operating conditions. This allows us to compare the flame stabi-
lization in experiments to a 1D-Volume-Averaged Model. Our
results bring to light a series of flaws present in state-of-the-art
models and question the use of temperature measurements with

flame is stabilized within the voids of an inert solid porous ma-
trix. The upstream recirculation of heat through the solid pre-
heats the fresh reactants enhancing flame stability and broaden-
ing flammability limits [3].

The theoretical foundations of excess-enthalpy combustion
were established after the seminal works of [6, [7, |8, [9]. Heat
recirculating burners are characterized by the multiplicity of
solutions, super-adiabatic temperatures and enhanced burning
rates. More recently, the theoretical analyses of Pereira et

thermocouples for model validation. al. [[10, [T}, (2] and Masset et al. [13} [14] have provided fur-
ther understanding into the characteristic lengthscales and the
Author Contribution different asymptotic regimes, namely, decoupled, hyperdiffu-

sive and intermediate. Theoretical models are key to understand
the underlying physical mechanisms at play and provide insight
into the stability of solutions, the characteristic lengthscales,
e P. A. M. Conceptualization, Methodology, Software, For- the combustion regimes and the governing parameters. From

mal analysis, Writing - Review & Editing theory, it is known that in homogeneous PMBs there is a rela-
tionship between the burning rate and the flame position inside
the porous matrix. This distinctive property of heat recirculat-
ing burners will be exploited here for model validation. How-
e L. S. Conceptualization, Formal analysis, Writing - Re- ever, theoretical and asymptotic models usually require strong

view & Editing, Supervision, Funding acquisition assumptions such as constant transport coefficients and adia-
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baticity. As a result, they usually do not provide quantitative
results.

On the other side of the spectrum there are Direct-Pore-Level
Simulations (DPLS) where the reactive Navier-Stokes equa-
tions are numerically solved at the pore scale [[15, [16} [17, [18
19, 20]]. This framework resolves all flow features and can
in principle account for detailed kinetics, heat diffusion in the
solid and radiation. Thanks to currently available computing
power and 3D scanning techniques, the computation of actual
ceramic-foam burners has been achieved [[17, 19} 20, [21]].

Despite their accuracy, the large computational cost of DPLS
makes them impractical for engineering applications and burner
design. More affordable simulations are sought and the so-
called Volume Averaged Models (VAMs) offer a relevant al-
ternative between theoretical models and DPLS [22, 23] [17]]. In
VAMs, equations are averaged over a Representative Elemen-
tary Volume (REV) with a characteristic lengthscale of /, which
must satisfy two conditions:

dy <l<L and A < Ay D

where d,, is the characteristic pore size, L is the system length-
scale of the system and ¥ is a generic variable. These models
are generally one-dimensional, yet some remarkable attempts
of developing multi-dimensional VAMs can be found in the lit-
erature [24]]. 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 [25] 26]. Upon
the averaging process of the equations, effective properties and
transport coefficient arise [27]. These effective coeflicients are
incorporated to model certain physical phenomena such as dis-
persion that take place at the pore level scale and whose multi-
dimensional 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 are exclusively devoted to come up with accurate and
representative submodels for some of these physical phenom-
ena [17, 28} [19] [29] 130} 25]]. Model accuracy is not the only
concern, as pointed out by many authors [[15, (16, [17,[19] DPLS
results question the relevance of VAMs assumptions. In these
works, it is observed that because of the small thickness, o7,
of hydrocarbon flames, Eq. (I)) does not strictly hold. Regard-
ing experimental validation, the most commonly used diagnos-
tics is pointwise temperature measurements which are generally
compared to VAM results in two-staged burner configurations
where the flame stabilizes at the interface between two porous
layers. It is pointed out that this burner configuration may bias
the validation since it essentially imposes the flame-front loca-
tion. Moreover, in this work, a new technique is presented to
complement the temperature measurements.

In experimental studies reticulated ceramic foams are com-
monly used in PMBs because of the material’s high fusion tem-
perature [23} 26,25 [17]. Unfortunately, their random structure
make them opaque, which prevents non-intrusive optical access
to the inside of the solid matrix. Nevertheless, there are a few
remarkable studies in which optical pathways for laser diag-
nostics are created. In [31]], OH-PLIF was used to visualize

the flame front through a narrow slit in a PMB. CARS has also
been successfully applied to measure the gas phase temperature
in a two-stage combustor [32| [33]]. In these works, optical ac-
cess 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 [23]], which allowed the recon-
struction of the temperature field in a multi-layer SiC burner.
This technique has also been used in combination with infrared
thermometry [21]] to obtain a full reconstruction of the temper-
ature field in both phases of the burner. Recently, direct visu-
alization of the flame front was achieved in a 2D configuration
where optical access was granted by the use of quartz walls and
a single-layer packed-bed configuration [34].

The topological parameters of the porous matrix play a ma-
jor role in flame stabilizaiton [35]. However, when it comes
to modeling, random reticulated foams make the characteri-
zation of the geometry difficult. If an accurate description of
the matrix is sought, X-ray tomography is required to scan a
small sample of the porous structure [26} |19} 17, 21} 25]]. This
technique is expensive and not exempt of technical difficulties.
Concerning the burner design, off-the-shelf ceramic foams are
usually arranged in a staged configuration, with two or more
layers of different pore size. Nevertheless, some recent studies
have shown that a graded topology could be used to optimize
the burner performance [36, 37]. An alternative to reticulated
foams is the combination of computer-generated geometries
with Additive Manufacturing (AM) techniques. This option
enables topology tailoring and has already been successfully
applied to enhance the burner operating range via spatial topo-
logical gradation in lattice-based porous structures [38, 35].

In this work, a new experimental technique and a validation
method for PMBs is proposed. This validation technique con-
sists in the tracking of the reaction zone inside the burner as
function of the operating conditions. It relies on a basic princi-
ple of heat recirculating burners: the relationship between the
flame position and the burning rate in a homogeneous porous
media. To accomplish the tracking of the reaction region, op-
tically accessible burners are conceived and tested. These are
made possible by the combination of computer-defined topolo-
gies and Additive Manufacturing techniques. The topolo-
gies used here feature see-through directions that enable direct
flame-front visualization and hence the tracking of its position.
The novel experimental setup presented here uses a telecentric
lens to measure the axial distribution of CH* chemiluminis-
cence. Topology tailoring offers a systematic control of the
geometrical parameters of the porous matrix, which is here ex-
ploited to assess the influence of the pore-size on flame stabi-
lization.

The results are compared with a 1D VAM where the effective
properties and model parameters are evaluated from the math-
ematical definition of the geometry. Despite the detailed de-
scription of the models made in this work, the purpose is not to
make a contribution to VAM modeling. The models presented
are 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. A direct com-



parison in terms of flame front position, reaction region thick-
ness 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 vali-
dation. The remainder of the article is organized as follows:
Section 2] describes the experimental setup and procedure; Sec-
tion [3] presents the 1D-VAM and details the evaluation of the
model parameters. The comparison between the experimental
and numerical results is offered in Section EI Finally, Section|§]
summarizes the main findings and discusses paths for improve-
ment.

2. Experimental setup & procedure

As a preliminary remark, many studies comparing experi-
mental results and 1D VAM numerical solutions are performed
with two-layer PMBs with different pore sizes. The stage with
smaller pores is placed upstream so that the flame cannot flash-
back and is often stabilized at the junction between the two lay-
ers. 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.

2.1. The POROSITO test rig.

Figure [I] presents the POROSITO test rig: at the bot-
tom, methane and air flows are imposed via two Bronkhorst
ELFLOW mass flow controllers. The premixed reactants go
through a convergent section and a sintered steel plate to re-
move flow inhomogeneities. To limit the thermal drift of the
system, the straight duct section is cooled down to 7', = 293 K.
Nevertheless, the radiative heat flux from the burner heats up
the sintered steel plate and the fresh gases. A K-type thermo-
couple is used to measure the actual temperature of the reac-
tants, T};,, which serves as the reference for the laminar flame
properties at each operating point. Then, the PMB leans on an
inner quartz tube and is enclosed by another quartz tube with in-
ner diameter D = 50 mm. 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.

2.2. Optically accessible burners

Selective Laser Melting (SLM) [39] is employed to produce
a cylindrical porous matrix made of 316L stainless steel alloy.
This metal features a high resistance to corrosion at elevated
temperatures and its solidus temperature is 1648 K. The burner
geometry is generated via an in-house Python code. Its fluid-
solid interface is defined by a Diamond Triply-Periodic Mini-
mal Surface (TPMS) [40, 141} 142], following the implicit equa-
tion:

s(kx)s(ky)s(kz) + s(kx)c(ky)c(kz) + 2)
c(kx)s(ky)c(kz) + c(kx)c(ky)s(kz) =t
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Figure 1: Schematic of the POROSITO test rig.

where s(-) and ¢(-) stand for the sin(-) and cos(-) functions, re-
spectively. Void fraction, €, and pore size, d,, are controlled by
the threshold, ¢, and the wavenumber, xk = 27/A, in Eq. (]Z[) In
the present study, three PMBs with porosity € = 0.8 and dif-
ferent pore sizes are considered. The height of the burner is
L = 30 mm. The x axis is oriented in the streamwise direction
and its origin is at the burner inlet. The streamwise coordinate
is often expressed in dimensionless form by normalizing with
the burner length, ¢ = x/L. The resulting geometry features
several see-through directions in 3D, allowing multiple optical
accesses inside the porous matrix.

Many experimental studies using topology-tailoring [35} 38]]
are focused on the operational advantages of this manufacturing
technique such as the optimization of burner performance via
topological gradation. However, a peculiarity of TPMS-based
topologies is the existence of See-Through Directions (STD) in
the porous matrix. These matrices feature multiple parallel op-
tical pathways here called See-Through Directions. These op-
tical pathways provide extensive access for optical diagnostics.
As a result, direct visualization of the flame inside the burner is
possible. Optically accessible burners represent the major nov-
elty of the present work. Depending on which TPMS is used the
optical pathways of the burner are arranged differently. Some
of these 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 |Zh 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. [Za since they are not used in the present work. The other
two major STDs — here referred to as yz and zy — are horizontal
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Figure 2: 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 media from one of the major STDs and represent roughly 42% of the total volume. The
hidden volume is depicted in red an accounts for approximately 38% of the total volume. The remaining 20% of the volume is occupied by the solid phase.

and are employed here for direct flame visualization.

A detailed view of the STD is offered in the 3D rendering on
Fig.2b. The represented volume extends for one wavelength 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 [321 33|,
the present technique offers an extensive optical access to the
interior of the porous matrix.

2.3. Diagnostics

The STDs are also used to insert thermocouples that are
placed along the symmetry axis of the burner at different longi-
tudinal positions. N-type thermocouples with a sheath diameter
of d; = 0.5 mm are employed. Thermocouples spacing is im-
posed by the porous matrix periodicity. Given that there are
two optical pathways per wavelength, the uncertainty in their
positioning is given by +A/2. Inside the burner, thermocou-
ple probes are submitted to a significant radiative 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 some-

where between the solid and the gas phase temperatures when-
ever a thermal unbalance between the phases exists.

A LaVisioNn IMager sCMOS camera is used to visualize
the flame inside the porous matrix. Images resolution is
2560x2100 px, pixel size is 6.5 ym and images bit-depth is
16 bits. The camera is fitted with an Edmund optics band-pass
filter with a bandwith of 10 nm and a central wavelength of

= 430 nm to collect the line-of-sight integrated CH* radi-
cal emission. This 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.

The imaging system is aligned with one of horizontal the
see-through directions of the burner (yz-STD or zy-STD). Due
to perspective distortion, if a conventional lens is used, only
the optical pathway aligned with the camera direction is com-
pletely 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 X 44 mm given the dimensions of the cam-
era sensor. Telecentric (TC) lenses remove perspective distor-
tion providing an orthogonal projection of the imaged objects.
Thanks to TC lens, we obtain a cleared optical access for all the
visual pathways aligned with the observation STD so there is
no need to translate the camera when the position of the flame
changes. Figure[3|compares the visualization of the flame using



A) TC lens + CH* filter |B) Conventional imaging

1

Figure 3: Comparison between a conventional imaging and CH* chemiluminis-
cence with perspective removal used in the present work.

the present setup and a conventional imaging system. Unfortu-
nately, despite the use of a TC lens, the curvature of the quartz
tube causes some distortion of the image at the burner edge ow-
ing to light refraction. This reduces the effective visualization
through the optical pathways on the sides of the porous matrix.

2.4. Experimental procedure

The operating conditions are defined by the equivalence ra-
tio, ¢, and the thermal power, P. The maximal absolute uncer-
tainty in the equivalence ratio is 6¢ = +0.02 and the relative
error in P is always smaller than 3%. The burner is operated
at fixed power, and its operating domain is explored by vary-
ing the equivalence ratio in steps of A¢ = 0.02. Close to the
blowoft and flashback limits, the step is reduced to A¢ = 0.01.
The flashback limit was rarely reached since the burner maxi-
mal operating temperature was usually attained before. When
the operating point of the burner is changed, temperature mon-
itoring is used to ensure that a steady state is reached. The
burner characteristic settling time is governed by thermal diffu-
sion in the solid phase. Therefore, convergence times typically
range between 5 and 15 minutes but can rise to nearly 30 min-
utes in the vicinity of blowoff. Thermal balance is assumed
when the temperature variation registered over two minutes is
smaller than 1 K for all the thermocouple probes. For each
operating point, once thermal equilibrium is reached, the mass
flow controllers and thermocouples signals are recorded and av-
eraged 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 gener-
ate a mask that is used in the post processing stage to remove
reflections of CH* signal on the burner surface.

Images are processed to derive the transversely averaged dis-
tribution CH*(x), which is fitted by a beta-prime function for
subgrid interpolation. The details of this post-processing can
be found in The flame position, xf, is given
by the location of the CH*(x) maximum. For each operating
point, (¢, Tj,), the laminar burning velocity, S;,, flame ther-
mal thickness, 07, = (Tgg — Tin)/ max(dT /0x), unburned gas

density, p;,, and adiabatic flame temperature, 7,4, of the cor-
responding premixed one-dimensional unstretched flame are
computed using CANTERA. Temperatures are normalized as,
0= (T —Tin)/(Taa — Tin).

3. Numerical methods

The methodology for the computation of flames in PMB is
now described as thoroughly as possible since small details ac-
tually matter a lot. In the spirit of [25] a systematic literature
review was conducted to incorporate the most widely-used sub-
models for dispersion, interphase heat transfer and radiation.
Also, the numerical parameters are chosen with care and those
that are geometry-dependent have been evaluated from the 3D
representation of the analytic geometry. It is one of the objec-
tives of this work to test standard VAM models in the canonical
case of a homogeneous burner. This comparison is arguably
more arduous than the widely used two-layer PMBs where the
location of the flame is almost fixed by the topological change
at the interface between the two porous matrices.

The open source code CanTera [43] has been modified
to be coupled with the VAM equations for the solid phase.
The detailed kinetic scheme GrRiIMEecH 3.0 [44] with mixture-
averaged transport coefficients is used to model the chemistry
of methane-air flames. The computational domain extends from
the burner inlet at x = O to its outlet at x = L.

3.1. Equations and boundary conditions

The 1D volume-averaged equations for species and energy
conservation in the gaseous and solid phases read [45} 28] [17]]:

€pUg0, Yy + 0 (6]25) —ew =0 3)

eff
DI

k
0, |50, T, | = hy (T, = Tg) - eor = 0
0, (/liﬁasz) —hy (Tg - TS) + Gloss = 0 (5)

€04Cp g0, T + € 0T, 4)

where Y are the species mass fractions and 7, and T, the gas
and solid temperatures, respectively. In Egs. (3)-(3), € denotes
the local porosity, p the gas density, c,, the mixture-averaged
specific heat, ¢, the k™" —species heat capacity and u, the gas
velocity. The terms w7 and @ denote the heat release rate and
the mass production rate of species k per unit volume, respec-
tively.

Dispersion is modeled via effective diffusion coefficients for
species and heat transport:

T = —[pWi(Dy /7, + D)0, X, 1/ W (©6)
AT = A/t + pe, D™ 7

where W, and X stand for the species molar mass and molar
fraction, D; is the mixture-averaged diffusion coefficient and
W is the mean molar mass of the mixture. In Eq. (7), 4, is
the thermal conductivity of the gas, 7, is the gas phase tortu-
osity and DU = u,d, /2, is the dispersion diffusion coefficient.
Entrance effects upon dispersion coefficient are modeled via a



relaxation distance of two pore sizes where dispersion diffusiv-
ity increases from zero to its nominal value [46]. The interphase
heat exchange between the gas and the solid is modeled via a
volumetric interphase heat coefficient,

hy = 1,8 ,Nu/d, (8)

Here, S, denotes the interphase surface per unit volume and
Nu is a Nusselt number. Many empirical and theoretical
correlations have been proposed to model Nu in this frame-
work [47, 129,30, 48 [17]]. Here, the correlation derived in [29]
for laminar flows over an array of squared rods is employed,
which reads:

Nu=(1-e "1 +4(1-e)e )
+(1 _ 6)1/2 [(1 _ 6)1/2 Re]O.()Prl/3/2}

where Re = ugd,/v and Pr = puc, /4, are the pore-based
Reynolds and Prandtl numbers, respectively. Because of the
strong sensitivity of the flame position to this submodel, the in-
fluence of the interphase heat transfer correlation is addressed
in Sec.[d The effective thermal conductivity in the solid in-
cludes a tortuosity coefficient and a radiation term:

AT = (1 - ea,/ry + 4™ (10)

If the porous medium is assumed to be optically thick, solid-to-
solid radiation can be modeled using the Rosseland approxima-
tion [36} 28] [17]:

A9 = 160T3 /38 (11)

where o is the Stephan-Boltzman constant and 8 = 3/d,(1 —¢)
is the effective radiative extinction coefficient. Finally, a heat
loss term is included in the solid phase energy equation to ac-
count for radiative losses through the burner walls:
Gioss = 4B B(T} = Tn)/ D (12)
Here, E if the solid phase emissivity, 7 is the quartz transmis-
sivity and Ty is the ambient temperature.
At the burner inlet, mass flow rate, ri;,, mixture composition,

Yy, and temperature, T,, are imposed as follows:
Titin — €pitg| _o. =0 (13)
1 Yi, — epung|X:0+ - erﬁ|x:0+ =0 (14)
eff
inTin — €pugTe| _. + fci"’ngL:m =0 (15)
Pg

Equations (T3)) - (T3) assume a balance between convective and
diffusive terms upstream of the burner inlet. At the outlet, x =
L, zero temperature and species gradients are imposed. In the
solid phase, radiative heat losses are prescribed on the sides of
the domain, x = x;:

Eop| Ty, - T4| = £250,T, (16)

]
X=Xp

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

3.2. Evaluation of effective properties

The VAM presented above must be fed with several numer-
ical values that depend on the topology and material of the
porous matrix. Topological parameters include the void frac-
tion, €, the pore size, d,, the specific surface, S,, and the
solid/gas phase tortuosities, 7, and 7,, respectively (Tab. [T).
Since the geometry is defined by a mathematical function, these
properties can be evaluated a priori with good accuracy. Pore
size, d,,, and fluid and solid tortuosities, 7, and 7, are computed
from a voxel representation of the geometry using the python
tool Porespy [49]. For a given point, X in the gas phase, the
local pore size is defined as the diameter of the largest sphere
that contains x and is tangent to the solid phase. Note that the
sphere is not necessarily centered on x. The global pore size,
dp, is obtained as the pore diameter for which the pore size dis-
tribution is maximum. Tortuosity is computed as the ratio be-
tween the effective and the intrinsic diffusivity weighted by the
phase porosity in purely Fickian diffusion simulations [49,|50].
The volumetric surface of the porous matrix is computed from
a triangulated representation of the geometry.

Material-dependent parameters include the solid thermal
conductivity, A, the solid emissivity = and the quartz trans-
missivity, 1. Selective Laser Melting (SLM) has been used to
3D-print the porous burners for this study. Owing to the man-
ufacturing process, the thermo-mechanical properties of the re-
sulting solid component slightly differ from those of the bulk
base material [S1]. Metallic samples feature a certain level of
intrinsic porosity which results in a mildly lower themal con-
ductivity. Use made of the printing parameters (hatching, laser
scanning speed...) we have estimated a value of the energy den-
sity of approximately 36 J mm~3. Following [51], we can ex-
pect a level of intrinsic porosity between 0 — 5 % and a drop
in the through-plane thermal conductivity of the material from
roughly 15 W m~! K~! to approximately A, = 13 Wm™' K~!
at room temperature conditions.

For the solid emissivity Z, a number of experimental and
numerical works have studied the emissive properties of 316L
samples under different pressures, temperatures, surface state
and oxidation conditions [52]]. 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 pro-
cess 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 < ¢ < 0.7. Henceforth, a value
of & = 0.65 is retained for the emissivity of the solid phase.
Quartz transmissivity, 1,, depends upon the light wavelength,
A,. Typically, quartzs are fully transparent (17,, = 1) within
the wavelength range 150 nm < A, < 3000 nm and opaque
elsewhere (17, = 0). The total transmissivity, n(7), is thus a
function of the temperature of the solid and can be computed
as,

n(T) = (f 74, By, T)AA,)] (05T (17)

For solid temperatures between 800 K < T, < 1400 K the
transmissivity varies almost linearly between 0.14 < 7 < 0.52.



d, S,

[mm] m'] & T
1.5 1215
2.5 0.8 729 1.19 2.52
3.5 521

Table 1: Topology-dependent parameters

4. Results & Discussion

Figure ] plots the experimental points evaluated in this study
in the P — ¢ map. The blowoff, flashback and high temperature
limits are indicated with dotted, solid and dashed lines, respec-
tively. 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 constrains.
The blowoft limit is unaltered when the pore size is reduced
from d, = 3.5 mm to 2.5 mm but is shifted towards higher
equivalence ratios when d,, is decreased to 1.5 mm. This greatly
impacts the burner operating range at the lower pore size.
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Figure 4: Operating domain of the PMBs for different pore sizes, d,, spanned
by power, P, and equivalence ratio, ¢.

Figure [3] illustrates how the new method presented here al-
lows 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. On the left, direct visualizations
where the white dotted lines indicate the interpolated flame po-
sition. At the center, the profiles of CH* in red dotted lines
and the beta-prime fit of the experimental curve in black dashed
lines. The solid blue line is the normalized heat release rate pro-
file computed with the VAM solver for the same operating con-
ditions. Finally, in the right column, the experimental and nu-
merical normalized temperature profiles. At the blowoff limit,
flames are observed approximately in the middle of the porous
matrix. For the d, = 3.5 mm and d, = 2.5 mm PMBs, the
flame spreads over two and three pore rows respectively. How-
ever, the width of the reaction region remains approximately
constant. When the pore size is reduced to d, = 1.5 mm the
width of the flame front increases and the reaction zone is dis-
tributed over 5 to 6 pore rows. Regardless of the pore size and
the burner load, there is limited radial deformation of the reac-
tion 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. 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 simula-
tions. Direct pore-level simulations [19]] have shown wrinkled
flames distributed over several pores as a result of local an-
choring 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 in-
fer 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 prefer-
entially anchored at the interface. This allows for a two-way
coupling between combustion and heat recirculation, which ar-
guably makes it a more stringent validation case for VAMs.
Regarding the temperature profiles, there is a fair agreement
between the measurements and the model. The offset in the
flame position between the model and the experiments yields
significant errors upstream of the flame but the maximum tem-
peratures and the temperature gradients at the outlet show a rea-
sonable 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.

The evolution of the flame position with the operating con-
ditions is now analyzed. For each experiment, the stream-
wise momentum is computed as, m = pjup = M/Ae, where
A = nD?/4, M is the total mass flow and u is the bulk velocity
in the burner. This value is normalized by the mass consump-
tion rate per unit surface of a planar unstretched flame defined
as, riy = pinS,. The ratio, rit/mp, 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
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Figure 6: Flame speed-up, ri1/ri1g, versus flame position, £ = xr/L, for different powers and pore sizes, dj,. The hy correlation presented in Kuwahara et al. [29] is

used as interface heat exchange submodel.

flame in the burner, x, 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 is influenced by entrance, boundary layer ef-
fects and local pore-anchoring. Therefore, its quantitative pre-
diction is more complex and out of the scope of the present
work. Here, the focus is on the overall agreement between the
observed and computed flame position for a given mass flow
rate.

Figure E] shows the speed-up, ri/ri, versus the dimension-
less flame position, &5 = x¢/L, at different powers for the three
burners. When the flames are close to the inlet, riz/mg =~ 1,
which is consistent with the limited preheating. Because of
thermal losses, the speed-up can even be smaller than unity near
& = 0. As the bulk to flame velocity ratio is increased, the posi-

tion of the flame is shifted towards the burner outlet. The speed-
up reaches a maximum value at approximately & ~ 0.5. At this
point, a further increase of ug/S 1, 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 predictions
obtained with analytical models for finite porous media [8,[13].
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 d,, = 2.5 mm burner. This
ratio is reduced to approximately three in the d,, = 1.5 mm case.
For the experimental results at hand, the speed-up at blowoff
is found to decrease when the pore size is reduced. Concern-
ing the flame positioning, a fairly good agreement between the



Figure 7: Influence of the interphase heat exchange term.

model and the experiments is obtained for d, = 3.5 mm. How-
ever, near blowoff differences between the model and the ex-
perimental results significantly increase. As the pore size is
decreased, the agreement between the experimental results and
the model progressively degrades. At d, = 1.5 mm, the pre-
dicted flame position is completely off the experimental obser-
vations. Interestingly, in simulations, the influence of the ther-
mal 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 in-
fluence does not seem to be captured by the model where the
stabilization curves are marginally affected by changes in d,,.
In an effort to identify paths for improvements of the simula-
tions, the sensitivity to the interphase heat transfer model is now
discussed. To this end, the position of the flame is computed us-
ing several correlations from the literature [29] 130, 47, 48]]. Re-
sults are plotted in Fig.[/|for a 1 kW flame in the d, = 2.5 mm
burner. As the Nusselt number decreases, flames stabilize fur-
ther downstream for a given flow rate. Using the correlation
proposed in [30], the current 1D model accurately predicts the
flame position. The use of this correlation improves the numer-
ical predictions for d, = 2.5 mm and d, = 3.5 mm. How-
ever, it does not perform as well for the d, = 1.5 mm burner
(see Fig. [B). Figure [7] compares the experimental and simu-

lated streamwise profiles for two mass flow rates. 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 numeri-
cal results show large differences between the solid and the gas
phase temperatures suggesting the operation in the so-called
decoupled regime [53]]. It is pointed out that the correlation
from [30] was derived and validated for turbulent flows with
10* < 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 ma-
jor 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.

5. Conclusion

In this work, direct visualization of the flame front inside
a porous medium has been achieved by means of a brand-new
experimental setup that combines computer-defined topologies,
AM techniques, TC optics and CH* chemiluminiscence. For
the first time, the position of the reaction region inside a PMB
could be directly tracked as a function of the operating condi-
tions enabling 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 ex-
perimental results show nearly one-dimensional sub-adiabatic
flames featuring a thickened reaction region.

Comparisons are carried out with a state-of-the-art VAM
with detailed chemistry and including radial heat losses. Ef-
fective parameters are evaluated by making use of the exact
description the burner geometry and correlations from the lit-
erature. Neither the width nor the position of the reaction zone
are accurately predicted by the VAM, specially for small pore
sizes. In contrast, heat losses are well estimated and a reason-
ably 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 previous studies, VAM are typically
validated using pointwise temperature measurements in multi-
stage burners where the flame usually stabilizes at the inter-
face 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 con-
trast, 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 ex-
change term, failing to accurately predict both the flame thick-
ness and the impact of the pore size.
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Appendix A. Images post-treatment

This sections describes the procedure to extract the axial
CH* profile from chemiluminiscence images. Overall, the post-
treatment method is very robust and requires only minor adjust-
ments when the pore size is changed.

When projected onto the camera sensor, the optical pathways
of the burner generate a two-dimensional array of spots. This
is illustrated in Fig. [A.9] where a backlight image is shown.
Here, the reduction in visualization surface on the sides caused
by light refraction is made evident. The CH* emission by the
flame is integrated along the optical pathways and collected by
the sensor. Figure shows a CH* chemiluminiscence im-
age where the row of bright spots indicates the overall position
of the flame. The backlight image is binarized and used to mask
the CH* chemiluminiscence signal. This allows us to rule di-
rect reflections out. The masked image is transformed into a
matrix representation where each element stores the surface-
weighted average of the CH* intensity on each spot of the 2D
pattern [A.10] By weighting the average by the surface we can
remove the influence of occasional artifacts in the images and
the radial deformation by refraction. This matrix form is then
used to compute the radial and axial profiles of CH* so that the
resolution of these raw profiles is given by the spacing between
the pores. Since, the CH* often spans over more than one row
of optical pathways, to smooth the flame front tracking we fit
the raw axial profiles by a betaprime distribution. The position
of the flame front, x/, is given by the location of the CH*(x)
maximum.

Concerning the radial profiles, we observe a reduction of the
intensity of the CH* signal towards the edges of the burner.
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This lack of radial homogeneity can be explained by the Line-
of-Sigth (LoS) integration of the CH* emission. The integration
path is maximal for the central optical pathways and reduces
as we move towards the burner sides. The raw radial profile
can be corrected by normalizing the radial distribution by the
length of the integration path at each r. Despite this correction
is somewhat rudimentary because it assumes a transverse ho-
mogeneity of the signal, the corrected radial profiles are rather
homogeneous indicating that the assumption holds. The radial
homogeneity of the CH* profiles suggest that the comparison
with a 1D model is reasonable.
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