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Abstract

Burners that channel a gaseous methane-air mixture through a porous sintered matrix are widely used to produce flat flames
with controlled inlet and boundary conditions. Such environments are essential for studying combustion phenomena and
validating physical and chemical models. However, this study shows that even nominally identical McKenna burners
with a 25 mm stainless steel sintered matrix exhibit significant deviations from ideal uniformity. Detailed measurements
of the spatial and temporal temperature fields within the matrix, as well as surface flow velocities, reveal substantial non-
uniformities: velocity deviations of up to £50% across the burner surface and temperature differences exceeding 70°C
between center and edge of the matrix. Furthermore, the burner housing temperature increases steadily during operation,
reaching over 70 °C after 60 minutes, indicating limited heat removal and pronounced cooling defects. These findings
demonstrate that even under nominally steady operating conditions, uniform inflow and boundary conditions cannot be
assumed, which is highly relevant for many experimental combustion researchers relying on consistent burner behavior.
The results highlight the necessity of accounting for such gradients when using flat flame burners to investigate sensitive
combustion phenomena, such as thermo-diffusive instabilities and flame pulsation onset. To facilitate this, the 2D tem-
perature and velocity profiles presented herein can be directly utilized by the community as realistic boundary conditions
for future computational fluid dynamics (CFD) simulations of burner-stabilized flames on sintered burners.
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The results evaluate the suitability of the McKenna burner
for applications especially involving unsteady and highly
sensitive combustion phenomena. Crucially, these findings
extend beyond the specific McKenna design, offering the
research community a broader basis for assessing experi-
mental data and realistic boundary conditions for sintered
matrix burners in general.

Introduction

The so-called McKenna burner [1-6] has been widely used
over the past decades to generate flat, premixed flames that
are assumed to exhibit an approximately 1-D structure. Its
design roots trace back to pioneering work by Botha and
Spalding in 1954, who developed a porous burner to measure
flame speeds of propane/air mixtures [7]. Unlike pipe flows,
where velocity profiles are typically parabolic due to bound-
ary layer effects, porous media should promote more uni-
form flow distributions by forcing fluids through complex,
tortuous paths that suppress large velocity gradients and tur-
bulence. In the literature, there are varying findings regard-
ing flow homogenization through porous media. While
[8] confirmed significant homogenization using numerical
studies and [9] demonstrated similar results experimentally,
other works such as [10] reported local velocity variations
of up to 50 % despite overall homogenization. Especially
with respect to hot-wire measurements, such flow profiles in
combination with self-convection induced by the wire tem-
perature can lead to increased cooling, which in turn causes
a measurement-related overestimation of the actual flow
velocities [11, 12].

Building on this foundational concept, the McKenna
burner represents a refined and advanced version of the
general idea, developed by Holthuis and Associates in the
United States during the 1970s [6]. To ensure a uniform tem-
perature distribution across the porous matrix, the design
incorporates an integrated cooling coil through which a fluid
is circulated. The primary objective of the burner is to estab-
lish highly uniform flow and temperature fields, thereby
producing a cylindrically symmetric flame. This controlled
and well-defined environment significantly facilitates the
comparison between experimental data and numerical simu-
lations, which often rely on simplified, reduced-dimensional
models. Over the years, the McKenna burner has estab-
lished itself as a benchmark setup in combustion research,
especially for detailed investigations of flame structure and
chemistry, as exemplified by the study of Migliorini et al.
[1]. This study investigated how “flat” the rich premixed
flame produced by the McKenna burner actually is, focus-
ing in particular on the radial uniformity of soot distribu-
tion. Their study revealed that while a bronze porous plug
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results in a significantly more uniform soot profile, the use
of a stainless steel plug leads to notable inhomogeneities.
These observations raise important concerns regarding the
comparability and reproducibility of experimental results
obtained with different burner materials. Nevertheless, the
stainless steel variant remains a valuable alternative, espe-
cially for applications involving higher flame temperatures,
such as hydrogen combustion, due to its superior thermal
resistance. This highlights a key trade-off: although mate-
rial modifications expand the burner’s applicability, they
may simultaneously introduce variability in flame charac-
teristics, potentially limiting the direct comparability across
experimental setups.

In the work from Singh et al. [13] a McKenna burner was
used to validate a CFD model. It was shown that the tem-
perature profiles with increasing distance to the burner as
well as some of the major species concentrations are show-
ing a good agreement. It should be noted that the McKenna
burner was operated within a stable regime, well away from
combustion conditions where non-stationary phenomena
such as thermal oscillations play a significant role [14].
In such stable operating points, inherent non-uniformities
likely remain within acceptable limits where they do not
significantly distort global flame characteristics. However,
these limits have not been formally quantified in the litera-
ture to date.

Campbell et al. [15] investigated rich ethylene/air flames
on both a standard McKenna burner and a newly developed
compact porous-plug burner, designed for use in spatially
constrained diagnostics such as synchrotron facilities.
Using Raman thermometry, laser-induced incandescence,
and VUV photoionization mass spectrometry, they mea-
sured temperature profiles, soot volume fractions, and spe-
cies concentrations. The study provides valuable kinetic
data and shows that the compact burner closely reproduces
the flame structure of the standard McKenna setup, con-
firming its suitability for detailed combustion chemistry and
soot studies [3, 16, 17]. Beyond its suitability for detailed
diagnostics, the McKenna burner also offers considerable
operational flexibility. It can be used with a wide range of
fuel-air mixtures and equivalence ratios, making it a ver-
satile tool in combustion research. It is only limited in its
application by the flame temperature, as the matrix must be
protected from melting.

In most investigations in the literature, the used stan-
dard McKenna burner is operated under conditions that
produce a stable flame. Consequently, many studies delib-
erately focus on quasi-steady regimes and avoid parameter
ranges that lead to pulsating or cellular flame structures.
However, recent advances in combustion science have
sparked growing interest in unsteady and transient flame
phenomena [14, 18-21], as these dynamic behaviors
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present valuable opportunities to expand experimental
datasets and improve the validation of combustion models.
Therefore, in recent years, several research groups have
developed custom-built burners inspired by the McKenna
design, some involving considerable engineering effort,
and employed them as experimental platforms. A particu-
larly noteworthy example is the work by Nechipurenko
et al. [22], who investigated diffusive-thermal instabili-
ties in burner-stabilized methane-air flames. Their study
combined high-resolution optical diagnostics with numeri-
cal simulations to characterize the onset and dynamics of
flame oscillations under varying equivalence ratios. This
work highlights the complexity of flame behavior even in
nominally simple flat flames and underscores the impor-
tance of burner design and operating conditions in com-
bustion research.

The growing focus on flame instabilities and transient
regimes motivates the development of tailored burner
designs and operating strategies that facilitate detailed
experimental investigations under such conditions. As a
result, there is an increasing demand for comprehensive
experimental data capturing these dynamic flame behav-
iors to validate and refine simulation models, thereby
broadening the applicability of McKenna-type burners in
fundamental combustion research. Although custom-built
McKenna type burners tailored to specific problems are
certainly one approach to expanding the experimental data-
base, it is desirable to use a standardized burner design to
ensure better comparability of all the data. For this purpose,
the standard McKenna burner has become widely estab-
lished, as previously discussed. However, the cited litera-
ture also clearly demonstrates that, especially for complex
and highly sensitive phenomena, certain conditions must be
met. It is often explicitly assumed that the flow field and
the temperature distribution at the burner surface are per-
fectly homogeneous. Moderate deviations might be toler-
able for determining global properties such as the laminar
burning velocity. However, they become a critical factor
when investigating the onset of local instabilities. In such
sensitive regimes, the lack of a defined acceptable limit for
non-uniformity in the literature poses a risk, as even minor
gradients can break the assumed symmetry. Our results
demonstrate that the observed deviations of up to 50% in
velocity and 70°C' in temperature are significantly beyond
the thresholds required to justify the common assumption
of a quasi-one-dimensional inflow. Studies such as [1] have
already shown that certain inconsistencies or ambiguities
can arise under less-than-ideal conditions. To date, the lit-
erature lacks detailed investigations of the actual boundary
and outflow conditions that develop during the operation of
the standard McKenna burner. This is precisely where the
present paper makes its contribution.

Experimental Setup

The experimental investigation is designed to characterize the
operational limits and homogeneity of a standard McKenna
burner. To address the complexity of the boundary condi-
tions, the setup is described in terms of its mechanical speci-
fications, fluid supply, and the integrated instrumentation.

Burner Specifications and Geometry

The study utilizes a McKenna burner featuring a stainless
steel sintered matrix with a diameter of 25 mm, providing a
total surface area of 490.9 mm?. The porous disc has a thick-
ness of 17 mm and a nominal porosity of 40.8 % + 10 %. To
minimize the interaction of the flame with the surrounding
environment, a bronze shroud ring with an outer diameter
of 51 mm (2586.9 mm?) is positioned around the center
matrix to provide an inert co-flow. This configuration is
representative of the larger 62.6 mm version, as the manu-
facturing processes for the sintered matrices are considered
analogous.

Fluid Supply and Flow Control

The delivery of gases is managed by a centralized regulation
and control system.

e Mass Flow Control: All gas flows are regulated using
Bronkhorst EL-FLOW series mass flow controllers.
These devices feature a specified accuracy of 0.5% of
the reading plus 0.1% of the full scale. By knowing the
mass flow rate and the cross-sectional area, the mass
flux can be calculated. This parameter is essential to en-
sure that the investigations remain invariant with respect
to the cross-sectional geometry.

e Validation: To further ensure experimental reliability, an
independent validation was performed in our laboratory
using a bubble flow meter. While the high precision of
the certified controllers exceeds the accuracy of manual
volumetric measurements, this additional step served as
a qualitative ’sanity check’ to exclude significant mal-
functions or gross deviations, such as errors exceeding
5%. This verification confirmed the integrity of the ex-
perimental setup and ensured that the devices operated
consistently within their expected performance range.

e Media: For flow homogeneity measurements (Section
“Quantifying the Uniformity of the Mean Flow Across
the Burner Surface”), dry synthetic air (ALPHAGAZ 1,
Grade 5.0) with a purity > 99.999% was used to main-
tain constant thermophysical properties and prevent sen-
sor fouling due to its low moisture (HoO <3 ppm) and
hydrocarbon (C,, H,, < 0.5 ppm) content.

SEM
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e Flame Conditions: Combustion studies (Section “Time-
Dependent Temperature Evolution of the Burner System”
and “Spatial Distribution of Surface Temperature on the
Matrix During Burner Operation”) were conducted us-
ing a premixed methane-air flame at a stoichiometric
ratio of ¢ = 1.0 and a mass flux of 7 = 0.1 kg/(m”s).

Thermal Management and Instrumentation

To monitor and control the thermal state of the burner dur-
ing operation, several diagnostic tools are integrated into the
setup (see Fig. 1).

e Cooling Circuit: The burner contains an integrated
copper coil for liquid cooling [6]. In this study, water
was used as the coolant with an inlet temperature of
T;n =~ 10°C (Section “Time-Dependent Temperature
Evolution of the Burner System”).

e Burner Housing Temperature: Three Type N thermo-
couples (TE1, TE2, and TE3) are installed in boreholes
at a distance of 1 mm from the matrix to monitor the
temporal evolution of the housing temperature.

e (Cooling Performance: The cooling capacity is quanti-
fied using Class A PT100 RTDs (accuracy +0.01°C)
located at the coolant inlet and outlet to measure the
temperature difference ATyp,q (Section “Time-
Dependent Temperature Evolution of the Burner
System™).

Gas container

Mass flow controller
Controlling System

Experimental Procedure

The investigation is divided into three primary studies to
assess the burner’s performance:

e Section “Quantifying the Uniformity of the Mean Flow
Across the Burner Surface”: Characterization of flow
homogeneity across the matrix surface using hot-wire
anemometry.

e Section “Time-Dependent Temperature Evolution of the
Burner System”: Analysis of the time-dependent tem-
perature evolution of the burner housing and cooling
power.

e Section “Spatial Distribution of Surface Temperature on
the Matrix During Burner Operation”: Measurement of
the spatial temperature distribution on the matrix sur-
face using thermographic imaging.

Before each investigation, the burner casing was cooled to
below 25°C to ensure consistent initial conditions for all
measurements.

Flow Measurement Technique

The constant temperature hot-wire anemometry (CTA) used

in this study falls into the category of thermoelectric velocity
measurement method [23, 24]. The method is based on the

PT100

Cooling
RTDs circuit

Fig. 1 Sketch of the experimental setup including the position of the used thermocouples (TE). Pink: Co-flow connection, red: Premixed gas

connection, blue: Water cooling inlet/outlet
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cooling effects of an electrically heated wire, which is placed
normal to the main flow direction [24]. The quantity of mea-
sure is the heating voltage needed to keep the wire at a defined
temperature [24]. The dominant cooling effect is forced con-
vection; other effects such as conduction to the wire support
needles are neglected [24]. The electrical resistance of the wire
is a function of temperature [24]. Therefore, the heating volt-
age required to maintain a constant wire temperature is a func-
tion of the convective heat transfer, which itself depends on
the flow velocity [24]. The CTA used in our study is the DISA
TYPE 55MO01/55M10 in combination with a Dantec 55P11
miniature wire probe with an overheating ratio of 1.8 and a
Type N thermocouple for flow temperature measurements.

Calibration

The calibration of our system was conducted in collabora-
tion with the Institute of Fluid Mechanics (ISTM). We uti-
lized a DISA Type 55D44 Pressure Control Unit combined
with a DISA Type 55D45 Nozzle Unit, equipped with a
nozzle featuring a 12 mm exit diameter.

Calibration measurements were carried out within a
velocity range of approximately Om/s to 7.0m/s. The
voltages measured during calibration were temperature-
corrected according to [25]

(1)

n
Tw - Trcf
Ecorr = Limeas )

Tw - Tmeas

where the mean temperature during calibration was used as
reference temperature 7Ty.q¢, 15, was set to 533K and the tem-
perature correction coefficient n was taken as 0.5, consistent
with the standard value used for tungsten wires [23, 24]. To
obtain a calibration curve relating the heating wire voltage to
flow velocity, a fourth-order polynomial fit was applied to the
mean voltage values measured at each calibration velocity (see
Fig. 2). This calibration procedure was carried out both before
and after the experiment to ensure accuracy and consistency.

0 | |
3.5 4 4.5

voltage Feorr [V]

Fig. 2 Calibration Curve

Since the mass flow rate and fluid density were known,
the theoretical mean velocity viheo could be calculated.
From the 64 measurement points, the mean velocity viean
can be obtained. A comparison of vgheo and Vpmean Shows
that hot-wire anemometry overestimates the flow velocity
up to 100 % (see ratio r in Table 1). This apparent discrep-
ancy arises from the indirect nature of hot-wire measure-
ments, which depend on the cooling of the wire rather than
the velocity alone, because for the heat transfer, the flow
topology also plays a major role [24]. Due to the sintered
matrix used in the experimental setup, the actual flow at the
matrix outlet is expected to be non-uniform in space and
potentially turbulent (for more details check next section).
In contrast, the calibration was performed under idealized,
predominantly laminar conditions, effectively approximat-
ing a uniform velocity profile, a scenario that does not reflect
the actual measurement conditions. Furthermore, it is also
important to note that hot-wire anemometry is expected to
show deviations at extremely low flow velocities due to nat-
ural convection around the heated wire and heat conduction
through the prongs to which the wire is attached. However,
despite this mismatch, the general shape of the resulting
calibration curve remains applicable for comparative evalu-
ations. The primary difference lies in a voltage offset caused
by the differing convective heat transfer coefficients. How-
ever, further investigations have shown that vy, becomes
valid (r = 1.1 — 1.2) at a distance greater than 2 cm from
the burner surface for all V, where small-scale flow fluctua-
tions diminish due to viscous damping. To account for the
resulting systematic error, the study primarily focused on
relative rather than absolute velocity values.

Note from the authors: It should also be emphasized that
this paper does not intend to promote or criticize the McK-
enna burner used. Since the burner has become an established
standard tool, the focus of this work is solely on scientifi-
cally investigating and assessing its suitability for the study
of highly sensitive phenomena. We believe that such an anal-
ysis provides significant value to our research and that the
findings could be of interest to a broader audience.

Experiment Postprocessing

To obtain the flow field, 64 measurement locations were dis-
tributed over the surface within the radius of 12mm. The

Table 1 Calibration data

v - 1074 Utheo Umean r
[In/min] [kg/s] [m/s] [m/s] -
5.00 1.08 0.17 0.20 1.15
7.50 1.62 0.26 0.41 1.57
10.00 2.16 0.34 0.68 1.99
15.00 3.24 0.51 1.12 2.19
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specific arrangement of these points, following a polar grid
pattern, is illustrated in Fig. 3. This configuration provides
near-optimal spacing between the individual points, ensuring
excellent spatial coverage across the surface to reconstruct
the continuous flow field via linear interpolation. The spacing
between measurement locations was approximately 4 mm in
both the radial and tangential directions. It is important to
note that the spatial resolution of the CTA system is defined
by the dimensions of the wire probe. All measurement
data points represent values averaged over the wire length,
which is 1.25 mm in the case of the 55P11 sensor used from
Dantec Solutions. This spatial averaging is inherent to the
physical operating principle of hot-wire anemometry. The
specific 1.25 mm sensor was selected because preliminary
investigations revealed that the characteristic flow structures
are spatially coherent over several millimeters. This spatial
coherence is a direct consequence of the sintered matrix; its
interconnected pore networks cause the flow to emerge in
macroscopic zones of predominantly high or low velocity.
Since local velocity variations across these zones are gradual
rather than abrupt, the chosen wire length accurately cap-
tures the flow features without requiring finer spatial resolu-
tion. The chosen radial and tangential spacing ensures that
individual measurements are independent, with no spatial
overlap and minimal flow interaction between adjacent mea-
surement points. To account for temperature drifts, each data
point was corrected using the local flow temperature (Tieas
) recorded during the measurement. This procedure normal-
izes the measured voltages to the reference temperature of
the calibration (1) using Eq. (1). Since both the calibration
and the actual experiments were conducted using the same
dry synthetic air under identical environmental conditions
(Tineas =~ Tref), this correction is strictly speaking optional.
Nevertheless, it was systematically applied to all data points
to eliminate even residual thermal drifts and ensure the high-
est possible measurement accuracy. Subsequently, the cor-
rected heating voltage is converted to flow velocity using the
previously established calibration curve.

V =5.01n/min V = 7.51n/min

Results

Quantifying the Uniformity of the Mean Flow Across
the Burner Surface

As mentioned in the introduction, the burner is frequently
used to experimentally represent a 1-D flame. For this pur-
pose, it is essential that the flow field is uniformly distrib-
uted across the cross-section. Since the burner employs a
sintered matrix, it is possible that local variations of the
velocity field may occur. These variations can influence the
results or, in extreme cases, even invalidate the assumption
of'a 1-D structure.

For the investigation of homogeneity, the overall vol-
ume flow rate V' was varied for a cold air flow. The tested
values ranged from 5 to 151In/min. The volume rates were
selected since these are of the same order of magnitude as
in the investigation of methane-air flames using the 25 mm
McKenna burner. The measured velocity values v are illus-
trated in an image plot in Fig. 3. Therefore, the measured
data were interpolated linearly to a 100x100 mesh, which
facilitates visualization the flow field easily. In addition,
Fig. 4 shows the corresponding relative velocity deviation
Vp = (U — Umean)/Vmean * 100.

It is evident that the velocities deviate considerably
from the mean, indicating a noticeable inhomogeneous
flow. The pattern that emerges appears quite similar
across all three flow rates, suggesting that it is unlikely to
change significantly for lower or also higher flow rates. It
is worth noting that points with a +50% deviation show
a flow velocity that is 200% higher than points with a
-50% deviation. Such a flow field deviates significantly
from a cylindrically symmetric profile and, at first glance,
appears quite surprising. Furthermore, no distinct pattern
in the velocity distribution is apparent; the distribution
seems random, without any clear structure (e.g., faster
in the center, slower at the edges). While some degree of
variation was expected based on the sintering process,

V =10.01n/min V =15.0ln/min

y [mm]
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Fig. 3 Measured absolute velocity values v in [m/s] for matrix M1. The 64 measurement points are shown for reference only in the left plot
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V =5.0ln/min V = 7.5In/min

V =10.01n/min V =15.0ln/min
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Fig. 4 Relative deviation from the mean flow velocity for M1 (upper row) and M2 (lower row). The data shown are the interpolated values based

on the 64 measurement locations

its magnitude was unforeseen. Given these unexpected
flow profiles, we contacted the manufacturer to discuss
our findings. In response, they provided us with a second
matrix (M2), which we installed to repeat the measure-
ments. The results are shown in the bottom row of Fig. 4.
It can be seen that significant differences in flow veloc-
ity are also present here. Based on the pattern, no simi-
larities to M1 can be derived. While the exact reason for
this cannot be definitively determined, it is reasonable to
assume that the sintering-based manufacturing process of
the matrices leads to differences in its structure and thus
influencing their flow characteristics. According to the
manufacturer’s specifications, the porosity of the sintered
matrix lies within the range of 38 — 43 %, with a manu-
facturing tolerance of +10 %. This confirms that approxi-
mately 40 % of the volume consists of void space (pores),
while the remaining 60 % is solid material. In general,
however, we believe that this is less related to the manu-
facturer itself and more a result of the matrix production
process. Therefore, it can be expected that each matrix
exhibits a different flow field, which may cause the results
to deviate to some extent. These velocity inhomogeneities
are expected to significantly influence the flame structure,
especially under sensitive conditions. The observed devia-
tions contradict the commonly assumed one-dimensional
inflow field of McKenna burners, suggesting that the flame
cannot be considered quasi-1D in this configuration.

Time-Dependent Temperature Evolution of the
Burner System

For reproducible results, it is crucial that thermal condi-
tions of the burner are constant over time. As already men-
tioned, the burner has no manufacturer-provided details on
the required flow rate, medium, or temperature for cooling.
Therefore, the volume flow rate of water (Tyater = 10°C)
was varied to check its influence. A steady-state equilibrium
is established through the interplay of heat conduction, radi-
ation, and convective cooling via the coil. Since the matrix
surface has the most significant influence on flame behavior,
three Type N thermocouples (TE1-TE3, see boreholes in
Fig. 1) were positioned at a distance of 1 mm to the matrix.
These thermocouples monitor the temporal evolution of the
burner housing temperature starting from room temperature
(t = 0s), allowing us to determine whether a steady-state
temperature has been reached or not. The profiles are plotted
in Fig. 5. It is observed that the temperature increases from
room temperature to approximately 70°C within 2 hours.
Based on this, it can be concluded that the integrated cool-
ing coil is unable to remove as much energy as is induced
into the burner by the flame. This can be explained with the
upper right photo in Fig. 1. A part of the heat transfer out of
the burner is through the burner housing. The observed effect
is a direct result of the 2 mm metal ring located between the
burner matrix and the co-flow matrix. The ring enhances
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Fig. 5 Burner housing temperatures over two hours from ambient at ¢ = 0, with the cooling fluid ATqyiq shown for reference

cooling by promoting heat transfer within the burner hous-
ing. Consequently, the issue arises from the burner’s design
and cannot be avoided at the current stage. However, it
should be noted here that the displayed 7, ¢ curve continues
to rise even after 1 hour of operation, which makes it dif-
ficult to conduct reproducible investigations without spend-
ing hours of preheating the burner.

As already mentioned, the essential function of the cool-
ing coil is to effectively dissipate heat from the matrix.
However, the last paragraph has shown that the burner heats
up over time. This indirectly implies that the burner’s cool-
ing capacity has to be lower than the energy absorbed by
heat conduction and thermal radiation from the flame. To
determine the cooling capacity, the temperature of the cool-
ant was monitored using Class A PT100 RTDs (accuracy
£0.01°C) positioned immediately upstream of the inlet
and downstream of the outlet. While the incoming water at
Ti, = 10 °C exhibited supply fluctuations of approximately
+0.5 °C, these variations are negligible for the overall heat
dissipation analysis due to the very large temperature gra-
dient between the burner surface and the coolant. If the
temperature difference AThyiq = Tout — Tin between the
inlet and outlet is known (see Fig. 6(a)), the cooling power

04r 15
_ 03
s 10
5 0.2 =
=
& IS
S o1
0 0
| | | | | |
0 10 20 30 40 50 60
t[min]

(a) Temperature difference ATqyuiq between
the fluid entering and leaving the burner
over time.

Fig. 6 Thermal characteristics of the fluid flow during operation
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can be calculated based on the known volume flow rate V
and density p (see Fig. 6(b)) of the coolant. The results in
Fig. 6(b) show that the average cooling power increases
with rising volumetric flow rate at first, before staying at
a nearly constant value for the higher V values. It is also
interesting to note that the cooling power nearly doubles
between 5 and 60 minutes, despite the fact that the matrix
temperatures do not change significantly beyond 5 minutes
(see next section for more details). This suggests that the
increase in @ is caused by the heating of the burner hous-
ing, which contradicts the intended function of the cooling
mechanism, namely the efficient cooling of the burner’s
sintered matrix. Comparative one-dimensional simulations
of a burner-stabilized flame were conducted for the given
geometry and a burner surface temperature of T = 75°C
using the established in-house code INSFLA. In this 1-D
model, the spatial coordinate (denoted as z in the following)
strictly represents the axial distance normal to the burner
surface. These simulations indicate a conductive heat input
into the burner of approximately 30 W. While the primary
focus of this work is not on numerical analysis, further
details on the code can be found in literature [26—31]. How-
ever, for better visualization, Fig. 7 presents the stationary

—— V=0.40 In/min
—— V=0.60 In/min

V=0.80 In/min
—— V=160 In/min

N S S R
0 10 20 30 40 50 60
t[min]

(b) Cooling power of the fluid over time.



Experimental Techniques

1600 [~ 0.2
—_T
— CO2
H,O

o) 1000 + ol = CO*3

e 11Ul 8 R *

< OH*100

500 -
75 b \ |
0 0.5 10
2z [em]

Fig. 7 Simulated profiles of temperature 7" and species mass fractions x; over the axial distance z from the burner surface. Selected mass frac-

tions are scaled for better visibility

flame profiles of temperature and selected mass fractions z;.
Owing to the solver’s grid control, the temperature gradi-
ent is obtained with high accuracy, lending credibility to the
calculated heat flux of about 30 W. This seems reasonable,
considering that even after one hour of operation, the cool-
ing power continues to increase, indicating a further rise in
burner temperature.

In summary, it can be stated that the cooling performance
is lower than the energy input from the flame, causing the
burner to heat up over time. This behavior is far from ideal
and significantly complicates the establishment of constant
boundary conditions.

Spatial Distribution of Surface Temperature on the
Matrix During Burner Operation

As fuel/air mixture flows through the pores of the burner
matrix, heat transfer between the gas and the matrix will
occur. The temperature field on the burner matrix, there-
fore, directly influences the temperature of the unburned
gas flowing into the flat flame and thus the flame behavior.
To experimentally assess the matrix surface temperature, a
thermographic camera (InfraTec ImageIR 9400 HP with a
100 mm telephoto lens and close-up adapter) with a spatial
resolution of 739x795 pixels across the measurement area
was employed. To determine the emissivity € of the matrix, a

—100 ms

100 ms

Visls

calibration sample was prepared. Thermography results were
checked against point-wise thermocouple measurements.
With an emissivity of € = 0.55 the agreement found was
within < 5 K. This value was subsequently used in further
measurements. Additionally, literature supports this finding,
with reported emissivities in the range ¢ = 0.4 — 0.6 for
rough stainless steel surfaces [32—-35]. For all investigations,
the following procedure was used: The burner is operated
in the usual way for a certain duration in time (“operation
time"). With the flame sitting on the burner matrix, thermo-
graphic measurements of matrix temperature are plagued
by interference with hot flame gases. Because thermog-
raphy cannot be performed with an active burner, at some
defined point in time (defined as 0 ms), the flame is blown
out to allow unobstructed thermographic view onto the
burner matrix. For about 200 ms after this, hazes of burned
exhaust gas from the flame are still visible in the thermog-
raphy images (see frame “200 ms" in Fig. 8). After 300 ms,
no more evidence of remaining hot flame gas is observed;
the recorded temperature data now are solely burner surface
temperatures. Throughout the entire procedure, even after
flame extinction, the cooling loop remained in continuous
operation. Within the extremely short measurement window
of 300 ms, instantly stopping the cooling water flow is sim-
ply impossible due to the inertia of the coolant. However,
this does not substantially alter the final results anyway.

T[C]
200

200 ms 300 ms

150
100
50

Fig. 8 Time-resolved thermographic snapshots of the burner matrix during and after flame blowout. The images show the spatial temperature

distribution across the matrix surface at selected time points
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It is important to note that the temperature measured at
300 ms does not directly represent the temperature during
active burner operation. In order to illustrate this, Fig. 9(a)
presents 7(7) at the burner’s center point for the case of 300 s
operation time. The data was fitted using a double-exponen-
tial function of the form
T(t) =To + Ay e V™ 4 Ayet/m2, ()
where T is the asymptotic temperature, A; and A, are the
amplitudes of the relaxation processes, and 71 and 75 are the
corresponding time constants. This approach captures both
the rapid thermal conduction within the burner plug normal
to the burner surface as well as the radial thermal conduc-
tion. Note that natural convection and radiation are playing
a minor role in the cooling process. This was demonstrated
by comparing the cooling curves in two cases: (a) flame
extinction by blowing, the premixed gas still flowed out of
the matrix during cooling (b) flame extinction by blowing,
no gas flow during cooling (see Fig. 10) (c) flame extinc-
tion by interrupting the fresh-gas supply, no gas flow during
cooling. The two cooling curves were indistinguishable; no
significant enhancement of cooling due to the cold outflow-
ing gas was observed.
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(a) T'(t) for the first 5 seconds.

The fit allows extrapolating the data from 300 ms back
to 0 ms to evaluate whether considering the temperatures at
300 ms is reasonable. For the case considered, the deviation
between 0 and 300 ms based on the fitted data is ~ 10°C. In
comparison, the measured temperature change from 300 ms
to 600ms is 5.9 °C. Nevertheless, both comparisons con-
firm that the matrix temperature of the porous plug is not
significantly higher than the value shown at 300 ms, which
is therefore used as the representative value in the following.

The burner operation time, and consequently the dura-
tion of heat input from the flame, was varied between 30s
and 300s. Figure 10 depicts the matrix temperature results
after a predefined burning period. Although the burner hous-
ing temperature increased significantly during continuous
operation, its effect on the matrix temperature was minor,
and no significant temperature differences were observed
for durations longer than 250 — 300s. For this reason, the
temperature distribution after 300s can be considered as
the steady-state temperature distribution of the matrix. To
ensure consistency across measurements, the casing was
cooled to below 25°C before each test, thereby maintain-
ing nearly identical initial conditions. Each configuration
was tested four times. The results show that the matrix tem-
peratures are significantly correlated with the burn duration.

\
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(b) Zoomed view highlighting the extrapolation.

Fig.9 Tt cooling curve for the porous matrix center point
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Fig. 10 Spatial temperature distribution of the burner matrix recorded 300 ms after flame blowout, following prior operation durations of 30, 90,

150, and 300 seconds
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Furthermore, depending on the maximum temperatures
that occur in the center of the matrix, larger gradients are
observed across the burner matrix.

To illustrate the profiles in an easier way, Fig. 11 presents
the temperature profiles along the horizontal and vertical
centerlines of the burner for the 30 s case. The plot clearly
demonstrates the symmetry of the temperature distribution
and marks the boundary between the matrix and the adjacent
2 mm plates. Figure 12 shows, analogous to Fig. 11, the pro-
files through the center for 90, 150, and 300 s burning time.
Here too, symmetry is clearly evident, although the curves
slightly lean to the right. This can potentially be explained
by the position of the cooling coil inside the matrix. How-
ever, it is noticeable here that there is a temperature differ-
ence of approximately 70°C between the center and the
outer points of the matrix. As explained in the previous sec-
tion, it is clearly evident that the 2 mm thick metal ring,
which separates the inner matrix from the co-flow matrix,
strongly supports cooling through heat conduction within
a solid due to its robust construction. Spatial variations in
temperature are intensified by this design, as the dominant
mode of this heat transfer is radial rather than perpendicular
to the surface. Furthermore, this provides a plausible expla-
nation for why the burner housing heats up to over 70°C

= horizontal
= vertical

Fig. 11 Temperature distribution through the burner center after flame
extinction (30 s operation time)

150
90 5
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& 100 — 300’5
~
50
-12.5 0 12.5
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Fig. 12 Temperature distribution through the burner center after flame
extinction (90, 150, 300 s operation time)

with increasing burn duration. In simple words: the cooling
coil cannot sufficiently compensate for the continuous heat
input from the flame.

Summary and Conclusions

This work investigates the operational characteristics of the
standard McKenna burner used for premixed methane—air
flames. The primary focus is on the velocity field of the
gas flow after it exits the porous matrix, as this defines
the actual inflow conditions for the flame. In addition, the
temperatures of both the burner housing and the porous
matrix during operation are analyzed to comprehensively
characterize the key boundary conditions affecting flame
behavior. Accurate knowledge of these inflow condi-
tions is essential for studying specific flame phenomena,
particularly highly sensitive unsteady processes such as
thermo-diffusive flame oscillations, which are currently of
significant research interest.

Initial investigations revealed partially unexpected
results. Most notably, the burner required an unexpectedly
long time to reach thermal steady state. Temperature mea-
surements showed that even after one hour of operation,
the burner temperature continued to rise. The primary
cause was identified as the limited cooling capacity of the
installed copper coil, which was insufficient to balance the
heat input from the flame. Furthermore, the cooling per-
formance was found to vary with the volumetric flow rate,
complicating efforts to maintain stable thermal boundary
conditions and, consequently, to ensure reproducibility of
experiments. In addition, the inflow velocity fields exhib-
ited significant inhomogeneities across the burner matrix
surface, particularly in one of the two investigated matri-
ces. For this matrix, local deviations of approximately
50% relative to the mean velocity were observed. In
contrast, the second (nominally identical) matrix showed
lower but still notable deviations with a totally different
structure. Similarly, the surface temperature distribution
of the burner revealed a characteristic non-uniform pat-
tern, with temperature differences of up to 70°C between
the matrix center and its outer edge. These findings raise
the question of whether the flame configuration can gen-
uinely be considered quasi-one-dimensional under such
conditions.

Motivated by these findings, future work will focus on
the development of a novel research burner designed to
specifically address these limitations. The primary design
objectives for this new system are active thermal manage-
ment, highly homogeneous flow conditions, and improved
accessibility for measurement techniques. While a rigorous
characterization is beyond the scope of the present study, a
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(a) McKenna burner

Fig. 13 Comparison of the produced flat methane-air flames

first prototype, sharing the same macroscopic dimensions
and nominal porosity as the investigated McKenna burner,
has already been built. Figure 13 provides a qualitative
visual outlook, showing a flat methane-air flame stabilized
on this initial prototype alongside the McKenna burner M1.
A comprehensive evaluation and a detailed performance
comparison between the two designs will be the subject of
future publications.

In summary, the results highlight the importance of care-
fully assessing the actual boundary conditions when using
the McKenna burner for flame diagnostics. While the burner
performs reliably for studying stable flames far from insta-
bility thresholds, its suitability must be critically evaluated
for highly sensitive phenomena. In such cases, significant
temperature and velocity gradients may compromise the
validity of the inferred flame properties and limit the repro-
ducibility of experimental results.
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