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This study focuses on flame-induced pressure gradients in turbulent premixed jet flames and its potential role
in the occurrence of flame flashback. A new procedure is proposed to determine these pressure gradients
experimentally from the Favre-averaged momentum equations. The procedure involves a novel experimental
method to determine Favre-averaged quantities from particle image velocimetry data. The resulting pressure
distributions are compared for two fuel-air mixtures with identical unstretched laminar flame speed (a
stoichiometric natural gas-air mixture and a lean (¢ = 0.49) hydrogen-air mixture) for stable and near-flashback
conditions. In all four cases the flame-induced pressure gradients are closely related to the intermittent behavior
of the flame. Furthermore, the pressure gradients for the stable and near-flashback flames show only small
differences indicating that the mean pressure distribution is not a suitable indicator for the occurrence of flame
flashback. Detailed analysis shows a mild, but systematic shift in the orientation of the instantaneous flame
fronts, which tend to align more perpendicular to the flow for the flames closer to flashback. This change in
orientation results in local deceleration of the flow, thus increasing the probability of flashback.

Novelty and significance

This work presents original results of experiments in premixed hydrogen-air and natural gas-air turbulent
jet flames. A new methodology is introduced to calculate Favre-averaged quantities and the pressure field in a
flame from a combination of PIV and Mie scattering measurements. The focus of the experiments and follow
up analyses is on the flame characteristics near flashback, since flame flashback is one of the phenomena that
hampers the transition from the use of natural gas to hydrogen in, for example, gas turbines.

1. Introduction flame speed in lean premixed hydrogen flames further increases in

comparison to a natural gas flame due to the nonunity Lewis number

Electrical energy production with large scale gas turbines relies
on the lean premixed combustion of a fuel, traditionally natural gas,
in order to meet stringent requirements on the emission of nitrogen-
oxides. A more recent requirement is the low, or even zero, emission of
greenhouse gases. Hydrogen is considered as a very promising alterna-
tive fuel since it naturally does not contribute to the emission of carbon
dioxide. When switching to hydrogen as a fuel, the gas turbine combus-
tion system will still operate in the lean premixed mode to ensure the
low nitrogen-oxide emissions. The presence of a highly reactive mixture
of hydrogen and air upstream of the combustor introduces the possibil-
ity of flame flashback, i.e., the rapid upstream propagation of the flame
through the burner system towards the premixing section [1]. This may
lead to catastrophic failure, since these components are neither cooled
nor designed to handle high temperature combustion gases. Premixed
hydrogen flames have in general a much higher risk of flashback due
to the inherent higher unstretched laminar flame speed. The effective
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effect and the preferential diffusion effect [2]. This poses a challenge in
the design of gas turbine combustion systems that run on hydrogen in
lean premixed mode. Therefore, a better understanding of the flashback
phenomena is required in order to design safer hydrogen-fueled gas
turbine combustors.

Different flashback mechanisms have been categorized [3]. Com-
bustion-induced vortex breakdown (CIVB) is the main mechanism for
swirl stabilized flames. Hydrogen has shown to increase the risk on
CIVB flashback, therefore non-swirl combustors are currently being
developed for high-hydrogen fuels. In these combustors running on
high-hydrogen fuels, boundary layer flashback is considered to be an
important risk. Boundary layer flashback was first studied system-
atically by Lewis & von Elbe [4,5], who introduced the concept of
a “critical velocity gradient” to predict the occurrence of flashback
in laminar premixed flames produced by tube burners. While earlier
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Nomenclature

Abbreviations

CIVB Combustion-Induced Vortex Breakdown
DNG Dutch Natural Gas

FOV Field Of View

MFC Mass Flow Controller

pdf probabilty density function

PIV Particle Image Velocimetry

Greek symbols

a cone angle

y flame intermittency

[ equivalence ratio

P burnt mixture density
Pu unburnt mixture density
o expansion ratio

Latin symbols

D tube inner diameter

Do, mass diffusivity of the excess reactant
D, mass diffusivity of the deficient reactant
Dj)\, mass diffusivity of fuel species i

Dy mixture thermal diffusivity

fi fuel volumetric fraction of fuel species i
I intensity

k turbulent kinetic energy

Le mixture Lewis number

Le; single fuel Lewis number of fuel species i
P pressure

Po pressure at the start of the streamline

r radial coordinate

Re Reynolds number based on tube inner diameter
s(r, x) streamline path

Sto unstretched laminar flame speed

u, radial velocity component

u, axial velocity component

U, bulk velocity

u burnt mixture velocity

u, unburnt mixture velocity

X axial coordinate

H,% volume percentage of hydrogen in the fuel

research primarily focused on flashback limits in jet flames [6,7], later
studies also considered additional factors such as fuel composition,
flame confinement, wall temperature and pressure [8-10].

Recent experimental studies using high-speed optical diagnostics
gave new insights into flashback dynamics in bounded (confined) tur-
bulent flows [11-14]. These studies highlight a strong coupling be-
tween the propagating flame front and the incoming flow. Regions of
flow reversal were observed upstream of the flame bulges (convex-
shaped towards the reactants), which intermittently form within low-
velocity regions of the turbulent boundary layer, facilitating flashback.
Direct numerical simulations [15] confirm the presence of flow reversal
regions upstream of flame bulges and suggest that the physical mech-
anism behind the formation of these regions is likely to originate from
the Darrieus-Landau instability, where the wrinkled flame front alters
the streamline pattern and affects the pressure upstream of the flame
bulge. This instability induces an adverse pressure gradient upstream
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of the flame bulge, decelerating the flow and potentially causing flow
reversal. In unbounded (unconfined) flame configurations, the same
mechanism causes a flow retardation instead of reversal [16]. More
recent DNS studies examined lean hydrogen-air premixed flame flash-
back in a turbulent boundary layer over a flat plate and conducted a
budget analysis of the pressure transport equation, which is derived
by substituting the state equation into the conservation equation for
energy, to explain the presence of regions with flow reversal [17]. It
was found that positive dilatation and thermal diffusivity terms near
the leading edge of flame bulges are the main reason for the adverse
pressure gradient. In turn, this adverse pressure gradient influences
the turbulent boundary layer by enhancing the transport of low-speed
fluid away from the wall and weakening high-speed flow towards the
wall due to combustion, further facilitating flashback. Additional DNS
studies have expanded on these findings, highlighting the impact of
wall conditions on flame behavior and turbulence structure in boundary
layer flashback [18].

In recent years, there has been a significant research effort focusing
on flashback in premixed hydrogen combustion. All research indicates
that lean premixed hydrogen-air flames show a higher propensity to
flashback than can be expected from its unstretched laminar flame
speed. This increased risk on flashback is attributed to the thermo-
diffusive instability, which is the combined effect of the nonunity
Lewis number effect and the preferential diffusion effect, that occurs
in lean-premixed hydrogen flames due to the high mass diffusivity of
hydrogen. These effects result in a local enrichment of the flame and
therefore an increase in local flame speed [19]. Similar effects of an
increased turbulent flame speed can be observed in turbulent flame
speed experiments for lean premixed hydrogen jet flames [20].

Recent literature on flashback in (hydrogen) flames highlights an
important role of the flame-induced adverse pressure gradient. The ob-
jective of this study is to determine the flame-induced adverse pressure
gradient experimentally and study its role in the local flow retardation
and occurrence of flame flashback. To achieve this, a new procedure
has been developed to quantify the (time-averaged) flame-induced
adverse pressure using a novel method that combines Particle Image
Velocimetry (PIV) and Mie-scattering measurements.

2. Methodology

This section describes the different steps in the procedure to de-
termine the flame-induced adverse pressure gradient. The pressure
gradient field will be determined by experimentally solving all other
terms in the Favre-averaged equations of motion, as described in Sec-
tion 2.1. Experimentally solving the different terms in these equations
requires determining Favre-averaged quantities. These can be obtained
from PIV data using a procedure that relies on detailed information on
the instantaneous flame front location in each instantaneous PIV image,
as explained in Section 2.2. Finally, Section 2.3 presents the flame front
detection method that was used in the present study.

2.1. Favre-averaged equations of motion

The Favre-averaged equations for continuity and radial and axial
momentum in cylindrical coordinates are used to determine the pres-
sure gradient field. This is based on the assumption of an axisymmetric
mean flow and neglecting viscous effects. The continuity equation in
dimensionless form is given by:

1 0
™ or

=0 = —=
V' = S (T + — () = 0, €))

——

Mass flux
divergence

where u denotes the velocity vector with components u, and u,. An
overline denotes Reynolds averaging and a tilde denotes Favre aver-
aging. Furthermore, a superscript * is used to denote dimensionless
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o a Reynolds average
o Ao Favre average [intensity count]
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Fig. 1. The dimensionless Favre-averaged velocity magnitude [V/|/U, and the dimen-
sionless Reynolds-averaged velocity magnitude |V|/U, along vertical lines at r/D =0
(spheres) and r/D = 0.3 (triangles), starting just above the burner exit at x/D ~ 0.1.
The black and orange markers indicate the two Favre-averaging procedures: the black
markers represent the procedure that directly couples gas density to the intensity count,
while the orange markers represent the procedure combining flame front detection with
bimodal behavior.

quantities defined as:

V* = DV, u*=UL, =2
; ¢ @

==, x*==.

D D

The dimensionless equations for axial and radial momentum are
given by Egs. (3) and (4), respectively:

ou* ou*
i Tl _
prut— + pfut— =
* ox* " or*
—— ——
Axial Radial
advection advection
r AF* A F*) 3
_o e S
ox* ox* r<  or*
—— —— ——
Pressure Change in Change in
gradient Favre normal stress Favre shear stress
— (3u — 614
prut— + put— =
* ox* T ort
—
Axial Radial
advection advection
I oF" o(r*F*) “
_ op _ rx _ l rr
5
or* ox* r¢  or*
—— —_—
Pressure Change in Change in
gradient Favre shear stress Favre normal stress

where p* denotes the dimensionless pressure as in p* = p/(puUZ) and

the dimensionless Favre stress terms F;;, F); and F} are given by:

rr’

F =p u//*ull* F* =p ul/*u//* F* =p u//*u//*

Prior to determining the pressure gradient terms in Egs. (3) and (4),
the Reynolds-averaged dimensionless density field p*,
Favre-averages ¢* = p*@* /p* of a dimensionless quantity ¢* have to be
determined. The next section evaluates two procedures that can be used

as well as the

to extract these quantities from a PIV measurement.
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Fig. 2. (a) The Reynolds -averaged density field p* for both procedures: (a) The first
procedure, where p* =1/1,,,, shows a density field that is clearly not symmetrlc in
r. (b) The second procedure, where the Reynolds-averaged density field p* follows
from the flame front detection method combined with the bimodal behavior, shows a
symmetric density field.

2.2. Reynolds- and Favre-averaged quantities from PIV data

In standard PIV the mean of a velocity component « in a particu-
lar interrogation area is determined from the arithmetic mean of all
instantaneous velocities u(;) = u; for that interrogation area as in:

- 1

U= ; u;, 5)
where N is the total number of instantaneous images in a PIV measure-
ment. This results in a Reynolds-averaged velocity component. How-
ever, in combustion studies one is often interested in Favre-averaged
(density-weighted) quantities. In that case each instantaneous velocity
u; has to be weighted with the instantaneous gas density p(;) = p; as
in:

N N
u= ZPi”i/ZPr (6)
i=1 i=1

Clearly, determining a Favre-averaged velocity component in a
particular interrogation area requires information on both the instan-
taneous velocity and the instantaneous gas density in that interro-
gation area. The latter is not directly available from PIV, but there
are procedures to estimate the instantaneous density from the PIV
measurements, and two of these procedures will be discussed below.

In the first procedure it is assumed that the instantaneous number
of seeding particles n(t;) = n; in an interrogation area is (on average)
proportional to the gas density p; when the seeding particles do not
burn or evaporate in the flame. In a further simplification it is assumed
that n; is proportional to the sum of the pixel intensities in an interro-
gation area I(1;) = I,. Thus, a Favre-averaged velocity component can
be determined from Eq. (6) by replacing p; with I,.

The second procedure involves examining each instantaneous PIV
velocity vector and its corresponding PIV interrogation window. If
an interrogation window is entirely within the unburnt region, the
instantaneous density p; is assumed to be equal to the unburnt mixture
density p,. Conversely, for an interrogation window fully within the
burnt region, the instantaneous density p; is set to that of the burnt mix-
ture p,. For interrogation windows that cover both burnt and unburnt
areas, the instantaneous density p; is calculated using an area-weighted
average of p, and p,. Pfadler et al. [21] employed a comparable proce-
dure named as conditioned particle image velocimetry. The values of
the unburnt and burnt mixture densities are determined using Cantera
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Fig. 3. Main steps of the flame front detection method applied to one of the premixed
jet flames considered in this study: (a) Raw Mie-scattering image (b) Image after
normalization and applying the bilateral filter (c) Mie-scattering image with the
detected flame front. The green box indicates the region that is magnified in Fig. 5.

2.6. Clearly, the second procedure relies on an accurate determination
of the flame front in each instantaneous PIV image. The flame front
detection method used in the present work is described in Section 2.3.

As an illustration, Fig. 1 shows Reynolds-averaged and Favre-
averaged velocities (for both procedures) as determined in one of
the premixed jet flames considered in this work, see Section 3.2
for details. To be more precise, the graph displays the profiles of
the dimensionless Favre-averaged velocity magnitude ||/ U, for both
procedures, along with the dimensionless Reynolds-averaged veloc-
ity magnitude |V|/U, along vertical lines at r/D =0 (spheres) and
r/D = 0.3 (triangles), starting just above the burner exit at x/D ~ 0.1. It
can be seen from this figure that the two procedures to produce Favre-
averaged velocities show very similar results. Furthermore, it can be
observed that both the Favre-averaged velocity profiles start to deviate
from the Reynolds-averaged velocity profile around x/D ~ 1.25 (for
r/D =0) and x/D ~ 0.75 (for r/D = 0.3). This is due to the intermittent
presence of the flame. Fig. 2a shows the estimation of the Reynolds-
averaged density field p* from the first procedure, where p* = 1/7,,,
with 1,,,, the maximum of the Reynolds-averaged intensity field. An
inhomogeneous dimensionless Reynolds-averaged intensity field within
the cone is observed, where a Reynolds-averaged density field that is
symmetric in the radial coordinate r is expected. This inhomogene-
ity is associated with the inhomogeneous intensity of the laser light
sheet, which results in an inhomogeneous illumination of the seeding
particles and, consequently, an inaccurate density field. Fig. 2b shows
the Reynolds-averaged density field as determined from the second
procedure, which in case of determining the density is directly linked
to the flame intermittency function, y, which is defined here as the
fraction of time that products are found at a location so that y = 1
corresponds to pure products and y = 0 corresponds to pure reactants.
The Reynolds-averaged density p* then follows from p* = p,(1—7)+p7-
It is seen in Fig. 2b that the inhomogeneity of the laser light sheet did
not produce an asymmetry in the density field. This is due to the fact
that the flame front detection method, which is an essential part of
the second method, is insensitive to inhomogeneities in the laser light
sheet. Since the Reynolds-averaged density p* occurs in the equations
of motion (Egs. (3) and (4)) it was decided to use the second procedure
in the remainder of this work.

2.3. Flame front detection method

The method that is used to determine the instantaneous flame
front in this study is based on the work of Pfadler et al. [21], where
the location of the flame front in an instantaneous PIV image was
identified from the variation of the local particle number density using
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Fig. 4. The distribution of the filtered intensity I, after applying the bilateral filter
with a fitted distribution using a kernel density estimation. The dashed line indicates
the filtered intensity at minimum probability of the fitted distribution, which separates
the products from the reactants.

400

pixels

Fig. 5. Segmentation of the detected flame front after binarizing the image (red line)
into equidistant segments (yellow line). Two segments (magenta) are used to illustrate
the definition of the local flame front segment angle 0, which is defined as the acute
angle between the local flame front segment and the vertical. The region displayed in
this figure corresponds to the green box in Fig. 3c.

only spatial data of a raw Mie-scattering image. Zheng et al. [22]
further refined the flame front detection method by introducing some
intermediate steps for determining the local particle number density.
The present study proposes a new approach to identify the variation
of the local particle number density and thus the location of the flame
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Fig. 6. Left: The quartz tube and thermocouple locations. The dimension are in mm.
Right: A schematic of the diagnostic setup. The field of view (FOV) of the PIV system
is indicated by the red rectangle.

front. This new approach combines both spatial and intensity data in
the Mie-scattering image without the need for intermediate steps. The
method involves the application of the bilateral filter as described by
Tomasi & Manduchi [23] to extract the filtered intensity I I of a PIV
image, which is then further processed using a histogram function.
A bilateral filter is a nonlinear filter that smooths the image while
preserving edges, which makes it suitable for flame front detection.
The filter applies a weighting function to each pixel in the image
based on its intensity difference with neighboring pixels, as well as
its spatial distance from those pixels. The weighting function uses two
Gaussian kernels, i.e. a spatial kernel and an intensity kernel. The
two kernels are characterized by the spatial standard deviation o, the
intensity standard deviation o; and a spatial parameter d;,,, which is
the diameter of each pixel neighborhood that is used during filtering.
The spatial standard deviation parameter o, was set to d;,,/2, which
results in a spatial kernel that has a full-width-at-half-maximum equal
to d;,.. The intensity standard deviation parameter o; was assigned a
value of 0.1, which corresponds to 10% of the maximum intensity range
of the image. The parameter controlling the size of the bilateral filter
d;,. was set such that it corresponds to the number of pixels covering
a physical distance of 2 mm.

Figs. 3 and 4 illustrate the new method. First, the intensity of the
raw Mie-scattering image, shown in Fig. 3a, is normalized. Second,
the bilateral filter is applied to the normalized Mie-scattering image,
resulting in the filtered image shown in Fig. 3b. Then the histogram of
the filtered image intensity was calculated (Fig. 4) and a kernel density
estimation was applied to fit a continuous function to the histogram,
resulting in two easily discernible peaks corresponding to the unburnt
(reactants) and burnt (products) regions. To accurately distinguish
these regions, the threshold for the filtered pixel intensity was set to
the intensity value at minimum probability in between both peaks. The
flame front was then determined by setting the threshold to this level
and binarizing the image. The resulting flame front is shown as a red
line in Fig. 3c. As a final step, the detected flame front was divided into
equidistant segments of 1 mm. This segmentation smooths the detected
flame front and eliminates artificial wrinkling, as illustrated in Fig. 5.
The figure also shows the definition of the local flame front segment
angle 60, which is a crucial parameter for interpreting the results in this
work. It is defined as the acute angle between the local flame front
segment and the vertical. A positive value of # indicates that locally the
burnt region is positioned above the unburnt region, whereas a negative
value indicates the opposite. Higher positive (negative) values indicate
a more horizontal segment.
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Fig. 7. Unstretched laminar flame speed S,, as a function of equivalence ratio ¢
for several H,/DNG-air mixtures. The values of S;, were calculated by using a one-
dimensional simulation in Cantera 2.6. The red crosses mark the two mixtures that
were analyzed extensively in this work.

3. Experimental setup
3.1. Burner and flame conditions

Experiments were conducted on turbulent premixed jet flames pro-
duced by a quartz tube Bunsen burner with an internal diameter of
D = 25mm and a wall thickness of 1.5 mm, see Fig. 6 (left). The tube was
equipped with three K-type thermocouples installed on the outer wall
at 2mm, 10mm and 90 mm from the burner exit to monitor the burner
temperature. In this study an r, x-coordinate system will be used with
its origin at the center of the tube exit. The x-coordinate is measured
vertically upward.

The fuel and air are premixed at a distance sufficiently far upstream
from the burner exit to ensure a uniform fuel-air mixture at the burner
exit. The fuels considered in this study are mixtures of hydrogen and
Dutch Natural Gas (DNG) [24]. The approximate composition of DNG is
81% methane, 4% ethane, 14% nitrogen and 1% higher alkanes by vol-
ume. The fuel and air flows are determined by using three Bronkhorst®
mass flow controllers (MFCs) for air, H, and DNG. LabView was used to
set and monitor the MFCs. Three experimental parameters were varied
in this study, i.e. the Reynolds number Re;, (through the bulk velocity
U,), the equivalence ratio ¢ and the volume percentage of hydrogen in
the fuel Hy%. The Reynolds number is based on the internal diameter
of the pipe and the bulk velocity, which is computed using the flow
rates from the MFC readings (corrected for deviations from the normal
pressure and normal temperature). The kinematic viscosity was calcu-
lated using Cantera 2.6, which uses Wilke’s rule [25]. A UV sensor was
installed close to the burner exit to detect the presence of the flame and
to cut the supply of fuel in case of a flashback or blow-off.

3.2. Experimental program

In this work two experiments were conducted on premixed turbu-
lent H,/DNG-air jet flames under atmospheric conditions. Experiment
I involved an exploration of the flashback limits for six H,/DNG-air
mixtures at varying equivalence ratios. For a given fuel-air mixture,
characterized by ¢ and H,%, the flame was ignited at a Reynolds
number that resulted in a stable flame. The flashback experiment was
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Table 1
Specifications of the premixed jet flames considered in experiment II.
Case Rej U, ¢ H,% Le D, /Dy, Condition Rep sy Uy rp
ms) ms)

DNG-4000 4000 2.5 1.00 0 1.02 1.06 stable 2700 1.7

DNG-3000 3000 1.9 1.00 0 1.02 1.06 near-flashback 2700 1.7

H,-16000 16 000 11.6 0.49 100 0.43 3.74 stable 11900 8.6

H,-12500 12500 9.1 0.49 100 0.43 3.74 near-flashback 11900 8.6
started after a constant burner tip temperature was reached. Flashback 25
was subsequently induced by decreasing the Reynolds number (bulk Hy%
velocity) incrementally, while keeping the mixture properties constant. e 0 8
Each experiment was repeated three times to obtain an impression of o
the variation between runs. 201 * o

Experiment II considers two mixtures that were examined more e 40 g

extensively in this work, i.e. a stoichiometric DNG-air mixture and a @ 60
lean H,-air mixture. For each mixture, two Reynolds numbers were 27154+ © 80 8
considered corresponding to (1) a stable flame and (2) a flame near- \m o 100 o
flashback, see Table 1 for details. The table also features the flashback E [
limits in terms of the Reynolds number (bulk velocity) at flashback —_— s 5
Rep sy (U, 4p) for the two mixtures. It is important to realize that both S 10 g A4
types of flames (“stable” and “near-flashback”) are stable flames, but 3?
the latter is closer to flashback than the former. The stable flames o
operate at 48% and 34% above the flashback limit for the DNG-air o 15} . S—— 0
mixture and the H,-air mixture, respectively. The near-flashback flames 51 .,,——‘.—
operate at 11% and 5% above the flashback limit for the DNG-air © ./’/ e e---—-90
mixture and the H,-air mixture, respectively. The mixtures were chosen o .—-’::s: j— :&
such that their computed unstretched laminar flame speed .S;, was 0 | | '."— |

approximately 0.36ms~!, see Fig. 7. The unstretched laminar flame
speed was calculated using a one-dimensional simulation in Cantera
2.6 for a freely-propagating premixed laminar flame using the detailed
reaction mechanism GRI-Mech 3.0 [26]. The mixture Lewis number Le
was calculated using the volumetric weighted approach as described by
Muppala et al. [27]:

Le= Z fiLe, %)

where Le; represents the single fuel Lewis number for species i and f;

denotes the fuel volumetric fraction of species i. The single fuel Lewis

number Le; is expressed as:
Dr

Le;, = s
"Dy,

(8)

where Dy is the mixture thermal diffusivity and D, y,, the mass dif-
fusivity of the deficient fuel species i, conventionally taken as the
reactant-inert binary diffusion coefficient. The preferential diffusion
effect is characterized by the mass diffusivity ratio D;/Dg,, with the
mass diffusivity of the deficient reactant D, and the mass diffusivity
of the excess reactant Dy,. Do, is taken as the oxygen-inert binary
diffusion coefficient Dy, /y,. Similarly to the calculation of the mix-
ture Lewis number, the value of D is calculated using a volumetric
weighted approach as:

D, = Zf[Di/Nz. 9)

The values of Dy, D;/y, and Dy, y, were all obtained from Cantera
2.6 using properties of the unburnt mixture.

3.3. Diagnostic setup

Particle Image Velocimetry (PIV) was used to obtain quantitative
and qualitative data on the velocity fields. The flow was seeded with
aluminum-oxide particles (Al,03) with a mean diameter of 1um. A
Nd:YLF dual-cavity laser (Quantronix Darwin-Duo Pro527-80-M) emit-
ting a beam of green light (at 527 nm wavelength) was used to il-
luminate the particles. The laser beam was transformed into a laser

04 05 06 07 0.8 09 1.0

Fig. 8. Bulk velocity U, at flashback as a function of the equivalence ratio ¢ for several
H,/DNG-air mixtures. The red crosses mark the two mixtures studied in detail in this
work.

sheet with a thickness of approximately 1 mm using a system of plano-
concave and convex lenses. A schematic of the setup is shown in Fig. 6
(right).

The illuminated particles were imaged on the CMOS sensor of a
Photron Fastcam SA1.1 high-speed camera fitted with a Nikkor 200 mm
lens (f* = 8). The CMOS sensor, which has a resolution of 1024 x 1024
pixels each with a size of 20 pm X 20 pm, was cropped to 896 x 512
pixels resulting in a field of view of approximately 59 mm X 33 mm.

The premixed jet flames in experiment II were imaged using both
low- and high-speed PIV recordings. The low-speed recordings were
taken to obtain time-averaged statistics of the reacting flow field,
whereas the high-speed recordings were taken to capture flame-flow
interaction and flashback in a time-resolved fashion. For the low-speed
recordings the frame rate was set to 0.05kHz and a total of 2500 image
pairs were collected, whereas for the high-speed recordings the frame
rate was set to 2 kHz and 6.25 kHz with a total of 5000 image pairs taken
for the DNG-air flame and the H,-air flame, respectively.

A LaVision programmable timing unit was used to synchronize
the laser pulses and the high-speed camera. The time interval, 4z,
separating two consecutive pulses of the laser, has been set to obtain
an average particle displacement of around 8-15 pixels. Both the acqui-
sition and processing of the PIV images were carried out using Davis
10.2 (LaVision). A multi-pass cross-correlation approach, one pass with
an interrogation window of 64 x 64 pixels and three passes with an
interrogation window of 16 x 16 pixels was used. The interrogation
windows had no overlap. Post-processing of the velocity vectors was
done by means of a median filter with universal outlier detection to
remove spurious vectors.

In addition to the velocity field extraction, the raw Mie-scattering
images were also utilized to detect the instantaneous location and
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Fig. 9. The Reynolds-averaged velocity vectors for the DNG-air flames (DNG-4000, DNG-3000) and the H,-air flames (H,-16000, H,-12500). The background color corresponds
to the dimensionless velocity magnitude |V/|/U, and the dashed lines represent the flame cones constructed using the method described in the Appendix. The angle between the

dashed lines corresponds to the cone angle a.

shape of the flame front. The flow seeded with particles experiences
an acceleration across the flame front due to a sudden change in
gas density, resulting in a corresponding change in seeding particle
density. Although the sharp interface between these two regions solely
distinguishes the high-density unburnt gas and the low-density burnt
gas, in this study it was interpreted as the instantaneous flame front.
The method described in Section 2.3 was applied to extract the instan-
taneous flame front from the Mie-scattering images of the DNG-air and
H,-air flames.

4. Results
4.1. Flashback propensity map

Flashback propensity is defined here as the bulk velocity U, at
flashback as a function of the equivalence ratio ¢. Fig. 8 shows the
flashback propensity map that was determined in Experiment I. As
expected, the flashback propensity increases with the equivalence ratio
for all fuel-air mixtures considered in this study. It is also seen that
there is a non-linear increase of the bulk velocity at flashback with the
hydrogen content in the fuel, i.e. the flashback propensity is strongly
increasing with the volume percentage of hydrogen in the fuel, H,%.

A comparison of the data points marked by the red crosses in
Figs. 7 and 8 indicate that the bulk velocity at flashback significantly
exceeds the unstretched laminar flame speed. More specific, the ratio
of the bulk velocity at flashback to the unstretched laminar flame
speed U, ;,/S ;¢ ~ 24 for 100% H, at an equivalence ratio ¢ = 0.49 and
Uy s/ Spo ~ 5 for 100% DNG at ¢ = 1.00. This difference is speculated
to result from nonequidiffusion effects, which affect the considered
H,-air and DNG-air turbulent jet flames in different ways. The ef-
fects of both the low Lewis number of the premixed H,-air flame
(Le = 0.43) and the high diffusivity of hydrogen (D;/Do, = 3.74) lead
to stronger transport of hydrogen towards the regions of the flame
front that are convex-shaped towards the reactants. This increased
diffusion of hydrogen causes local enrichment, resulting in a higher
equivalence ratio and, consequently, higher flame speeds [2,19]. In
the considered natural gas-air flames, where diffusivities are nearly
equal (Le = 1.02 and D,/Dg, = 1.06), these effects have only a minor
influence on the flame speed.

4.2. The effect of the flame front on the flow field

4.2.1. Flow acceleration through the flame front

Fig. 9 shows the Reynolds-averaged velocity vectors for the two
mixtures at both low and high Reynolds numbers in Experiment II.
The background color represents the dimensionless velocity magnitude
[V'|/U,. The black dashed lines indicate the flame cone as constructed

Table 2
Velocity ratio calculations using Eq. (10) for the premixed jet flames considered in
experiment IL.

Case Pul Py a [°] uy/u,
DNG-4000 7.6 21 1.4
DNG-3000 7.6 26 1.7
H,-16000 5.0 17 1.1
H,-12500 5.0 20 1.3

using the method described in the Appendix. The flame cone is the
approximate time-averaged location of the flame front. It is seen that
for a given mixture the velocity increase across the flame front increases
as the Reynolds number decreases, consistent with the fact that the
cone angle a increases with decreasing Reynolds number, see Table 2
for details.

By comparing the results of the DNG-air and H,-air mixtures in Fig.
9 it can be seen that the flow acceleration through the flame front
is larger for the DNG-air flame as compared to the H,-air flame. It
follows from mass conservation that the higher velocity ratio u,/u,
can be attributed to the larger cone angle « and the higher expansion
ratio p,/p, of the DNG-air flames compared to the H,-air flames. The
larger cone angle results in a smaller burnt surface area A,. A simple
derivation shows that the ratio A,/A, is proportional to sin(a/2) as in:
up _ Pu Au Pu . (G{
— = —— ~ —sin

= . 10)
w,  py Ay Py 2>

In the present experiment the expansion ratio p,/p, was estimated
from one-dimensional adiabatic flame calculations in Cantera 2.6. The
calculated expansion ratios are p,/p, = 7.6 and p,/p, = 5.0 for the DNG-
air flame and H,-air flame, respectively. Table 2 displays the calculated
velocity ratios u,/u, obtained by substituting the flame cone angle «
and the expansion ratios p,/p, into Eq. (10). Comparing these velocity
ratios with the velocity increase observed across the time-averaged
flame front in Fig. 9, it is apparent that Eq. (10) can serve as a rule
of thumb for estimating the velocity increase across the flame front.

4.2.2. Flame-generated turbulence

Fig. 10 shows the dimensionless turbulent kinetic energy k/U, g for
the DNG-air and H,-air flames for stable conditions (DNG-4000 and
H,-16000) and near-flashback conditions QNG_—SOOO and H,-12500).
The value of k was determined as k = %(u? +u'2), i.e., the value of k
is based on Reynolds averages, as is commonly done in PIV studies
in combustion. This figure shows that the dimensionless turbulent
kinetic energy in the DNG-air flames is higher than that in the H,-
air flames. Additionally, for the DNG-air flames the turbulent kinetic
energy has a maximum near the cone tip, while in the H,-air flames
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the flame cones constructed using the method described in the Appendix. The red lines represent instantaneous flame fronts at arbitrary instants in time.
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(DNG-4000, DNG-3000) and H,-air flames (H,-16000, H,-12500).

the highest values are found on the flanks of the flame cone. The
elevated turbulent kinetic energy at the edge of the burner exit can
be attributed to experimental artifacts. In the direct vicinity of the
edge of the burner exit, the PIV algorithm regularly produces incorrect
velocity vectors because the surrounding (laboratory) air is unseeded.
This leads to regions where the PIV algorithm detects either artificially
high or low velocities, which in turn result in high velocity fluctuations,
and subsequent high values of the turbulent kinetic energy in these
regions. Therefore, these elevated turbulent kinetic energy values are
not related to the combustion process but rather to the limitations
of the PIV measurement in these regions. A comparison of the DNG-
4000 case in Fig. 10 and the probability density function of the flame
front location in Fig. A.23(a) shows that the region with significant
turbulent kinetic energy matches the region with high intermittency

of the flame front. Due to the intermittency, a fixed position in space
is either in the unburnt region, with relatively low velocities, or in the
burnt region, with relative high velocities. In the time averaging of in-
stantaneous snapshots the relatively large velocity differences between
burnt and unburnt velocities are interpreted as turbulent fluctuations
thus resulting in relatively large values of turbulent kinetic energy.
The visualization of the instantaneous flame fronts in Fig. 10 il-
lustrates that the near-flashback flames, DNG-3000 and H,-12500,
have fronts with larger indentations and bulges resulting in higher
turbulent kinetic energy compared to their stable counterparts, DNG-
4000 and H,-16000. Additionally, the local orientation of the flame
front contributes to these increased values. When the flame bulges
develop, there are more flame front segments that have a large angle
with respect to the vertical, resulting in higher values of the velocity
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Fig. 13. The Reynolds-averaged velocity vectors with streamlines for (left) a reacting
flow, i.e. DNG-4000 and (right) a non-reacting flow. The blue, orange and green stream-
lines are starting at radial positions r/D =0.1, r/D =0.2 and r/D = 0.3, respectively,
and at an axial position x/D =0.1. The black dashed lines represent the flame cone.
The triangles and spheres mark the start and end point of the corresponding streamline,
respectively. The stars mark the intersection of the flame cone and the corresponding
streamline.

ratio u,/u, across the front, which further elevates the values of k/ Ub2.
Fig. 11 shows the probability density of the local flame front segment
angle ¢ for all instantaneous images for the flame fronts located be-
tween 0.25 < x/D < 1.25 for the DNG-air flames and H,-air flames. This
specific range was chosen because it is close to the burner exit, where
flashback occurs, and it aligns with the axial locations used to construct
the flame cone (see Fig. A.23). The definition of the local flame front
segment angle 0 is given in Fig. 5. In Fig. 11, a slight shift towards
higher values of 6 is observed when comparing the stable flames (DNG-
4000, H,-16000) to the near-flashback flames (DNG-3000, H,-12500).
Furthermore, the probability density analysis of the local flame front
segment angle 6 shows that the H,-air flames exhibit more horizontally
oriented segments than the DNG-air flames. This indicates that the
H,-air flames exhibit a more wrinkled flame front.

Like mentioned before the turbulent kinetic energy was computed
using Reynolds-averaged quantities as k = %(142 +u/2). It is interest-
ing to consider the Favre-averaged version of the turbulent kinetic
energy, i.e., k= %(u’r’2 + u’?) where the Favre-averaged quantities are
determined using the second method described in Section 2.2. Fig.
12 compares the values of k and k along the lines x/D =1.25 and
x/D =1.75. The figure shows that the DNG-air flames exhibit more
pronounced differences between k and %k than the H,-air flames, which
is due to the larger differences in density between the burnt and
unburnt regions for the stoichiometric DNG-air flame as compared to
the lean H,-air flame. As a consequence, directly comparing the turbu-
lent kinetic energy obtained from standard PIV experiments (typically
yielding k) with the results of numerical simulations (where typically
% is computed) is not a valid approach and can lead to incorrect
conclusions regarding the accuracy and performance of the numerical
model.

4.3. Estimation of the flame-induced pressure

This section presents our approach to determine the pressure field
induced by the flame. The DNG-4000 flame was used to illustrate the
approach.
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Fig. 14. The mass flux divergence along streamline path s(r,x) for three streamlines
in reacting (solid and dashed lines) and non-reacting (dotted line) flow. The Favre-
averaged and Reynolds-averaged approach are indicated by solid and dashed lines,
respectively. The colors correspond to the colors of the streamlines in Fig. 13. The
triangle and spheres correspond to the start and the end point of the corresponding
streamline, respectively. The stars mark the intersection of the flame cone and the
corresponding streamline.

4.3.1. Mass conservation along streamlines

Fig. 13 shows three streamlines along which the pressure was deter-
mined for both the reacting and non-reacting flow. These streamlines,
starting at radial locations r/D =0.1, r/D=0.2 and r/D =03 at a
distance of x/D = 0.1 above the burner exit, are radially deflected in
the reacting flow and remain straight in the non-reacting flow. To deter-
mine the pressure along the streamlines, it is necessary to determine the
pressure gradient terms in the Favre-averaged Navier-Stokes equations
given in Section 2.1.

Fig. 14 shows the mass flux divergence V*-p*u* (see Eq. (1))
along streamline path s(r, x) for the three streamlines in both reacting
and non-reacting flow. In the reacting flow, the mass flux divergence
is represented by a solid line for the Favre-averaged approach and
a dashed line for the Reynolds-averaged approach, where density is
assumed to be constant throughout the flow field. The mass flux di-
vergence along the streamlines for the non-reacting flow is indicated
with dotted lines. In this figure, the mass flux divergence values for
the Reynolds-averaged approach, indicated by dashed lines, strongly
deviate from zero, showing that mass conservation is not achieved with
this approach. In contrast, for both the non-reacting flow, indicated
with dotted lines, and the Favre-averaged approach, indicated by solid
lines, the mass flux divergence is almost zero. The observed minor
deviations from zero are likely due to experimental inaccuracies.

4.3.2. Adverse pressure gradient calculation

Now that mass conservation along the streamlines is confirmed
when using Favre-averaged quantities, it is possible to determine the
(dimensionless) pressure gradient terms dp*/dr* and dp*/dx* in the
Favre-averaged Navier-Stokes equations by computing all other terms
in Egs. (3) and (4) using a second-order accurate central difference
scheme. The different terms in Egs. (3) and (4) are plotted in Fig. 15
for the orange streamline in the reacting flow (see Fig. 13). It is seen
in Fig. 15(a) that the positive pressure gradient is mainly balanced by
the axial advection term in the axial momentum equation. A negative
axial advection term indicates that the flow is decelerating. Following
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Fig. 16. Pressure (solid lines) and flame intermittency (dashed lines) along the three streamlines for the DNG-air flames with (a) DNG-4000 and (b) DNG-3000. The stars mark

the intersection of the flame cone and the corresponding streamline.

the orange streamline it is seen that the flow decelerates up to a path
length of s/D =~ 0.6, before an acceleration sets in with a maximum
acceleration at the time-averaged location of the flame front, which
is represented by the flame cone. Furthermore, Fig. 15(b) indicates a
strong negative pressure gradient in radial direction, which is consistent
with the radial deflection (curvature) of the streamlines in Fig. 13.

The dimensionless pressure p* along the streamline s(r, x) was then
computed by integrating the contributions of the dimensionless pres-
sure gradients in the radial direction and axial direction as:

/ / / O .
ox*

In this equation the reference pressure % corresponds to the pres-
sure at the start of the streamline and the dimensionless streamline path
s* is defined as s* = s(r, x)/ D. The computed (dimensionless) pressures
along the three streamlines in the DNG-air flames and H,-air flames
are shown in Figs. 16 and 17, respectively. Both figures show an initial
increase in pressure when moving along the streamlines towards the
time-averaged location of the flame front. This pressure increase is
the back pressure induced by the flame. It is seen that the initial
adverse pressure gradient in the hydrogen-air flame is largest for the
streamline at r/D = 0.3, while the initial adverse pressure gradient in
the DNG-flames are practically the same for all three streamlines.

Fig. 16(a) also shows the computed pressure along the three stream-
lines in the non-reacting flow where, in contrast to the reacting flow,
the pressure is seen to be nearly constant. Figs. 16 and 17 indicate a
larger pressure drop over the mean flame front for the near-flashback

o
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o 4 4 an

or*

*

"
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flames compared to the stable flames, in both the DNG-air and the
H,-air flames. This observation is consistent with Fig. 9, where the
near-flashback flames exhibit a higher velocity increase over the mean
flame front. Figs. 16 and 17 also indicate that the pressure drop in
the stable (near-flashback) DNG-air flame is higher than that in the
stable (near-flashback) H,-air flame. This is due to the higher expansion
ratio of the stoichiometric DNG-air flames compared to the lean H,-air
flames.

In addition to pressure, Figs. 16 and 17 also show the value of the
flame intermittency y (that was introduced in Section 2.2) along the
streamlines. In the DNG-air flames it is seen that the pressure steadily
increases along the streamlines in the regions where y = 0 (reactants
only). The pressure reaches a maximum at (or very near) the location
where the flame intermittency starts to increase above zero. In the H,-
air flames the same behavior is observed for the streamline farthest
from the centerline (at r/D = 0.3), but for the other streamlines (at
r/D =0.2 and r/D = 0.1) the maximum pressure occurs some distance
before the flame intermittency starts to increase. A possible explanation
is that when the intermittency increases above zero along a streamline
with larger radius, such as r/D =0.3, the pressure maximum also
reached at smaller radii, suggesting that the flame-induced pressure
field is not solely determined by local conditions. For all four flames
considered it is observed that the pressure along the streamline in-
creases again in the regions where the flame intermittency is equal to
one (products only, y = 1).

For both the DNG-air and H,-air flames, it could be argued that the
contrasting cases (stable vs. near-flashback) show only small differences
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Fig. 17. Pressure (solid lines) and flame intermittency (dashed lines) along the three streamlines for the H,-air flames with (a) H,-16000 and (b) H,-12500. The stars mark the

intersection of the flame cone and the corresponding streamline.
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Fig. 18. The dimensionless Favre-averaged axial velocity i, /U,, the root-mean-square of the dimensionless turbulent velocity fluctuations in axial direction i« . /U, and the
second percentile dimensionless axial velocity u,,,/U, along the green streamline (starting at r/D = 0.3) for the near-flashback flames (a) DNG-3000 and (b) H,-12500. The black

dashed line indicates the average flame front location.

in pressure profiles. Therefore, the pressure gradient is unlikely to
play a significant role in flashback and does not serve as a reliable
predictive metric. However, it may be valuable to analyze the flow
retardation caused by the adverse pressure gradients and to compare
the lowest velocities for the reacting and non-reacting flows for both
the DNG-air and H,-air flame. Fig. 18 shows the axial mean velocity
along the streamline farthest away from the centerline (at r/D = 0.3)
for the near-flashback cases of both the DNG-air (Fig. 18(a)) and
the Hy-air flame (Fig. 18(b)). The figure presents the dimensionless
Favre-averaged axial velocity /U, along with the dimensionless root-
mean-square of the turbulent velocity fluctuations in axial direction,

iy .ms/Up, where the value of i, . - is also calculated as a Favre-
average, i.e., i, ... = 1/ (@//?). Also shown is the dimensionless value of

the second percentile axial velocity u,,,/U,, which is used here as a
measure for the lowest axial velocities in the local axial velocity pdf.
The results indicate a higher turbulence intensity for DNG-air flames
compared to the H,-air flames, which can be attributed to the fact that
a higher Reynolds number, results in a lower turbulence intensity in
pipe flow [28]. Another interesting observation from comparing the
reacting and non-reacting flows is that the flow deceleration induced by
the adverse pressure gradient primarily affects the mean flow velocity,
while having minimal influence on the velocity fluctuations i .
Furthermore, by examining the profile of i /U,, a somewhat larger
mean flow deceleration compared to the non-reacting flow is observed
for the Hy-air flame compared to the DNG-air flame. When comparing
the near-flashback cases (Fig. 18) to the stable cases (Fig. 19), it is seen
that the decrease of the Reynolds number (bulk velocity) has very little
effect on 4, /U, and i, /U, in both the DNG-air and H,-air flames.

11

However, in the DNG-air flames, the dimensionless second percentile
axial velocity, u,,,/U,, significantly decreases with Reynolds number
(bulk velocity). The adverse pressure gradient results in a decrease
of especially the lowest velocities, which makes the DNG-air flame
at low Reynolds numbers more prone to flashback. For the H,-air
flames, the dimensionless second percentile axial velocity, u,,,/U,, at
low Reynolds numbers is also below that of the high Reynolds number
case, but the differences are smaller than those observed in the DNG-air
flames. The reduction of the lowest velocities brings the flame closer to
flashback, where a local flame front moves upstream into a low-velocity
region issuing from the pipe.

The minimal differences in the time-averaged pressure gradients,
flame front angle distributions and axial velocity percentiles between
stable and near-flashback flames support the interpretation of flame
flashback as a statistical phenomenon in the sense that it may occur
at any moment when a local flame front moving upstream coincides
with a patch of low velocity fluid moving downstream near the burner
tube exit, with the probability of an occurrence of flashback gradually
increasing with decreasing bulk velocity.

4.3.3. Cause of the adverse pressure gradient

The cause of the initial pressure increase when moving towards
the flame front in Figs. 16 and 17 can be traced back to the Mie-
scattering images and their corresponding instantaneous velocity fields
shown in Figs. 20 and 21 for the near-flashback flames (DNG-3000
and H,-12500). In Fig. 20(a) an upstream propagating flame bulge is
observed with the red line marking the flame front at time #, and the
green line marking the flame front 0.5 ms later. The low velocity region
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Fig. 19. The dimensionless Favre-averaged axial velocity i /U,, the root-mean-square of the dimensionless turbulent velocity fluctuations in axial direction i, . /U, and the
second percentile dimensionless axial velocity u,,,/U, along the green streamline (starting at /D = 0.3) for the stable flames (a) DNG-4000 and (b) H,-16000. The black dashed
line indicates the average flame front location.
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Fig. 20. (a) Mie-scattering image for the near-flashback stoichiometric DNG-air flame (DNG-3000) at time instant 7,. The red solid line represents the instantaneous flame front
at time #,; the green dashed line represents the instantaneous flame front at time ¢, =7, +0.5ms. (b) The corresponding instantaneous velocity field with a low velocity region just
in front of the upstream propagating flame front.
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Fig. 21. (a) Mie-scattering image for the near-flashback lean H,-air flame (H,-12500) at time instant #,. The red solid line represents the instantaneous flame front at time 7; the
green dashed line represents the instantaneous flame front at time ¢, = ¢, + 0.48 ms. (b) The corresponding instantaneous velocity field with a low velocity region just in front of
the upstream propagating flame front.
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Fig. 22. A sequence of images capturing a flashback event of the DNG-air flame (top row) and the H,-air flame (bottom row), with both flashback events occurring on the
right-hand side. The position of the upstream propagating flame bulge is highlighted in green. The flashback was initiated by a gradual lowering of the Reynolds number (bulk
velocity) until flashback occurred at Rep, , = 2700 for the DNG-air flame and Rej, ;, = 11900 for the H,-air flame.

with the slightly diverging velocity field in Fig. 20(b) is indicative
of a pressure increase in the fuel-air mixture flowing towards the
upstream propagating flame front. Across the flame front there is a
sudden increase in velocity accompanied by a decrease in density and
pressure. Similar observations were made in the near-flashback H,-
air flame shown in Fig. 21. It is observed that the H,-air flames are
characterized by stronger flame front wrinkling and smaller bulge sizes
compared to the DNG-air flames. The bulges displayed in Figs. 20
and 21 are relevant in understanding flame flashback, as these types
of bulges are at the root of the phenomenon. This can be seen in
Fig. 22, which shows two flashback events for the DNG-air flame (top
row) and the H,-air flame (bottom row). In both flames, the flashback
was initiated by a gradual lowering of the Reynolds number (bulk
velocity) until flashback occurred at Re, ;, = 2700 for the DNG-air
flame and Re, 7, = 11900 for the Hy-air flame. In both cases, flashback
occurs when a bulge, highlighted in green, propagates upstream and
ultimately enters the quartz tube, resulting in flashback. The time
intervals between the images indicate that the flashback of the H,-air
flame occurs an order of magnitude faster compared to the DNG-air
flame.

A pressure increase ahead of the flame front and the accompanying
low velocity region are also found in confined flows along solid walls
in both experiments [9,11,13] and numerical simulations [15,29]. In
confined flows it is possible that the pressure rise ahead of the flame
front results in local flow reversal [11]. This was not observed in the
jet flames considered in the present study.

5. Discussion and conclusion

The flashback behavior of both premixed hydrogen-air and natural
gas-air jet flames has been analyzed using different methodologies
in the present study. A phenomenological assessment was conducted
using the study of a flashback event. The flashback phenomenon for
hydrogen and natural gas look quite similar (see Fig. 22): a flame bulge
propagates upstream, and if it reaches the burner tube exit, it might
cause a flashback, leading to flame propagation inside the burner. The
comparison of the flame front orientation for a flame near-flashback
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and a stable flame shows a systematic shift, with the flame front near-
flashback oriented more perpendicular to the bulk flow direction (Fig.
11). The (instantaneous) adverse pressure created by the flame front
(Fig. 20 for natural gas and Fig. 21 for hydrogen) perpendicular to the
incoming flow results in a retardation of the velocity upstream of the
flame front, facilitating the upstream propagation of a flame bulge.

To better understand the impact of the flame-induced adverse pres-
sure gradient on the flame behavior, a new method was developed to
calculate the mean pressure gradient along the streamlines based upon
PIV data only. For this method, the Reynolds-averaged density field
must be known, which is derived from instantaneous Mie-scattering
images using a new flame front detection method. The experimen-
tally determined mean pressure gradients show only subtle differences
between the stable flame and the near-flashback flame. Other time-
averaged quantities, such as the pdf of the local flame front angle (Fig.
11) or the second percentile of the axial velocity (Figs. 18 and 19) also
indicate only mild differences between the stable flame and the near-
flashback flame, suggesting that these time-averaged quantities cannot
be used as a predictor for the occurrence of flashback.

The methodology for the calculation of the Reynolds-averaged den-
sity field and the pressure gradient also enables the calculation of other
Favre-averaged quantities like the turbulent kinetic energy. The com-
parison of the Reynolds-averaged (k) and Favre-averaged (%) version
of the turbulent kinetic energy show large differences, especially at
the locations with flame intermittency. At these locations, a significant
part of the (apparent) velocity fluctuations are a direct result of density
fluctuations. These effect should be taken into account when compar-
ing (turbulent) velocity fluctuation from experiments with those from
numerical simulations.

The results from the flashback map (Fig. 8) show that there is a
non-linear increase of the bulk velocity at flashback, U, (, with the
hydrogen content in the fuel. As discussed above the basic phenomenon
for flashback is similar for hydrogen and natural gas. There is a large
difference in the flashback limit of the considered DNG-air flames
WUy sp/S10 = 5) and the hydrogen-air flames (U, ;,/S;o ~ 24). This
difference is speculated to result from nonequidiffusion effects in the
hydrogen-air flame (with Lewis number Le = 0.43 and fuel-to-oxidizer
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(a) Probability density of the flame front contour for DNG-4000.
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ing from Figure A.23b. The black dashed lines indicate the aver-
age flame front estimated using a first order fit through the colored
points. The flame cone angle « is derived from these black dashed
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(b) Probability density of the flame front contour at three axial
locations: /D = 0.25 (red), /D = 0.75 (cyan) and /D = 1.00
(orange). The vertical dashed lines correspond to the average radial
location of the flame front. These radial location correspond with
the circle markers in Figure A.23a.

Fig. A.23. Overview of the cone angle determination: (a) PDF of the flame front
contour for the entire image and (b) at three axial locations.

diffusion ratio (D f /DO2 =3.74) and the absence of these effects in
the natural gas-air flame (with Le = 1.02 and D f /DO2 = 1.06). The
structure of the resulting flame bulges associated with this effect can
e.g. be seen in the instantaneous Mie-scattering images (Fig. 22).
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Appendix. Cone angle determination

The cone angle « was calculated from the probability density of the
instantaneous flame fronts, which were determined using the method
described in Section 2.3. Fig. A.23(a) shows the probability density of
the flame front for the DNG-4000 case. To find the cone angle, two
average radial locations of the flame front were determined at three
axial locations, i.e. x/D = 0.25, x/D = 0.75, and x/D = 1.25, see
Fig. A.23(b). The average radial location corresponds to the mean of
the distribution on left and right side of the flame front, which was
divided at r/D = 0. Subsequently, straight lines were fitted to the left
and right average flame front coordinates. Finally, the cone angle « was
calculated from the slopes of these fitted lines.
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