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ABSTRACT
The upstream flame propagation during flashback events
of
hydrogen-methane-air
flames
is
investigated
experimentally in a model swirl combustor. The focus of the
present work is on the global axial and angular flame
propagation velocities, which are evaluated based on highspeed chemiluminescence movies. The angular propagation
velocity is found to be dominated by convection as it agrees
with the mean azimuthal velocity of the approach flow. The
axial propagation velocity is found to decrease with
increasing hydrogen content owing to the decrease in
equivalence ratio (at which flashback occurs) associated with
the increase in hydrogen content. The results suggest that the
magnitude of the reduction in axial velocity does not simply
correlate with the corresponding reduction in flame speed.
Instead, the results indicate that the density ratio across the
flame plays an important role. The study is complemented
with a discussion on the azimuthal velocity field obtained by
means of high-speed stereoscopic particle image
velocimetry.
INTRODUCTION
Many practical swirl burners designed for lean-premixed
combustion feature a center body in the mixing section. In
such burners, flashback tends to occur in the boundary layer
along the center body wall. Preventing high-hydrogen
content flames from flashing back in the boundary layer is a
key challenge in the development of future fuel-flexible swirl
combustors.
An improved understanding of flashback in the turbulent
boundary layer of non-swirling flows has recently emerged

following detailed experimental (Eichler and Sattelmayer [1],
Eichler et al. [2], Duan et al. [3], Kalantari et al. [4],
Baumgartner et al. [5]), numerical (Gruber et al. [6]) and
theoretical studies (Gruber et al. [7], Hoferichter et al. [8]).
The focus of research on swirl flame flashback has been
on flashback in the core of swirling flows, which may occur
in combustors without a center body in the premix section
(Fritz et al. [9], Kiesewetter et al. [10], Tangermann et al.
[11], Konle et al. [12], Sayad et al. [13], Reichel et al. [14],
Utschick et al. [15]).
The current work focuses on flashback in the boundary
layer of swirling flows, which still lacks a sound fundamental
understanding (Karimi et al. [16]).
Part of the complexity in studying flashback in swirling
flows stems from the fact that the velocity profiles at the
burner inlet are not readily predictable based on the total
mass flow rate as is the case in (non-swirling) fully
developed turbulent pipe or channel flows. Instead, the
velocity profiles are strongly dependent on the way swirl is
generated and on the geometry of the premix section. In
addition, changing any parameter such as the inlet
temperature or pressure may alter the velocity profiles in an
unpredictable manner.
The details of the velocity profiles, however, strongly
affect global metrics of interest such as flashback limits or
flashback speeds. Consequently, generally applicable
quantitative trends, which are crucial for the design of future
combustors, cannot easily be derived by comparing data
obtained from different burners.
Recent studies have focused on the upstream flame
propagation in the boundary layer of swirling flows. Karimi

et al. have developed theoretical models to describe swirl
flame flashback in boundary layers in simplified
configurations, which provide valuable insight into certain
physical mechanisms [16], [17]. Detailed experimental
studies so far have focused on methane-air flames (Heeger et
al.[18]) and the similarities between methane-air and
hydrogen-methane-air flames (Ebi and Clemens [19] ).
In the present work, quantitative differences in the
flashback behavior for mixtures of hydrogen and methane are
investigated. The focus is on the global axial and azimuthal
flame propagation velocities during flashback events. A first
attempt is made to relate trends of these global quantities to
the details of the velocity field and the characteristics of the
flame.

before flashback was triggered in order to keep the center
body temperature constant across all investigated flashback
conditions. Flashback was then initiated by a decrease (stepchange) in the air mass flow rate while keeping the H2 and
CH4 flow rate constant. The bulk flow velocity during
flashback was 5.0 m/s for all conditions presented in the
current work.
Diagnostic Setup
The flame luminescence was imaged at kHz-rate with an
intensifier (Hamamatsu V6887U) lens-coupled to a highspeed camera (Photron FASTCAM-ultima APX). Due to the
moderate luminous gain and the rather long phosphor decay
time of the intensifier available for the present work, fine
structures of the flame are smeared. Nonetheless, the
intensifier-camera system was suitable to obtain the overall
flame shape and position, which were of interest for the
purpose of the present work.
The time-resolved, planar, three-component velocity
field inside the mixing tube was measured by means of highspeed stereoscopic particle image velocimetry (PIV).
Alumina particles (Al2O3) were seeded into the flow for that
purpose and illuminated with two high-repetition rate, diodepumped, frequency-doubled Nd:YLF lasers. The lasers were
operated with an energy of about 10 mJ per pulse at a
repetition rate of 4 kHz. A long focal length spherical lens
and a set of cylindrical lenses were used to form a collimated
40 mm wide laser sheet with a thickness of about 1 mm. The
laser sheet entered the mixing tube from the top in the r –z
plane and was aligned with the mixing tube axis as shown in
Figure 2.
The Mie scattering images were captured with two highspeed CMOS cameras (Photron APX) at a framing rate of
8 kHz and a resolution of 256 × 512 pix2. The cameras were
fitted with Scheimpflug adapters and Nikkor 105 mm lenses
operated with f /5.6 apertures. The angle between cameras
and light-sheet normal was 30 °. The field-of-view is about
15 × 30 mm2 with a pixel resolution of about 60 µm. The top
edge of the field-of-view is located at z = −46 mm, meaning
46 mm upstream of the mixing tube exit plane.
The three-component planar velocity field was evaluated
using the LaVision software DaVis 8.2. The final
interrogation window size was 16 ×16 pixel2 with 75% overlap corresponding to 0.8 × 0.8 mm2 ( ∼spatial resolution) in
physical space with a vector spacing of 0.2 mm. The crosscorrelation, performed over a circular interrogation window
with Gaussian weighting, typically detected more than 95%
of the vectors with a signal-to-noise ratio (ratio between first
and second correlation peak) of 2. The uncertainty associated
with the random error of the instantaneous velocity fields
was computed based on the correlation statistics approach
(Wieneke [20]). The uncertainty was about 0.13 pix (0.18
m/s) in the in-plane velocity components and
0.25 pix (0.38 m/s) in the out-of-plane velocity components.

EXPERIMENTAL SETUP
Model Combustor
Boundary layer flashbacks of swirling flames were
investigated in the model swirl combustor shown in Figure 1.
The combustor features a mixing section with an axial
swirler and attached center body. The fused silica mixing
tube has an inner diameter of 52 mm and a length of
150 mm. The stainless steel center body has an outer
diameter of 25.4 mm and ends flush with the mixing tube
exit plane. Thermocouples are installed inside the center
body to measure the wall temperature near the mixing tube
exit. The swirl number close to the mixing tube exit is about
𝑆𝑆 ≈ 0.9. Further details about the burner may be found in
Ebi and Clemens [19].

Figure 1: Model swirl combustor.
The combustor was operated at atmospheric pressure.
Fuel (mixtures of H2 and CH4) and air streams were supplied
at room temperature and controlled with fast mass flow
controllers (ALICAT MCR). Fuel and air are fully premixed
prior to entering the mixing section in this work to exclude
equivalence ratio stratification effects on the flashback
process. Following ignition of a stable flame in the
combustion chamber, the measured wall temperature of the
center body near the tip was allowed to increase to 80 °C
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Axial Flame Propagation
The axial location of the flame tip was continuously
tracked by imaging the flame luminescence from three views
using one camera and two mirrors. A top-view of the setup is
shown in Figure 3a. The camera was positioned such that the
left and right mirror image is projected on the left and right
portion of the camera sensor, respectively. The center portion
of the camera sensor captured the front view on the mixing
tube. A sample chemiluminescence image is shown in Figure
3b (a false-color map is applied to render the flame in blue).
The sample image is split up into the three views. At this
time instant, the flame tip (marked as a green dot) is located
on the back-right side of the center body.
The acquisition frequency of the luminescence images
was limited to 1 kHz for two reasons. First, the camera had to
be operated at full resolution (1024 x 1024 pixels) to fit all
three views with a reasonable spatial resolution on the
sensor. Second, a large depth-of-field was needed to obtain
focused images of the flame from all three views. The large
depth-of-field is achieved by a small lens aperture. A long
exposure time was necessary to compensate for the small
aperture.
A set of image processing steps was implemented in
Matlab to obtain the flame tip location. For each instant in
time, the luminescence image was first filtered and then
turned into a binary image based on a flame-dependent
intensity threshold. The outline of the flame was extracted
using an edge detection algorithm. The pixel location of the
most upstream point on the extracted flame contour
corresponded to the flame tip. The pixel location was
converted into physical coordinates by applying a previously
obtained calibration based on a cylindrical dot target.

Figure 2: Diagnostic setup for high-speed
chemiluminescence imaging and stereoscopic PIV.
The change in particle number density in the Mie
scattering images, which is associated with the decrease in
gas density across the flame, was employed as the marker for
the flame front. This marker has been shown to coincide well
with the layer of maximum heat release in premixed flames
(Pfadler et al. [21]). To obtain the flame front location, the
Mie scattering images were filtered with a Gaussian filter
leading to regions of high intensity (unburnt gas) and low
intensity (burnt gas). To obtain a binary image discriminating
between unburnt and burnt gas regions, a threshold was
determined on a single image basis. The histogram was
evaluated for each filtered image, which shows a bi-modal
distribution if a flame is present in the field-of-view at a
particular instant in time. The threshold was taken as the
intensity corresponding to the minimum in the bi-modal
PDF. The uncertainty in the automated extraction of the
flame front location was estimated based on the four
solutions obtained at each time step (two cameras with two
image pairs each per time step). The uncertainty, defined as
the mean distance between the four solutions, was in the
range of 2 to 3 pixels (corresponding to 0.12 to 0.18 mm) for
the different runs.
EVALUATION OF GLOBAL FLAME PROPAGATION
VELOCITIES
The global lab-frame-of-reference flame propagation
velocities
are
evaluated
based
on
high-speed
chemiluminescence movies. Flashback in the investigated
model swirl combustor is led by convex-shaped flame fronts
subsequently referred to as flame tongues (the reader is
referred to Ebi and Clemens [19] for a detailed discussion on
the flame shape and propagation direction during flashback).
These flame tongues swirl around the center body during
flashback events. The most upstream point on the flame front
leading flashback is referred to as the flame tip. The
following two sections describe how the axial and angular
position of the flame tip is tracked in order to obtain global
axial and angular flame propagation velocities.

(a)

(b)
Figure 3: (a) Top-view of setup to track the axial
flame propagation on all sides of the center body
using mirrors. (b) Sample images showing all three
views of the flame.
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The axial location of the flame tip with respect to the
mixing tube exit is plotted in Figure 4 as a function of time.
The mean axial flame propagation velocity for each
flashback event was obtained by fitting a linear curve to the
data points and evaluating its slope.

As the flame swirls through the field-of-view, the angular
position spans the range from 𝜃𝜃𝐹𝐹𝐹𝐹 = −𝜋𝜋⁄2 (left center body
edge) to +𝜋𝜋⁄2 (right center body edge) as indicated in
Figure 5.

Figure 4: Axial position of leading flame tip over
time during flashback.
Angular Flame Propagation
The angular velocity was evaluated based on
chemiluminescence image sequences recorded from a single
view as opposed to the setup with mirrors utilized for
measuring the axial velocity. This single-view setup allowed
detecting the flame tip with a higher temporal and spatial
resolution, which was found to provide more reliable results
for the angular flame tip location due to the necessity of
evaluating an inverse sine function as discussed below.
Sample images of a CH4-air flashback are shown in
Figure 5. The vertical grey lines indicate the edges of the
center body. In this particular case, the flame swirls through
the field-of-view three times during the flashback event. The
flame is shown at two instants in time during the first (top
row) and the third rotation (bottom row), respectively. Blue
arrows indicate the direction of the swirling motion of the
flame. The red arrow indicates the direction of the bulk flow.
The recorded chemiluminescence is line-of-sight
integrated. An unambiguous location of the flame tip in the
azimuthal direction may only be obtained when the flame tip
is in front of the center body wall as opposed to either side of
the center body. Tracking and evaluation of the angular
motion of the flame is hence restricted to a field-of-view
bounded by the edges of the center body (between the grey
vertical lines in Figure 5). The location of the tip of the
leading flame front, indicated by a green dot, is detected with
the same set of image processing steps already described in
the previous section. The obtained horizontal position of the
tip 𝑥𝑥𝐹𝐹𝐹𝐹 (in pixels), as defined in Figure 5, is related to the
angular location 𝜃𝜃𝐹𝐹𝐹𝐹 according to
𝑥𝑥𝐹𝐹𝐹𝐹 − 0.5 𝑤𝑤𝐶𝐶𝐶𝐶
𝜃𝜃𝐹𝐹𝐹𝐹 = sin−1 �
�,
0.5 𝑤𝑤𝐶𝐶𝐶𝐶

Figure 5: Chemiluminescence images obtained to
track the swirling motion of the leading flame tip.

The corresponding angular locations of the flame tip as a
function of time are shown in Figure 6. Note again that the
flame swirled through the field-of-view three times for this
run. A linear curve fit is applied to the data points during
each rotation to obtain the angular velocity, which for the
CH4-air flashback shown here led to velocities ranging from
0.344 𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠 to 0.380 𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠.

(1)

Figure 6: Angular position of leading flame tip over
time during flashback.

where 𝑤𝑤𝐶𝐶𝐶𝐶 is the width of the center body (in pixels) and the
(horizontal) center of the center body is defined as 𝜃𝜃𝐹𝐹𝐹𝐹 = 0.
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Figure 7b by normalizing 𝑢𝑢𝑓𝑓 with 𝑠𝑠𝐿𝐿0 . Clearly, the global
axial propagation speed does not scale linearly with the
unstretched laminar flame speed.

RESULTS AND DISCUSSION
The flashback behavior of four different H2-CH4mixtures with hydrogen contents ranging from 0 % to 75 %
was investigated. Flashback was triggered by a sudden
decrease in air mass flow rate below (but close to) the
flashback limit for a given H2 content and equivalence ratio.
The target air mass flow rate was chosen such that for all
investigated flashbacks the bulk flow velocity in the mixing
tube during the flashback event was 5 m/s. The PIV
measurements yielded velocity fluctuations 𝑢𝑢′ (averaged
over all three velocity components) of 0.6 m/s at a location
1 mm away from the center body wall and 0.9 m/s in the core
of the annulus. The experiments were conducted at
atmospheric pressure and the fuel-air mixture was supplied at
room temperature. The hydrogen content, equivalence
ratio 𝜙𝜙, unstretched laminar flame speed 𝑠𝑠𝐿𝐿0 (computed with
Cantera using the GRI3.0 mechanism) and the unburnt-toburnt gas density ratio 𝜌𝜌𝑢𝑢 ⁄𝜌𝜌𝑏𝑏 are listed in Table 1 for each
investigated flame.

(a)

Table 1: Overview of investigated flames.
𝐻𝐻2 𝑏𝑏𝑏𝑏 𝑣𝑣𝑣𝑣𝑣𝑣.
75 %

𝜙𝜙

0.4

𝑠𝑠𝐿𝐿0 [m/s]
0.05

𝜌𝜌𝑢𝑢
�𝜌𝜌𝑏𝑏

50 %

0.5

0.09

5.1

25 %

0.7

0.24

6.2

0%

1.0

0.38

7.5

4.4

Global Axial Flame Propagation Velocity
The mean global axial propagation velocity 𝑢𝑢𝑓𝑓 was
evaluated for six flashback events for each of the four flames
listed in Table 1. The results are shown in Figure 7 as a
function of the hydrogen content where the error bars denote
the uncertainty in the mean based on a 95 % confidence
interval. The equivalence ratios at which flashback was
triggered for each hydrogen contents are included along the
top horizontal axis. The absolute axial velocity (Figure 7a) is
highest for the pure CH4-air flame and moderately decreases
when hydrogen is added to the flame (at a constant bulk flow
velocity). This decrease in 𝑢𝑢𝑓𝑓 is attributed to the decrease in
equivalence ratio at which flashback occurs when the
hydrogen content is increased. The CH4-air flame propagates
by a factor of about 1.6 faster in the axial direction compared
to the H2-CH4-air flame with 75 % H2.
The data shows that the curve relating 𝑢𝑢𝑓𝑓 to the
hydrogen content flattens. This flattening behavior is
generally consistent with the relationship between the
unstretched laminar flame speed 𝑠𝑠𝐿𝐿0 and the hydrogen content
(Figure 11, Appendix A). However, the rate at which 𝑢𝑢𝑓𝑓
decreases is significantly lower compared to the rate at which
𝑠𝑠𝐿𝐿0 decreases with increasing hydrogen content. Specifically,
𝑢𝑢𝑓𝑓 changes by a factor of about 1.6 as H2-fraction varies
from 0 % to 75 %, whereas 𝑠𝑠𝐿𝐿0 decreases by a factor of 6.3
over this same range. This discrepancy is highlighted in

(b)
Figure 7: Global axial flame propagation velocity 𝒖𝒖𝒇𝒇
during flashback. (a) Absolute values and (b)
values normalized by unstretched laminar flame
speed.
This observation is in agreement with the finding that
the flame propagating along the center body wall strongly
modifies the approach flow velocity field (Heeger et al.
[18]). The approach flow in the vicinity of a leading flame tip
is deflected such that a region of predominantly swirling
flow with a small negative axial velocity component exists
(Ebi and Clemens [19]). The propagation of the flame front
normal to itself with a particular flame (displacement) speed
appears to play a secondary role. Instead, the heat release (as
quantified by the density ratio across the flame front) has a
dominant effect in the flow-flame interaction of the
investigated type of flashback.
The density ratio 𝜌𝜌𝑢𝑢 ⁄𝜌𝜌𝑏𝑏 for the different flames is
shown in Figure 12 (Appendix A). The density ratio
decreases as we move from a stoichiometric CH4-air flame to
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very lean H2-CH4-air flames. However, the reduction in
𝜌𝜌𝑢𝑢 ⁄𝜌𝜌𝑏𝑏 is more moderate compared to the reduction in 𝑠𝑠𝐿𝐿0 . In
particularly, 𝜌𝜌𝑢𝑢 ⁄𝜌𝜌𝑏𝑏 decreases by a factor of 1.7 going from
0 % to 75 % H2, which compares favorably with the
corresponding reduction in 𝑢𝑢𝑓𝑓 by a factor of 1.6. The
behavior of the global axial flame propagation velocity for
the investigated range of conditions hence appears to support
the importance of the density ratio on the flashback process.
However, other factors have to be considered when
attempting to explain the behavior of 𝑢𝑢𝑓𝑓 for the investigated
fuel mixtures in a configuration where the flame propagates
along a wall.
First, part of the flattening of the curve in Figure 7a may
be explained by considering the true (turbulent) flame speed
as opposed to 𝑠𝑠𝐿𝐿0 . The turbulence experienced by the four
different flames is approximately constant since the bulk
flow velocity and the inlet temperature has been kept
constant. In addition, the effect of the different fuel mixtures
on the viscosity and density is negligible; instead, it is
dominated by the properties of air.
However, the different flames respond vastly different to
the same turbulence due to their differences in susceptibility
to stretch effects associated with non-unity Lewis number
and preferential diffusion effects (Lipatnikov and Chomiak
[22]). The increase in flame speed for a given turbulence
level compared to 𝑠𝑠𝐿𝐿0 increases significantly going from 0 %
H2 and 𝜙𝜙 = 1, to 75 % H2 and 𝜙𝜙 = 0.4. A number of studies
measured the effect of 𝑢𝑢′ on 𝑠𝑠𝑇𝑇 for pure H2-air flames and
CH4-air flames, respectively. Given that the velocity
fluctuations are 𝑢𝑢′ ≈ 0.6 𝑚𝑚/𝑠𝑠 near the wall where the
leading flame front propagates, 𝑠𝑠𝑇𝑇 is expected to increase to
a value in the range of 2 to 3 times 𝑠𝑠𝐿𝐿0 for the pure CH4-air
flame (Lipatnikov and Chomiak [23]). Data on 𝑠𝑠𝑇𝑇 over a
range of conditions for lean mixtures of H2 and CH4 are
scarce. An increase by a factor of 10 compared to 𝑠𝑠𝐿𝐿0 for
75 % at 𝜙𝜙 = 0.4 appears reasonable (Lipatnikov and
Chomiak [22]). Consequently, part of the trend seen in
Figure 7a may be attributed to the high susceptibility of very
lean, high-hydrogen content H2-CH4-air flames to stretch
effects.
Second, differences in the quenching distance associated
with each of the flames may affect 𝑢𝑢𝑓𝑓 . The quenching
distance decreases with increasing hydrogen content for a
fixed equivalence ratio. However, it increases with
decreasing 𝜙𝜙. Therefore, a competing effect exists going
from 0 % H2 and 𝜙𝜙 = 1 to 75 % H2 and 𝜙𝜙 = 0.4. The type of
quenching relevant for the present configuration where the
flame propagates along the center body wall is sidewall
quenching. The corresponding quenching distance for a
stoichiometric CH4-air flame, obtained based on
chemiluminescence images, is about 0.35 mm (Boust et
al. [24]). Fukuda et al. investigated quenching distances,
defined as the minimal gap height a flame can propagate
through, for a range of lean H2-CH4-air flames [25]. The
absolute values based on this definition are higher compared
to the disappearance of the luminous zone in the previously
described sidewall-quenching configuration. However, the
observed trend across a range of hydrogen contents and

equivalence ratios is expected to hold. The results suggests
that the quenching distance changes only moderately for the
range of conditions investigated in the present work (Fukuda
et al. [25]).
Global Angular Flame Propagation Velocity
Figure 6 shows the angular position of the flame as a
function of time for one CH4-air flame. For this particular
flashback, the angular velocity 𝜔𝜔𝑓𝑓 increases slightly with
each rotation, which corresponds to an increase in 𝜔𝜔𝑓𝑓 with
penetration distance of the flame into the mixing tube.
However, this trend was not generally observed. Instead,
unsteadiness in the turbulent flow field and flame
propagation during these transient flashback events led to a
range of angular velocities, which was found to dominate
over any trend that may exist as a function of penetration
distance into the mixing section.
The mean angular velocities for each of the four
investigated flames are shown in Figure 8. The data consist
of five runs per condition with several rotations per
condition. The error bars denote the uncertainty in the mean
based on a 95 % confidence interval. The data suggest a
moderate decrease in angular velocity as we increase the
hydrogen content and decrease the equivalence ratio.

Figure 8: Global angular flame propagation velocity
𝝎𝝎𝒇𝒇 .

The angular velocity can be converted into an azimuthal
velocity by multiplying it with a suitable radius. The flame
tongues leading flashback are convex-shaped both in the
azimuthal-axial plane as well as in the radial-axial plane. The
latter plane is shown in Figure 10a for a CH4-air flashback,
where the flame front is indicated by the black solid line. The
flame tip (most upstream point on flame front) has a
characteristic radial distance from the wall. For the
stoichiometric CH4-air flames investigated in this work, it is
typically in the range of 1.0 to 1.5 mm. For the particular
case and time instant shown in Figure 9 it is 1.3 mm. Since
this flame tip leads the swirling motion of the flame tongue,
it is reasonable to take its radial location 𝑟𝑟𝐹𝐹𝐹𝐹 = 𝑟𝑟𝑤𝑤 +
1.3 𝑚𝑚𝑚𝑚 = 14.0 𝑚𝑚𝑚𝑚 as the suitable length scale. Multiplying
6

𝜔𝜔𝑓𝑓 with 𝑟𝑟𝐹𝐹𝐹𝐹 gives an azimuthal velocity of 5.23 m/s, which is
one order-of-magnitude larger than the flame speed.
In contrast to the flame speed, the azimuthal flame
propagation velocity (swirling motion of the flame) agrees
well with the mean azimuthal flow velocity at the radial
position of the convex-shaped flame tip. Figure 9 shows the
mean radial profile of the azimuthal flow velocity 70 mm
upstream of the mixing tube exit. The center body wall is at
𝑟𝑟 − 𝑟𝑟𝑤𝑤 = 0, the mixing tube wall at 13.3 mm. Note that the
thin boundary layer along the mixing tube wall is not
resolved due to severe particle image distortion in this
region. At a radial location of 1.3 mm, 𝑢𝑢�𝜃𝜃 is 5.19 m/s, which
agrees well with the 5.23 m/s obtained based on the angular
velocity of the flame.

[26]). Since in the burnt gas the density is also lower, it was
concluded that the azimuthal momentum decreases across the
flame. For completeness, the azimuthal velocity field is again
shown for a CH4-air flashback in Figure 10a. In this radialaxial plane, 𝑢𝑢𝜃𝜃 is the out-of-plane component. The black
solid line marks the flame front. The region of low azimuthal
velocity in the burnt gas is clearly visibly (blue region).

(a)

Figure 9: Radial profile of mean azimuthal velocity
70 mm upstream of mixing tube exit.
The moderate decrease in angular velocity discussed
previously (Figure 8) may then be explained by a flame tip
swirling on a slightly smaller radius (closer to center body
wall) where the mean azimuthal velocity of the flow is
smaller.
The smaller radius is likely correlated with some
measure of a quenching distance. The merely moderate
decrease in angular velocity with increasing hydrogen
content (and decreasing equivalence ratio) is then in
agreement with the previous discussion on the quenching
distance, which is expected to be on the same order of
magnitude for all four investigated flames.
In summary, the findings suggest that the angular
velocity associated with the precession of the leading flame
tongue around the center body during flashback is dominated
by the mean azimuthal velocity of the undisturbed approach
flow (and hence dominated by convection), whereas the
flame speed has a secondary effect on the angular velocity of
the flame tongues.

(b)
Figure 10: Azimuthal velocity field at one instant in
time during flashback. Black solid line indicates the
flame front. (a) Stoichiometric CH4-air flashback, (b)
H2-CH4-air flashback with 75 % H2.

Azimuthal Velocity Field In Burnt Gas
In a previous investigation on CH4-air flames, we found
that the azimuthal velocity 𝑢𝑢𝜃𝜃 decreases across the flame
front of flame tongues leading flashback (Ebi and Clemens

In the current work, the effect of hydrogen addition on
flashback is investigated. The corresponding azimuthal
velocity field of a H2-CH4-air flashback with 75 % hydrogen
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are evaluated for that purpose.
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APPENDIX A: Computed properties of investigated
flames

Figure 11: Computed unstretched laminar flame
speed (GRI3.0 mechanism).

Figure 12: Computed unburnt-to-burnt gas density
ratio based on the adiabatic flame temperature.
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