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ABSTRACT

The design of flashback-resistant premixed burners for
hydrogen-rich fuels is strongly dependent on reliable turbulent
boundary layer flashback limits, since this process can be the
dominant failure type for mixtures with high burning velocities.
So far, the flashback data published in literature is based on tube
burner experiments with unconfined flames. However, this flame
configuration may not be representative for the most critical de-
sign case, which is a flame being already present inside the duct
geometry. In order to shed light on this potential misconcep-
tion, boundary layer flashback limits have been measured for
unconfined and confined flames in fully premixed hydrogen-air
mixtures at atmospheric conditions. Two duct geometries were
considered, a tube burner and a quasi-2D turbulent channel flow.
Furthermore, two confined flame holding configurations were re-
alized, a small backward-facing step inside the duct and a ce-
ramic tile at high temperature, which was mounted flush with
the duct wall. While the measured flashback limits for uncon-
fined tube burner flames compare well with literature results,
a confinement of the stable flame leads to a shift of the flash-
back limits towards higher critical velocity gradients, which are
in good agreement between the tube burner and the quasi-2D
channel setup. The underestimation of flashback propensity re-
sulting from unconfined tube burner experiments emerges from
the physical situation at the burner rim. Heat loss from the flame
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to the wall results in a quenching gap, which causes a radial
leakage flow of fresh gases. This flow in turn tends to increase
the quenching distance, since it constitutes an additional convec-
tive heat loss. On the one hand, the quenching gap reduces the
local adverse pressure gradient on the boundary layer. On the
other hand, the flame base is pushed outward, which deters the
flame from entering the boundary layer region inside the duct.
The flashback limits of confined flames stabilized at backward-
facing steps followed this interpretation, and experiments with a
flush ceramic flame holder constituted the upper limit of flash-
back propensity. It is concluded that the distribution of the flame
backpressure and the flame position itself are key parameters for
the determination of meaningful turbulent boundary layer flash-
back limits. For a conservative design path, the present results
obtained from confined flames should be considered instead of
unconfined tube burner values.

INTRODUCTION

The capability of burning highly reactive fuels in a fully pre-
mixed, undiluted mode has become a main development focus in
the gas turbine industry. While such systems are the natural re-
sponse to current energy market demands, which comprise fuel
flexibility towards hydrogen-containing fuels, low NOx emis-
sions and optimized plant efficiencies, the realization of stable
and safe combustion is a challenging task under such circum-
stances. The prevention of flame flashback inside the wall-near
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regions of fuel-supply ducts is especially challenging because
there are only limited data and methods available to predict this
failure type for a given geometry. During a typical design pro-
cess, the critical velocity gradient model from the work of Lewis
and von Elbe [1] is used as a starting point. Their results from
laminar tube burner experiments showed that the stability limit is
independent of tube Reynolds number Re, (except for very small
diameter tubes) if expressed by the velocity gradient du/dy right
at the wall upstream of the stable flame position. The critical
gradient model includes the flame speed and a measure of the
quenching distance from the wall during flashback as variables.
Since the second quantity is generally difficult to calculate a pri-
ori, especially for turbulent flows, developers refer to experimen-
tal data to obtain critical gradients for specific fuel mixtures or
for pure fuels and subsequent conversion to the desired mixture
fractions (see [2] for an interpolation scheme example). Further-
more, the results have to be scaled to realistic preheat tempera-
tures and pressures [3—5]. The critical gradients are finally used
to derive minimum mean flow velocities in the fuel supply ducts
in order to avoid boundary layer flashback during normal oper-
ation. It is clear that these supply velocities have an upper limit
determined by the main flame stabilization method, and that the
security factor may not be very high for hydrogen-containing fu-
els.

The design procedure outlined above is straightforward.
However, it is not clear whether this procedure also provides for
safety margins regarding a flame which has accidentally entered
the fuel supply, e.g. due to an intermittent velocity drop or due
to self-ignition, and which is burning there inside the boundary
layer region and has to be washed out again. The uncertainty
arises from a different geometrical configuration in the region of
interaction between flame and incoming boundary layer flow in-
side the duct, which will be referred to as a confined situation in
the following, when compared to the stable flame position, which
is mostly preceded by a step change in cross-section. The fun-
damental question is whether the flashback limits are the same
for these two different cases or not. It has been recently docu-
mented [6] that published laminar and turbulent boundary layer
flashback limits in generic configurations are exclusively derived
from tube or slit burners with an open atmosphere or large area
ratio boundary condition at the burner exit. Thus, there is no ex-
perimental or numerical evidence available so far to assess the
validity of critical gradients from unconfined experiments with
respect to a flashback-safe burner design.

An experimental approach has been chosen in the present
work to investigate the potential misconception described above.
In a first step, turbulent flashback limits are measured for atmo-
spheric hydrogen-air mixtures in an unconfined tube burner for
comparison with literature results. Secondly, flashback limits are
measured in a quasi-2D channel flow, which represents the con-
fined situation of a flame already burning inside a duct. Finally,
the tube burner is modified to allow the flame to enter the tube

Ceramic Block

Pilot H (optional)
2

Pilot /

Burner /

Silica Glass Tube

Nozzle
Framework
S L Plenum
Perfectly Perfectly
Premixed Premixed
H,-Air-Mixture H,-Air-Mixture

Porous Sinter
Metal Plate

Figure 1: TUBE BURNER RIG.

prior to flashback, which is comparable to the physical situation
inside the channel setup.

EXPERIMENTAL SETUP

The tube burner and channel setups will be described in this
section along with experimental and numerical representations
of the flow field inside the rigs.

Tube Burner Setup

A schematic of the tube burner rig is shown in Fig. 1. Hy-
drogen and air are perfectly premixed far upstream of the burner
section using a static flow mixer. The mixture enters a large-
volume plenum through a sinter metal plate at the bottom, which
acts as flow straightener and flashback arrestor at the same time.
The fluid is subsequently accelerated into a silica glass tube by
means of a nozzle and the velocity profile develops toward the
tube exit, where the reactive mixture is ignited by a concentric
pilot burner. The diameter of the tube is constant at 40 mm
and its length amounts to 400 mm. Both the air mass flow rate
and the hydrogen mass flow rate are controlled by Bronkhorst
thermal mass flow controllers with maximum mass flow devia-
tions of = 1 %. The tube diameter of 40 mm has been chosen
for two reasons: (1) the small curvature of the rather large tube
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Figure 2: DETAILS OF TUBE EXIT AND PILOT BURNER
(DIMENSIONS IN MM).

yields minimal mutual interaction of the boundary layer sections
around the circumference of the tube; (2) the flashback limits de-
termined for the 40 mm tube are well comparable to those of a 38
mm tube documented in [7]. The design of the tube exit and pilot
burner is shown in Fig. 2. Pure hydrogen is injected into the main
gas flow under an angle of 45° through an annular slot of Imm
width. This helps to stabilize the flame under normal operating
conditions. The pilot gas flow is switched off when approaching
flashback to avoid any influence on the flashback limits.

Part of the tube burner experiments were conducted with a
concentric ceramic block downstream of the pilot burner, which
had a streamwise extension of 30 mm and an inner diameter of
44 mm. While in the open tube configuration the flame is sta-
bilized in the shear layers above the pilot burner rim, the flame
no longer stays in that region with the ceramic block on top of
the burner. The rough surface of the ceramic allows parts of the
flame to creep upstream during stable operation and finally to
stabilize at the original burner rim, representing the case that a
flame is already present well inside the duct. The configuration
with ceramic block will be referred to as the confined case, since
the flame is burning inside the ceramic duct well before flash-
back. The tube burner without ceramic block will be referred to
as the unconfined case.

K-type thermocouples were used to measure the temperature
of the burner tip and the glass tube. During long-term operation
without any cooling the temperature of the pilot burner rose up to
approximately 120 °C for the unconfined setup and up to approx-
imately 230 °C for the confined setup, respectively. This caused
rather poor reproducibility of the test results because for a cer-
tain mass flow rate the equivalence ratio at flashback decreased
by as much as 8¢ = —0.05 for increasing burner tip tempera-
tures. This temperature dependence applied in particular to the
confined case, whereas it was almost negligible for the moderate
temperature rise in the unconfined case. This observation is in
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Figure 3: VELOCITY PROFILES AT TUBE BURNER OUT-
LET.

accordance with a remark in [1], where the authors stated that
atmospheric flashback results are little affected by an increase in
tube temperature up to 100 °C. Own experience from the ex-
periments in [6] confirms this statement. To obtain reproducible
results for both setups, the pilot burner was convectively cooled
by three air jets impinging on its circumferential surface in 120°
angles. In this way, the temperature of the pilot burner, which is
made from brass, could be kept between 40 and 60 °C during all
operating conditions.

Tube Burner Flow Field

Due to the small length-to-diameter ratio of the glass tube,
the shape of the velocity profile at the tube outlet is not known
a priori. In order to obtain realistic velocity gradients, a com-
bined experimental and numerical approach was chosen. First,
the velocity profile above the burner exit was measured by means
of Particle Image Velocimetry (PIV). The measured profile was
then compared to a Reynolds-Averaged Navier-Stokes (RANS)
simulation, and the quality of the match in the wake region of
the boundary layer and the core flow field was assumed to be
an indicator for the agreement of the wall friction between mea-
surement and simulation. For the PIV experiments, TiO; seed-
ing particles were injected into the flow inside the plenum (cf.
Fig. 1). The data evaluation was performed with interrogation
areas of size 32x32 pixels and an overlap of 75 %. The RANS
simulations were performed in ANSYS CFX using two differ-
ent two-equation turbulence models - the k-0 model and the SST
model. In both cases, the wall boundary layer was fully resolved.
The resulting experimental and CFD velocity profiles at the tube
burner exit for a bulk flow velocity of 10 m/s are exemplarily
shown in Fig. 3. Aside from minor discrepancies, the experi-
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Figure 4: CHANNEL MEASUREMENT SECTION (DIMEN-
SIONS IN MM).

mental results and the simulations match very well in the outer
boundary layer region and the core flow. Deviations are observed
in the region where the shear layer between particle-laden flow
and atmosphere has started to deform the boundary layer pro-
file in the experiment. The simulation using the SST turbulence
model, which is known to combine the good near-wall behavior
of the k- model and the excellent far-field behavior of the k-€
model, shows a slightly better match to the experiment and has
been chosen for all following comparisons. It is concluded from
Fig. 3 and analogous results from measurements at various bulk
flow velocities that the velocity gradients at the wall are accu-
rately represented by the RANS simulations.

In a next step, the RANS velocity gradients were compared
to predictions from the Blasius correlation for fully developed
turbulent pipe flow [8]:

= —0.03955at v id4 1)
u

In Eq. 1, g is the velocity gradient at the wall, t,, is the wall
shear stress, u and v are the dynamic and kinematic viscosity of
the mixture, respectively, d is the pipe diameter and # is the bulk
flow velocity. Although the flow in the experimental setup is not
fully developed, it could be shown that this has no appreciable
effect on the velocity gradients at the wall (mean errors lay within
+4 %), i.e. that the latter can be calculated from the correlation
of Eq. 1.

Channel Setup

The experimental infrastructure of the channel setup with
regard to fuel-air premixing, flow straightening, inflow velocity
profile, boundary layer manipulation in the edges of the chan-

nel by air blowing and pilot burners has been described else-
where [6]. Figure 4 illustrates the key features of the present
channel measurement section. In the upper part of the figure, a
midplane cross-section through the flow path is shown. The per-
fectly premixed hydrogen-air mixture enters the duct from the
right through a fine-wire mesh, which is the last one of a series of
flow straightening devices (please note that the inlet velocity pro-
files shown in [6] were measured 150 mm downstream of this last
mesh). The duct has a height of 17.5 mm and a constant lateral
width of 157 mm, which results in an aspect ratio high enough to
ensure quasi-2D flow characteristics in a large lateral portion of
the channel. The upper wall of the duct is formed by a stainless
steel plate with a window port towards the end of the section. The
window insert is mounted flush with the upper wall. The lower
wall is formed by a machined stainless steel block. The lower
wall is cooled by three air jets impinging on the wall from below
inside of the block at its downstream end, which is located next
to the flame anchoring position. The cooling air convects in the
upstream direction inside the block and leaves the cavity through
a bore hole at the upstream end of the block. The surface tem-
perature of the lower wall is monitored by type K thermocouples
at three axial locations at the lateral center position. The thermo-
couples are inserted into blind holes inside of the block. During
experiments, the maximum measured wall temperatures lay be-
low 40 °C, which satisfies the criterion for negligible influence
on the flashback process at atmospheric conditions as discussed
before. The duct sidewalls are partly formed by stainless steel
plates as well as window ports on each side. The side windows
are approximately located at the same axial position as the up-
per window. After a length of 595 mm, a ceramic tile of 20
mm streamwise extension is attached to the metal block. Down-
stream of the tile, a small pilot flame emerges through a slot of
approximately 2 mm axial width, which ignites the reactive mix-
ture inside the duct. Another ceramic block of 85 mm in length is
attached to the tile. The detailed configuration of tile and block
is shown in the lower part of Fig. 4. In configuration 1, the tile
is flush with the steel block, and the ceramic block has an offset
of 4 mm. The dotted lines represent the slit of the pilot burner.
Configuration 2 has the same dimensions, but a stainless steel
corner has been mounted onto the tile. The corner is sharpened
on its upstream end in order to minimize the thermal contact be-
tween corner and steel block. In configuration 3, the ceramic tile
is offset by either 0.5 or 2 mm, which results in an offset be-
tween ceramic block and tile of 3.5 or 2 mm, respectively. At
the end of the ceramic block, a sudden area increase leads into
the combustion chamber, where a second pilot burner is located
at the upper edge. The aerodynamic design of the measurement
section makes sure that during flashback, the flame only propa-
gates along the lower wall. The fuel is shut down once that the
flame reaches the thermocouple located 255 mm downstream of
the last wire mesh.
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MEASUREMENTS (DIMENSIONS IN MM).

Channel Flow Field

Since the duct length for premixed combustion experiments
is limited due to the risk of deflagration-detonation transition, the
channel length of 595 mm is not sufficiently long to establish a
fully developed turbulent velocity profile over the majority of its
axial length. Thus, for similar reasons as in the tube burner setup,
isothermal flow velocities were measured to get an estimate of
the actual velocity gradients at the lower wall. The PIV tech-
nique was chosen for the velocity measurements, since it opens
up the possibility of measurements during flashback, with the
density gradient of the seeding as a marker of the flame position.
However, only isothermal results are presented here for the time
being.

In order to resolve the boundary layer right down to the wall,
a special setup was designed which inserts the light sheet paral-
lel to the wall. The components are sketched in Fig. 5. At a
distance of 74 mm downstream of the last grid, a small window
port is located at the bottom wall. This window is again mounted
flush with the wall. On the top wall, a cylinder of 13 mm di-
ameter extends into the flow. Although this configuration clearly
leads to a certain flow displacement, it is considered as accept-
able here for two reasons: (1) The disturbance is located on the
upper wall, which is not the place where flashback is occurring,
and (2) the overall blockage is very small, namely 3.7 % when
comparing the projected cylinder area and the duct cross-section.
The cylinder has a fine thread on its upper end for linear adjust-
ment. On its lower end, a mirror is mounted, which deflects the
laser sheet towards the axial direction of the channel. Due to this
alignment, the reflections on the machined lower channel wall
only have a negligible extension into the flow field, and meaning-
ful measurements can be taken down to the laminar sublayer for
the flow velocities considered here. The measurement area has a
size of approximately 5x5 mm and was recorded by a 1024x1024
pixel CMOS Photron SA5 camera. An Infinity K2/S Long Dis-
tance Microscope was used as lens, which has been shown to be
a proper optical instrument for u-PIV investigations in turbulent

boundary layers [9]. The axial location of the center of the mea-
surement area is given by the distance a. Three axial positions
with a = 246, 134 and 32 mm have been chosen for the flow
characterization. The flow was globally seeded by injection of
TiO, aerosol upstream of the fuel injection point. The PIV data
was analyzed with an adaptive cross correlation method, and 8x8
pixels interrogation areas with 50 % overlap have been used. Due
to the small size of the interrogation areas in terms of wall units
(cf. Eq. 2), bias errors due to deviations of the local section
of the velocity profile from a constant gradient slope inside the
interrogation areas can be neglected.

The results of the PIV boundary layer measurements are
shown in Figs. 6. Two air massflow rates have been consid-
ered, 30 g/s (Fig. 6a) and 60 g/s (Fig. 6b). Velocity profiles
of the mean axial velocity u are shown at three axial locations
a as described earlier. It can be seen that the wall-near region
up to about y = 1 mm is in very good agreement throughout the
measurements. For the 30 g/s case, Fig. 6a reveals that the
boundary layer profile is still subject to minor changes between
a =246 mm and a = 134 mm, which can be ascribed to the lower
duct Reynolds number and the resulting lower turbulence level in
the developing boundary layer. Since the wall velocity gradient is
believed to be the determining factor for turbulent flashback lim-
its (this assumption still has to be proved, see comments in [6]),
these gradients have been determined from the first derivative of
a linear fit through the PIV measurement points within the lami-
nar sublayer, which can be characterized by [10]:

yt <5, where y*= %ut )

In Eq. 2, v is the kinematic viscosity of the mixture and u is the
shear stress velocity, calculated from the wall shear stress T,, and
the mixture density p by u; = 1/7,,/p. Since 1,, is calculated by
the gradients g from the PIV velocity data, the linear fit inside the
sublayer is an iterative procedure. The resulting velocity gradi-
ents have been compared to the wall friction of fully-developed
channel flow between two parallel plates. A log-law approxima-
tion of the velocity profile across the entire channel can be in-
tegrated to give a relation between the average channel velocity
ugy and the friction velocity [10]:

1. h 1
uavuq;(lnut +B> 3)
K A%

In Eq. 3, the variable # is the half channel height, and x = 0.41
and B = 5 have been assumed here. From this relation, the ve-
locity gradient g, which is contained in ur, can be iteratively cal-
culated.

The comparison of wall velocity gradients derived from the
PIV data and the results of Eq. 3 is displayed in Fig. 7. At the
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location a = 246 mm, the measured gradients lay above the cor-
relation value. Further downstream, the gradients adjust towards
the correlation value and only differ by -6 % or less from the cor-
relation. It is concluded that the gradients g determined from Eq.
3 provide a satisfactory representation of the experiment within
an approximate error band of +10 %.

MEASUREMENT PROCEDURE
Boundary layer flashback limits were recorded for both the
tube burner and the channel setup in a similar fashion. At the

beginning of each single measurement the rigs were operated in
stable mode, using the pilot burners to stabilize the flame. During
the approach towards flashback, the air mass flow rate was kept
constant while the hydrogen mass flow rate was increased, start-
ing from lean conditions, in little steps until flashback occurred.
After each stepwise increase in hydrogen mass flow rate, the se-
tups were operated for a sufficiently long time to be sure mass
flow oscillations had leveled off. The pilot burners were shut
off as soon as a self-stabilization of the main flame was possi-
ble, which always occurred well before the flashback point. The
whole process was monitored by an intensified charge-coupled
device (ICCD) camera (Hamamatsu C4336-02), which received
mainly the OH*-chemiluminescence through the use of an in-
terference UV filter and a silica lens in both cases. The flash-
back limit was defined as the equivalence ratio @ when the flame
started to propagate upstream along the wall boundary layer, i.e.
when an OH*-chemiluminescence signal could be detected in-
side the glass tube or parts of the flame went beyond the steel
block edge in the channel case. The corresponding critical ve-
locity gradients g, were subsequently calculated from Eqs. 1 or
3, respectively.

The flame holding in the tube burner setups is shown in Fig.
8a. Here, three images are superimposed - the instantaneous
OH* intensities of the unconfined and the confined flame above
the pilot burner and above the ceramic block, respectively, along
with an image of the pilot burner at ambient light. The OH* im-
ages were recorded at an exposure time of 1 ms and the edges of
the ceramic block are marked by white lines. Two observations
can be made: (1) the line-of-sight integrated OH* signal near the
flame base is most intense in the far left and the far right of the
image, indicating that the flame is stabilized in the shear layers
above the pilot burner; (2) the flame in the confined case is not
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Figure 8: FLAME STABILIZATION BEFORE (A) AND DUR-
ING (B) FLASHBACK (TUBE BURNER).

stabilized above the ceramic block because there is a rather large
gap between the upper edge of the ceramic block and the OH*
signal detected at this position. By contrast, the diameter of the
flame cone in the confined case coincides well with the one in
the unconfined case, implying that the flame is stabilized above
the pilot burner in both setups. Fig. 8b shows an instantaneous
image of the flame flashing back along the wall boundary layer
on the left side of the tube.

The evolution of the flame stabilization from piloted oper-
ation to flashback for configuration 1 of the channel case is il-
lustrated by instantaneous flame images in Figs. 9. The images
show overlays of the flame OH* signal captured with the ICCD
camera at an exposure time of 1 ms with an image of the mea-
surement section at ambient light. The axial extent of the ceramic
tile is marked by vertical yellow lines in each figure. In Fig. 9a,
the flame is stabilized in the wake of the ceramic tile. The pi-
lot burner was shut off at this point. On further increase of the
fuel mass flow rate, the flame creeps upstream along the rough
surface of the ceramic tile as shown in Fig. 9b. Some seconds
before flashback, the flame stabilizes at the upstream end of the
ceramic tile (Fig. 9¢). Figure 9d shows the flame during flash-
back through the channel. Based on the explanations for Figs. 8
and 9, the observed stabilization mechanisms prior to flashback
(cf. Fig. 9c) were three-fold for the different duct geometries
considered: (1) Wake stabilization downstream of the burner rim
without ceramic block or downstream of the metal corner in con-
figuration 2 of the channel case, (2) thermal stabilization on the
rough ceramic surface for configuration 1 of the channel case, or
(3) a combination of both for the tube burner with ceramic block
and configuration 3 of the channel case.

o

(a) WAKE STABILIZA- (b) UPSTREAM CREEP  (c) STABILIZATION
TION. ON CERAMIC TILE. ON CERAMIC TILE.

(d) FLAME AT FLASHBACK.

Figure 9: FLAME STABILIZATION BEFORE (A-C) AND
DURING (D) FLASHBACK (CHANNEL, CONFIGURATION

D).

RESULTS AND DISCUSSION

The results of the flashback measurements are summarized
in Fig. 10. In Fig. 10a, the flashback limits of the unconfined
tube burner are compared to literature values from [7]. In Fig.
10b, the flashback limits of the three different configurations of
the channel setup are compared to confined tube burner limits.
Furthermore, the unconfined tube burner limits from Fig. 10a
are included again.

It can be clearly seen in Fig. 10a that the literature values for
d = 38mm could be reproduced accurately over a wide range of
equivalence ratios with the current setup. These results underline
the suitability of the experimental rig and the used velocity gra-
dient correlation for meaningful flashback measurements in the
unconfined case.

Turning to the flashback limits of the channel setup, which
are shown in Fig. 10b, monotonously increasing critical gradi-
ents for increasing fuel mixture fraction are also observed for
all configurations in this case. However, the critical gradients
lie substantially above the unconfined tube burner values, ap-
proaching almost one order of magnitude in difference towards
stoichiometry. A trend regarding the influence of the backward-
facing step used as flame holder can be determined by compar-
ing the limits between configurations 1 and 3. The flashback
limits of configuration 3 with a 0.5 mm step lie consistently be-
low the flush case represented by configuration 1 for lean mix-
tures. Close to @ = 1, the difference vanishes. For configuration
3 with a 2 mm step, only three different air massflows have been
considered, which nevertheless confirm the trend towards lower
flashback susceptibility with increasing step height. An offset of
the first three sets of points towards leaner conditions can be ob-
served for configurations 1 and 3. This can be explained by the
flashback behavior of the rig in this region. The flame passed
the line between ceramic tile and steel block only slightly at the
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Figure 10: BOUNDARY LAYER FLASHBACK LIMITS FOR CONFINED AND UNCONFINED HYDROGEN-AIR FLAMES.

beginning, moving back and forth. According to the definition
given in the experimental procedure, this point was regarded as
the flashback limit. By increasing the fuel massflow, the flame
moved further upstream, until it finally reached the position of
the thermocouple. For higher ®, flashback was a sudden event,
and thus more clearly defined. The influence of the surface ma-
terial of the 20 mm portion downstream of the steel block, either
ceramic in configuration 1 or metal in configuration 2, is obvi-
ously negligible, since both cases show the same flashback limit
for a given flow velocity. It should be mentioned that only two
flashback points could be accurately determined using the metal
corner because of thermoacoustic instabilities, which arose at all
other tested air massflows. The flame started flickering back and
forth on the metal corner surface well before the flashback point,
which triggered the instability. In contrast, the low heat conduc-
tivity of the ceramic block resulted in a high surface temperature
above the self-ignition temperature of the mixtures, which pre-
vented the flame from being displaced by velocity fluctuations.
The channel results exhibit strong deviations from the flash-
back limits obtained from tube burners with unconfined flames.
It is thus necessary to check if the quasi-2D flow situation, the
asymmetric flame configuration or some other configuration de-
pendent factors are delusive here. The flashback limits of the
confined tube burner can be used as a validation set in this case,
since the flow and flame configuration as well as the rig structure
are different, the only common ground being the flame stabiliza-
tion inside the duct section. It can be seen in Fig. 10b that the
flashback limits for the confined tube burner strictly follow the
channel values for very lean mixtures and also match the offset
of the 2 mm step results from channel configuration 3 for in-
creasing ®. These findings confirm that the increase in flashback
propensity observed in the channel is not caused by some pe-

culiarities of the setup, but is a fundamental difference between
confined and unconfined flame holding prior to flashback.

Discussion

The large difference between the flashback limits in the es-
tablished unconfined tube burner setup and the confined setups
investigated here is an important finding because it demonstrates
that all existing literature results on turbulent flashback limits are
non-conservative. The pressure boundary condition normal to
the main flow direction is proposed to constitute the physical rea-
son for the deviating flashback behavior. The density jump across
the flame causes a static pressure rise upstream of it. Regarding
the unconfined burner case, the burner rim quenches the reaction
above it. As an effect, the fresh mixture at the inner burner wall
is accelerated towards the quenching gap, which leads to the well
known overhang of the reaction zone in that region. This situa-
tion reduces the flashback propensity for two reasons. On the
one hand, the adverse pressure gradient locally imposed on the
boundary layer region by the flame anchor is reduced by the pres-
sure drop across the quenching gap. On the other hand, the flame
is deterred from entering the boundary layer region due to the
outward radial fluid motion.

For a confined flame stabilized at a small backward-facing
step, such as the confined tube burner setup used here or con-
figuration 3 of the channel setup, the physical picture is slightly
different. The quenching of the chemical reaction causes a gap
downstream of the step edge with an associated pressure drop in
the same way as for the unconfined case. However, the flow of
fresh mixture through this gap is obstructed by the offset channel
wall. Thus, with decreasing step height, the fluid motion per-
pendicular to the main flow direction diminishes and the flame
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anchor moves closer to the boundary layer region of the fresh
mixture. Moreover, the quenching distance is decreasing since
a decrease of the gap leakage flow reduces the convective heat
loss from the preheat zone of the flame. These two effects result
in an increased flashback propensity with decreasing step height,
which has been observed experimentally (cf. Fig. 10b).

A confined flame which is stabilized flush with the duct wall,
such as in configuration 1 of the channel setup, is always present
right inside the boundary layer. Also in this case, streamlines
close to the wall are deflected towards the quenching gap below
the flame, but this motion does not displace the flame tip appre-
ciably. Furthermore, the quenching distance of this sidewall con-
figuration is known to be smaller than the axial distance between
burner rim and an unconfined flame stabilized above it [11]. The
results from this configuration can hence be viewed as the up-
per limit for flashback propensity for a given turbulent boundary
layer state.

SUMMARY AND CONCLUSIONS

Turbulent boundary layer flashback limits for fully premixed
hydrogen-air flames at atmospheric mixture temperature and
pressure have been measured for different geometrical configu-
rations. The velocity gradients at the wall during flashback were
documented as a measure for the critical boundary layer state.
The results for a tube burner with an unconfined flame burn-
ing into the free atmosphere during stable operation compare
well to literature results obtained from a similar configuration.
As a second set of experiments, the safety-critical situation of a
confined flame burning already inside the duct has been investi-
gated. Two experimental rigs were used for this purpose - a tube
burner and a rectangular channel with high aspect ratio. The con-
fined tube burner comprised a backward-facing step with a fixed
height as flame stabilization. The channel setup comprised either
a backward-facing step, where two different step heights were
investigated, or a stabilization right inside the boundary layer by
means of a hot ceramic tile flush with the channel walls. The
flashback limits obtained from the confined experiments are sub-
stantially higher than the well-established unconfined results. A
good match has been observed between the confined tube burner
and the channel results with backward-facing step stabilization.
The channel results for flush ceramic tile stabilization lie above
all other confined results and mark the upper limit for flashback
propensity of flames burning inside the boundary layer of a duct.
A physical explanation for the observed differences between con-
fined and unconfined flames has been provided, which proposes
the quenching distance between flame and wall, the resulting
geometry-dependent leakage flow and the associated flame base
shift as well as the reduction of the local pressure gradient in the
boundary layer region by the leakage flow to be the determining
factors. It is concluded that the distribution of the flame back-
pressure and the flame position itself are key parameters for the

determination of meaningful turbulent boundary layer flashback
limits. For a conservative design path, the present results ob-
tained from confined flames with flush flame holding should be
considered instead of open tube burner values.
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